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Objective: Ghrelin is a novel gastric hormone recognized in 1999 as
a mediator of growth hormone release. Since growth hormone is
anabolic, an important function of ghrelin may be to coordinate
energy needs with the growth process. Newly discovered biologic
roles of ghrelin imply that it may have other important physiological
functions as well. This is a review of recent clinically relevant, yet
less well-known, physiologic actions of ghrelin.

Summary Background Data: Ghrelin has profound orexigenic,
adipogenic, and somatotrophic properties, increasing food intake
and body weight. Secreted predominantly from the stomach, ghrelin
is the natural ligand for the growth hormone secretagogue receptor
in the pituitary gland, thus fulfilling criteria of a brain-gut peptide.
The brain-gut axis is the effector of anabolism by regulating growth,
feeding, and metabolism via vagal afferents mediating ghrelin sig-
naling. However, the wide tissue distribution of ghrelin suggests that
it may have other functions as well.

Methods: Systematic literature review of all PubMed citations
between 1999 and August 2003 focusing on clinically relevant
biochemical and physiological characteristics of ghrelin.

Results: Ghrelin is an important component of an integrated regu-
latory system of growth and metabolism acting via the vagus nerve,
and is implicated in a variety of altered energy states such as obesity,
eating disorders, neoplasia, and cachexia. It also enhances immune
responses and potentially down-regulates anti-inflammatory mole-
cules. Ghrelin’s role as a brain-gut peptide emphasizes the signifi-
cance of afferent vagal fibers as a major pathway to the brain,
serving the purpose of maintaining physiologic homeostasis.
Conclusions: The discovery of ghrelin has increased our under-
standing of feeding regulation, nutritional homeostasis, and meta-
bolic processes. Further characterization of ghrelin’s functions will
likely generate new pharmacological approaches to diagnose and
treat different disease entities including those related to the over-
nutrition of obesity and the catabolic response to surgical trauma.
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Anterior pituitary growth hormone (GH) secretion was
initially believed to be stimulated by GH-releasing hor-
mone (GHRH) and inhibited by the hypothalamic hormone,
somatostatin. The discovery of ghrelin (from “ghre” in the
Proto-Indo-European language meaning “grow,” and the suf-
fix “relin” as in “release”), a natural ligand for the growth
hormone secretagogue receptor (GHSR), established a novel
independent pathway in the regulation of GH release. It was
originally found to induce growth hormone release in rats
through pituitary GHSR stimulation.! However, a large body
of evidence has shown other physiological functions of
ghrelin, distinct from GH release and energy homeostasis.
Here we provide an overview of the rapidly expanding field
of ghrelin biology, and its potential for developing diagnostic
and therapeutic tools.

STRUCTURAL CHARACTERISTICS OF GHRELIN

The human ghrelin gene is located on chromosome
3p26-p25, encoding a 117 amino acid peptide termed pre-
proghrelin.? Two isoforms of mRNA for proghrelin, ghrelin,
and des-GlIn'*-ghrelin precursors, are produced from the gene
in rat stomach by an alternative splicing mechanism.> Ghrelin
shares 36% structural resemblance with motilin,* and is
structurally identical to des-Gln'“-ghrelin, except for the
deletion of GIn.'* In addition, des-GIn'*-ghrelin is only
present in small amounts in the stomach, indicating that
ghrelin is the major physiologic peptide released into the
circulation. Post-translational modification of rat and human
preproghrelin produces a 28 amino acid peptide, differing
only in 2 residues. Esterification of the hydroxyl group of the
Ser3 residue of ghrelin by n-octanoic acid increases the
hydrophobicity of the ghrelin molecule, and appears to be
essential for the activity of ghrelin in both rats and humans.’
A recent study suggested that the first 4 or 5 residues of
ghrelin, including Ser3, are as active as the full-length mol-
ecule.’

GROWTH HORMONE SECRETAGOGUE
RECEPTOR
Prior to the discovery of ghrelin, a group of peptidyl
and nonpeptidyl synthetic compounds with potent GH releas-
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ing activity in vitro called growth hormone secretagogues
(GHSs) had been developed.” The receptor binding sites for
the GHSs were believed to be distinct from GHRH receptor
based on several studies. Radiolabelled GHSs were displaced
by other GHSs, but not GHRH or somatostatin.® GHSs and
GHRH have synergistic effects on GH release, suggesting
that they act, in part, via different mechanisms.’'° Thus it
was not surprising to find that GHRH increased intracellular
cyclic AMP via its receptor, while GHSs increased the
concentration of free intracellular calcium.>® The existence
of an unidentified hormone that may activate GHSR was
postulated. Indeed, Kojima et al reported the discovery of
ghrelin, a novel natural ligand for GHSR, and demonstrated
it to be one of the most potent inducers of GH release.’

