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OBJECTIVE—Obestatin is a newly discovered peptide encoded
by the ghrelin gene whose biological functions are poorly under-
stood. We investigated obestatin effect on survival of �-cells and
human pancreatic islets and the underlying signaling pathways.

RESEARCH DESIGN AND METHODS—�-Cells and human
islets were used to assess obestatin effect on cell proliferation,
survival, apoptosis, intracellular signaling, and gene expression.

RESULTS—Obestatin showed specific binding on HIT-T15 and
INS-1E �-cells, bound to glucagon-like peptide-1 receptor (GLP-
1R), and recognized ghrelin binding sites. Obestatin exerted
proliferative, survival, and antiapoptotic effects under serum-
deprived conditions and interferon-�/tumor necrosis factor-�/
interleukin-1� treatment, particularly at pharmacological
concentrations. Ghrelin receptor antagonist [D-Lys3]-growth hor-
mone releasing peptide-6 and anti-ghrelin antibody prevented
obestatin-induced survival in �-cells and human islets. �-Cells
and islet cells released obestatin, and addition of anti-obestatin
antibody reduced their viability. Obestatin increased �-cell cAMP
and activated extracellular signal–related kinase 1/2 (ERK1/2)
and phosphatidylinositol 3-kinase (PI 3-kinase)/Akt; its antiapop-
totic effect was blocked by inhibition of adenylyl cyclase/cAMP/
protein kinase A (PKA), PI 3-kinase/Akt, and ERK1/2 signaling.
Moreover, obestatin upregulated GLP-1R mRNA and insulin
receptor substrate-2 (IRS-2) expression and phosphorylation.
The GLP-1R antagonist exendin-(9-39) reduced obestatin effect

on �-cell survival. In human islets, obestatin, whose immunore-
activity colocalized with that of ghrelin, promoted cell survival
and blocked cytokine-induced apoptosis through cAMP increase
and involvement of adenylyl cyclase/cAMP/PKA signaling. More-
over, obestatin 1) induced PI 3-kinase/Akt, ERK1/2, and also
cAMP response element–binding protein phosphorylation; 2)
stimulated insulin secretion and gene expression; and 3) upregu-
lated GLP-1R, IRS-2, pancreatic and duodenal homeobox-1, and
glucokinase mRNA.

CONCLUSIONS—These results indicate that obestatin pro-
motes �-cell and human islet cell survival and stimulates the
expression of main regulatory �-cell genes, identifying a new role
for this peptide within the endocrine pancreas. Diabetes 57:

967–979, 2008

O
bestatin is a 23–amino acid amidated peptide,
recently identified as a product of the ghrelin
gene (1). It was originally reported to be the
ligand for the orphan receptor G-protein–cou-

pled receptor 39 (GPR39); however, several groups were
unable to confirm that obestatin has agonist properties on
GPR39 or activates specific GPR39 signaling (2–6). There-
fore, to date, the receptor for obestatin remains unknown.

Obestatin has been reported to reduce food intake, body
weight gain, gastric emptying, and jejunal motility (1,7,8).
Moreover, it was found to counteract ghrelin stimulatory
effects on these end points (1,9) and to inhibit ghrelin-
induced growth hormone secretion in vivo (9) but not in
vitro (10), suggesting that it would serve as a physiological
opponent of ghrelin. However, a number of studies failed
to confirm obestatin anorexigenic effects (11–14), and
besides not being the cognate ligand for GPR39, its bio-
logical actions seem to be a controversial issue.

Obestatin has been reported to inhibit thirst and to
influence memory, anxiety, and sleep via central activities
(10,15,16). At the cellular level, it stimulates proliferation
of human retinal cells (17) but has no effect on murine
cardiomyocyte and condrocyte viability (18,19).

Recently, we have demonstrated that ghrelin, both acy-
lated or unacylated (UAG), stimulates proliferation and
prevents apoptosis of pancreatic �-cells and human islets
(20,21). In addition, ghrelin increased glucose-induced
�-cell insulin secretion, indicating a role in regulating
�-cell survival and function.

Decreased �-cell mass due to apoptosis is an important
hallmark of both type 1 and type 2 diabetes (22). Identifi-
cation of molecules that promote both �-cell survival and
insulin secretion and regulate pancreatic gene expression
would be important for understanding the pathophysiol-

From the 1Laboratory of Molecular and Cellular Endocrinology, Department
of Internal Medicine, University of Turin, Turin, Italy; the 2Division of
Endocrinology and Metabolism, Department of Internal Medicine, University
of Turin, Turin, Italy; the 3Department of Medicine, Transplant Unit, Scientific
Institute San Raffaele, Vita-Salute University, Milan, Italy; the 4Department of
Pharmaceutical Sciences, University of Salerno, Fisciano (Salerno), Italy; the
5Department of Anatomy, Pharmacology, and Forensic Medicine, University
of Turin, Turin, Italy; and the 6Department of Clinical and Biological Sciences
and San Luigi Hospital, University of Turin, Turin, Italy.

Address correspondence and reprint requests to Riccarda Granata, PhD,
Laboratory of Molecular and Cellular Endocrinology, Division of Endocrinol-
ogy and Metabolism, Department of Internal Medicine, University of Turin,
Corso Dogliotti, 14-10126 Turin, Italy. E-mail: riccarda.granata@unito.it.

