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Obestatin, a Peptide Encoded by
the Ghrelin Gene, Opposes
Ghrelin's Effects on Food Intake

Jian V. Zhang, Pei-Gen Ren, Orna Avsian-Kretchmer,
Ching-Wei Luo, Rami Rauch, Cynthia Klein, Aaron J. W. Hsueh*

Ghrelin, a circulating appetite-inducing hormone, is derived from a prohormone
by posttranslational processing. On the basis of the bioinformatic prediction that
another peptide also derived from proghrelin exists, we isolated a hormone from
rat stomach and named it obestatin—a contraction of obese, from the Latin
“obedere,” meaning to devour, and “statin,” denoting suppression. Contrary to
the appetite-stimulating effects of ghrelin, treatment of rats with obestatin sup-
pressed food intake, inhibited jejunal contraction, and decreased body-weight
gain. Obestatin bound to the orphan G protein—coupled receptor GPR39. Thus,
two peptide hormones with opposing action in weight regulation are derived
from the same ghrelin gene. After differential modification, these hormones

activate distinct receptors.

The increasing prevalence of obesity is a glob-
al problem. Body weight is regulated in part by
peptide hormones produced in the brain or gut
or both (/). Earlier studies on synthetic and
peptidyl growth hormone (GH) secretagogues
(2—4) led to the identification of a specific G
protein—coupled receptor (GPCR), the GH
secretagogue receptor (GHSR) (5, 6), and sub-
sequently to the discovery of its endogenous
ligand, ghrelin (7), a gut-derived circulating
hormone that stimulates food intake (4, 8).
Human ghrelin, a 28—amino acid pep-
tide, is derived by posttranslational cleav-
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age from a prepropeptide of 117 residues.
On the basis of bioinformatic searches of
putative hormones derived from the pre-
propeptides of known peptide hormones,
we identified a ghrelin-associated peptide.
We searched GenBank for orthologs of the
human ghrelin gene and compared pre-
proghrelin sequences from 11 mammalian
species. In addition to the known ghrelin
mature peptide, which immediately follows
the signal peptide, we identified another
conserved region that was flanked by po-
tential convertase cleavage sites (fig. S1,
underlined). This region encodes a putative
23—amino acid peptide, with a flanking
conserved glycine residue at the C termi-
nus, suggesting that it might be amidated
(9). We named this ghrelin-associated pep-
tide obestatin.
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Characterization of endogenous
obestatin. To detect endogenous obestatin,
we prepared a synthetic obestatin peptide and
performed radioimmunoassays on rat-tissue ex-
tracts with obestatin-specific antibodies. As
shown in Fig. 1A, the stomach extract displaced
['25-obestatin binding to the obestatin antibodies.
Obestatin-like activities from stomach extracts
were purified. Immunoreactive (ir) obestatin was
eluted in a Sephadex G-50 gel permeation col-
umn (Amersham Biosciences, Piscataway,
NJ) with estimated sizes of 2.6 and 1.5 kilo-
daltons (kD), distinct from the elution position
of mature ghrelin (Fig. 1B). We subjected peak
1 (2.6 kD) fractions to ion-exchange fast protein
liquid chromatography (FPLC). A single peak
of ir obestatin was eluted (Fig. 1C) and shown
by mass spectrometry and Edman sequenc-
ing to contain a peptide with a molecular mass
of 2516.3 (Fig. 1D) and with a sequence of
FNAPFDVGIKLSGAQYQQHG-XX (/0). Com-
bined with molecular-weight determination, the
full sequence of the purified peptide was predicted
to be FNAPFDVGIKLSGAQYQQHGRAL-
NH,, consistent with the obestatin sequence de-
duced from rat ghrelin cDNA. In addition,
mass spectrometric analyses suggested that
peak 2 (1.5 kD) represented the last 13 resi-
dues of amidated obestatin, indicating further
processing.

To investigate differential secretion of
ghrelin and obestatin in vivo, we fasted adult
male rats for 48 hours before refeeding. Con-
sistent with earlier findings (/7), fasting led to a
major increase in serum ghrelin levels, whereas
subsequent refeeding for 2 hours by allow-
ing animals free access to food or drinking
water containing dextrose decreased circulat-
ing ghrelin (Fig. 1E). In contrast, serum levels
of obestatin determined by a radioimmunoassay
were constant in the different treatment groups.
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Fig. 1. Characteriza-
tion of endogenous
obestatin. (A) Competi-
tion of 12>-obestatin
binding to obestatin
antibodies by tissue
extracts. 1'>>-obestatin
was incubated with
obestatin antibodies
with or without differ-
ent dilutions of tissue
extracts and the obestatin
standard. pg, picograms
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levels of ghrelin and obestatin during fasting and refeeding. Adult male rats (n =
5 animals per group) were fasted for 2 days. After fasting, some animals were

