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octanoyl modification at Ser3, is identical to ghrelin
except for deletion of one glutamine, and it is produced
through alternative splicing of the rat ghrelin gene.
Des-Gln14-ghrelin has the same potency of activities as
that of ghrelin. In the course of purifying human ghrelin
from the stomach, we also isolated several minor forms
of the peptide (27). These could be classified into four
groups by the type of acylation observed at Ser3:
nonacylated (des-acyl ghrelin, ref.28), octanoylated
(C8:0), decanoylated (C10:0), and possibly decenoy-
lated (C10:1). All peptides found were either 27 or 28
amino acids in length, the former lacking the COOH-
terminal Arg28, and are derived from the same ghrelin
precursor through two alternative pathways. Synthetic
octanoylated and decanoylated ghrelins stimulate the
increase of intracellular Ca** levels in GHS-R-express-
ing cells and stimulate GH release in rats to a similar
degree. The nonacylated form of ghrelin, des-acyl
ghrelin, also exists at significant levels in both stomach
and blood (28). In blood, des-acyl ghrelin circulates in
amounts far greater than acylated ghrelin. Because a
fatty acid is attached to the Ser3 of ghrelin, acylated
ghrelin is unstable (29). Thus des-acyl ghrelin may
represent either a pre-form of acyl-modified ghrelin or
the product of its deacylation. Des-acyl ghrelin does not
replace radiolabeled ghrelin at the binding sites of
acylated ghrelin in hypothalamus and pituitary and
shows no GH-releasing and other endocrine activities in
humans and rats. In contrast, it has been reported that
des-acyl ghrelin shares with acylated ghrelin some
nonendocrine actions, such as the modulation of cell
proliferation and adipogenesis (30 — 32). Further study is
required to determine whether des-acyl ghrelin is bio-
logically active and binds to an as-yet-unidentified
receptor.

II1. Ghrelin derivatives

Based on calcium-mobilization assay in the GHS-R-
expressing cell line, chemical synthesis of ghrelin
derivatives revealed that bulky hydrophobic groups
attached to the side chain of the third amino acid residue
are essential for maximum activity of ghrelin (33, 34).
‘When the length of the acyl modification of ghrelin was
examined, the maximum response was observed at the
acyl modified by the n-octanoyl group. Substantial
activity was retained when ghrelin was modified by »-
lauroyl or palmitoyl groups. Modification of ghrelin
Ser3 by an unsaturated or a branched fatty acid, such as
3-octenoyl (C8:1) or 4-metheylpentanoyl, respectively,
also retained activity. Moreover, a ghrelin derivative in
which the third amino acid residue was replaced with an
aromatic amino acid, tryptophan, still retained weak
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activity. Short peptides derived from the first four
residues of ghrelin, Gly-Ser-Ser(n-octanoyl)-Phe-NHa,
could activate the ghrelin receptor, but the first three
alone could not, indicating that the four-residue peptide
is the minimum segment necessary for receptor acti-
vation (33 —35). However, the ability of the short
ghrelin derivatives to activate the GHS-R expressing
cells is not predictive of their capability to stimulate GH
release in rats (36). The short ghrelin derivatives are
devoid of biological activity in vivo.

IV. Tissue distribution of ghrelin and ghrelin
receptor (GHS-R)

A. Ghrelin-producing cells

Ghrelin is predominantly produced by the stomach,
whereas substantially lower amounts are derived from
the bowel, pancreas, pituitary, kidney, and placenta (15,
28, 37-39). Removal of the stomach or the acid-
producing part of the stomach in rats reduces circulating
ghrelin by approximately eighty percent, further support-
ing the view that the stomach is the main source of the
ghrelin peptide. These other sources of ghrelin act on
ghrelin secretion in a compensatory manner after
gastrectomy or might act specifically in a paracrine
manner. Rat ghrelin is present from the stomach to the
colon, with the greatest amount in the gastric fundus
(38). Ghrelin-producing cells, which are not histamine-
secreting enterochromaffin-like cells, somatostatin-
secreting D cells, or serotonin-secreting enterochromaffin
cells, accounted for about twenty percent of the endo-
crine cell population in rat and human oxyntic glands
(Fig. 3: A—C) (38). Rat gastric ghrelin is present in a
distinct cell type, X/A-like cells, whose hormonal
product and physiological functions have not previously
been clarified. The X/A-like cells, now designated
ghrelin-secreting cells, are not in continuity with the
stomach lumen but rather are closely associated with
the capillary network of the lamina propria, supporting
an endocrine role. The amount of ghrelin is very low in
the fetal stomach and increases in an age-dependent
manner (40). The concentrations of plasma ghrelin also
increase postnatally in parallel with the amount of ghre-
lin produced by the stomach (41). Ghrelin-immunoreac-
tive cells are localized in the mucous membrane in the
duodenum, jejunum, ileum, and colon (28, 38, 42). In
the intestine, ghrelin concentration gradually decreases
from the duodenum to the colon. Ghrelin cells can be
classified into opened- and closed-type cells; opened-
type cells are in contact with the glandular lumen, and
closed-type cells do not have a luminal connection. The
ghrelin cells in the stomach are closed-type cells,
whereas in the duodenum, jejunum, ileum, and colon, ‘
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Fig.3. Ghrelin cells in the stomach. A: ghrelin-immunoreactive cells in the stomach are found from the neck to the base of
the oxyntic gland. This distribution pattern is typical for gastric endocrine cells. B and C: representative immunoelecton
photograph of a ghrelin-producing cells in the oxyntic gland. C: high magnification of B. D: ghrelin-containing neurons in
hypothalamic arcuate nucleus in a colchicine-treated rat. 3v, third ventricle.

opened- and closed-type of ghrelin cells are found, and
the number of opened-type cells gradually increased in
the direction from stomach to the lower gastrointestinal
tract.

Ghrelin has been found in the hypothalamic arcuate
nucleus (ARC), an important region for controlling
appetite (Fig. 3D) (17, 43). In addition, a recent study
has reported the presence of ghrelin in previously
uncharacterized hypothalamic neurons adjacent to the
third ventricle between the dorsal, ventral, paraventri-
cular (PVN), and arcuate hypothalamic nuclei (44).
These ghrelin-containing neurons send efferent fibers to
neurons that contain neuropeptide Y (NPY) and agouti-
related protein (AgRP) and may stimulate the release of
these orexigenic peptides. These localization patterns
of ghrelin suggest a role in controlling food intake. In
fact, injection of ghrelin into the cerebral ventricles of
rats potently stimulates food intake, and anti-ghrelin
immunoglobulin G (IgG) robustly suppresses feeding
{17.

The pancreas is also a ghrelin-producing organ. In the
pancreatic islets, however, the cell type of ghrelin cells
remains controversial, whether it be the a cells, f cells,
the newly identified islet ¢ cells, or a unique novel islet
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cell type (45 —49). Interestingly, the pancreatic ghrelin
profile changes dramatically during fetal development;
pancreatic ghrelin-expressing cells are numerous from
midgestation to the early postnatal period, comprising
10% of all endocrine cells, and decrease in number after
birth (50). Ghrelin mRNA expression and ghrelin
concentration (mostly des-acyl ghrelin) are markedly
elevated in the fetal pancreas, being several times greater
than in the fetal stomach. The homeodomain protein
Nkx2.2 is essential for the differentiation of islet §
cells and a cells, and lack of Nkx2.2 in mice results in
replacement of pancreatic endocrine cells by cells that
produce ghrelin (46). The ontogenetic appearance of
islet ghrelin cells precedes that of gastric ghrelin cells,
which may indicate a developmental role for islet
ghrelin.

B. Circulating ghrelin

To measure the plasma concentration of ghrelin, it is
necessary to use EDTA and aprotinin when collecting
blood samples (29). After the samples are centrifuged,
the plasma fraction should be treated with 1/10 volume
of 1 N hydrogen chloride. The acidified plasma should
be kept in the freezer. Two major forms of ghrelin are
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found in plasma: m-octanoyl-modified and des-acyl
ghrelin. The normal plasma concentration of ghrelin in
humans is 10-20 fmol/m! for . mostly r-octanoyl
ghrelin and 150 — 180 fmol/ml for total ghrelin, includ-
ing both acyl-modified and des-acyl ghrelins. Circulat-
ing ghrelin is increased in fasting conditions and reduced
after habitual feeding (51, 52), suggesting that ghrelin
may be as an initiation signal for food intake or ghrelin
secretion is controlled by some nutritional factors in
blood.