The GHSR is encoded by a single gene found at
chromosomal location 3¢26.2."" Alternative mRNA process-
ing generates 2 types of GHSR proteins: GHSRla and
GHSRI1b.'*™"? Their amino acid sequences showed more than
50% structural homology with the neurotensin receptor and
with motilin receptor type 1A.'*"!'5 GHSR1a is a G-protein-
linked receptor consisting of 366 amino acids with 7 trans-
membrane regions. Stimulation of GHSRla by GHSs or
ghrelin triggers the phospholipase C signaling pathway, lead-
ing to increased inositol phosphate turnover and protein
kinase C activation, resulting in the release of calcium from
intracellular stores.” GHSR activation also inhibits K chan-
nels, allowing the entry of calcium through voltage-gated L-
and T-type channels.” In contrast, GHSR1b consists of 289
amino acids with only 5 transmembrane domains. It is un-
known whether GHSR1b specifies a functional receptor.
However, the structural differences compared with GHSR1a,
and the finding that GHSs or ghrelin failed to bind GHSR1b
suggested that other unknown natural ligand(s) may exist to
modulate the GHSR signaling pathway.'* Recently, Hosoda
et al identified multiple ghrelin-derived molecules produced
by post-translational processing. Future characterizations of
these molecules may detect functional differences with re-
spect to the ghrelin peptide.'®

LOCALIZATION OF INTRACELLULAR GHRELIN
PROTEINS

Ghrelin is found throughout the gastrointestinal tract
with the greatest concentration in the fundus of the stomach.
In situ hybridization and immunohistochemical analyses in-
dicated that ghrelin-containing cells, known as X/A-like cells,
are a distinct endocrine cell type found within the acid-
producing oxyntic glands in humans and rats.'” The X/A-like
cells synthesize round, electron-dense granules containing
ghrelin proteins. The mechanisms governing the biosynthesis
and secretion of this peptide are unknown. Normal adult
plasma samples contain 100—120 fmol ghrelin per ml, indi-
cating that it is not secreted in the gastrointestinal tract, but
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into the systemic circulation, exhibiting endocrine, paracrine,
and possibly autocrine effects.'’

Although most of circulating ghrelin is believed to arise
from the stomach,” it is found in substantially lower amounts
in many other tissues, including pituitary, lung, pancreas, gall
bladder, esophagus, colon, liver, spleen, breast, thyroid, and
heart.'®'? The relative contribution of ghrelin derived from
nongastric sources in the circulation and its physiological
function are unknown. It is interesting to note that GHSR1a
is detected most abundantly in the pituitary gland, with lesser
distribution in the thyroid, pancreas, spleen, heart, and adre-
nal glands.'"®™'? In contrast, GHSR1b is found most com-
monly in the skin, myocardium, and pituitary gland, and its
tissue distribution is comparable to ghrelin, but much broader
than GHSR1a.'®™'” Since ghrelin is widely distributed in
peripheral tissues, it is likely that ghrelin may interact with
other unidentified GHSR subtype(s). In addition, the exten-
sive tissue distribution of GHSR1b and the lack of natural
endogenous ligand(s) reflect the complexity of ghrelin and
GHSR interactions. Future investigations are needed to iden-
tify GHSR subtypes to further define the physiological sig-
nificance of the ghrelin protein.

EFFECTS OF GHRELIN ON SOMATOTROPHS

The stimulatory effect of ghrelin on GH secretion in
somatotrophs is specific, potent, dose-dependent, and syner-
gistic with GHRH.?° 2! Intravenous injection of ghrelin in
rats induced a strong GH release, peaked at about 5-15
minutes and returned to basal level 1 hour later.!” Single
intracerebroventricular (icv) administration of ghrelin in rats
also increased plasma GH concentration in a dose-dependent
manner.?” In humans, ghrelin induced a significant and long-
lasting increase in circulating GH levels, an effect more
potent than GHRH itself.>*??

Ghrelin stimulated GH release in isolated pituitary cells
in vitro," but also caused a significant rise in ACTH, cortisol,
aldosterone, prolactin, and epinephrine, without affecting
gonadotrophin or TSH release in vivo.?* These neuroendo-
crine effects are transitory during prolonged treatment, and
observed only at supraphysiological concentrations of ghre-
1in.?>?® The GH-independent actions of ghrelin may be
explained from an evolutionary perspective as a physiological
adaptive response serving survival. During periods of food
shortage and stress, activation of the hypothalamo-pituitary-
adrenal axis, eg, with ghrelin release, may activate counter-
regulatory hormones for the mobilization of substrate to
defend the host against perceived stress or noxious stimuli.
The ensuing energy-depleted state, together with the physio-
logical action of ghrelin in fasting-induced feeding, implies
an essential role for ghrelin in restoring energy balance of the
host.

