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Ghrelin modulates insulin secretion
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Figure 4 Average insulin plasma concentrations in meal-fed sheep
continuously receiving saline (control) or ghrelin (ghrelin,

0-04 pg/kg body weight per min) during hyperglycemic clamp.
Saline vehicle or o-lys3-GHRP-6 (antagonist, total dose of

70 nmol/kg body weight) was administered every 60 min during the
first half of hyperglycemic clamp. Values are means +s.e.m. (n=4).
*P < 0-05 versus control, *P<0-01 versus control, *P<0-05 versus
ghrelin, *P<0-01 versus ghrelin.

Changes in plasma insulin levels in the meal-fed state are
presented in Fig. 4. Plasma insulin levels were significantly
(P<0-01) increased by glucose infusion in all groups. There
was a biphasic insulin increment in control and ghrelin-
infused group. Ghrelin significantly (P <0-05) enhanced only
the second phase of insulin secretion. The ghrelin antagonist
significantly (P<0-05) depressed both the first- and second
phase of insulin secretion.

Discussion

Effects of ghrelin on insulin secretion are bi-directional, since
ghrelin exerts both stimulatory and inhibitory effects on
insulin secretion. Ghrelin inhibits insulin secretion in fasted
humans (Broglio et al. 2001) and mice (Reimer ef al. 2003).
By contrast, i.v. injection of ghrelin accelerates insulin
secretion in free-feeding rats (Lee ef al. 2002) and fed sheep
(Takahashi et al. 2006). Ghrelin stimulates insulin secretion
from isolated pancreatic islets of freely fed rats (Date et al.
2002). Taken together, these reports suggest that ghrelin
differentially modulates insulin secretion, dependent on
feeding states. The present study has clearly demonstrated
that ghrelin inhibits and stimulates glucose-induced insulin
secretion in fasting- and meal-fed state respectively.

Baseline of plasma ghrelin fluctuates between 0-5 and
2:0 ng/m! depending on the feeding states in sheep. The
fluctuation of plasma ghrelin makes it difficult for us to
determine the effects of ghrelin, since it is uncertain which
level of plasma ghrelin is most effective on insulin secretion in
different feeding states. In otrder to determine physiological
effects of ghrelin as far as possible, we avoided administering
ghrelin to the fasting animals in which plasma ghrelin levels
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had reached plateau (2-0 ng/ml), while we did not administer
the ghrelin antagonist alone to the fed animals in which
plasma ghrelin levels had reached nadir (0-5 ng/ml). Our
previous study showed that ghrelin significantly enhanced
glucose-stimulated insulin secretion at 1-0 ng/ml of plasma
level in the meal-fed state (Takahashi et al. 2006). Therefore,
the effect of the antagonist on insulin response at plasma
ghrelin levels between 1-0 and 1-5 ng/ml during the HGC in
the fasting states would be comparable with the effect of
ghrelin administration in the meal-fed state.

In the meal-fed state, exogenous ghrelin enhanced glucose-
induced insulin secretion as shown previously (Takahashi et al.
2006). The enhancement by ghrelin of glucose-stimulated
insulin secretion was delayed in the present study when
compared with the previous study. This may be related to
weak insulin response to glucose in the animals newly applied
to the HGC. Repeated doses of a ghrelin antagonist, b-Lys3~
GHRP-6, counteracted the stimulatory effect of exogenous
ghrelin on insulin secretion, suggesting that ghrelin stimulates
insulin secretion via GHS-Rla in the meal-fed state. In
addition, even lower insulin secretion by ghrelin plus
antagonist compared with control suggests the possibility
that basal ghrelin in the meal-fed state may also enhance
insulin secretion.

In the fasting state, repeated doses of p-Lys3-GHRP-6
significantly enhanced glucose-induced insulin release,
suggesting that endogenous ghrelin suppresses insulin
secretion in the fasting state. The present result is supported
by the finding that GHS-R antagonist enhances glucose-
induced insulin release from perfused rat pancreas and
increases plasma insulin levels in rats (Dezaki et al. 2006). In
the present study, the insulin secretory response to the ghrelin
antagonist emerged 60 min after the last dose of the drug. The
hypoglycemic effect of the ghrelin antagonist emerges 2 days
after the commencement of daily injections in diabetic mice
where plasma ghrelin levels are high (Dong ef al. 2006). In the
fasting state, therefore, high levels of circulating ghrelin might
compete with the ghrelin antagonist for GHS receptors, thus
delaying the action of the drug.

Ghrelin stimulates GH secretion in sheep (Igbal ef al. 2006,
Takahashi ef al. 2006). In the present study, therefore, plasma
GH concentrations were measured as an indicator for ghrelin
receptor blockade. In the fed-state, p-Lys3-GHRP-6
attenuated ghrelin-induced GH secretion, indicating that
the antagonist certainly blocked the ghrelin receptors. In the
fasting state, however, the antagonist did not affect GH
secretion, probably because GHS-R 1a might not be involved
in GH elevation after glucose infusion. Furthermore, ghrelin
receptor mRNA expression is upregulated by fasting in the
hypothalamus and pituitary (Kim et al. 2003). This may be
related to the ineffectiveness of the ghrelin antagonist in GH
suppression in the fasting state.

In conclusion, ghrelin inhibits and stimulates glucose-
induced insulin secretion via GHS-R 1a in fasting- and meal-
fed state respectively. Further studies are required to identify
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underlying mechanisms for alteration in the effects of ghrelin
on insulin secretion in different feeding states.
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Abstract

Peptide YY (PYY), a 36-amino-acid peptide, is secreted primarily from L-cells residing in the intestinal mucosa of the ileum and large intestine.
PYY, which belongs to a family of peptides including neuropeptide Y (NPY) and pancreatic polypeptide, is released into the circulation as PYY_s¢
and PYY3._3; the latter is the major form of PY'Y in gut mucosal endocrine cells and throughout the circulation. Plasma PYY levels begin to rise
within 15 min after starting to eat and plateau within ~ 90 min, remaining elevated for up to 6 h. Exogenous administration of PY'Y;_3, reduces energy
intake and body weight in both humans and animals. Via Y2 receptors, the satiety signal mediated by PY'Y inhibits NPY neurons and activates pro-
opiomelanocortin neurons within the hypothalamic arcuate nucleus. Peripheral PYY3_1 binds Y2 receptors on vagal afferent terminals to transmit
the satiety signal to the brain. PYY;_3¢ may have therapeutic potential in human obesity.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Obesity is closely linked to disability, disease, and death [1-3].
Public health officials and organizations have repeatedly issued
warnings regarding the dangers of obesity, reporting it as a cause
of significant years of life lost [4,5]. Food intake and energy
homeostasis are tightly regulated by redundant neurohumoral
factors in the central nervous system, especially within the
hypothalamus [6-8]; the critical mechanisms underlying this
regulation, however, have yet to be clarified. To develop effective

* Corresponding author. Tel.: +81 985 85 7972; fax: +81 985 85 7902.
E-mail address: nakazato@med.miyazaki-u.ac.jp (M. Nakazato).
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treatments for obesity, it is necessary to understand the system by
which energy homeostasis is regulated.

Peptide YY (PYY) is a gastrointestinal peptide that is critical
in the regulation of food intake and energy homeostasis. In this
review, we discuss the structural characteristics, tissue distri-
bution, and physiological functions of PYY.