Obestatin suppression of food in-
take and gastrointestinal functions. We
next synthesized amidated human obestatin
and tested its effect on food intake in adult
male mice. Intraperitoneal injection of
obestatin suppressed food intake in a time-
and dose-dependent manner (Fig. 2A).
Intracerebroventricular treatment with obe-
statin also decreased food intake (Fig. 2B),
similar to the anorexigenic effect of the
synthetic melanocortin agonists MTII (12).
In contrast, treatment with the nonami-
dated obestatin (NA-obestatin) was less ef-
fective. We also investigated the effect of
obestatin, ghrelin, or vehicle alone on body
weight in adult male rats. Treatment with
ghrelin (I pmol per kg body weight, three
times daily) increased body weight, where-
as the same dose of obestatin suppressed
body-weight gain (Fig. 2C). Serum leptin
levels were not affected after treatment with
either obestatin or ghrelin (fig. S2), sug-
gesting minimal modulation of body-fat
content. Furthermore, treatment with obe-
statin led to a sustained suppression of gas-
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tric emptying activity (Fig. 2D). In vitro,
isometric force measurement demonstrated
that obestatin treatment decreased the con-
tractile activity of jejunum muscle strips
and antagonized the stimulatory effect of
ghrelin (Fig. 2E) (/3). The observed inhi-
bition of jejunal contraction may trigger an
afferent vagus signal to induce a central
satiety response. Unlike ghrelin, obestatin
did not increase GH secretion by cultured rat
pituitary cells (fig. S3).

Obestatin is the cognate ligand for
GPR39. Experiments with crude plasma-
membrane preparation of rat jejunum re-
vealed that I'?5-obestatin bound to jejunal
preparations with a high affinity (disso-
ciation constant K, = 4 nM), and this bind-
ing was not competed by ghrelin, motilin,
neurotensin, or neuromedin U (fig. S4).
Furthermore, NA-obestatin and truncated
(des1-10)obestatin showed a lower binding
affinity than did obestatin. I'>>-obestatin also
bound to the pituitary, stomach, ileum, and
hypothalamus, but less so to other tissues
(fig. S4).
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Error bars are mean + SEM.

We hypothesized that obestatin inter-
acts with an orphan GPCR, and we tested
obestatin binding to Chinese hamster ovary
(CHO) cells transfected with ~30 individ-
ual orphan receptor cDNAs. I'25-obestatin
interacted with high affinity (K, = 1 nM)
to the orphan receptor GPR39, which be-
longs to the ghrelin receptor subfamily (Fig.
3A) (14, 15). I'>>-obestatin binding to GPR39
was competed by obestatin but not by ghrelin
or several other brain/gut hormones includ-
ing motilin, neurotensin, or neuromedin U
(Fig. 3B). In addition, NA-obestatin and
truncated (desl-10)obestatin had a lower
affinity for GPR39 than did obestatin. In
CHO cells overexpressing GPR39, treatment
with obestatin stimulated cyclic adenosine
monophosphate (cAMP) production, where-
as treatment with ghrelin or motilin was
ineffective (Fig. 3C). Consistent with the
reported activation of the serum response el-
ement (SRE) by constitutive active GPR39
(14), hormonal treatment of CHO cells co-
transfected with GPR39 and a SRE promoter-
luciferase construct led to obestatin but not
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Fig. 2. Regulation of gastrointestinal functions
by obestatin. (A) Suppression of cumulative food
intake after intraperitoneal treatment with
obestatin, NA-obestatin, and/or ghrelin. The
upper panel shows treatment with different
peptides at 1 pumol per kg body weight; the
lower panel shows dose response at 5 hours
after treatment. Mice injected with urocortin
served as positive controls. (B) Suppression of
cumulative food intake after intracerebroven-
tricular injection of obestatin. Peptides were
injected at 8 nmol per kg body weight. Mice
injected with MTII served as positive controls.
(C) Treatment with obestatin suppressed body-
weight gain. (D) Suppression of gastric emptying
activity by obestatin. The upper panel shows
treatment with different peptides at 1 pmol per
kg body weight; the lower panel shows dose-
response relationship at 2 hours after treatment.
(E) Treatment with obestatin suppressed the
contractile activity of jejunum muscle strips and
the stimulatory effect of ghrelin. Representative
tracing (upper panel) and percentage of maxi-
mal responses (lower panel) are shown. Asterisks
indicate P < 0.05 versus controls (C). Differences
between treatment groups were analyzed using
analysis of variance and Student’s t-test.

ghrelin or motilin signaling (Fig. 3D). Sim-
ilar stimulation of cAMP production and the
SRE promoter by obestatin was found when
GPR39 was overexpressed in HEK293T cells
(fig. S5). Although CHO cells expressing
GHSR did not respond to treatment with
obestatin or ghrelin, cotransfection with a
chimeric Gsq protein, which is capable of
switching Gg-mediated signaling to Gs pro-
teins (16), led to cAMP increases induced by
ghrelin but not obestatin (Fig. 3E). Likewise,
cells expressing the Gsq protein and the
motilin receptor responded to treatment with
motilin but not obestatin (Fig. 3F). Cross-
linking studies further demonstrated that
['25-obestatin bound to recombinant GPR39,
forming a high—-molecular-weight complex
(fig. S6). Real-time reverse-transcription poly-
merase chain reaction (RT-PCR) analyses
indicated that GPR39 is expressed in the
jejunum, duodenum, stomach, pituitary, ile-
um, liver, hypothalamus, and other tissues
(Fig. 3G), consistent with obestatin binding
studies.