Interestingly, ghrelin has been implicated in the induc-
tion of anxiogenic activities and memory retention in
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rats.”’”?® Hunger and food-seeking behavior are not only
associated with anxiogenesis, but also the ability to process
and memorize information about prior experiences with food
consumption. Consistent with these observations, specific
ghrelin binding sites have been detected in the hippocam-
pus,?’ indicating that the mechanisms of learning, memory,
and anxiogenesis may be linked to the roles of ghrelin in
neuroendocrine responses to stress and feeding behavior.

ENGERGY HOMEOSTASIS: OREXIGENIC AND
ADIPOGENIC EFFECTS OF GHRELIN

Ghrelin has profound orexigenic and adipogenic prop-
erties, generating signals to the hypothalamus when an in-
crease in metabolic substrates is needed. The presence of
ghrelin and GHSR in the arcuate nucleus of the hypothalamus
suggested that ghrelin acts centrally to regulate food in-
take.'®'? Intraventricular ghrelin injection potently stimu-
lated food intake,® ' while antighrelin antibody reduced
food intake in rats.*® Furthermore, food intake and body
weight increased dose-dependently following ghrelin admin-
istration.*' 3 Subcutaneous ghrelin caused weight gain, with
an increase in fat mass over a 2-week period.** This induction
of positive energy balance was independent of GH effects. In
addition to increasing food intake, exogenous ghrelin de-
creased basal metabolic rate'® and caused obesity>? in exper-
imental animals.

Intravenous ghrelin stimulated hunger and food intake
in healthy volunteers,>*>* while dramatic spontaneous pre-
prandial rises and postprandial falls in plasma ghrelin support
the notion that ghrelin is a physiological meal initiator in
humans.>> Although acute administration of ghrelin reduced
insulin secretion and caused hyperglycemia,*® plasma ghrelin
levels were not affected by glucose or insulin levels in
healthy subjects.”

GHRELIN AND GASTRIC BYPASS SURGERY

The Roux-en-Y gastric bypass (RYGB) is one of the
most effective treatments for morbid obesity,*® yet the mech-
anisms leading to sustained weight loss after RYGB are
controversial. Cummings et al reported that 24-hour plasma
ghrelin levels were increased in response to diet-induced
weight loss, while levels were lower in matched, weight-
stable, obese subjects.*” In addition, they showed that plasma
ghrelin levels after weight loss from gastric bypass remained
significantly lower than in other subjects, irrespective of body
weight. The authors suggested that gastric bypass-induced
weight loss may partly stem from suppression of ghrelin
production by “override inhibition.”*® The uninterrupted di-
version of food from contact with the distal stomach and
duodenum initially produces stimulatory signals to release
gastric ghrelin, and later paradoxically suppresses its release.

Other investigators have similarly documented ghrelin
suppression following RYGB, despite discrepant results in
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the magnitude of postoperative ghrelin reduction.**~*' How-
ever, recent reports have generated a growing debate over
whether gastric bypass surgery causes stable weight reduction
via ghrelin suppression.** ** Holdstock et al prospectively
examined 66 morbidly obese patients before RYGB and at 12
months after surgery.** At 12 months following RYGB the
average body mass index decreased by 30% and average
ghrelin levels increased by 62%. Although these authors
argued that RYGB did not directly affect circulating ghrelin
levels, Faraj et al suggested that postoperative serum ghrelin
may be dependent on the dynamic status of weight loss.*?
Indeed, weight loss usually continues for 22—24 months after
diversionary operations.*® During the weight loss phase,
patients are in a state of negative energy balance, and may
continuously secrete ghrelin into the circulation from non-
gastric sources, thus demonstrating higher serum ghrelin
levels than controls. In contrast, weight-stable patients are in
energy balance, and therefore do not exhibit higher serum
ghrelin levels despite massive weight loss.** Consequently, it
appears that energy balance, but not body weight per se, may
be a critical determinant of circulating ghrelin levels follow-
ing RYGB.

The disparate results in the literature imply that the
mechanisms by which RYGB induces weight loss engage
complex interactions between the mechanical effects of the
surgery and neuroendocrine responses involved in energy
homeostasis. Future studies may elucidate the neurohumoral
pathways mediating weight loss following RYGB, and per-
haps define the potential role of pharmacologic ghrelin block-
ade as a novel approach to treating obesity.