2. Structural characteristics and tissue distribution of PYY

PYY is a 36-amino-acid peptide originally isolated from
porcine intestine in 1980 [9]. Tyrosine (Y) residues at both the N
and C termini are the basis for its name. PYY belongs to a
family of peptides that includes neuropeptide Y (NPY), a potent
orexigenic peptide, and pancreatic polypeptide (PP), which is
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1 36
PYY YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY
NPY --S--DN-ﬁ--—PA-DMA---SA----I-—I-"
PP A-LE-VY--DN-TP-Q--Q-~ ~AAD--R-~-=ML=~=

Fig. 1. Amino-acid structures of human PYY, NPY, and PP. Shaded amino-acid
abbreviations indicate the positions shared by all peptides. — indicates that the
same amino acid as that of PYY exists at that position. A = alanine; D = aspartic
acid; E = glutamic acid; G = glycine; H = histidine; I = isoleucine; K = lysine;
L = leucine; M = methionine; N = asparagine; P = proline; Q = glutamine; R =
arginine; S = serine; T = threonine; V = valine; Y = thyrosine.

secreted from pancreatic endocrine cells (PP cells). PYY has
approximately 70% homology to NPY and PP (Fig. 1); the
amino-acid structure of this peptide is also highly conserved
between species [10,11]. All three peptides share a common
tertiary structure, the PP-fold, which defines a U-shaped
structure with an extended polyproline helix and a helix
connected by B turn. PYY is secreted primarily from L-cells
within the intestinal mucosa of the ileum and large intestine. The
apical microvilli of these cells contact the intestinal lumen,
allowing L-cells to sense nutrients and substances present within
the lumen. The human PYY content is less than 10 pmol/g tissue
in the proximal intestine, but increasing along the ileum to peak
at 480 pmol/g tissue in the rectum [12]. PY'Y immunoreactivity
can also be found in a subset of neurons within the central
nervous system, including the hypothalamus, medulla, pons, and
spinal cord [13]. PYY is released into the circulation as PYY_3¢
and PYY3_ 3¢ [14,15]. PYY3_36, the major form in both gut
mucosal endocrine cells and the circulation, is created by
cleavage of the N-terminal Tyr and Pro residues by dipeptidyl
peptidase IV [15,16].

3. Receptors for PYY

Five Y receptors (Y1, Y2, Y4, Y5, and Y6) mediate the
actions of PY'Y, NPY, and PP. Activation of these Y receptors,
members of the G-protein-coupled receptor family, causes the
induction of inhibitory responses, such as cAMP degradation
[17-19]. The receptors subtypes differ in their distribution,
function, and affinity for PY'Y, NPY, and PP. PYY_3¢ binds all
of the Y receptors, while PYY3_34 has a high affinity for the
Y2 receptor and moderate affinity for Y1 and Y5 receptors
[20]. Y2 receptors are distributed throughout the hypothala-
mus, primarily the arcuate nucleus, as well as the hippocam-
pus, intestine, and neuronal cell bodies of the vagal nodose
ganglion [21].

4, Secretion of PYY

PYY secretion is stimulated by neuronal and humoral factors
as well as luminal nutrient content [14]. Plasma PYY levels
begin to rise within 15 min of beginning to eat, reaching
maximal levels within approximately 90 min and remaining
elevated for as long as 6 h [14]. The peak plasma PYY
concentration is dependent on the amount of calories ingested
[22]. Plasma PYY levels are significantly lower in obese
subjects in comparison to normal-weight subjects. Fasting PYY

levels correlated negatively with body-mass index [23,24]. In
humans, total plasma PYY levels after the intake of a high-
protein meal are higher than that after the intake of high-fat or
high-carbohydrate isocaloric meals [24]. High-protein diet
induces greater increases in PYY levels than a normal-protein
diet in mice [24]. In addition, long-term administration
(16 weeks) of a high-protein diet enhances colonic and ileal
PYY mRNA expression in comparison with a normal-protein
diet in mice [24].

In addition to nutrients, bile acid, gastric acid, vasoactive
intestinal polypeptide, and cholecystokinin stimulate PYY release
[25-27]. In rats, intraduodenal liquid chyme induces the releases
of PYY from the distal intestine before the food content reaches
the ileum. This result suggests that PYY release occurs via a
neural reflex, probably mediated by the vagus nerve [28-30].

5. PYY regulates feeding behavior

Preprandial decreases and postprandial increases in plasma
PYY concentrations suggest that PYY is a satiety signal. A
dose-dependent reduction in food intake following peripheral
PYY;_3¢ administration occurred in both fasting and freely-
feeding rodents [21,31-33]. In healthy volunteers, intravenous
infusion of PYY;_3¢ caused a sustained decrease in appetite and
food intake for more than 24 h [23]. Energy intake by obese
subjects during a buffet lunch was reduced by 30% after
intravenous infusion of PYY;3_34 [23]. Chronic administration
of PYY;_3¢ inhibited food intake and reduced body weight gain
in mice, rabbits, and rhesus macaques [31,34,35]. In addition,
daily food intake, body weight, and body fat increased in PYY
knockout mice in comparison to wild-type mice [24]. These
results suggest that PYY3_3¢ suppresses appetite and promotes
weight loss.

Peripheral administration of PYY3_34 did not decrease food
intake in Y2 receptor-deficient mice [31]. Deletion of the Y2
receptor from the hypothalamus resulted in a significant
decrease in body weight and a significant increase in food
intake in mice [36]. These results suggest that PYY;_34 inhibits
food intake via the Y2 receptor. Peripheral administration of
PYY;_3¢ decreased neural activity in the arcuate nucleus and
inhibited hypothalamic NPY mRNA expression [31]. Direct
injection of PYY;_3 into the arcuate nucleus suppressed the
electrical activity of NPY-containing neurons [31]. Y2 receptor
mRNA is expressed in greater than 80% of NPY-positive
neurons in the arcuate nucleus [37]. Peripheral PYY;_ 3¢
administration activated approximately 20% of the neurons
producing o-melanocyte stimulating hormone (a-MSH), an
anorectic peptides generated from the a-MSH precursor pro-
opiomelanocortin (POMC), within the arcuate nucleus [21,23].
PYY;_s¢ also suppresses NPY release and/or NPY neuron
activation via presynaptic Y2 receptors. PYY3_36 also inhibits
the electrical activity of NPY nerve terminals, activating
neighboring POMC neurons. Recently, Koda et al. reported
that the vagal afferent system is the major pathway conveying
PYY;_s¢ satiety signals [21]. Peripheral administration of
PYY;_36 to abdominally vagotomized rats did not alter food
intake or activate neurons in the arcuate nucleus (Fig. 2A-B).
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Fig. 2. Peripheral PYYs3_3 transmits the satiety signal to arcuate nucleus via vagal nerve. (A) Cumulative food intake (means+SEM) of rats with bilateral
subdiaphragmatic vagotomy or sham operation was measured after a single intraperitoneal administration of either PYY3_34 (3 nmol) or saline. *P<0.05, **P<0.01 vs.
sham-operated rats given saline alone. (B) The numbers of Fos-positive, a marker of neuronal activation, neurons in the arcuate nuclei of rats after undergoing vagotomy
or sham operation was determined after a single intrapenitoneal administration of PYY3_16 (5 nmol) or saline, respectively. Data are expressed as the means£SEM.
*P<0.01 vs. sham-operated rats given saline administration. (C) Representative data of gastric vagal afferent discharge in rats after a single intravenous administration
of PYY3_3¢ (0.3 nmot) or saline (D). Vertical bar, 100 impulses per 5 s; horizontal bar, 30 min. (E) PYY;.3¢ stimulates gastric vagal afferent activity; no effect was
observed after injection of saline, Data are expressed as the means=+SEM. *P<0.01 vs. value at 0 min. Open circles, saline; closed circles, PYY3_z¢. (Redrawn from data

in Ref. [21]).

Y2 receptors are synthesized within the rat nodose ganglion and
transported to vagal afferent terminals by axonal transport. The
firing frequency of gastric vagal afferent nerve was enhanced by
intravenous administration of PYY;_34 (Fig. 2C-E). Bilateral
midbrain transections rostral to the solitary tract nucleus also
abolished PYY3_s¢-induced reductions in feeding. These results
indicate that peripheral PYY;_ 35 binds Y2 receptors at vagal
afferent terminals to transmit satiety signals to the brain via
vagal afferent pathways (Fig. 3).