C. Ghrelin receptor

The ghrelin receptor, or GHS-R, is a typical G-protein
coupled-seven transmembrane receptor. Two distinct
ghrelin receptor cDNAs have been isolated (9). The first,
GHS-R type la, encodes a 7-TM GPCR with binding
and functional properties consistent with its role as
ghrelin’s receptor. Another GHS-R c¢DNA, type 1b, is
produced by an alternative splicing mechanism (9). The
GHS-R gene consists of two exons: the first exon
encodes TM-1 to TM-5, and the second exon encodes
TM-6 to TM-7. Type 1b is derived from only the first
exon and encodes only five of the seven predicted TM
domains; it is thus a COOH-terminal truncated form of
the type la receptor and is pharmacologically inactive.
The ghrelin receptor is well conserved across all verte-
brate species examined, including a number of mam-
mals, chicken, and pufferfish (13, 53, 54), suggesting
that ghrelin and its receptor serve important physio-
logical functions.

The mRNA of ghrelin receptor, GHS-R type la, is
prominently expressed in the ARC and ventromedial
nuclei and in the hippocampus (9, 17, 55). The ghrelin
receptor is highly sensitive to GH; its expression is
increased in GH-deficient dw/dw dwarf rats, and treat-
ment of these rats with GH decreases ghrelin receptor
expression (56). GHS-R is also detected in multiple
hypothalamic nuclei and in the pituitary, as well as the
dentate gyrus, CA2, and CA3 regions of the hippo-
campus, the substantia nigra, the ventral tegmental area,
and the dorsal and median raphe nuclei. Moreover, a
ghrelin-receptor transcript product is found in a mRNA
sample isolated from the vagal nodose ganglion (57).
Receptors in the vagus are synthesized at the cell bodies
and transported to the nerve terminals through axonal
transport. These results indicate that there is a close
proximity between ghrelin-producing cells and vagal
afferent terminals in the stomach. RT-PCR analyses
demonstrated ghrelin receptor mRNA expression in
many peripheral organs, including heart, lung, liver,
kidney, pancreas, stomach, small and large intestines,
adipose tissue, and immune cells (55, 58, 59), indicating
that ghrelin has multiple functions in these tissues.
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V. Physiological and pathophysiological actions of
ghrelin

A. Neuroendocrine effect of ghrelin

Ghrelin is a multifaceted peptide hormone (Table 1).
Because GHS is an agonist of the GHS-R, it was
reasonable to expect that ghrelin possessed GH-releas-
ing activity. In rats, large secretions of GH were
observed following intravenous (i.v.), intraperitoneal,
subcutaneous, and intracerebroventricular (i.c.v.) injec-
tion of ghrelin (15, 43, 60, 61), indicating that ghrelin
is (directly or indirectly) a GH-releasing peptide. Intra-
venous ghrelin administration in healthy humans
potently stimulated GH release, whereas adreno-
corticotrophic hormone (ACTH), cortisol, and prolactin
levels are also elevated slightly after ghrelin injection
(62, 63). The coadministration of ghrelin and GHRH
synergistically effect GH secretion (64).

Ghrelin stimulates GH release from primary cultured
pituitary cells, which indicates that ghrelin can act
directly on the pituitary (15). However, the involvement
of the hypothalamus in ghrelin-mediated stimulation of
GH release has been strongly suggested. Patients with
organic lesions in the hypothalamic region showed
insufficiency of GH release even when stimulated by
ghrelin (65). Prior administration of GHRH antagonists
blocks nearly all GHS-dependent GH secretion in
humans (66). Moreover, when using primary pituitary
cells, the ghrelin treatment increased GH release by 2 —

Table 1. Effects of ghrelin

Hormone release

Growth hormone release 1)
Adrenocorticotrophic hormone release )
Cortisol release 1)
Prolactin release 0
Thyroid stimulating hormone release 2
Luteinzing hormone release oo
Follicle-stimulating hormone release -
Insulin release T2l
Anabolic effects
Appetite 1)
Adiposity 0
Cardiovascular functions
Cardiac output T
Blood pressure {
Apoptosis of cardiomyocytes in vitro {
Gastric functions
Gastric acid secretion T
Gastric motility 1
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3 times above the basal level (15), which is lower than
the level of induction seen when ghrelin is administered
to rats in vivo. These facts suggest that other factors
may be involved in vivo in order for the maximal level of
GH release to be achieved by ghrelin administration.
One possibility is transmission via the vagus nerve.
Indeed, when the vagus nerves are cut in rats, the induc-
tion of GH release after ghrelin injection peripherally is
dramatically decreased (57), indicating that the vagus
nerve is needed for the maximal stimulatory effects of
ghrelin. Peripheral administration of ghrelin induces
¢-Fos expression in GHRH neurons in ARC; however,
this effect is canceled by chemical and surgical
deafferentation of the vagus nerve. These findings imply
that ghrelin elicits GH secretion from the pituitary by
modulation of hypothalamic GHRH via the afferent
vagus nerve system.

The effect of ghrelin on pituitary hormones is not
specific to GH. Ghrelin and GHS also modulate
lactotroph and corticotroph in human and animal studies
(62, 67, 68). A small prolactin-releasing effect of ghrelin
has been shown directly in pituitary cell cultures, so the
major site of action may be either the pituitary or the
hypothalamus (69). Since GHS do not stimulate ACTH
release directly from pituitary cell cultures, it is probable
that GHS affect the hypothalamo-pituitary-adrenal
(HPA) via either one of the two major ACTH stimulators
in the hypothalamus, corticotrophin-releasing hormone
(CRH) and arginine-vasopressin (AVP). In a hypo-
thalamic incubation study, GHS were found to stimulate
hypothalamic AVP release while no reproducible effect
was observed on CRH secretion (70). When ghrelin was
~used in either the same system, or in hypothalamic
slices, both AVP and CRH stimulation was observed
(71). Interestingly, the effect of ghrelin on ACTH
secretion is even more pronounced than that elicited
by GHS (62, 72). These results indicate that ghrelin
stimulates the HPA axis independent of the pituitary,
via the hypothalamus, involving both CRH and AVP
stimulation.

B. Ghrelin stimulates food intake

Feeding is a basic behavior that is necessary for life.
It is well accepted that appetite is controlled by the brain
and that feeding behavior is regulated by complex
mechanisms in the central nervous system, in particular
the hypothalamus (73). GHS causes a short-lived
increase in food intake when administered either system-
ically or i.c.v. (74, 75). The orexigenic or appetite-
stimulating effect of GHS is not altered by pretreatment
with a GHRH antagonist at a dose that completely
blocked the feeding response to i.c.v. administered
GHRH, indicating GHS-R mediates the effect on
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appetite. Both the peripheral and central administration
of ghrelin also stimulated food intake in freely feeding
rodents and in GH-deficient dwarf rats (17, 18, 43, 61).
A GHS-R antagonist suppressed ghrelin-induced feed-
ing and furthermore, the administration of ghrelin-
specific antibodies suppressed starvation-induced feed-
ing in a dose-dependent manner, suggesting that ghrelin
is a powerful, endogenous orexigenic peptide. In
humans, iv. bolus injection or infusion of ghrelin
induces hunger (76). Chronic i.c.v. administration of
ghrelin strongly stimulates feeding in rats and increases
body weight gain (17). Daily subcutaneous administra-
tion of ghrelin in mice induces a progressive increase in
body weight, with a significant gain in fat mass but no
change in lean body mass. This could result from a
chronic decrease of fat oxidation as indicated by an
increased respiratory quotient (18). Because ghrelin can
induce adiposity that is sustained during ghrelin treat-
ment, ghrelin might participate in the long-term regula-
tion of body mass.

Unlike ghrelin, most other hypothalamic peptides, for
example, NPY, AgRP, orexins, melanin-concentrating
hormone (MCH), and galanin, that stimulate feeding
when administered centrally are ineffective when
administered into the periphery. Ghrelin is the first
identified circulating hormone that promotes feeding
following systemic administration.

C. Central actions of ghrelin

Immunohistochemical analyses indicate that ghrelin-
containing neurons are found in the ARC of the
hypothalamus, a region involved in appetite regulation
(15, 77). In the ARC, these ghrelin-containing neurons
send efferent fibers onto NPY- and AgRP-expressing
neurons to stimulate the release of these orexigenic
peptides and onto pro-opiomelanocortin (POMC)
neurons to suppress the release of this anorexigenic
peptide. The neural network of ghrelin in the PVN is
more complex. In the PVN, ghrelin neurons also send
efferent fibers onto NPY neurons, which in turn suppress
y-aminobutyric acid (GABA) release, resulting in the
stimulation of CRH-expressing neurons, leading to
ACTH and cortisol release.