CENTRAL REGULATION OF FEEDING

Appetite and feeding behavior are regulated by a com-
plex balance of stimulatory and inhibitory signals in the
central nervous system, particularly in the hypothalamus.**
Essential elements of this control system are ghrelin and
leptin, both of which signal nutritional status and energy
storage levels to the hypothalamic feeding centers (Fig. 1).
Ghrelin is orexigenic when administered both centrally and
peripherally, and it is one of several appetite-regulating
humoral signals to the central nervous system. The critical
role of the afferent vagus nerve as a mediator of feeding
behavior is consistent with the findings of early satiety, lack
of hunger, and stable weight reduction in obese patients
following truncal vagotomy.*>~*® Weight reduction may be,
at least in part, due to alterations in vagally mediated central
and peripheral mechanisms for appetite regulation.*> In con-
trast, leptin is an anorexigenic hormone secreted by adipose
tissue involved in thermogenesis and the control of several
crucial neuroendocrine functions in the hypothalamic-pitu-
itary-adrenal axis.*’>°

The reciprocal actions of leptin and ghrelin are medi-
ated by hypothalamic neurons in the arcuate nucleus contain-
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FIGURE 1. Neuroendocrine regulation of central feeding and
growth hormone release. NPY, neuropeptide Y; AGRP, agouti-
related peptide; POMC, proopiomelanocortin; CART, cocaine
and amphetamine-regulated transcript; GHRH, growth hor-
mone releasing hormone; GH, growth hormone.

ing neuropeptide Y (NPY) and agouti-related peptide
(AGRP), which induce feeding, and neurons containing pro-
opiomelanocortin (POMC) and cocaine and amphetamine-
regulated transcript (CART), which inhibit feeding.** Leptin
inhibits NPY neurons and stimulates POMC neurons to
suppress feeding, whereas ghrelin activates NPY neurons and
inhibits POMC neurons to promote food intake. These appe-
tite-regulating neurons thus provide a common route to inte-
grate leptin- and ghrelin-mediated feeding regulation with
other homeostatic mechanisms such as the recently demon-
strated melanocortin 4 receptor (MC4R) effects on binge-
eating.”!

GHRELIN IN OBESITY
The discovery of ghrelin and its influence on appetite,
fuel utilization, and body weight added complexity to cen-
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FIGURE 2. Physiological actions of ghrelin.

trally regulated energy balance. In general, human plasma
ghrelin levels are inversely correlated with positive energy
balance, body mass index, body fat mass, adipocyte size, and
leptin levels,** >* while they are lower in obese subjects than
in controls.>* Pima Indians, known for their propensity to
develop type II diabetes and obesity, also have lower circu-
lating ghrelin levels, independent of body mass index, com-
pared with matched controls.* Patients with anorexia ner-
vosa exhibit high plasma ghrelin levels when compared with
age- and sex-matched controls, and weight gain decreases
their elevated ghrelin concentrations.>® Thus, fluctuations of
plasma ghrelin levels may reflect physiological adaptation to
long-term alterations in energy balance.

Plasma leptin correlates with body fat content despite
its anorectic effects, suggesting that human obesity is asso-
ciated with a state of leptin resistance.’® >’ However, 5%-—
10% of obese people have relatively low levels of leptin,
indicative of a reduced rate of leptin production.’® >’ While
a negative correlation has been reported between basal leptin
and ghrelin concentrations in humans in one report,* other
investigators have documented conflicting results.>® A recent
study by Barazzoni et al reported that hyperleptinemia
blunted the increase of serum ghrelin during caloric restric-
tion, suggesting that the anorectic effects of leptin act both
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via direct central actions, and via peripheral inhibition of
orexigenic effects of ghrelin.>

Given the orexigenic and adipogenic properties of
ghrelin, treatment with an antagonist would seem logical in
obesity. In animal studies, the biologic actions of the ghrelin
antagonist ([D-Lys-3]-GHRP-6) appear to be mediated
through GHSR antagonism.®®~®' This antagonist has been
shown to inhibit ghrelin-induced GH release® and to reduce
food intake and body weight gain in mice.®’ However, sev-
eral concerns should be addressed prior to using a ghrelin
antagonist in clinical trials. First, it is uncertain whether
suppressing ghrelin would add any benefits to the already
depressed ghrelin levels in obese individuals. Furthermore,
Palmiter et al reported that NPY knockout mice eat and grow
normally with all endocrine responses to fasting intact, im-
plying that compensatory and redundant mechanisms are
activated to protect nutritional integrity by driving the animal
to feed.®> % In addition, the antiobesity effects of a ghrelin
antagonist may cause functional GH deficiency. Since the
time course of the observed changes in body mass and
composition induced by ghrelin is unknown, future studies
will have to show which effects of ghrelin antagonism,
antiadipogenic or antisomatotrophic, dominate during long-
term blockade of ghrelin bioactivity. As yet there are no
reports of a GHSR1a antagonist, although an inverse agonist
of the ghrelin receptor was just described.®*