In contrast to the peripheral administration of PY, injection
of PYY|_36 or PYY3_3¢6 directly into the third, lateral, or forth
cerebral ventricles of rodents potently stimulated food intake
[38-40]. This orexigenic action of PYY is reduced in both Y1
receptor- and Y5 receptor-deficient mice [41]. Y1 and Y5
receptors thus play a critical role in the orexigenic action of
centrally-administered PYY.

6. Other physiological functions of PYY3_34

PYY demonstrated inhibition of jejunal and colonic motility
and intestinal vasoconstriction. Intravenous infusion of PYY

NTS

nodose
ganglion

vagal afferent
(feeding § e(‘xe
s AN

axonal transport of
Y2 receptor

Fig. 3. Pathways of PYY;_34 action in the regulation of feeding. PYY1_16’s
signal for satiation to the brain is conveyed via gastric vagal afferent nerves.
ARGC; arcuate nucleus, NTS; nucleus of solitary tract, NPY; neuropeptide Y,
POMC; pro-opiomelanocortin.
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delayed both gastric emptying and mouth-to-cecum transit time
in humans [42]. Intraluminal instillation of lipid into the
terminal ileum markedly inhibits jejunal pressure wave activity.
PYY is thought to mediate an “ileal brake mechanism”, an
inhibitory effect on upper gastrointestinal motor activity
triggered by intraluminal fat in the terminal ileum ([43,44].
PYY inhibits the gastric acid and pepsin secretion stimulated by
pentagastrin, cholinergic agonists, vagal activity, and histamine
in several species, including humans [12]. PYY also inhibits the
cephalic phase of pancreatic exocrine secretion in humans and
dogs [45,46]. These functions all support the role of PYY as a
satiety signal.

In humans, intravenous PYY infusion also increased both
systolic and diastolic blood pressures [47]. This result may be
due to the vasoconstrictive effect of PYY on several vascular
beds; in particular, PYY significantly reduces intestinal blood
flow [48]. Therefore, the inhibitory effects of PYY on
gastrointestinal secretion and motor activity may be mediated,
at least in part, by effects on the splanchnic vasculature.

Intravenous PYY infusion in humans induced a 10%
decrease in glomerular filtration rate, a 30% decrease in renin
levels, and a 30% increase in sodium excretion [49]. These
findings suggest that PYY also mediates postprandial naturesis.

7. Conclusions and perspectives

Peripheral PYY3_3 acts as a satiety signal to hypothalamic
arcuate nucleus, likely via vagal afferent nerve after binding to
Y2 receptors (Fig. 3). Exogenous administration of PYY3_36
reduces caloric intake and body weight in both lean and obese
animals, even humans. PYY;_ 3¢ has been proposed as a
potential therapeutic agent for human obesity. Clinical use of
PYY is limited by its short-half life and the need for parenteral
administration. A Phase I clinical study of PYY;_34 by the nasal
drug delivery system has recently been completed [50]. While
use of the PYY;_36 nasal spray offers major advantages over
subcutaneous or intravenous injection for long-term therapy,
large-scale clinical trials are needed to establish PYY's
therapeutic potential. PYY3_34 is promising as a novel effective
weapon in anti-obesity treatment.
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Abstract

Neuropeptide W (NPW) was recently discovered as the endogenous ligand for GPR7 and GPRS, which are orphan G protein-coupled receptors
isolated from the porcine brain. These receptors are assumed to be involved in feeding regulation and/or energy homeostasis. Recent anatomical
studies have revealed that high levels of GPR7 mRNA are distributed in the brain, including the hypothalamus and amygdala. However
immunohistochemical studies on the distribution and localization of NPW have revealed differing results concerning whether or not NPW-
containing cell bodies and their processes are present in the hypothalamus. Only a few immunohistochemical reports have been published
concerning the presence of NPW-containing neurons in the brains of rodents, while there have been no anatomical studies of the co-localization of
this neuropeptide with other transmitters. On this basis, we used a specific antiserum against NPW to determine immunohistochemically the
presence of NPW-containing neurons in the rat hypothalamus. Many NPW-like immunoreactive cell bodies and their processes could be detected
in the caudal region of the lateral hypothalamus but not in its anterior or middle regions. Given this positive identification of NPW-containing
neurons in the lateral hypothalamus, we further studied the nature of interaction between NPW-containing neurons and neurons containing feeding
regulating peptides such as orexim- and melanin-concentrating hormone (MCH). Very close interactions between NPW-containing nerve
processes and orexin- and MCH-containing neuronal cell bodies and processes could be observed. These morphological findings strongly suggest
that NPW is involved in the regulation of feeding and/or sleep/arousal behavior through orexin- and/or MCH-mediated neuronal pathways.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Tmmunohistochemistry; Morphology; Rat; Hypothalamus; Neuropeptide

1. Introduction

GPR7 and GPRS8 are two structurally-related G-protein-
coupled orphan receptors (GPCR) that were originally isolated
from the porcine brain. These receptors share significant
homology with sequences encoding for transmembrane regions
of the opioid and somatostatin-like receptor family genes from
human genomic DNA [1]. While GPR7 is found both in humans
and rodents, GPRS is apparently expressed only in humans [2].
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Both receptors are widely expressed in brain and peripheral
tissues and organs. RT-PCR studies have shown that GPR7
mRNA is highly expressed in the brain and uterus of the rat [3].
In addition, in situ hybridization studies have revealed that
GPR7 mRNA is present in the rat hypothalamus, including the
arcuate (ARC), ventromedial (VMH), dorsomedial (DMH),
paraventricular (PVN) and supraoptic (SO) nuclei [2,4]. These
nuclei in the central nervous system (CNS) are well known to be
involved in feeding regulation and energy homeostasis.
However, a detailed study to compare the distributions of
both GPR7 and GPR8 in the brain has not yet been done, GPR7
mRNA appears to be expressed in the hippocampus [2] but
radio ligand binding assays have not demonstrated the presence
of its protein [5].
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Fig. 1. Photomicrographs showing the effect of colchicine treatment on the detection of NPW-LI in the rat hypothalamus. NPW-LI cell bodies and fibers in brain
sections from rats pre-treated with colchicine were observed in the ARC (A, B) and PVN (C, D). A, C; Control sections. B, D; Sections from colchicine-treated animal.

Scale bar=100 um (A, B), 50 pm (C, D). 3V: third ventricle.

NPW, a novel peptide consisting of 23- and 30-amino acid
isoforms (NPW23 and NPW30), was isolated from the porcine
hypothalamus as an endogenous ligand for GPR7 and GPRS
[6,7]. Both these peptides were reported to bind to GPR7 and
GPRS with similar affinity [6]. According to a recent report on the
anatomical distribution of NPW, high levels of NPW mRNA were
detected by in situ hybridization in the amygdala and hypothal-
amus [3]. Moreover, gene expression of NPW mRNA was found
in the periaqueductal gray matter (PAG), ventral tegmental area

(VTA), Edinger-Westphal (EW) nucleus, and dorsal raphe
nucleus (DR), particularly in its dorsal part (DRD) [7.8].
Immunohistochemical study has shown that NPW-like immuno-
reactive (NPW-LI) cell bodies are distributed in the PVN (mainly
in its parvocellular division), in SO, in accessory neurosecretory
nuclei, dorsal and lateral hypothalamic areas (LH), perifornical
nucleus, ARC and anterior and posterior pituitary gland [9]. In
contrast, NPW-LI fibers are observed in the lateral septum, bed
nucleus of the stria terminalis (BST), dorsomedial and posterior

Fig. 2. Photomicrographs of brain sections from colchicine-treated rats showing NPW-LI in the LH., A: NPW-LI fibers in the anterior LH. B: NPW-LI cell bodies in the

caudal LH. 3V: third ventricle. f: fornix. Scale bar=50 pm.
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hypothalamus, central amygdaloid nucleus, CA! field of the
hippocampus, interpeduncular nucleus, inferior colliculus, lateral
parabrachial nucleus, facial nucleus and hypoglossal nucleus [8].
Abundant NPW-LI was found in the central amygdaloid nucleus
and the BST, these regions being implicated in the neural
processing of fear and anxiety [8].