As suggested by the distribution of ghrelin-containing
neurons in the hypothalamus, i.c.v. administration of
ghrelin induces c-Fos expression in regions of primary
importance in the regulation of feeding, including ARC,
PVN, and dorsomedial and ventromedial hypothalamic
nuclei (17). This distribution is coincident with that of
GHS-R (55). GHS-R mRNA is expressed in 94% of
the neurons in the ARC that express NPY, in 8% of
cells that express POMC, in 30% of those that express
somatostatin, and in 20—25% of those that express
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GHRH mRNA (78). Moreover, i.c.v. administration of
ghrelin leads to increases in the expression of both NPY
and AGRP mRNAs (17, 43). The appetite-stimulating
effects of ghrelin are blocked by an antagonist of NPY-
receptor 1. Lc.v. injection of an AgRP inhibitor, anti-
NPY IgG or anti-AgRP IgG, inhibits ghrelin-induced
feeding. These results indicate that ghrelin exerts its
feeding activity by stimulating NPY/AGRP neurons in
the ARC to promote the production and secretion of
NPY and AgRP peptides. The ARC is a crucial target
of leptin, an anorexia-mediating molecule produced
from adipose tissue (73). Most NPY/AGRP-containing
neurons and POMC/CART-containing neurons also
express leptin receptors, and both types of neurons are
regulated by leptin, albeit in an opposing manner. Leptin
inhibits ghrelin-induced feeding, and ghrelin substan-
tially reverses the anorexic effect of leptin, indicating
that ghrelin may antagonize leptin action in regulating
the NPY-AGRP system.

Orexin, an orexigenic hypothalamic neuropeptide, is
involved in the regulation of food intake and arousal
(79). Ghrelin stimulates isolated orexin neurons,
whereas glucose and leptin inhibit them (80). Le.v.
administration of ghrelin induces c-Fos expression in
orexin-producing cells (81). The appetite-stimulating
activity of ghrelin is reduced in orexin-mull mice. Pre-
treatment with anti-orexin IgG, but not with anti-MCH
IgG, attenuates ghrelin-induced feeding. Moreover,
coinjection of ghrelin with an NPY-Y1 antagonist and
anti-orexin IgG was shown to suppress food intake by
87% compared with injection of ghrelin alone. These
results indicate that feeding behavior is regulated in part
by cooperative activity between ghrelin and orexin.

D. Vagus nerve and ghrelin

Peripherally injected ghrelin stimulates hypothalamic
neurons and stimulates food intake (57, 76, 82). In
general, peptides injected peripherally do not pass the
blood-brain barrier, The detection of ghrelin receptors
on vagal afferent neurons in the rat nodose ganglion
suggests that ghrelin signals from the stomach are
transmitted to the brain via the vagus nerve (57, 83).
Indeed, vagotomy inhibits the ability of ghrelin to
stimulate food intake and GH release, and the activation
of NPY-producing and GHRH-producing neurons. A
similar effect was observed when capsaicin, a specific
afferent neurotoxin, was applied to vagus nerve termi-
nals to induce sensory denervation. These results indi-
cate that the vagus afferent nerve is the major pathway
conveying peripheral signals of ghrelin for starvation
and GH secretion to the brain.
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E. Cardiovascular functions

The gene expression of both ghrelin and its receptor
has been demonstrated in heart and aorta (58, 84). In
addition, a radiolabeled ghrelin was shown to bind to
heart and to peripheral vascular tissue, where the density
of ghrelin receptor is up-regulated with atherosclerosis
(85). On the other hand, considerable specific binding
of radiolabeled peptidyl GHS, such as ["*I]Tyr-Ala-
hexarelin, is easily detectable in rat myocardium and
various cardiovascular tissues (86). This binding is
inhibited by unlabeled Tyr-Ala-hexarelin, hexarelin, and
other peptidyl GHS, but not by the non-peptidyl GHS
MK-0677 (87). Therefore, these binding sites are
unlikely to be classical GHS-R because they do not bind
ghrelin.

There is already evidence that ghrelin and/or GHS
mediate GH-independent cardiovascular functions, both
in humans and in animals. In humans an intravenous
administration of ghrelin decreases mean arterial pres-
sure without changing the heart rate (63, 84). Ghrelin
also increases the cardiac index and stroke volume
indices. Rats with chronic heart failure (CHF) that
were treated with ghrelin showed higher cardiac output,
stroke volume, and left ventricular construction com-
pared with placebo-treated controls (88). Furthermore,
ghrelin increased the diastolic thickness of the non-
infarcted posterior wall, inhibited left ventricle enlarge-
ment, and increased left ventricular fractional shortening
in these CHF rats. Ghrelin, thus, improves left ventricle
dysfunction and attenuates the development of left
ventricle remodeling and cardiac cachexia.

It has been reported that ghrelin inhibits apoptosis of
primary adult and H9¢2 cardiomyocytes and endothelial
cells in vitro (89). These effects are regulated through
activation of extracellular signal-regualted kinase-1/2
and Akt serine kinase. Interestingly, des-acyl ghrelin is
similarly active, and H9¢2 cardiomyocytes exhibit no
gene expression of the ghrelin receptor, indicating that
another unidentified receptor may be involved.

F. Gastro-entero-pancreatic functions

Intravenous administration of ghrelin dose-depen-
dently increases gastric acid secretion and stimulates
gastric motility and emptying (43, 90). These responses
to ghrelin were abolished by pretreatment with either
atropine or bilateral cervical vagotomy, but not by a
histamine Hj-receptor antagonist. Lc.v. injection of
ghrelin also increases gastric acid secretion in a dose-
dependent manner and induces c-fos expression in the
nucleus of the solitary tract and the dorsomotor nucleus
of the vagus nerve (91). The gastro-prokinetic activity
of ghrelin is independent of its GH-releasing effect
and is likely to be mediated by the vagal-cholinergic
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muscarinic pathway. Ghrelin accelerates the normal
emptying process in rodents at doses compatible to
those required to stimulate appetite and GH release (92).
Ghrelin also accelerates the transit of the small intestine
but not that of the colon. It was reported that calcitonin
" gene-related peptide (CGRP) [8 —37], an antagonist of
CGRP, is among the few agents with beneficial effects
on the inhibition of gastric emptying after abdominal
surgery (93). Ghrelin is more active than CGRP [8 —37]
and is capable of reversing the postoperative gastric
ileus.

The identification of the pancreatic ghrelin-producing
cells is a matter of controversy, as described in the
section on ghrelin distribution. The role of ghrelin in
insulin secretion is likewise under debate; ghrelin has
been shown to inhibit insulin secretion in some experi-
ments and stimulate insulin release in others (41, 45, 94,
95). These discrepancies may be due to experimental
design and/or species differences.

VI. Control of ghrelin secretion and associated
diseases

A. Regulation of ghrelin secretion

Circulating ghrelin levels are responsive to acute and
chronic energy imbalance, increased by food deprivation
and energy restriction, and decreased by food consump-
tion and obesity. It is not clear what factors are involved
in the regulation of ghrelin secretion. Blood glucose
level may be critical; oral or intravenous administration
of glucose decreases plasma ghrelin concentration (96,
97). Because gastric distension by water intake does not
change ghrelin concentration, mechanical distention of
the stomach alone clearly does not induce ghrelin
release. In contrast, the ghrelin peptide contents in the
stomach significantly decrease after fasting and increase
after re-feeding. This inverse pattern of ghrelin levels in
the stomach tissue and plasma may result from increased
secretion of ghrelin from the stomach in response to
fasting and subsequent decreased secretion upon
resumption of feeding. Plasma ghrelin concentration
showed a nocturnal increase, and this increase was
blunted in obese subjects or by sleep deprivation (98,
99). Circulating ghrelin also decreases in patients with
short bowel syndrome.

Obesity is characterized by a blunted GH secretion
that might help to maintain the state and this decreased
secretion is reversed by weight loss (100). Fasting
plasma ghrelin levels in obesity are significantly lower
than those in control subjects, and is negatively corre-
lated with body mass index (BMI), percent body fat, and
fasting insulin and leptin levels (101). The low levels of
ghrelin might contribute to the decreased GH secretion
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and increased food consumption in obese subjects.
Plasma ghrelin levels are also negatively correlated
with plasminogen activator-1 levels that are elevated in
insulin-resistant subjects (102). Gastric bypass surgery
is an important treatment for morbid obesity that can
produce prolonged weight reduction (103). Recent =
research has revealed that ghrelin may contribute to the
body weight reduction that occurs following gastric
bypass. In gastric bypass patients, ghrelin secretion was
found to be reduced by up to 77% compared with the
normal-weight control group and by up to 72%
compared with the matched obese group (104). Further-
more, the normal meal-related fluctuations and diurnal
rhythm of ghrelin level were absent in these patients.
The mechanism for decreasing circulating ghrelin in
gastric bypass patients is not known. Conversely, bypass
subjects exhibited normal postprandial insulin secretion
and diurnal leptin cycling. Therefore, suppression of
plasma ghrelin by gastric bypass can contribute to the
efficacy of this procedure as weight reduction therapy,
in addition to the restriction of the stomach volume
and the reduction of nutrient digestion.