Recent exciting findings linked obesity to genetic vari-
ations of the ghrelin gene. Ravussin et al reported that a
decrease in ghrelin concentration in response to overfeeding
and baseline ghrelin levels were more alike within pairs of
monozygotic twins than in heterozygous pairs, indicating a
probable genetic effect underlying the variability in plasma
ghrelin levels.”? Korbonits et al further substantiated this
observation noting that obese children carrying the single
nucleotide polymorphism (a nonconservative amino acid
change in the protein sequence in the C-terminal tail of the
preproghrelin protein) have higher body mass index, and
reduced insulin secretion.®> Consistent with these findings,
Ukkola et al identified a mutation at amino acid position 51
(Arg51Gln) of the preproghrelin sequence in obese subjects,
and found that a mutation at codon 72 of the preproghrelin
gene (Leu72Met) was associated with lower age of onset of
obesity.®® Genetic modifications at the ghrelin locus may play
a role in the etiology of obesity. Future studies are warranted
to define the relationships between genetic alterations of the
ghrelin gene and its associated phenotypic expression in the
context of body weight regulation.

The hypothesis that ghrelin hypersecretion may con-
tribute to genetic obesity is equally intriguing. Prader-Willi
syndrome (PWS), due to a lack of expression of paternal
genes on chromosome 15 (15q11-q13), is one of the most
common forms of genetic obesity.®” It is characterized by
hypothalamic dysfunction leading to GH deficiency, insatia-
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ble hunger, morbid obesity, hypogonadotropic hypogonad-
ism, short stature, mental retardation, aberrant body temper-
ature control, and sleep disturbances.®’” Recent evidence
indicated that elevated serum ghrelin may be responsible, at
least in part, for the hyperphagia observed in patients with
PWS.%¥ 7% The mechanism underlying elevated ghrelin levels
in PWS is unknown, but is not likely to reflect a mutation of
the genes encoding ghrelin or GHRS, but rather genetic
alteration(s) on chromosome 15 indirectly affecting ghrelin
expression. High ghrelin levels in PWS are also unlikely to
arise from a decreased negative feedback from GH; Janssen
et al have shown that ghrelin concentrations are not elevated
in adults with GH deficiency, and GH therapy in these same
individuals does not alter their ghrelin levels.”" Similar find-
ings were also observed in obese subjects and children with
PWS.”> 73 Regardless of the etiology of elevated ghrelin in
PWS, additional studies will be required to validate the
functional activity of ghrelin by demonstrating whether
ghrelin antagonists effectively reduce food intake in PWS.

GHRELIN AND GASTROINTESTINAL
FUNCTIONS

Gastric

Recently, Masuda et al demonstrated that intravenous
administration of ghrelin in rats not only increased gastric
acid secretion, but also accelerated gastric motility.”* Simi-
larly, intravenous administration of ghrelin has been shown to
induce gastrin release in rats,”> and circulating ghrelin levels
accelerated gastric emptying rate in humans.>® These effects
of ghrelin were abolished in rats by pretreatment with either
atropine or bilateral cervical vagotomy, but not a histamine
H?-receptor antagonist, suggesting that ghrelin may play a
role in vagal control of gastric function.”* Likewise, intra-
cerebro-ventricular administration of ghrelin also increased
gastric acid output in a dose-dependent manner, a phenome-
non abolished by vagotomy or atropine injection.’® In a series
of elegant experiments, Date et al showed that blockade of
the gastric vagal afferent abolished ghrelin-induced feeding,
GH secretion, and activation of NPY-producing and GHRH-
producing neurons.”” Taken together, these findings indicated
that ghrelin conveys signals for GH secretion and feeding to
the central nervous system, and stimulates the vagal efferent
system to increase gastric acid secretion.

Pancreatic

Immunohistochemical analyses have shown colocaliza-
tion of ghrelin proteins with glucagon in the « islet cells of
the pancreas.”® In addition, ghrelin was found to increase
cytosolic-free calcium concentration in 3 cells and stimulate
insulin secretion in isolated rat pancreatic islets.”® In contrast,
Broglio et al showed that ghrelin induced hyperglycemia and
reduced insulin secretion in humans, suggesting that endog-
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enous factor(s) act in concert with ghrelin to regulate insulin
release in vivo.*® Furthermore, Zhang et al reported that
ghrelin infusion at 12 nmol/kg/h dependently suppressed
cholecystokinin (CCK)-induced and central vagal stimulant-
induced pancreatic exocrine secretion in vivo.” Similarly,
ghrelin abolished exocrine secretion caused by CCK in rats
with subdiaphragmatic vagotomy. In vitro, ghrelin produced
no change in basal amylase release from purified acinar cells,
and coincubation of ghrelin with CCK demonstrated no
inhibition of CCK-stimulated amylase release.” These data
suggest that the suppressive actions of ghrelin on pancreatic
exocrine secretion, analogous to its role in insulin regulation,
are indirect in nature, requiring cooperative, not yet identified
factor(s) in the physiologic microenvironment. Thus, ghrelin
functions as a gastro-entero-pancreatic hormone, participat-
ing in the regulation of glucose metabolism, insulin release,
and pancreatic exocrine secretion to integrate the hormonal
and metabolic responses to fasting.