GPR7 knockout mice are known to be hyperphagic and
become obese [10]. In addition, physiological studies have
reported that intracerebroventricular (i.c.v.) infusion of NPW in
rats initially provokes acute food intake [6]. However i.c.v.
infusion of NPW in free-feeding suppresses feeding for an
extended hours [11]. Another recent study has shown that
administration of NPW increases c-Fos expression in the LH and
PVN. These data suggest an appetite-regulating function of NPW
in the hypothalamus and other brain regions.

In the LH, it is clearly shown that there exist several
neuropeptides, including orexin [12} and melanin-concentrating
hormone (MCH) [13], involved in feeding regulation. Since NPW-
LI nerve processes are distributed in the LH [9], it could be
postulated that the target of these NPW-containing neurons is
orexin- and/or MCH-containing neurons, though this remains to be
clarified. On this basis, we carried out double-staining immuno-
histochemistry experiments to explore the neural interactions
between NPW-containing neurons and orexin and/or MCH-
containing neurons in the rat brain.

2. Materials and methods

Male Wistar rats (Saitama Experimental Animal Center,
Saitama, Japan; weight 250300 g; n=3) were maintained on a

12/12 h light/dark cycle and supplied with standard laboratory
chow and tap water ad libitum. All protocols used in these
studies were reviewed and approved by the Institutional Animal
Care and Use Committee of Showa University.

Rats were placed under deep Nembutal anesthesia (40 mg/kg,
i.p.) and colchicine (200 g/25 pl saline) injected into the third
ventricle of the brain. After 48 h, the rats were perfused through the
ascending aorta with 50 ml of saline (37 °C), followed by 250-
300 ml of 2% paraformaldehyde in 0.1 M phosphate buffer (PB;
pH. 7.4) fixative for 20 min. The brains were enucleated, trimmed,
and immersed in the same fixative for 12 h at 48 °C. After washing,
the fixed brains were transferred to a solution containing 20%
sucrose in 0.1 M PB for 2 days at 4 °C. For light microscopic study,
the sections were single immunostained according to the following
series of incubation steps: 5% normal horse serum for 20 min;
mouse anti-NPW antiserum [11] (1/5000) overnight at room
temperature; biotinylated anti-mouse IgG (DAKO, Carpinteria,
CA, USA) for | h at room temperature; ABC complex for 45 min
at room temperature (Vectastain elite ABC kit, Vector Laborato-
ries, Burlingame, CA, USA) and visualized using a peroxidase
substrate (DAB) kit (Vector Laboratories) and hydrogen peroxide
(0.005%) in 0.05 M Tris buffer. Between each step, except for that
between step 1 and 2, the sections were carefully rinsed with PB
three times, each for 5 min. After dehydration, the sections were
carefully rinsed and mounted on glass slides for examination using
a light microscope (Olympus, Tokyo, Japan).

The frozen brains were cut into the coronal sections (thickness
7 m) on a cryostat (MICROM HM 500; MICROM, Heidelberg,
Germany) and mounted on glass slides coated with 3% poly-
lysine solution (Sigma, St. Louis, USA). The sections were

Fig. 3. Immunofluorescence photomicrographs of the LH after direct dual-labeling studies combining antiserum to NPW (A) with antiserum to orexin (B).
Immunoreactivity for NPW (green, A) and orexin (red, B) are localized in the LH. The merged image (C) shows some NPW-positive terminals in direct contact with
orexin-containing neurons (arrows). Magnified image of area in (C) is shown in (D). Scale bar=20 um. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)



162 F. Takenoya et al. / Regulatory Peptides 145 (2008) 159-164

Fig. 4. Immunofluorescence photomicrographs of the LH after direct dual-labeling studies combining antiserum to NPW (A) with antiserum to MCH (B).
Immunoreactivity for NPW (green, A) and MCH (red, B) are localized in the LH. The merged image (C) shows some NPW-positive terminals in direct contact with
MCH-containing neurons (arrows). Magnified image of area in (C) is shown in (D). Scale bar=20 um. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

washed in phosphate-buffered saline (PBS) for [5 min and
incubated with 0.3% Triton X-100 in PBS for 5 days at4 °C. The
sections were subsequently rinsed three times for 5 min with PBS,
blocked with 10% normal horse serum in PBS for 1 h at room
temperature, and then incubated with rabbit anti-orexin antiserum
(1/1000; CHEMICON International, USA) or sheep anti-MCH
antiserum (1/10,000; CHEMICON international) for 2 days at
4 °C. After washing with PBS, sections were incubated with
Alexa 488-labeled goat anti-mouse IgG antibody (1/400,
Molecular Probes, FEugene, OR, USA) for 1.5 h at room
temperature. For dual immunostaining, the coronal sections
were first incubated with mouse anti-NPW antiserum [11] (1/
10,000) for 2 days at 4 °C and then, after washing with PBS,
incubated with Alexia 546-labeled anti-mouse antibody (1/400,
Molecular Probes, Eugene, OR, USA) for 1.5 h at room
temperature. Sections were examined with the aid of an Olympus
AX-70 fluorescence microscope (Olympus, Tokyo, Japan).

Some sections to serve as controls were subjected to the same
incubation process but were not exposed to anti-NPW antiserum.
No specific immunofluorescence was observed in these control
sections, signifying that any immunopositive reactions in the
treated sections should be specific to the antibody used.

3. Results

We found that NPW-like immunoreactivity (NPW-LI) on
tissue sections was dramatically enhanced when animals were
pre-treated with colchicine compared to sections from animals
not pre-treated with colchicine (Fig. 1). Identifiable NPW-LI

cell bodies and processes were dramatically increased in
number and density and were detected in the caudal part of
the ARC (Fig. 1B), in both the magnocellular and parvoceltular
divisions of the PVN (Fig. 1D), and in the caudal part of the LH
(Fig. 2A and B). Interestingly, a high density of NPW-LI fibers
and their terminals were found around the fornix in the anterior
part (Bregma —2.30~—3.80 mm) of the LH region (Fig. 2A) At
this level, very few NPW-LI cell bodies-only were detected
(Fig. 2A). However, many NPW-LI cell bodies were observed
in the region where the mammillary recess of the 3rd ventricle
appears (Fig. 2B). NPW-LI cell bodies in the LH were thus
observed within a narrow area in the caudal hypothalamus. In
addition, orexin- and MCH-containing neurons were found to
be distributed abundantly in the LH (Figs. 3B and 4B).

We subsequently employed dual immunostaining to examine
the relationship between neurons containing NPW and orexin
and/or MCH in the LH given that the immunostaining
experiments described above highlighted the abundant distri-
bution of neurons containing these peptides in the same regions.
Many NPW-LI nerve fibers were found to be in direct contact
with orexin-containing neurons in the LH (Fig. 3C). Moreover,
NPW-IL nerve fibers were also found to make direct contact
both with MCH-containing neuronal cell bodies and with their
processes in the LH (Fig. 4F).

4. Discussion

In this work, we found that the number and density of iden-
tifiable NPW-LI cell bodies and processes in brain slices could be
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dramatically increased by pre-treating animals with colchicine.
The NPW-LI cell bodies and processes could be detected in the
caudal part of the ARC, the PVN and the LH. In addition, we
provide here the first anatomical evidence of an NPW efferent
neuron population in the hypothalamus, and show that these
neurons interact with feeding-regulating neurons such as orexin-
and MCH-containing neurons in the LH.