Exogenous treatments with somatostatin and its
analogs as well as infusion of urocortin-1, a potent
anorexigenic peptide, suppress circulating ghrelin (105 —
107). However, administration of leptin does not modify
ghrelin levels (108). Exogenous GH decreases stomach
ghrelin mRNA expression and plasma ghrelin levels, but
does not affect stomach ghrelin stores (109). These
results suggest that pituitary GH exhibits a feedback
regulation on stomach ghrelin production.

B. Polymorphism in the ghrelin gene and obesity

In humans, for two polymorphisms, Arg51Gln and
Leu72Met, allelic frequencies are similar between obese
patients and controls (110, 111). However, it has been
reported that obese patients with the Met72 allele
became obese earlier than patients homozygous for the
wild-type Leu72 allele, suggesting that the poly-
morphism may affect ghrelin’s activity. The Arg51GIn
mutation results in a change in the COOH-terminal
processing site of the ghrelin peptide within its precursor
from Pro-Arg to Pro-Gln, resulting in the failure of the
normal cleavage necessary to produce the 28-amino acid
ghrelin. A 94-amino-acid-long proghrelin peptide may
still be produced, although its biological activity has not
been assessed.

C. Feeding disorders and cachexia

Plasma ghrelin levels in anorexia nervosa (AN)
patients are high and return to control levels after weight
gain by renutrition (37, 112, 113). AN patients often
show markedly elevated GH levels, which may be due to
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high circulating levels of ghrelin. Prader-willi syndrome
(PWS) is a complex genetic disorder characterized by
mild mental retardation, hyperphagia, short stature,
muscular hypotonia, and distinctive behavior features.
Excessive appetite in PWS causes progressive severe
obesity, but the mean plasma level of ghrelin is higher by
three- to four-fold in PWS than control subjects (114).
It is unclear what underlies the increased ghrelin levels
in these patients. Elucidation of the precise mechanism
by which ghrelin gene expression is regulated may
reveal the genetic cause of hyperphagia in PWS.

Recent studies suggest that ghrelin may be a clinical
marker of catabolism (115). Elevated plasma ghrelin
levels are observed in cachexia associated with chronic
heart failure, lung cancer, and liver cirrthosis. Indeed, in
patients with prolonged and severe illnesses, GHS
reverses diet-induced catabolism and improves alter-
ations in the somatotrophic axis and protein catabolism.

VII. Clinical implication

The combined administration of GHS and GHRH
appears to be the most potent stimulus of GH release
in humans. It may be a convenient, safe, and reliable
test for the diagnosis of GH deficiency. The lack of
GH is associated with alterations in body composition,
increased prevalence of cardiovascular diseases, and
shortened life expectancy. Most of the patients with GH
deficiency respond to GHS (116). Potential targets for
ghrelin and GHS compounds include children and adults
with GH deficiency. Chronic treatment of elderly with
MK-0677, non-peptidyl GHS, is reported to reverse age-
related changes of the GH/IGF-1 axis and to improve
the quality of sleep in healthy elderly subjects (117).
Furthermore, ghrelin has been shown to regulate expres-
sion, of a pituitary-specific transcription factor, Pit-1,
suggesting a role in somatotroph differentiation in
addition to GH secretion (118).

At present, ghrelin is only a peripheral orexigenic
signal that is effective upon its intravenous injection.
Ghrelin may be useful as an orexigenic agent for the
treatment of eating disorders such as AN. In conirast,
blocking or neutralizing the orexigenic action of ghrelin
may be a reasonable approach to reversing a chronic
obese state. However, appetite is regulated by numerous
factors that may interact with and compensate for each
other; indeed, ghrelin-null mice as well as NPY-null
mice showed no obvious abnormalities in feeding
behavior (119, 120).

In humans, ghrelin and GHS possess beneficial
cardiovascular effects. In fact, administration of ghrelin
in normal subjects and even in patients with chronic
heart failure significant reduces cardiac afterload and
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increases cardiac output without increasing heart rate
(88); and in rats with heart failure, it improves cardiac
function and attenuates the development of cardiac
cachexia. In vitro, ghrelin and GHS inhibit apoptosis of
cardiomyocytes and endothelial cells (89). These results
suggest that ghrelin has cardiovascular protective effects
and regulates energy metabolism through GH-dependent
and -independent mechanisms. Thus, ghrelin may be a
new therapeutic agent for the treatment of severe chronic
heart failure.

A recent study indicates a potent protective effect
against ethanol-induced gastric lesions by central ghrelin
and a partial peripheral protective effect (121). This
effect of ghrelin is mediated by endogenous nitric oxide
release and requires the integrity of sensory nerve
fibers. Abdominal surgery inhibits gastric emptying and
digestive motor activity in experimental animals and
humans (92). Interestingly, the potent prokinetic activity
of ghrelin has been confirmed and extended to allow for
reversal of a gastric postoperative ileus in the animal
model. It should be examined whether ghrelin can help
prevent the ileus by abdominal surgery in humans.

The isolation of ghrelin can be considered a landmark
in the GH field, allowing for new insights into under-
standing the regulation of the GH system, food intake,
body fat composition and gastrointestinal functions.
Ghrelin may prove to be an effective probe for elucidat-
ing the normal and pathological regulation of GH release
and appetite in humans, and it should be explored in the
clinical setting as a potential diagnostic and therapeutic
tool. '
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Ghrelin, an acylated peptide produced predominantly in the
stomach, stimulates feeding and GH secretion via interactions
with the GH secretagogue type la receptor (GHS-Rl1a), the
functionally active form of the GHS-R. Ghrelin molecules exist
in the stomach and hypothalamus as two major endogenous
forms, a form acylated at serine 3 (ghrelin) and a des-acylated
form (des-acyl ghrelin). Acylation is indispensable for the
binding of ghrelin to the GHS-R1a. Ghrelin enhances feeding
via the neuronal pathways of neuropeptide Y and orexin,
which act as orexigenic peptides in the hypothalamus. We
here studied the effect of des-acyl ghrelin on feeding behavior.
Intracerebroventricular (icv) administration of rat des-acyl
ghrelin to rats or mice fed ad libitum stimulated feeding dur-
ing the light phase; neither ip nor icv administration of des-
acyl ghrelin to fasting mice suppressed feeding. The icv ad-

ministration of des-acyl ghrelin induced the expression of Fos,
a marker of neuronal activation, in orexin-expressing neu-
rons of the lateral hypothalamic area, but not neuropeptide
Y-expressing neurons of the arcuate nucleus. Peripheral ad-
ministration of des-acyl ghrelin to rats or mice did not affect
feeding. Although iev administration of ghrelin did not induce
food intake in GHS-R-deficient mice, it did in orexin-deficient
mice. In contrast, icv administration of des-acyl ghrelin stixm-
ulated feeding in GHS-R-deficient mice, but not orexin-defi-
cient mice. Des-acyl ghrelin increased the intracellular cal-
cium concentrations in isolated orexin neurons. Central des-
acyl ghrelin may activate orexin-expressing neurons, perhaps
functioning in feeding regulation through interactions with a
target protein distinet from the GHS-R. (Endocrinology 147:
2306-2314, 2006)

HRELIN IS A 28-amino-acid peptide isolated from hu-

man and rat stomach as an endogenous ligand for the

GH secretagogue receptor (GHS-R) (1). The GHS-R, a G
protein-coupled seven-transmembrane domain receptor,
was initially identified as a receptor for small synthetic mol-
ecules termed GH secretagogues (GHSs), such as 1.-692,429,
GHRP-6, and MK-0677, all of which act on the pituitary to
stimulate GH secretion (2, 3). Two GHS-R subtypes are gen-
erated by alternative splicing of a single gene: the full-length
type la receptor (GHS-R1a) and a carboxyl-terminally trun-
cated form, the GHS-R type 1b (GHS-R1b), that encodes a
protein containing transmembrane domain one to five (2, 3).
The GHS-R1a is the functionally active, signal transducing
form of the GHS-R, whereas the GHS-R1b is devoid of high-
affinity ligand binding and signal transduction activity. Gh-
relin molecules, predominantly produced by endocrine cells
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of the gastric oxyntic glands (4, 5), exist in two major mo-
lecular forms, ghrelin and des-n-octanoyl ghrelin (des-acyl
ghrelin) (6). These two ghrelin molecules are also produced
in the rat hypothalamus, as demonsirated by the combina-
tion of reverse-phase HPLC (RP-HPLC) with two separate
RIAs recognizing ghrelin and des-acyl ghrelin (7, 8). All
ghrelin species identified in fish, amphibians, birds, and
many mammals possess a unique structural modification of
the hydroxyl group of their third residue, which is either
serine or threonine, by n-octanoic acid (9). This acylation is
essential for the binding of ghrelin to the GHS-R1a (1, 10, 11);
thus, the acylated form has been designated as ghrelin in our
original description (1). Administration of ghrelin stimulates
food intake in humans and rats (12-16) but does not change
feeding behavior in GHS-R-deficient mice (17), suggesting
that ghrelin enhances food intake via GHS-R-mediated
signaling.