NOVEL ACTIONS AND CLINICAL
IMPLICATIONS OF GHRELIN

Cardiovascular Effects of Ghrelin

Increasing evidence supports a functional role of ghre-
lin in myocardial growth associated with improved cardiac
function. Both ghrelin and GHSR have been detected in the
aorta and myocardium, indicating that ghrelin may modulate
cardiovascular parameters through GH-independent mecha-
nisms.® Recent evidence indicates that ghrelin inhibits apo-
ptosis in cardiomyocytes and endothelial cells through acti-
vation of extracellular signal-regulated kinase (ERK) 1/2 and
Akt serine kinases.®' Tt is interesting to note that although
cardiomyocytes bind ghrelin with high affinity, they do not
express GHSR1a. Taken together, these findings imply the
existence of other unknown GHSR subtype(s) distinct from
the classic GHSR1a in the cardiovascular system.

Cardiac cachexia is a catabolic state characterized by
weight loss and muscle wasting. It occurs in some patients
with end-stage heart failure and is a strong independent risk
factor for mortality in patients with chronic heart failure.®?
Nagaya et al reported that ghrelin improved left ventricular
dysfunction and attenuated the development of cardiac ca-
chexia in rats.®® In addition, they showed that ghrelin reduced
cardiac afterload and increased cardiac output without an
increase in heart rate in healthy humans.® Expectedly,
plasma ghrelin was elevated in cachetic patients with con-
gestive heart failure (CHF), and was associated with high
levels of GH and tumor necrosis factor (TNFa) and decreased
body weight.%° Collectively, these data indicated that an
increase in plasma ghrelin might mediate compensatory
mechanisms during catabolic-anabolic imbalance in cachectic
patients with CHF.
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Ghrelin has been shown to possess direct vasorelaxant
properties in endothelium-denuded human internal mammary
arteries and to potently reverse endothelin-1-induced vaso-
constriction.®® In addition, recombinant human GH (rhGH)
was shown to be beneficial in idiopathic dilated cardiomyop-
athy.®” Similar findings were observed in a later randomized,
double-blind, placebo-controlled trial of rhGH in patients
with chronic heart failure.®® These interesting data indicate
that ghrelin administration may represent a new therapeutic
approach in the management of chronic heart failure. Thus,
the cardiovascular activities of ghrelin suggest potential clin-
ical uses of ghrelin. Theoretically, GHSs analogs might be
used to protect from coronary ischemia and prevent the
progression of dilated cardiomyopathy.

Critical lliness and Immune Function

Ghrelin and the GHSR signaling system were detected
in human T cells, B cells, and neutrophils, regardless of the
maturity of the cell types.®® Ghrelin and GHSR were ex-
pressed not only in B cells, but also in T cells and neutrophils
that did not express substantial GH transcripts, suggesting
that ghrelin has GH-independent functions in the immune
system. Koo et al reported that ghrelin induced significant
increases in peripheral blood lymphocytes, and thymic cellu-
larity and differentiation in young and old mice, respective-
ly.” In addition, they showed that ghrelin-treated mice ex-
hibited significant increases in cytotoxic lymphocytes,
cycling of lymphoid cells in the spleen, and reduction in
tumor initiation and subsequent metastases. These observa-
tions indicated an immune enhancing property of ghrelin,
with clinical implications for the treatment of immunocom-
promised states, eg, in aging, transplantation, and acquired
immune deficiency syndrome.

The catabolic state of globally impaired anabolism in
critical illness activates both sympathetic and parasympa-
thetic nervous systems to control a wide range of cellular and
systemic functions.”! Sympathetically mediated processes
such as mobilization of stored energy to deliver energy
substrates to vital organs such as the brain and heart, and
inhibition of subsequent energy storage and gluconeogenesis
are initially observed. This is ultimately reflected at the target
tissue level as a reduction of metabolic activity, translating
into a catabolic state of globally impaired anabolism with
impaired secretion of GH and insulin-like growth factor I
(IGF-1).°" On the other hand, a role for ghrelin in neuroim-
munological control is implicated in the adaptive response
directed at balancing the pro-inflammatory and anti-inflam-
matory pathways. Wang et al have shown that direct vagal
stimulation, acting via nicotinic acetylcholine receptors on
macrophages, suppressed the release of TNFa and interleukin
1 and 6 induced by endotoxin lipopolysaccharide.”®* In
addition, the vagus nerve has been shown to convey the
immunologic state of the gastrointestinal tract to the hypo-
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thalamus.”* Thus, the vagus nerve provides the endogenous
mechanism to regulate the magnitude of innate immune
responses and attenuate proinflammation. Although this
physiological mechanism has major implications in the pre-
vention of overt life-threatening infections, the potential tar-
get molecule(s) for the development of possible therapeutic
agents are not known. Ghrelin might be the mediator of this
vagal signaling to the immune system, and future investiga-
tions are warranted to define its functional role in the para-
sympathetic anti-inflammatory pathway.