In rodents, NPW is considered an endogenous ligand for
GPR7 [1-3,7,14], which is expressed in the feeding-regulating
center in the hypothalamus. While the physiological role of NPW
is yet to be fully elucidated, it has been reported thati.c.v. infusion
of NPW increases food intake for 2 h in the light phase in rats [6].
On the other hand, in the dark phase, i.c.v. infusion of NPW
reduces food intake for 48 h, up-regulates energy expenditure, and
decreases body weight {11]. Baker et al. [15] reported that,
compared to controls, rats that received an i.c.v. infusion of NPW
drank significantly more water in the first two hours.

Interestingly, high levels of NPW mRNA are detected in the rat
hippocampus, amygdala and hypothalamus [3]. On the other
hand, NPW-LI neurons have been reported to be widely
distributed in the PVN, dorsal hypothalamus, LH, ARC and the
perifornical region of the rat brain [9]. In this study we observed
NPW-LI cell bodies and their processes in the ARC and PVN as
well as the LH. Further to this, it is clearly shown that feeding-
regulating peptides such as orexin [12] and MCH [16] are present
in the LH area. Recently, it was reported that i.c.v. injection of
NPW activates c-Fos expression in the rat brain, predominantly in
hypothalamic areas such as the LH, ARC, ventromedial and
dorsomedial nuclei, as well the PVN [17]. Moreover, the authors
of that study confirmed, using a double-labeling method, the
upregulation of c-Fos immunoreactivity in orexin/hypocretin-
containing neurons in the LH after i.c.v. injection of NPW. When
NPW was injected into the PVN, a significant increase in food
consumption was observed in the first 24 h. However, when high
doses of NPW were injected into the LH, food intake in the first
four hours was increased compared to control, but, in contrast to
the effect following NPW injection into the PVN, had no effect at
24 h [17]. Based on these findings, and considering the
morphological results of the present study showing the interac-
tions of NPW-containing nerve processes with orexin- and MCH-
containing neurons in the LH, we consider that NPW plays a
crucial role in the regulation of food intake via orexin/MCH-
mediated effects in the LH.

Contradictory data have been published concerning the
distribution of NPW in the brains of rodents. One report
described a sex-related difference, with the number of NPW-LI
neurons in the male hypothalamus more than that in the female
hypothalamus [9]. Different distribution patterns of NPW-LI
neuronal cell bodies and fibers in brain have also been reported.
Dun et al. [9] reported that NPW-LI cell bodies or fibers are
observed in the PVN, SON, perifornical region, and median
eminence. However, Kitamura et al. [8] found no evidence of
NPW-LI cell bodies in some of these same regions [9], while
we, in contrast, found NPW-LI cell bodies in many more places
in the hypothalamus. The authors of those aforementioned
studies [8,9] also used colchicine treatment, but we suggest that
the dose and duration of the treatment we used were probably

more effective. In spite of differences in distribution, there
seems to be a consensus that NPW-LI processes are abundantly
distributed in the LH [8,9,17]. In this study, we have
demonstrated the presence of NPW-LI both in cell bodies and
in nerve fibers in the LH. We observed in detail the distribution
of NPW-LI neurons from the rostral to the caudal end of the LH
and that that NPW-LI fibers only (i.e. not cell bodies) are
present in the anterior region of LH. In contrast, NPW-LI cell
bodies are present in abundance along a narrow strip in the
caudal region of the LH.

As to the function of NPW in the hypothalamic PVN, Taylor
et al. [18] reported that NPW-containing neurons in the
parvocellular division activate the hypothalamo-pituitary-adre-
nal axis (HPA) through the release of corticotrophin-releasing
hormone. In addition, Niimi et al. [19] reported that i.c.v.
infusion of NPW stimulates significant c-Fos expression in the
PVN, suggesting that NPW is related to stress-response signal
transduction, To this extent, we have also detected NPW-LI cell
bodies and their processes in the parvocellular division of the
PVN (unpublished data).

The peptide-mediated regulation of food intake involves
several complex neuronal networks in the LH [20]. Orexin-
containing neurons are also known to interact with neurons
containing various types of transmitter. In the LH, leptin
receptor immunoreactivity was reported to be present in some
MCH-containing neurons [21], while almost all orexin-contain-
ing neurons express leptin receptor immunoreactivity [22].
Orexin is recognised as a peptide that promotes food intake as
well as to play a role in the control of sleep and wakefulness
[12]. In addition, GPR7 is also expressed in the suprachiasmatic
nucleus, an area involved in the control of circadian rhythms
[2]. These results suggest that NPW may also be involved in the
regulation of sleep/wakefulness and circadian rhythms.

In conclusion, we have demonstrated the projection of NPW-
containing neurons to orexin- and MCH-containing neurons in
the lateral hypothalamus and synaptic contacts made between
these different peptide-containing neurons. Further studies at
the ultrastructural level are required to demonstrate the
interactions of NPW-containing neurons with other neurons in
the LH and thereby clarify NPW’s role in the regulation of
feeding, sleep/wakefulness and circadian rhythms.
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Abstract

Obestatin is a 23-amino acid peptide, initially isolated from rat
stomach as an endogenous ligand for the orphan G-protein-
coupled receptor. Obestatin is derived from proteolytic
cleavage ofa 117-amino acid precursor, preproghrelin. Ghrelin
increases food intake, body weight, and gastric emptying,
whereas obestatin has the opposite effects. In this study, we
characterized obestatin in both rat and human stomach, and
investigated the peptide’s effect on feeding behavior. Using
reversed-phase high-performance liquid chromatography
coupled with RIAs specific for rat and human obestatin, we
detected a very small amount of obestatin, compared with
ghrelin, in the gastric fundi. The ratios of obestatin to ghrelin

are 0-0039 and 1-94% respectively in the rat and human gastric
fundi. In humans, plasma obestatin accounted for 5-21% of the
ghrelin concentration, whereas it was undetectable in rat
plasma. Plasma ghrelin concentration decreased after a meal in
normal subjects, whereas obestatin concentration did not
change. When administered centrally or peripherally, obestatin
did not suppress food intake in either free-feeding or fasted
rodents. Administration of obestatin did not antagonize
ghrelin-induced feeding. These findings indicate that obestatin
is present at very low levels compared with ghrelin in both rat
and human, and has no acute effect on feeding behavior.
Journal of Endocrinology (2008) 198, 339-346

Introduction

Ghrelin, a 28-amino acid peptide with an n-octanoyl
modification, was originally discovered in human and rat
stomach as an endogenous ligand for the growth hormone
secretagogue receptor (GHS-R; Kojima ef al. 1999). Ghrelin
is derived from amino residues 24-51 of its 117-amino acid
precursor, preproghrelin. Ghrelin is predominantly syn-
thesized in X/A-like cells of the gastric body and consists of
two major molecular forms, acylated ghrelin (ghrelin) and
des-n-octanoyl ghrelin (des-acyl ghrelin; Date et al. 2000,
Hosoda ef al. 2000). When administered either centrally or
peripherally, ghrelin stimulates GH secretion and food intake
(Kojima ef al. 1999, Tschdp ef al. 2000, Wren et al. 2000,
Nakazato et al. 2001). In addition, ghrelin downregulates
energy expenditure and conserves body fat; it also increases
body weight gain, adipogenesis, and gastric emptying
(Nakazato et al. 2001, Tschop et al. 2001, Tack et al. 2005).
Circulating ghrelin in humans and rodents increases before
meals and decreases after meals, suggesting a possible role in
meal initiation (Cummings ef al. 2001).