Several recent in vitro studies have demonstrated that ra-
diolabeled ghrelin and des-acyl ghrelin bound to the mem-
branes of PC-3 prostate tumor cells, H9c2 cadiomyocytes and
isolated adipocytes, none of which expressed the GHS-R
(18-20). This binding could be displaced by ghrelin, des-acyl
ghrelin, and synthetic GHSs. Ghrelin and des-acyl ghrelin
exhibit similar GHS-R-independent biological activities, in-
cluding a cytoprotective effect on cultured cardiomyocytes
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(18), the inhibition of cell proliferation of breast carcinoma
cell lines (19), the reduction of glycerol release from rat ep-
ididymal adipocytes (20), an ionotropic effect on guinea pig
papillary muscle (21), and the promotion of bone marrow
adipogenesis (22). Although the signaling molecules down-
stream of des-acyl ghrelin remain undefined, des-acyl
ghrelin appears to share a subset of biological activities with
ghrelin in peripheral tissues through an unidentified recep-
tor or a target protein unique from the GHS-R.

The coordination of the regulation of food intake and
energy expenditure occurs in the hypothalamus. Glucoprivic
states induced by fasting or treatment with 2-deoxy-p-glu-
cose (2-DG), a selective inthibitor of carbohydrate metabo-
lism, increase feeding through the activation of orexigenic
peptides, neuropeptide Y (NPY) and agouti gene-related
protein (AgRP) in the arcuate nucleus (23). Secretion of des-
acyl ghrelin from the rat hypothalamus increased in gluco-
privic states induced by fasting or treatment with 2-DG (7).
The axonal terminals of neurons that produce ghrelin and
des-acyl ghrelin make direct synaptic contacts with NPY-
and orexin-expressing neurons, which participate in hypo-
thalamic feeding regulation (16, 24). Both ghrelin and des-
acyl ghrelin may have a direct central action on the control
of feeding.

We here investigated the effect of central or peripheral
administration of des-acyl ghrelin on food intake in rats and
mice and Fos expression, a marker of neuronal activation
(25), in neurons that produce the orexigenic hypothalamic
peptides, NPY/AgRP, orexin, or melanin-concentrating hor-
mone (MCH). We studied the functional signaling down-
stream of des-acyl ghrelin using orexin-deficient mice and
rats pretreated with antiorexin-A and -B IgGs. We confirmed
that des-acyl ghrelin increased the intracellular calcium con-
centrations in orexin neurons dispersed from the lateral hy-
pothalamic area (LHA) by the calcium-imaging analysis. We
demonstrated that des-acyl ghrelin increased feeding by ac-
tivation of orexin neurons in the LHA. We examined whether
des-acyl ghrelin-induced food intake was mediated by the
GHS-R pathway using GHS-R-deficient mice. Des-acyl
ghrelin appears to regulate feeding via a receptor or target
protein independent of the GHS-R.

Materials and Methods
Animals

We used male Wistar rats (Charles River Japan, Inc., Shiga, Japan),
weighing 300-350 g, male C57BL/6 (Charles River Japan, Inc.), weigh-
ing 24-28 g, and male ddy mice (Kiwa Laboratory Animals Co., Ltd.,
Wakayama, Japan), weighing 35-39 g. Orexin-deficient mice (12-wk-old,
male) and GHS-R-deficient mice (12-wk-old, male) were generated by
targeted mutation of embryonic stem cells as reported (17, 26). All
animals were individually housed in plastic cages at a constant room
temperature in a 12-h light (0800-2000 k)/12-h dark cycle and given
standard laboratory chow and water ad libitum. All procedures were
approved by University of Miyazaki Animal Care and Use Committee
and were in accordance with the Japanese Physiological Society’s guide-
lines for animal care. Anesthesia was given as an ip injection of sodium
pentobarbital (Abbot Labs., Chicago, IL). Intracerebroventricular (icv)
cannulae were implanted into the lateral cerebral ventricles of rats and
mice: Proper placement of the cannulae was verified at the end of the
experiment by dye administration. Intravenous cannulae were im-
planted into the rat right jugular vein. Only animals that exhibited
progressive weight gain after surgery were used.
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Peptide synthesis

Rat ghrelin and des-acyl ghrelin were purchased from Peptide In-
stitute, Inc. (Osaka, Japan). Adequate purification of synthesized pep-
tides was ascertained by RP-HPLC, ion-exchange-HPLC, capillary zone
electrophoresis, amino acid sequencing, and mass spectrometry
(MALDI-MS). Ghrelin and des-acyl ghrelin were separately eluted, each
as single peaks by RP-HPLC performed using a TSK ODS SIL 120A
column (4.6 X 150 mm) (Tosho Co., Tokyo, Japan) with a linear gradient
of 10-60% acetonitrile (CH;CN) containing 0.1% trifluoroacetic acid
(Fig. 1).

Fos expression

Ghrelin (200 pmol/10 pl saline), des-acyl ghrelin (200 pmol/10 ul
saline), or saline was injected icv into Wistar rats or GHS-R-deficient
mice 90 min before transcardial perfusion with fixative containing 4%
paraformaldehyde. The brain was sectioned into 20~ or 40-pm-thick
samples. Fos-specific immunohistochemistry was performed as de-
scribed (27). Hypothalamic sections from rats and GHS-R-deficient mice
were incubated for 2 d with goat anti-Fos antiserum (Santa Cruz Bio-
technology, Santa Cruz, CA; dilution 1:1500), then stained using the
avidin-biotin complex method (Vectastain Elite ABC kit; Vector Labo-
ratories, Inc., Burlingame, CA). These sections were also stained with
either rabbit antiorexin-A (dilution 1:3000) (16, 27) or rabbit anti-MCH
(Phoenix Pharmaceuticals, Inc., Belmont, CA; dilution 1:200) antisera.
We observed orexin- and MCH-expressing neurons by light microscopy.
For immunofluorescence microscopy, we incubated hypothalamic sec-
tions of GHS-R-deficient mice with goat anti-Fos antiserum (dilution
1:1500) for 2 d at 4 C, then performed an additional 2 h incubationt with
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Fic. 1. RP-HPLC analysis of synthetic rat ghrelin (A) and des-acyl
ghrelin (B) used for experimentation. Each peptide (0.3 nmol) was
loaded onto a TSK ODS SIL 120A column using a linear gradient of
10-60% CH,CN containing 0.1% triflucroacetic acid at a rate of 1.0
ml/min for 40 min. Each peptide is eluted as a single peak whose
elution position was identical with that of the corresponding synthetic
peptide.
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Alexa 488-conjugated donkey antigoat IgG antibody (Molecular Probes,
Inc., Eugene, OR; dilution 1:400). After washing with PBS (pH 7.4),
samples were incubated with a rabbit antiorexin-A antiserum for 2 d at
4 C and Alexa 546-labeled goat antirabbit IgG antibody (Molecular
Probes; dilution 1:400) for a final 2 h. Slides were observed on a fluo-
rescence microscope (BH2-RFC; Olympus, Tokyo, Japan).