Discussion. Ghrelin is implicated in
meal initiation and body-weight regulation.
Chronic ghrelin administration increases
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food intake and decreases energy expend-
iture, thus causing weight gain. In contrast to
ghrelin, which causes hyperphagia and obe-
sity in rats (/7), obestatin appears to act as
an anorexic hormone by decreasing food
intake, gastric emptying activities, jejunal
motility, and body-weight gain. Mutant
mice with a deletion of the ghrelin gene
did not show impaired growth or appetite
(6, 18), most likely because these animals
lacked both orexigenic ghrelin and ano-
rexic obestatin. Indeed, transgenic mice
bearing the preproghrelin gene under the
control of the chicken B-actin promoter
produced high levels of inactive des-acyl
ghrelin but exhibited lower body weights
(19), most likely due to excessive obestatin
biosynthesis.

The discovery of amidated obestatin
and its cognate receptor underscores the
power of comparative genomic analyses in
the postgenomic era. A peptide derived
from the 66 C-terminal amino acids of
proghrelin, named C-ghrelin, was detected
in human circulation, and its serum levels
were elevated in patients with heart failure
(20). Although the antibodies used to de-
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tect C-ghrelin overlap with obestatin by 13
residues, the exact chemical nature and
function of the circulating C-ghrelin remain
unclear.

Our finding that two peptide hormones
derived from the same proprotein act
through distinct receptors and exert op-
posing physiological actions highlights the
importance of posttranslational regulatory
mechanisms. Thus, monitoring of ghrelin
transcript levels does not accurately reflect
the secretion of these two polypeptides.
After removal of the signal peptides from
prepropeptides, convertases cleave prohor-
mones at mono- or dibasic residues (27). In
processed peptides with a C-terminal gly-
cine, the residue is further amidated (9).
Similar to the importance of posttransla-
tional amidation for obestatin bioactivity,
ghrelin also requires acylation on its serine-
3 residue for bioactivity (7).

Ghrelin binds to GHSR, which belongs
to the subgroup of type A GPCRs consist-
ing of GPR39 and receptors for ghrelin and
motilin (22). Our discovery that obestatin is
the cognate ligand for GPR39 suggests that
GHSR and GPR39 could have evolved from
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Fig. 3. Obestatin activates the orphan receptor
GPR39. (A) High-affinity binding of I'2>-obestatin
to CHO cells overexpressing GPR39. Saturation
and Scatchard plots are shown. (B) Hormonal
specificity of 1'25-obestatin binding to GPR39.
Peptides listed were tested separately. (C) Obe-
statin, but not ghrelin or motilin, stimulated cAMP
production. (D) Obestatin activation of the SRE-
luciferase reporter. (E) Ghrelin, but not obestatin,
stimulated cAMP production in cells transfected
with GHSR and the chimeric Gsq protein. (F)
Motilin, but not obestatin, stimulated cAMP
production in cells transfected with the motilin
receptor (MTR) and the chimeric Gsq protein. (G)
Real-time RT-PCR analyses of GPR39 transcript
levels in diverse tissues. Data are the mean + SEM
of triplicates.

Richards, Biochem. Biophys. Res. Commun. 310, 567

(2003).
21. N. G. Seidah, M. Chretien, Brain Res. 848, 45 (1999).
22. R. G. Smith et al., Horm. Res. 51 (suppl. 3), 1 (1999).
. T. M. Reyes et al., Proc. Natl. Acad. Sci. U.S.A. 98,
2843 (2001).
S. Y. Hsu, A. J. Hsueh, Nat. Med. 7, 605 (2001).
K. Lewis et al., Proc. Natl. Acad. Sci. U.S.A. 98, 7570
(2007).
A. J. van der Lely, M. Tschop, M. L. Heiman, E. Ghigo,
Endocr. Rev. 25, 426 (2004).
S. Gnanapavan et al., J. Clin. Endocrinol. Metab. 87,
2988 (2002).
We thank S. Y. Hsu for bioinformatic consultation;
the Protein and Nucleic Acid facility at Stanford
University for peptide sequencing; N. Shankley for
hormone name suggestion; and B. Kobilka, M. Poo,
and A. Payne for comments on the manuscript. This
work was supported by Johnson & Johnson Pharma-
ceutical Research and Development. Animal care was
consistent with Stanford University guidelines. The
GenBank accession number for human ghrelin is
NP_057446.

24,
25.

26.
27.

28.

Supporting Online Material
www.sciencemag.org/cgi/content/full/310/5750/996/
DC1

Materials and Methods

Figs. S1 to S6

References

11 July 2005; accepted 11 October 2005
10.1126/science. 1117255

11 NOVEMBER 2005

999