A comprehensive evaluation of the amino acid sequences
of preproghrelin in 11 mammalian species identified a novel
conserved peptide, named obestatin (Zhang et al. 2005).
Obestatin, a 23-amino acid peptide with C-terminal amidation,

Journal of Endocrinology (2008) 198, 339-346

0022-0795/08/0198-339 © 2008 Society for Endocrinology  Printed in Great Britain

was isolated from the ratstomach as a possible endogenous ligand
for an orphan G-protein-coupled receptor, GPR39, that
belongs to the GHS-R family. GPR39 is expressed in various
regions of brain and peripheral tissues in both rats and humans
(McKee ef al. 1997). Obestatin is derived from amino acid
residues 76-98 of rat and human preproghrelin. Obestatin was
initially reported to have actions opposite to ghrelin, such as
reduction of food intake and body weight, and delaying
gastric emptying (Zhang ef al. 2005). In addition, obestatin
was recently shown to promote pancreatic B-celland human islet
cell survival and stimulate the expression of main regulatory
B-cell genes in the pancreas (Granata et al. 2008). Several
subsequent studies of the actions of obestatin on gut motility
and feeding behavior yielded conflicting findings, with some
groups reporting positive findings (Bresciani ef al. 2006, Carlini
et al. 2007) and others reporting negative findings (Gourcerol
et al. 2006, Bassil et al. 2007, Gourcerol & Taché 2007,
de Smet et al. 2007). Furthermore, several groups were unable to
reproduce the observation that obestatin binds to GPR39 and
increases intracellular Ca®™ rise in GPR39-expressing cells
(Lauwers et al. 2006, Chartrel et al. 2007, Holst et al. 2007). Taken
together, these conflicting data indicate that further experiments
are needed to define the role of obestatin in energy homeostasis,

In this study, we first developed two RIAs specific for rat and
human obestatin, and characterized obestatin immunoreactive

DOI: 10.1677/JOE-08-0082
Online version via http://www.endocrinology-journals.org



340 M s MONDAL, K TOSHINAL and others

Characterization of obestatin in stomach

molecules in the rat and human stomach by using reversed-
phase high-performance liquid chromatography (RP-HPLC).
We also studied plasma obestatin response to a meal in normal
subjects. Using the same experimental designs as used in the
original publication, we examined the action of centrally or
peripherally administered obestatin on feeding behavior in
freely fed and fasted rodents. Finally, we investigated the
antagonistic effect of obestatin on ghrelin activity by
co-administration of both peptides. Here, we report that the
ratio of obestatin to ghrelin in the rat and human stomach is
extremely low (0-0038 and 1-94% respectively) and that
obestatin does not affect acute feeding behavior.

Materials and Methods

Animals

Male Wistar rats (Charles River Japan, Inc., Shiga, Japan)
weighing 300-350 g and male C57BL/6 mice (Charles River
Japan, Inc.) weighing 30-35 g were maintained in individual
cages under controlled temperature (21-23 °C) and light
(light on 0800-2000 h) with ad libitum access to food and
water. Animals were anesthetized by i.p. injections of sodium
pentobarbital (Abbott Laboratories), and i.c.v. cannulae were
implanted into the lateral cerebral ventricles of rats and mice
as previously described (Nakazato et al. 2001). Proper
placement of the cannula was verified at the end of the
experiments by dye administration. Animals were sham
injected before the study, and weighed and handled daily.
Only animals that showed progressive weight gain after the
surgery were used in subsequent experiments. All experi-
ments were repeated two or three times. All procedures were
approved by the University of Miyazaki Animal Care and Use
Committee and were in accordance with the Japanese
Physiological Society’s guidelines for animal care.

Peptides

Rat and human obestatin, human cocaine and amphetamine-
regulated transcript (CART), and rat ghrelin were provided
from Peptide Institute, Inc. (Osaka, Japan).

DPreparation of antisera

Rat and human obestatin were conjugated with bovine
thyroglobulin by the glutaraldehyde method (Mondal ef al.
1999). This method links the carrier molecule to the
N-terminus of the peptide, thereby producing an antiserum
recognizing the C-terminus portion of the peptide. These
conjugated peptides were used as immunogens for the
generation of polyclonal antibodies. Antibodies for rat
ghrelin were raised as described elsewhere (Hosoda et al.
2000). Antibodies raised against the N- and C-terminal
regions of rat ghrelin recognize the acylated and total ghrelin
forms respectively.

Journal of Endocrinology (2008) 198, 339-346

RIA

Synthetic rat and human obestatin were radioiodinated by the
lactoperoxidase method, and the '*’[-labeled peptides were
purified by RP-HPLC. A diluted sample or standard peptide
solution (100 pl) was incubated for 24 h with 100 pl
antiserum diluent (final dilutions were 1/200 000 for anti-
rat obestatin antiserum and 1/90 000 for anti-human
obestatin antiserum). Following the addition of tracer
solution (16 000 c.p.m./100 pl), mixtures were incubated
for 24 h. The second antibody method was used to separate
bound and free ligands. The samples were assayed in duplicate
and all procedures were performed at 4 °C. The respective
intra- and inter-assay coefficients of variation at 50% binding
for rat obestatin were 2'8 and 3-2% respectively; whereas for
human obestatin, they were 3-1 and 3-7% respectively. Rat
obestatin (1 ng) and '*’I-rat obestatin (5000 c.p.m.) were
added to the plasma sample extracts and then applied to
SepPak C-18 cartridges (Waters, Milword, MA, USA);
recoveries were 91-540-3% (s.e.m.) and 90-7X£0-5%
respectively. The recoveries of human obestatin (1 ng) and
1231_human obestatin (5000 c.p.m.) were 90-2 £0-5% (s.2.M.)
and 89-5 3 0-2% respectively. Ghrelin RIA was performed as
described elsewhere (Hosoda et al. 2000).

Quantification of obestatin and ghrelin in stomach and plasma

Stomach Rat gastric fundi were obtained from three
ad libitum fed adult male Wistar rats. Following anesthesia
with sodium pentobarbital, gastric fundi were immediately
resected and boiled at 95-100 °C for 10 min in a tenfold
volume of water to inactivate intrinsic proteases. Human
gastric fundi were obtained from three patients who
underwent surgery and gave prior written consent. The
study was approved by the Ethics Committee for Human
Research of University of Miyazaki. After the samples were
cooled to 4°C, CH;COOH and HCl were added to
respective final concentrations of 1 M and 20 mM. Stomach
tissue was homogenized in a Polytron for 3 min, after which
the homogenate was centrifuged at 28 000 g for 30 min at
4 °C. Stomach samples were applied to SepPak C-18
cartridges, and peptides were eluted with a 60% acetronitrile
(CH3CN) solution containing 0-1% trifluoroacetic acid
(TFA). Portions of each sample, equivalent to 50 mg wet
weight, were lyophilized and then subjected to obestatin
and ghrelin RIAs. Other portions of eluates were subjected
to RP-HPLC under the conditions described in the
legend to Fig. 2. All the HPLC fractions were assayed by
obestatin RIAs.

Plasma Rat truncal blood (n=3, 4 ml each) was obtained by
decapitation after anesthesia with sodium pentobarbital.
Samples were collected into cooled polypropylene tubes
containing EDTA-2 NA (1 mg/ml blood) and immediately
centrifuged. Human blood was collected from 16 normal
healthy volunteers. The plasma samples were diluted 1:1 with
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0-9% saline and applied to SepPak C-18 cartridges pre-
equilibrated with 0-9% saline. The cartridges were then
washed, first with 0-9% saline, and then with a 10% CH,;CN
solution containing 0-1% TFA. Adsorbed peptides were
eluted with a 60% CH3CN solution containing 0-1% TFA.
Some portions of the eluates were subjected to obestatin and
ghrelin RIAs. Aliquots of rat plasma eluate were subjected to
RP-HPLC and then RIA for rat obestatin.

Meal test

Healthy volunteers (eight men and eight women; mean age +
S.E.M., 22:24 25 years; body mass index, 19-4-24:9, mean+
s.E.M., 21-540-6) who had fasted overnight were given
450 kcal/450 ml liguid meal (RACOL; Otsuka Co., Ltd,
Iwate, Japan; 62% carbohydrate, 20% fat, and 18% protein)
over 3 min at 0900 h. Blood was collected at -5, 30, 60, 90,
120, and 180 min after taking the liquid meal. The
Institutional Committee of Faculty of Medicine, University
of Miyazaki approved the protocol, and all the subjects
provided informed consent before participation. Plasma
(3 ml) samples were acidified to prevent degradation of
octanolyated ghrelin before application to a SepPak cartridge,
and then the plasma concentrations of obestatin and ghrelin
were measured by RIAs.