Food intake

Experiments were performed 1 wk after the implantation of icv or iv
cannulae. First, ghrelin or des-acyl ghrelin (each at 200 pmol/10 ul
saline) was administered icv at 1000 h to rats fed ad libitun (n = 10 per
group). The 1-, 2-, and 4-h food intake amounts were then measured.
Second, des-acyl ghrelin (1 nmol/10 pl saline) was administered icv to
rats (n = 6 per group) 10 min before the beginning of the dark phase,
after which the 30-min food intake was measured. Third, ghrelin (1.5
rmol) or des-acyl ghrelin (1.5 or 5 nmol/100 ul saline) was administered
iv to rats at 1000 h through an iv cannula. Fourth, des-acyl ghrelin (1 or
5nmol/2 pl saline) was administered ip at 1000 h to C57BL/6 mice fed
ad libitum (n = 8 per group). Fifth, 3 h after an icv administration of
antiorexin-A and -B (each at 0.25 pg/2.5 pl saline), anti-NPY (0.5 ug/5
! saline), or normal rabbit serum (0.5 pg/5 pl saline) IgGs, ghrelin or
des-acyl ghrelin (each at 200 pmol/5 pl saline) was administered at
1200 h to rats (n = 10-12 per group). Sixth, ghrelin or des-acyl ghrelin
(each at 200 pmol/2 pl saline) was administered icv at 1000 h to orexin-
deficient mice or their wild-type littermates (n = 6-8 per group). Sev-
enth, ghrelin (200 pmol/2 ul saline), des-acyl ghrelin (200 pmol/2 ul
saline) or NPY (1 nmol/2 pl saline; Peptide Institute, Inc.) was admin-
istered icv at 1000 h to GHS-R-deficient mice or their wild-type litter-
mates (n = 6~8 per group). With the exception of the first and second
experiments, 2-h food intake was measured in all tests. Eighth, ghrelin
or des-acyl ghrelin (each at 1 nmol/2 pl saline) was administered icv at
1000 h to ddy mice fed ad libitum. Ninth, des-acyl ghrelin (1 nmol/2 pl
saline) was administered icv at 1000 h to ddy mice that had fasted for
the previous 16 h (n = 8 per group). Tenth, des-acyl ghrelin (1 nmol/50
! saline) was administered ip at 1000 h to ddy mice that had fasted for
the previous 16 h {n = 8 per group). After the injections of ddy mice in
the eighth, ninth, and tenth experiments outlined above, we measured
20-min, 1-h, and 2-h food intake. These feeding tests were performed
using a cross-over design experiments in which animals were random-
ized to receive either test substance with a washout period of 3 d between
each administration.

Measurement of cytosolic Ca®* concentration (Ca®*]i)

The LHA of rat brain was punched out according to the Atlas of the
Rat Brain (28). The tissue was washed twice with HEPES and Krebs-
Ringer bicarbonate buffer (HKRB) {129 mm NaCl, 5.0 mm NaHCO;, 4.7
mM KCJ, 1.2 mm KH,PO,, 1.8 mM CaCl,, 1.2 mm MgSQ,, and 10 mm
HEPES (pH 7.4)] containing 10 mu glucose. The LHA was incubated in
HKRB supplemented with 1 mg/ml papain (Sigma-Aldrich, St. Louis,
MO), 5 mg/ml deoxyribonuclease, and 0.025% BSA for 20 min at 36 C
in a shaking water bath, then LHA cells were dispersed by mechanical
desegregation for 4 min. The cell suspension was diluted with HKRBand
centrifuged at 100 X g for 5 min. The pellet was resuspended in HKRB
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and distributed onto the glass well (Nunc 96 Microwell Optical Bottom
Plate; Nalge Nunc International, Rochester, NY). Measurement of
[Ca®* i was carried out 2—4 h after the preparation of cells. The cells were
loaded with Fluo-3 for 20 min in HEPES buffer solution [10 mm HEPES,
140 mm NaCl, 5.0 mm KCl, 1.2 mm MgCl,, 2.0 mm CaCl,, 10 mM glucose,
and 2 um Fluo-3/acetoxymethylester (Dojindo Labs, Kumamoto, Japan)
(pH 7.2)]. They were washed twice with HEPES buffer, then filled with
100 pl HEPES buffer. One min after, 50 ul of 3 uM rat des-acyl ghrelin
were added into the well. [Ca®*]i was determined by measuring fluo-
rescence signal from the Ca** indicator Fluo-3/acetoxymethylester,
with 480 nm excitation and 530 nm emission using a cooled charge-
coupled device camera, and the ratio image was produced in Functional
Imaging Cell-Sorting System (IMACS; Hamamatsu Photonics,
Hamamatsu, Japan). The level of [Ca?*]iin a single neuron was recorded
for 6 min after the administration of des-acyl ghrelin. After [Ca®*]i
measurement, the neurons were fixed with 4% paraformaldehyde over-
night. They were incubated with rabbit antiorexin-A antiserum (dilution
1:1500) for 2 d at 4 C, then Alexa 350-conjugated goat antirabbit IgG
antibody (dilution 1:400) for 2 h (16, 27). The picture of calcium imaging
was collated with the immunohistochemical picture. Fluorescence sig-
nals from Fluo-3 were converted automatically to pseudo colors in
IMACS. The levels of [Ca®*]i were assigned pseudo colors ranging from
blue of the lowest value through yellow to red of the highest value.
Fluorescence signals from Alexa-350 were shown in white.

Measurement of locomotor activity

Locomotor activity of rats was measured using a rat locomotor ac-
tivity recording system (Muromachi Co. Ltd., Tokyo, Japan) comprising
infrared sensors, an interface and a computer. The infrared sensors were
placed above the cages and measured all locomotor activity. A cage with
the infrared sensor was placed in an isolated chamber with a controlled
light/dark cycle. Rats were given icv des-acyl ghrelin (1 nmol/10 ul
saline), human orexin-A (Peptide Institute, Inc.; 1 nmol/10 ul saline) or
saline administrationicv at 0900 h (n = 5 per group), then these rats were
immediately returned to their individual cages. Locomotor activity
counts were made 30 min and analyzed by Compact ACTAM Software
(Muromachi Co. Ltd.).

GH response

Ghrelin or des-acyl ghrelin (each at 1.5 nmol /100 pl) was adminis-
tered iv to rats (n = 6 per group) at 1000 h. Blood samples (80 ul) were
obtained from the tail veins at 0, 15, 30, and 60 min after administration.
After removal, six anterior pituitary glands of rats were immersed in
Hanks’ balanced salt solution, then incubated at 37 C for 30 min. Each
one pituitary grand was placed in a polystyrene well (16 mm in diameter;
Iwaki Glassware Co., Tokyo, Japan) filled with oxygenated medium
(DMEM containing 2.5% fetal calf serum and 2.5% bovine serum). After
rinsing twice in 500 pl medium for 1 min each, 750 ul medium was added
into each well for 5 min. The medium was then collected into plastic
microtubes to evaluate basal GH secretion. The pituitary glands were
then stimulated for 5 min with medium containing either ghrelin or
des-acyl ghrelin (1 uM). The medium was collected into plastic micro-
tubes to quantify GH concentration with a Biotrak Rat GH RIA kit
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Fic. 3. Fos expression in the hypothalamus after icv administration of ghrelin or des-acyl ghrelin (each at 200 pmol). A, Fos expression (dark
blue-black) in the LHA and arcuate nucleus of rats given ghrelin, B, Costaining (arrows) of Fos (dark blue-black) and orexin (brown) in rats
given ghrelin. The inset is a higher magnification of Fos expression in an orexin-expressing neuron. C, No Fos (dark blue-black) expression in
MCH-expressing neurons (brown) after ghrelin administration. D, Fos expression (dark blue-black) in the hypothalamus of rats given des-acyl
ghrelin. E, Fos expression (dark blue-black) in the LHA of rats given des-acyl ghrelin. No Fos (dark blue-black) expression in the arcuate nucleus
(F) or the PVN (G) after des-acyl ghrelin administration. H, Costaining (arrows) of Fos (dark blue-black) and orexin (brown) in rats given des-acyl
ghrelin. The inset is a higher magnification of Fos expressionin an orexin-expressing neuron. I, No expression of Fos (dark blue-black) is observed
in MCH-expressing neurons (brown) after des-acyl ghrelin administration. J, Fos expression {(dark blue-black) in the LHA of GHS-R-deficient
mice given des-acyl ghrelin, K, No Fos expression (brown) in the arcuate nucleus of GHS-R-deficient mice given des-acyl ghrelin. L, Costaining
of Fos (green) and orexin (red) in the LHA neurons of GHS-R-deficient mice given des-acyl ghrelin. 3V, Third ventricle; Arc, arcuate nucleus;
f, fornix. Scale bars, A, D, 200 pm; B, C,E, F, H, G, H, L J, K, L, 50 pm.

(Amersham, Buckinghamshire, UK). The experiment was concluded by
treatment with 60 mm KCl to induce depolarization.
Statistic analysis

Data (mean * sEM) were analyzed by ANOVA and the post hoc
Scheffé’s F test. Differences were considered to be significant when the
P values were less than 0.05.