Neoplasia

An autocrine or paracrine role of ghrelin in neoplasia
has been implied in a variety of tumors (Table 1). Ghrelin
mRNA has been found in normal human pituitary tissue and
pituitary tumors.”® Nonfunctioning adenomas expressed the
highest level of ghrelin mRNA, followed by GH- and gona-
dotrophin-producing adenomas, while prolactinomas ap-
peared to express the lowest level.”® There was an inverse
correlation between the level of mRNA expression and size in
GH-producing adenomas. In addition, ghrelin has also been
linked to several cancer cell lines and neuroendocrine tumors.
Specific binding sites for GHSs are present in neoplastic
human thyroid and lung tissues.”’ *® Ghrelin was found to
stimulate cell proliferation in vitro in prostate cancer cell
lines, implying a potential tumor-promoting role for ghrelin
in prostate cancer.”® Murata et al reported that ghrelin mod-
ulated insulin signaling downstream and activated cell pro-
liferation in hepatoma cells.'?® Further studies suggested that
ghrelin is produced substantially in human medullary thyroid
carcinoma and endocrine tumors of the stomach and intes-
tine.'°’"1%2 In addition, some pancreatic endocrine tumors
expressed ghrelin and GHSR, regardless of the type of pan-
creatic hormone produced.'®

Conversely, Cassoni et al documented an antiprolifera-
tive effect of ghrelin in breast cancer cells.'® In their study,
specific binding for ghrelin and GHSs in human breast
carcinomas and cell lines was observed. This entity of bind-
ing was independent of histologic type, stage, ER status,
proliferative index of the tumor, or pre- or postmenopausal

TABLE 1. Localization of Ghrelin in Tumor Cells

Location Cellular Proliferation
Breast'®* -
Hepatoma'®®

Prostate®®

Medullary thyroid'®"'
GI neuroendrocine'?
Pancreatic islet cell'®

o 0 9 o+ +

Pituitary adenomas®®
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status of the patients, but it was directly related to grade of
tumor differentiation. Ghrelin and GHSs (peptidyl and non-
peptidyl) inhibited cellular proliferation in vitro, independent
of GH releasing activity. Taken together, these observations
suggest that the antiproliferative actions of ghrelin appear to
function in providing a homeostatic growth balance in con-
cert with existing proliferative signals in the mammary gland.
However, as breast tumors acquire resistance to ghrelin, its
inhibiting effects in mammary tissue may be suppressed. This
suppression of ghrelin-responsiveness may be due to a lack of
ghrelin/GHSR expression or receptor down-regulation. Wisse
et al reported that plasma ghrelin levels are increased in their
cancer cachexia model,'®® suggesting that pathways associ-
ated with GHSR modulation (decreased synthesis or down-
regulation) may exist by which malignant breast cancer cells
acquire resistance to ghrelin. Future studies involving the
expression of ghrelin or GHSR in mammary tumors are
warranted to establish the role of ghrelin, if any, in breast
cancer progression.

Cachexia

Ghrelin secretion has been proposed to counter further
energy deficit and to defend against starvation in cachexia,**
indicating its role in an adaptive feeding response.'’® Because
weight loss is a potent stimulus for food intake in humans and
animals, the persistence of anorexia indicates a failure of this
adaptive feeding response, reflected in an insignificant rise in
plasma ghrelin levels.'®” 1% The role of ghrelin in cancer
anorexia is not well known, although as a mediator of hunger
it is a key candidate for an important role. The expression of
ghrelin mRNA in the stomach is decreased by IL-18,** a
cytokine known to be elevated in malignancy.'®” Conversely,
peripherally administered ghrelin was able to reverse, at least
in part, the IL-1B-induced loss of appetite and body weight.**
It is interesting to note that GHSs have been shown to reverse
diet-induced catabolism and improve the alterations in the
somatotrophic axis and protein catabolism in patients with
prolonged, severe illness.!'® ' Therefore, diminished ghre-
lin signaling may be linked to the etiology of cancer cachexia.