Feeding experiments

Experiments were performed 1 week after the implantation
of i.c.v. cannulae. First, rat obestatin (0-3 or 3 nmol/5 pl
saline), human obestatin (3 nmol/5 pl saline), or CART
(1 nmol/5 pl saline) was administered ic.v. to rats fed
ad libittn 10 min before the beginning of the dark phase
(1950 h), after which 1-, 2-, 4-, and 12-h food intakes were
measured (n=6 per group). Secondly, rat obestatin
(0-3 nmol/2 Wl saline) or CART (0-3 nmol/2 pl saline) was
administered i.c.v. to mice fed ad libitun at 1950 h, after
which 1-, 3-, and 5-h food intakes were measured (n=7 per
group). Thirdly, rats were fasted overnight for 8 h and then rat
obestatin (1 nmol/5 pl saline) or CART (1 nmol/5 p saline)
was administered 1.c.v. at 1000 h, after which 1- and 2-h food
intakes were measured (n=6-8 per group). Fourthly, rat
obestatin (125 or 1000 nmol/kg body weight/50 pl saline)
was administered i.p. to mice fed ad [libitum at 1950 h, after
which 1-, 3, and 5-h food intakes were measured (=5 per
group). Fifth, rat ghrelin (40 nmol/kg body weight/50 ul
saline) or rat ghrelin (40 nmol/kg body weight) plus rat
obestatin (125 nmol/kg body weight) were administered i.p.
to mice fed ad libitum at 1000 h, after which 1- and 2-h food
intakes were measured (n=35 per group). These feeding tests
were performed using a crossover design experiments in
which animals were randomized to receive either test
substance with a washout period of 3 days between each
administration.

www.endocrinology-journals.org

Statistical analysis

All data are expressed as meansts.e.M. Groups of data
(meansts.e.m.) were compared using ANOVA and post hoc
Fisher’s test. P values less than 0-035 are considered significant.

Results

Obestatin RIA

Figure 1 shows the amino acid sequences (upper panel) of rat
and human obestatin and (lower panel) the standard RIA
curves of rat and human obestatin. Half~maximum inhibition

1 10 20
Rat obestatin FNAPFDVGIKLSGAQYQQHGRAL-NH,
Human obestatin - «~-vwm-cecmaa-- Yeouon- SQ---NH,
A 100 "
- —u—-C—0—9—9
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§ 7 Rat obestatin
o 504
g8
m —
25
0 T I T
100 10! 102 103
Peptide (fmol/ml)
B 100 .
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& 4 Human obestatin
Q 50—
g
m —
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0 T I
107 Lot 102 10°

Peptide (fmol/ml)

Figure 1 (Upper panel) Alignment of amino acid sequences of rat
and human obestatin. Numbers indicate amino acid positions
relative to the N-termini. (Lower panel) Standard RIA curves for rat
and human obestatin. (A) Inhibition of '2*|-rat obestatin binding to
anti-obestatin antiserum by serial dilution of rat obestatin (O),
human obestatin (@), rat ghrelin (1), human gastrin (#),

human gastrin-releasing peptide (©), and human somatostatin (#).
(B) Inhibition of '**I-human obestatin binding to anti-obestatin
antiserum by serial dilution of human obestatin (@), rat obestatin
(O), rat ghrelin ([1), human gastrin (M), human gastrin-releasing
peptide (¢), and human somatostatin (#).
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by rat obestatin was 3-2fmol/ml, and the peptide was
detectable at concentrations as low as 0-2 fmol/ml (Fig. 1A).
Anti-rat obestatin antiserum recognizes the C-terminal
region of rat obestatin, and had no cross-reactivity with
human obestatin. Half-maximum inhibition by human
obestatin on the standard RIA curve was 7-8 fimol/ml, and
the peptide was also detectable at the low level of 0-2 finol/ml
(Fig. 1B). Anti-human obestatin antiserum recognizes the
C-terminal region of human obestatin and had no cross-
reactivity with rat obestatin. Neither anti-rat obestatin nor
anti-human obestatin antiserum had any cross-reactivity with
rat or human ghrelin, human gastrin, human gastrin-releasing
peptide, or huinan somatostatin.

HPLC characterization of ir-obestatin and ghrelin in gastric

Sfundus and plasia

RP-HPLC coupled with obestatin RIAs were used to
characterize immunoreactive obestatin molecules in the rat
and human gastric fundi and plasma. In the rat gastric fundus,
one immunoreactive peak was eluted at the position of
synthetic rat obestatin (Fig. 2A} and another immunoreactive
peak was detected 4 min later. In both the human gastric
fundus and plasma, only one immunoreactive peak was eluted
at the position of synthetic human obestatin (Fig. 2B and C).

Obestatin and ghrelin contents in the gastric fundus and plasma

Obestatin contents in the rat and human gastric fundi accounted
for 0-0039 and 1-94% respectively of their ghrelin contents
(Table 1). Plasma obestatin concentration in humans accounted
for 5-21% of plasma ghrelin concentration. Plasma obestatin was
below the detectable value (less than 0-2 finol) in rats.

Meal test

The plasma des-acyl ghrelin concentration of normal subjects
significantly decreased after taking a test meal, reaching a
nadir of 53% of the basal level 60 min after meal; obestatin
concentration did not change after meal (Fig. 3).

Feeding behavior

A single i.c.v. administration of rat or human obestatin to rats
did not suppress dark-phase food intake (Fig. 4A). Likewise, a
single i.c.v. administration of rat obestatin to mice did not

Figure 2 Representative RP-HPLC profiles of obestatin immuno-
reactivities in (A) rat gastric fundus, (B) human gastric fundus, and
(C) human plasma. Sample amounts of rat and human gastric fundi
were 1-9 and 1-0 g wet tissue weight respectively. The sample
volume of human plasma was 17 ml. Samples were loaded on a
TSK ODS SIL 120A column (4-6 X 150 mm). RP-HPLC was done for
40 min at 1-0 ml/min with a linear gradient of CH3CN (10-60%] in
0-1% TFA. Each fraction was 0'5 min. Arrows indicate the elution
positions of 1) rat obestatin, 2) unknown immunoreactive peak, and
3) human obestatin.
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Table 1 Obestatin and ghrelin amounts in rat and human gastric fundi and plasma. Values are mean s.e.m. (n=3, human plasma n=16)

Ratio of obestatin

Rat gastric fundus

Rat plasma

Human gastric fundus
Human plasma

Obestatin Ghrelin to ghrelin (%)
0-18+£0-03 fmol/mg 4633-5£440-1 fmol/mg 0-0039
Not detected 34444406 fmol/ml -
0-17 £0-02 fmol/mg 8:7541-90 fmol/mg 1-94
6:9+0-28 fmol/ml 132:4413-1 fmol/ml 5-21
humans are nearly equal (0-18+0:03 and 0-17+

suppress feeding (Fig. 4B), nor did an i.c.v. administration of
rat obestatin suppress feeding in rats that had been fasted
overnight (Fig. 4C). In these experiments, CART, which was
used as a positive control, significantly suppressed food intake.
Next, we studied the effect of peripheral administration of rat
obestatin on feeding. A single i.p. administration of 125 or
1000 nmol/kg rat obestatin to mice did not suppress food
intake (Fig. 4D). By contrast, i.p. administration of ghrelin
significantly increased food intake in mice, but co-adminis-
tration of obestatin did not antagonize ghrelin-induced
feeding (Fig. 4E). All experiments were done in a crossover
format, in which all animals received an injection of obestatin,
CART or ghrelin on separate days.