Results
Des-acyl ghrelin-induced food intake

The jcv administration of either ghrelin or des-acyl
ghrelin to rats stimulated food intake (Fig. 2A). Although

ghrelin increased food intake for at least 2 h after administra-
tion, the effect of des-acyl ghrelin lasted for only 1 h. Des-acyl
ghrelin also significantly increased the early dark-phase food
intake in rats in comparison to saline administration (des-acyl
ghrelin, 2.04 * 0.37 g/30 min; saline, 0.96 * 0.23 g/30 min, P <
0.05). Next, we studied the effect of peripherally administered
des-acyl ghrelin on feeding. A single iv administration of
ghrelin significantly increased feeding, whereas des-acyl ghre-
lin did not (Fig. 2B). An ip administration of des-acyl ghrelin to
C57BL/6 mice fed ad libitum did not increase food intake (des-
acyl ghrelin 1 nmol, 0.05 = 0.03 g/2h; 5nmol, 0.04 + 0.02 g/2
h; saline, 0.05 = 0.02 g/2 h).
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Fos expression

Intracerebroventricular administration of ghrelin induced
Fos expression in the LHA and arcuate nucleus (Fig. 3A). In
contrast, icv administration of des-acyl ghrelin induced Fos
in the LHA, but not the arcuate nucleus or the paraventricu-
lar nucleus (PVN) (Fig. 3, D-G). By double immunohisto-
chemistry, ghrelin induced Fos in 32 * 7% of orexin-immu-
noreactive neurons (Fig. 3B). Des-acyl ghrelin induced Fos in
22 + 5% of orexin-immunoreactive neurons (Fig. 3H). In the
LHA, neither ghrelin nor des-acyl ghrelin induced Fos in
MCH-immunoreactive neurons (Fig. 3, C and I). Intracere-
broventricular administration of des-acyl ghrelin to GHS-R-
deficient mice induced Fos in the LHA, but not the arcuate
nucleus (Fig. 3, J and K). In GHS-R-deficient mice, des-acyl
ghrelin induced Fos expression in 28 £ 2% of orexin-immu-
noreactive neurons, whereas ghrelin did not induce the ex-
pression of Fos in any hypothalamic neurons (Fig. 3L).

Functional relationship between des-acyl ghrelin and orexin
in feeding

We examined the effects of orexin and NPY blockades on
des-acyl ghrelin-induced food intake. Both ghrelin and des-
acyl ghrelin increased food intake in rats given an icv ad-
ministration of control IgG (Fig. 4). Pretreatment with anti-
orexin-A and -B IgGs, however, reduced ghrelin-induced
food intake by 29% from the amounts seen in rats given
control IgG and ghrelin, whereas pretreatment with anti-
orexin-A and -B IgGs completely abolished des-acyl ghrelin-
induced food intake. Whereas pretreatment with anti-NPY
IgG reduced ghrelin-induced feeding in rats in comparison
to rats given control IgG and ghrelin, anti-NPY IgG did not
affect des-acyl ghrelin-induced feeding in comparison to rats
given control IgG and des-acyl ghrelin (Fig. 4).

Orexin-deficient mice were used to verify the functional
relationship between des-acyl ghrelin and orexin in feeding
regulation. Although ghrelin induced food intake in orexin-
deficient mice, the potency of this induction in these mice
was significantly reduced from that seen in wild-type litter-
mates (Fig. 5A). Des-acyl ghrelin stimulated feeding in wild-
type mice, but not in orexin-deficient mice (Fig. 5A). To
investigate whether des-acyl ghrelin regulates feeding
through the GHS-R, we gave an icv administration of des-
acyl ghrelin to GHS-R-deficient mice. Des-acyl ghrelin, but

4+ g7 Aghrelin
S B des-acyl ghrelin
2" 2
z 5] ##
o
Q
g, ] _
Q s

1gG .
0.5 pg) NRS Orexins NPY

Fie. 4. The effect of antiorexin-A and -B (each at 0.25 pg) and anti-
NPY (0.5 pg) IgGs on ghrelin- or des-acyl ghrelin-induced feeding.
Ghrelin or des-acyl ghrelin (each at 200 pmol) was given torats 3h
after icv administration of IgG. The 2-h food intake was then mea-
sured. NRS, Normal rabbit serum. ¥, P < 0.01 vs. ghrelin; #, P < 0.05;
## P < 0.01 vs. NRS IgG.
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Fic. 5. A, Effect of icv administration of ghrelin or des-acyl ghrelin
(each at 200 pmol) on 2-h food intake in orexin-deficient mice. *, P <
0.05, **; P < 0.01 vs. saline; #, P < 0.05; #4#, P < 0.01 vs. ghrelin, §,
P < 0.05, §§, P < 0.01 vs. wild-type mice. B, Effect of icv adminis-
tration of ghrelin (200 pmol), des-acyl ghrelin (200 pmol), or NPY (1
nmol) on 2-h food intake in GHS-R-deficient mice. *, P < 0.05; ¥*, P <
0.001 vs. saline; #, P < 0.001 vs. ghrelin; §, P < 0.05; §§, P < 0.01 vs.
wild-type mice.

not ghrelin, stimulated feeding in GHS-R-deficient mice (Fig.
5B). Des-acyl ghrelin-induced feeding in GHS-R-deficient
mice was more potent than that induced in wild-type litter-
mates. NPY was used as a positive control to evaluate the
orexigenic effects on GHS-R-deficient mice. NPY-induced
food intake was similar in both GHS-R-deficient mice and
their wild-type littermates (Fig. 5B).

Intracerebroventricular administration of des-acyl ghrelin
increased food intake in ddy mice fed ad libitum (Fig. 6A).
Neither icv nor ip administration of des-acyl ghrelin sup-
pressed food intake in ddy mice that had fasted for 16 h (Fig.
6, B and C).

Cytosolic [Ca®*]i response in orexin neurons

We studied the cytosolic [Ca®*]i response of orexin-ex-
pressing neurons to des-acyl ghrelin. Some cells disgersed
from the rat LHA showed increased cytosolic [Ca**Ji in
response to des-acyl ghrelin administration (Fig. 7, A and B).
These cells showed orexin immunoreactivity by immuno-
histochemistry (Fig. 7C).

Locomotor activity

We examined the effect of des-acyl ghrelin on locomotor
activity. Intracerebroventricular administration of des-acyl
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F1g. 6. Effect of des-acyl ghrelin on food intake in ddy mice. A, In-
tracerebroventricular administration of ghrelin or des-acyl ghrelin
(each at 1 nmol) at 1000 h to mice ad libitum. *, P < 0.05; ¥, P < 0.01;
*#k P < (.001 vs. saline; #, P < 0.01 vs. ghrelin. Neither icv (B) nor
ip (C) administration of des-acyl ghrelin (1 nmol) suppressed feeding
in mice that had fasted for 16 h.

" ghrelin to rats significantly increased locomotor activity
compared with saline administration (Fig. 8). Orexin-A also
significantly increased locomotor activity in these rats.

Fic. 7. Effect of des-acyl ghrelin on  high
[Ca?*]i response in isolated orexin-ex- £
pressing neurons. A, A picture shows g

the basal level of [Ca®?*]i in neurons §
(blue) before administration of des-acyl ]
ghrelin. B, Des-acyl ghrelin increased 8
cytosolic [Ca®**}i in two neurons (ar- £
rows). C, Immunostaining of orexin-ex-  -F
pressing neurons (white) after the mea- §

low

surement of [Ca®**]i response.

Endocrinology, May 2006, 147(5):2306-2314 2311

8000~
6000
4000

2000

30-min locometor activity
(counts)

saline des-acyl orexin-A
ghrelin

Fig. 8. Effects of icv administration of des-acyl ghrelin or orexin-A
(each at 1 nmol) on locomotor activity in rats. ¥, P < 0.05 vs. saline.

GH response

We studied the release of GH in response to peripheral
des-acyl ghrelin administration. Intravenous administration
of ghrelin elicited a marked increase in plasma GH levels,
with the peak occurring 15 min after administration (Fig. 9A).
Intravenous administration of des-acyl ghrelin did not stim-
ulate GH release. We examined the effect of des-acyl ghrelin
on GH release from isolated samples of the rat anterior pi-
tuitary. GH concentrations in the culture medium of the
anterior pituitary cultures increased in response to ghrelin
administration, but not to des-acyl ghrelin administration
(Fig. 9B).