Wisse et al suggested that melanocortin, but not ghrelin
pathways are involved in cancer anorexia.'®® In their study,
prostate cancer was induced by subcutaneous implantation of
prostate adenocarcinoma cells in Lobound-Wistar rats. Intra-
cerebroventricular injection of a synthetic antagonist of mela-
nocortin (SHU9119) reversed cancer anorexia in rats; the
increase in food intake was seen in anorexic animals treated
with SHU9119, but not with neuropeptide Y or ghrelin. These
authors further showed changes in the serum concentrations
of ghrelin, leptin, and other serum markers in 4 groups of rats:
ad libitum-fed control, pair-fed control, tumor-bearing, and
SHU9119-treated. Ghrelin levels were increased to the same
degree in both anorexic tumor-bearing and pair-fed control
rats, and both were significantly higher than levels in ad
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libitum-fed controls. Treatment of tumor-bearing rats with
SHU9119 reduced serum levels of ghrelin to the levels of
controls. A reciprocal pattern was seen with serum leptin and
insulin concentrations in all 4 groups.

The role of melanocortin antagonists in ameliorating
cancer anorexia deserves further clinical evaluation. How-
ever, it is also evident from these experiments that the
increased plasma ghrelin levels in anorexic animals compared
with controls, suggest that ghrelin is ineffective in cancer
anorexia. Interestingly, although centrally administered ghre-
lin failed to reverse anorexia in tumor-bearing rats,'%> intra-
muscular injection of GHRH-expressing plasmid in tumor-
bearing dogs raised the serum concentrations of insulin-like
growth factor I (IGF-1), a measure of GHRH activity, and
reversed cancer cachexia.''? Since an anabolic agent that
stimulates appetite may be of great value in the treatment of
cancer cachexia, it remains to be seen how useful ghrelin or
its analogues could be in other tumors that cause cachexia.

THE BRAIN-GUT AXIS

The localization and secretion of ghrelin in the stomach
and gastrointestinal tract, the presence of ghrelin receptor
synthesis in the vagus nerve, and the numerous gastrointes-
tinal effects of the hormone imply an important role in the
brain-gut axis. Ghrelin’s primacy as a “hunger hormone”
with orexigenic effects mediated by the hypothalamic pep-
tides, agouti-related peptide (AGRP), and neuropeptide Y
(NPY), and the fact that it is the most potent peripheral signal
of diminishing energy stores, implies that ghrelin release
might be the most important of the many redundant mecha-
nisms ensuring human survival in times of famine. This
developmentally successful capacity has become detrimental
in the industrial era when labor-saving devices, increased
production and distribution of food, and environmental stres-
sors result in the global epidemic of obesity.

In this context it is interesting to note that ghrelin
signaling initiates phospholipase C and augments protein
kinase C activation, which in itself increases both intracellu-
lar calcium and diacylglycerol.>!'!* This sequence contributes
to the development of insulin resistance,''*''> a key com-
ponent in the pathogenesis of metabolic obesity with its
multiple comorbidities."'*™'!” The newly discovered intimate
relationship between ghrelin and the vagus nerve, recognized
in the 19™ century to affect feeding behavior, finally provides
the missing hormonal link to the “hunger nerve.” This might
justify further exploration of vagotomy as a means of atten-
uating the effects of a hyperactive brain-gut axis in the
treatment of obesity.

SUMMARY AND CONCLUSIONS
Since the discovery of ghrelin in 1999, the volume of
literature on ghrelin biology is impressive. Ghrelin’s clinical
potential both as a diagnostic and treatment modality has
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been recognized. In addition to affecting energy homeostasis,
ghrelin may have cardioprotective effects, serve as a diag-
nostic or therapeutic tool in GH deficiency, and function as a
prognosticator for neuroendocrine tumors. Theoretically,
ghrelin is a promising candidate for treating catabolic states
and enhancing immune function in cachexia or acquired
immunodeficiency syndrome, as well as for treating eating
disorders such as obesity and anorexia nervosa.

Many unanswered questions remain. Identification of
the stimuli and pathways regulating ghrelin synthesis and
release is fundamental to discovering clinical uses for ghrelin.
Since acyl modification is essential for the activity of ghrelin,
isolation of enzyme(s) that catalyze acylation should be
important. The normal physiology of ghrelin during steady-
state is largely unknown; most experimental models have
focused on short-term pharmacological effects. Analysis of
the functional significance of ghrelin in various physiological
processes will require studies of both pulsatile and continuous
infusion of physiologic and pharmacologic doses of ghrelin at
equilibrium. In addition, biologic actions of ghrelin other than
its GH-releasing activity should be clarified by identifying
ghrelin isoforms or receptor subtypes.

The discovery of ghrelin is a major step forward in
understanding networks regulating energy homeostasis, a
critical biologic function. It offers the possibility of develop-
ing new approaches to diseases of impaired growth and
development and energy imbalance. As future research ef-
forts unravel the puzzle of ghrelin physiology, there will be
many more surprises and exciting opportunities for research
into its diverse physiological functions.
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