Discussion

The use of evolutionary genomics screening approach led to the
discovery of obestatin (Zhang et al. 2005). The authors identified
the presence of obestatin in the rat stomach by peptide sequence
analysis. They also reported that central or peripheral
administration of obestatin to rats suppressed feeding, We first
characterized obestatin immunoreactive molecules in the
stomach of rats and humans by two RIAs specific for rat and
human obestatin respectively. Both rat and human gastric fundi
contain obestatin immunoreactive molecules, but their
obestatin contents accounted for as little as 0-0038 and 1-94%
of their ghrelin contents respectively. Zhang ef al. (2005) also
identified a C-terminal 13-amino acid fragment of obestatin
eluted after obestatin itself in their HPLC analyses of rat
stomach; consistent with this, our HPLC analysis of rat gastric
fundus detected obestatin and another obestatin immuno-
reactive peak in fractions 27-31 eluted after obestatin. Rat and
human obestatin differ by only three amino acids at positions 14,
20, and 21 (Fig. 1); however, the rat obestatin antiserum used in
this study showed no cross-reactivity with human obestatin,
suggesting that this antiserum recognized the C-terminal
portion of rat obestatin. The obestatin immunoreactive peptide
in fractions 27-31 may be a C-terminal 13-amino acid peptide
fragment of obestatin or an N-terminally extended longer form
of obestatin. Further sequence determination is needed to
identify this unknown obestatin-related peptide.

Obestatin accounted for only 5-21% of ghrelin concen-
tration in the human plasma, but was undetectable in the rat
plasma. Obestatin contents in the gastric fundi of rats and

www.endocrinology-journals.org

0-02 finol/mg respectively). The ratio of obestatin to ghrelin
in the gastric fundi of rats and humans is extremely low
(0-0039% and 1:94% respectively). The presence of very low
obestatin content in rat stomach may be due to rapid
degradation of obestatin and/or a low processing rate of
obestatin from preproghrelin. We therefore speculate may be
due to this reason obestatin immunoreactivity was not
detectable in the rat plasma. Bioactive peptides are cleaved
from precursor proteins via limited cleavage and often
undergo post-translational modifications indispensable for
their biological activities. Processing of ghrelin after the initial
removal of signal peptide involves a single cleavage, whereas
the processing of obestatin requires cleavages at both the
amino and carboxy termini (Garg 2007). Because the
proposed proteolytic sites for cleavage of obestatin from
proghrelin lack the more efficient dibasic residues, lysine and
arginine, these cleavages might occur with reduced efficiency.
In vitro digestion of proghrelin using several convertases fails to
generate obestatin (Ozawa et al. 2007). These results suggest
that obestatin may be a post-translational by-product of
preproghrelin with no relevant physiological bioactivity.

Circulating human ghrelin is suppressed by food intake in
humans (Cummings et al. 2001, Shiiya et al. 2002); we therefore
compared the plasma obestatin with plasma ghrelin in response
to meal in normal subjects. The plasma des-acyl ghrelin
concentration significantly decreased after a meal, while the
plasma obestatin concentration did not change. Human plasma
obestatin concentration did not change even after intake of a
1550 kcal meal (Huda er al. 2008). Thus, obestatin secretion
does not appear to be influenced by dietary nutrients.
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Figure 3 Human plasma obestatin (O) and des-acyl ghrelin (@)
levels in a meal test in normal subjects. *P<0-05, **P<0-001
versus des-acyl ghrelin at 0 min; n=16.
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Figure 4 No effect on central or peripheral administration of obestatin on food intake. (A) Cumulative food intake in free-feeding rats in the
dark phase (n=6 per group) following i.c.v. administration of saline, rat obestatin (0-3, 3-0 nmol), human obestatin (3-0 nmol), or CART
(1 nmol). (B} Cumulative food intake in free-feeding mice in the dark phase (n=7 per group) following i.c.v. administration of saline, rat
obestatin (0-3 nmol), or CART {0-3 nmol). (C) Cumulative food intake in fasted rats in the light phase (n=6-8 per group) was measured
following i.c.v. administration of saline, rat obestatin (1 nmol), or CART (1 nmol). (D) Cumulative food intake in free-feeding mice in the dark
phase (n=5 per group) following i.p. administration of rat obestatin (125, 1000 nmol/kg). (E) Cumulative food intake in free-feeding mice in
the light phase (n=5 per group) following i.p. administration of rat ghrelin (40 nmol/kg) o administration of rat ghrelin (40 nmol/kg) plus rat

obestatin (125 nmol/kg). *P<0-01 versus saline controls.

The present study showed that a central or peripheral
administration of obestatin had no suppressive effects on food
intake in either rats or mice fed ad libitum. The administration
of obestatin at a very high dose (1000 nmol/kg, i.p.) did not
exert any suppressive effects in mice, in contrast to the original
report (Zhang et al. 2005). Similar negative findings using
1000 nmol/kg obestatin in mice were reported by other
groups (Gourcerol ef al. 2006, Holst et al. 2007, Nogueiras
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et al. 2007). The administration of obestatin to fasted rats
failed to suppress food intake in this study, also consistent with
recent repotts (Gourcerol ef al. 2006, de Smet et al. 2007). We
used a satiety peptide, CART, as a positive control in all our
feeding experiments. CART decreased food intake in rats and
mice, thus confirming our findings regarding obestatin,

The functional antagonism of obestatin against ghrelin was
assessed in this study by co-administration of obestatin and
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ghrelin. In contrast to the original report (Zhang e al. 2005),
the administration of obestatin did not antagonize ghrelin-
induced feeding. Our findings show that obestatin does not
function in feeding behavior as a satiety peptide. The
hypothalamic arcuate nucleus is critical for feeding regulation,
as it contains neuropeptide Y (NPY) and agouti-related
protein (AgRP) neurons, whose activation stimulates feeding,
and pro-opiomelanocortin (POMC) and CART neurons,
whose activation suppresses feeding (Schwartz et al. 2000).
Ghrelin administration activated NPY/AgRP neurons, as
demonstrated by enhanced c-fos expression on NPY and
AGRP neurons and their mRNA expression (Nakazato et al.
2001). Chronic i.c.v. administration of obestatin for 7 days did
not change mRNA expression of NPY, AGRP, POMC, or
CART (Nogueiras ef al. 2007). Taken together, these data
suggest that obestatin does not exert any effects on the
hypothalamic circuits that control energy balance.

Several groups, including ours, failed to reproduce
obestatin’s anorexigenic effect upon acute administration
(Gourcerol et al. 2006, Bassil et al. 2007, Gourcerol & Taché
2007, de Smet et al. 2007). Differences in experimental
conditions and species used in the original and the subsequent
negative reports do not appear to be involved. The
administration of obestatin by i.p., s.c., or i.c.v,, was equally
inefficient to influence food intake (Gourcerol & Taché 2007,
Holst et al. 2007, Nogueiras et al. 2007). Negative findings
were even obtained under testing conditions mimicking the
initial report, and use of different doses, spontaneous feeding
or fasting, and species (rat or mice; Gourcerol & Taché 2007,
Holst et al. 2007, Nogueiras et al. 2007). By contrast, the
administration of CART and ghrelin as control peptides in
our experiments under similar conditions resulted in either
suppression or stimulation of food intake respectively.
Investigation of human and rat/mouse obestatin, which
share 87% homology, under nocturnal fasting, 50% food
deprived conditions, and in the darkness and light phases, all
resulted in the same negative outcome (Gourcerol & Taché
2007, Holst et al. 2007, Nogueiras et al. 2007). These findings
further confirm that obestatin does not hold its promise so far
to regulate food intake in rodents.

In summary, the present study demonstrated that obestatin
immunoreactive molecules are present in the rat and human
gastric fundi at very low levels compared with ghrelin. In
addition, neither central nor peripheral administration of
obestatin suppressed food intake in freely fed or fasted
rodents, and obestatin did not antagonize ghrelin-induced
feeding. Thus, obestatin derived from preproghrelin may not
act as a biological active peptide, as initially reported, to
regulate acute feeding behavior in rodents.
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