Discussion

At present, the amino acid sequences of ghrelin peptides
in 21 species of fish, amphibians, birds, and mammals have
been determined (9). All of the ghrelin molecules identified
possess a serine or threonine as the third amino acid residue.
A hydroxyl group of this amino acid forms an ester with a
monocarboxylic acid of medium-chain fatty acid (6). Ghrelin
peptide is present in the stomach of humans, rats, and mice
as two major molecular forms: ghrelin and des-acyl ghrelin
(6). In the plasma, ghrelin accounts for only 2-20% of total
ghrelin immunoreactivity (6, 7, 28-30). This is likely due to
the shorter half-life of ghrelin than that of des-acyl ghrelin
because plasma ghrelin rapidly disappears from the circu-
lation because of binding to the GHS-R in the systemic tissues
(31). Deacylation of ghrelin to des-acyl ghrelin, which rapidly
occurs in the plasma, is also responsible for the reduced
half-life of ghrelin. Two enzymes involved in the deacylation
of ghrelin have been identified: high-density lipoprotein-
associated paraoxonase functions in the plasma, whereas
lysophospholipase I, a thioesterase active against palmitoyl-
Gsa and plamitoyl-coenzyme A, functions in the stomach
(32-34). In contrast, the enzyme that catalyzes the acyl mod-
ification of ghrelin has not been identified.
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Acylation of ghrelin is essential for ghrelin’s GH-releasing
activity (1, 9, 10); several recent in vitro studies have shown
that des-acyl ghrelin exhibits biological activities on the cell
proliferation and metabolism of cardiomyocytes, adipocytes,
myocytes, and myelocytes (18-22). Although many of these
cells did not express the GHS-R, des-acyl ghrelin bound to
their cell membranes (18-20). We here examined the orexi-
genic activity of des-acyl ghrelin. We confirmed the purity of
ghrelin and des-acyl ghrelin by several biochemical methods
before using these substances in feeding experiments. Both
ghrelin and des-acyl ghrelin were completely pure by RP-
HPLC, ion-exchange-HPLC, capillary zone electrophoresis,
and mass spectrometry. Des-acyl ghrelin did not stimulate
GH release when either peripherally administered to rats or
applied directly to the rat pituitary in vitro. Intracerebroven-
tricular administration of des-acyl ghrelin significantly in-
duced feeding during both the light and dark phases in rats.
Intracerebroventricular administration of des-acyl ghrelin
also increased food intake in GHS-R-deficient mice and their
wild-type littermates. Two recent studies reported the an-
orexic activity of des-acyl ghrelin in rats and mice (35, 36). In
these studies, ip administration of des-acyl ghrelin sup-
pressed feeding in rats had fasted for 16 h (35). Both ip and
icv administrations of des-acyl ghrelin suppressed feeding in
ddy mice that had been fasting for 16 h; icv administration
of des-acyl ghrelin did not significantly change the light
phase food intake in ddy mice fed ad libitum (36). These
studies described that icv and ip administrations of des-acyl
ghrelin expressed Fos in the PVN neurons, presumably cor-
ticotropin-releasing factor (CRF) neurons (35, 36). We also
examined the effect of des-acyl ghrelin on feeding in ddy
mice because the anorexic effect noted above contrasted the
orexigenic effect observed in C57BL/6 mice. An icv admin-
istration of des-acyl ghrelin significantly increased the light
phase food intake of ddy mice fed ad libitum. The icv ad-
ministration of des-acyl ghrelin did not suppress food intake
in ddy mice that had fasted for 16 h. In addition, an icv
administration of des-acyl ghrelin did not express Fos in any
neurons of the PVN where CRF-producing neurons are
present. Because the effects of peptides in feeding experi-
ments are hampered by unsatisfactory habituation (37, 38),
all of the rats and mice used in these experiments were
satisfactorily acclimated to handling before ip and icv injec-
tions. We do not know why our findings conflicted with
previous results; des-acyl ghrelin, however, reproducibly

after administration {min)

ghrelin

stimulated feeding in rats, C57BL./6 mice and ddy mice.
Des-acyl ghrelin, which was synthesized in the rat hypo-
thalamus, was released in response to fasting (7). The ratio
of des-acyl ghrelin to ghrelin in the rat hypothalamus was 2:1
under ad libitum conditions, and this ratio did not change in
upon fasting. Des-acyl ghrelin, as well as ghrelin, may serve
as orexigenic peptides in the hypothalamus.
Ghrelin-producing neurons localize to the hypothalamic
arcuate nucleus and adjacent to the third ventricle between
the dorsal, ventral, paraventricular, and arcuate hypotha-
lamic nuclei of rats and mice (1, 24). Ghrelin fibers synapse
on NPY/AgRP neurons in the arcuate nucleus and orexin
neurons in the LHA (16, 24, 39). We investigated the signal-
ing events downstream of des-acyl ghrelin that stimulates
feeding. Fos expression, induced by icv administration of
des-acyl ghrelin, was restricted to orexin-expressing neurons
in the LHA. Des-acyl ghrelin-induced food intake was com-
pletely abolished in rats by pretreatment with antiorexin IgG,
but not anti-NPY IgG or control serum IgG. Des-acyl ghrelin
did not stimulate feeding in orexin-deficient mice. These
results indicate that des-acyl ghrelin-induced feeding is me-
diated by the activation of the orexin pathway. Orexin-A and
-B are hypothalamic peptides functioning in the regulation of
feeding, energy homeostasis, and arousal (40). Approxi-
mately 3000 orexin-expressing neurons are present in the
LHA of rats and mice. Orexin-positive nerve fibers have wide
projections onto a variety of brain regions, such as the arousal
centers in the forebrain and brain stem and the feeding center
within the hypothalamus (40). Orexin-expressing neurons
are heterogeneous in their anatomical projections and phys-
iological functions, playing multifaceted roles in the brain.
Ghrelin fibers project to orexin-positive neurons (16) and
ghrelin stimulated elecrophysiological activity of isolated
orexin neurons in the whole-cell patch-clamp study (41); we
demonstrate here that ghrelin and des-acyl ghrelin acted on
orexin-expressing neurons and that des-acyl ghrelin in-
creased intracellular calcium concentration in isolated orexin
neurons. There are three possible subtypes of orexin neurons:
those that express the GHS-R as a receptor for ghrelin, those
expressing an as-yet unknown target protein of des-acyl
ghrelin, neurons possessing both proteins. Orexin also func-
tions to maintain wakefulness (40). We examined the effect
of des-acyl ghrelin on locomotor activity. As expected, icv
administration of des-acyl ghrelin increased locomotor ac-
tivity, suggesting that des-acyl ghrelin may increase wake-

Downloaded from endo.endojournals.org at KYOTO UNIVERSITY on April 2, 2007

-216-



Toshinai ef al. ® Des-Acyl Ghrelin Induces Feeding Behavior

fulness and locomotor activity for food seeking by stimulat-
ing orexin neurons.

We next investigated the functional relationship between
des-acyl ghrelin and the GHS-R using GHS-R-deficient mice.
The icv administration of des-acyl ghrelin to GHS-R-defi-
cient mice induced food intake and Fos expression in orexin-
expressing neurons. The icv administration of ghrelin to
GHS-R-deficient mice did not stimulate food intake. Des-acyl
ghrelin did not bind to GHS-R-expressing Chinese hamster
ovary cells and did not inhibit the binding of ghrelin to rat
pituitary culture cells expressing the GH5-R (1, 10, 42), im-
plying that des-acyl ghrelin does not compete with ghrelin
for the binding to the GHS-R. Thus, des-acyl ghrelin is
thought to stimulate feeding via a mechanism independent
of the GHS-R.

A number of gastrointestinal peptides transmit satiety or
starvation signals to the nucleus of the solitary tract via the
vagal afferents and/or to the hypothalamus via the blood-
stream (43). Although iv administration of ghrelin stimu-
lated both vagal afferents and feeding, iv administration of
des-acyl ghrelin affected neither (44). Peripheral administra-
tion of des-acyl ghrelin to rats and mice did not affect feed-
ing. Receptors on vagal afferents are generated by nodose
ganglion neurons, transported to the nerve terminals
through axonal transport (45). These results indicate that a
receptor or a target protein binding to des-acyl ghrelin is not
expressed in nodose ganglion neurons. The plasma concen-
tration of des-acyl ghrelin increased upon fasting (7). The
peripheral des-acyl ghrelin does not act to suppress feeding.

In summary, centrally administered des-acyl ghrelin
increased feeding through activation of the orexin path-
way. In addition to its peripheral actions, which include
cell proliferation, inhibition of apoptosis, and fat metab-
olism (18-22), des-acyl ghrelin may function in hypotha-
lamic feeding regulation. Central administration of des-
acyl ghrelin to GHS-R-deficient mice stimulated feeding,
suggesting that des-acyl ghrelin acts on a target protein
that is specific for des-acyl ghrelin and independent of the
GHS-R. Ghrelin and des-acyl ghrelin act in the regulations
of peripheral cell functions through a common putative
target protein (18-22). Ghrelin and des-acyl ghrelin func-
tion as orexigenic peptides in the hypothalamus. Des-acyl
ghrelin may have basal effects of ghrelin-related peptides.
Further studies examining the physiological and neuro-
anatomical interactions between des-acyl ghrelin and its
target will establish roles of ghrelin peptides in the reg-
ulation of feeding and energy homeostasis.
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