Received for publication 15 August 2007 and accepted in revised form 13
December 2007.

Published ahead of print at http://diabetes.diabetesjournals.org on 9 Janu-
ary 2008. DOI: 10.2337/db07-1104.

BrdU, 5-bromo-2-deoxyuridine; CREB, cAMP response element–binding
protein; [D-Lys3]-GHRP-6, [D-Lys3]-growth hormone releasing peptide-6; EIA,
enzyme immunoassay; ERK, extracellular signal–related kinase; Ex-4, ex-
endin-4; Ex-9, exendin-(9-39); FBS, fetal bovine serum; GLP-1, glucagon-like
peptide-1; GLP-1R, glucagon-like peptide-1 receptor; GPR39, G-protein–cou-
pled receptor 39; GRLN-R, ghrelin receptor; IBMX, 3-isobutyl-1-methylxan-
thine; IL-1�, interleukin-1�; IFN-�, interferon-�; IRS-2, insulin receptor
substrate-2; KRBH, Krebs-Ringer bicarbonate HEPES buffer; MTT, 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide; PDX-1, pancreatic and
duodenal homeobox-1; PI 3-kinase, phosphatidylinositol 3-kinase; PKA, pro-
tein kinase A; RIA, radioimmunoassay; TNF-�, tumor necrosis factor-�; UAG,
unacylated ghrelin; TUNEL, TdT-mediated dUTP nick-end labeling.

© 2008 by the American Diabetes Association.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked “advertisement” in accordance

with 18 U.S.C. Section 1734 solely to indicate this fact.

ORIGINAL ARTICLE

DIABETES, VOL. 57, APRIL 2008 967



ogy of diabetes, leading to new therapeutic strategies
aimed at improving �-cell function and increasing the
amount of islets for islet transplantation (22,23).

Obestatin expression was found in fetal and neonatal rat
pancreas and stomach, and its immunoreactivity positively
correlated with insulin secretion, suggesting that pancre-
atic obestatin would contribute to �-cell function (24);
however, its effect on insulin secretion is controversial
(7,25). In all, obestatin actions within the endocrine pan-
creas are still largely unknown.

Given that it is encoded by the ghrelin gene, we sought
to investigate whether obestatin would display survival
effects in pancreatic �-cells and human islets. In addition,
we evaluated whether obestatin would influence the ex-
pression of the major genes that regulate �-cell differenti-
ation, survival, and function.

RESEARCH DESIGN AND METHODS

Reagents. [D-Lys3]-growth hormone releasing peptide-6 ([D-Lys3]-GHRP-6),
Exendin-4 (Ex-4), ghrelin, and obestatin rat and human polyclonal antibodies
were from Phoenix Pharmaceuticals (Belmont, CA). Acylated ghrelin, UAG,
and glucagon-like peptide-1 (GLP-1) were from NeoMPS (Strasbourg, France);
Exendin-(9-39) (Ex-9) from Bachem (Weil am Rhein, Germany). NF-449,
PD98059, MDL-12330A, Hoechst 33258, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyl tetrazolium bromide (MTT), and wortmannin were from Sigma-Aldrich
(Milano, Italy). Cytokines and anti-P-Src[pY318] antibody were from Biosource
(Invitrogen, S. Giuliano Milanese, Italy). KT-5720 was from Biomol Research
Laboratory (DBA, Milan, Italy). Cell culture reagents were from Invitrogen.
P–Extracellular signal–related kinase 1/2 (ERK1/2), P-Akt (Ser473), P–cAMP
response element–binding protein (P-CREB) (Ser133), and CREB antibodies
were from Cell Signaling Technology (Celbio, Milano, Italy). Total antibodies
were from Santa Cruz Biotechnology (DBA). Anti–phosphotyrosine-PY20 was
from BD Transduction Laboratories (Milano, Italy). Real-Time PCR reagents
were from Applied Biosystems (Monza, Italy).
Chemistry. Human amidated obestatin was synthesized on a solid phase,
using standard Fmoc/tBu chemistry, as previously described (26).
Cell culture. Hamster HIT-T15 insulin-secreting �-cells were obtained and
cultured as described previously (20,21). INS-1E rat �-cells were provided by
Prof. Claes B. Wollheim (University Medical Center, Geneva, Switzerland) and
cultured as described previously (20).
Human islet isolation. Human islets were obtained from pancreata of
multiorgan donors as described previously (20). Islet preparations with purity
�70%, not suitable for transplantation, were used after approval by the local
ethical committee. Islets (10,000) were cultured in CMRL (Invitrogen) with
10% fetal bovine serum (FBS) (20).
Receptor binding assay. Obestatin binding was assayed on HIT-T15 and
INS-1E cell membranes (30,000g pellet) using 125I-labeled obestatin. Human
obestatin (NeoMPS) was radioiodinated with activity of 1,800–2,100 Ci/mmol
(GE Healthcare, Milano, Italy). For saturation studies, 100 �g cell membranes
was incubated with 0.035–4 nmol/l 125I-obestatin, and data were analyzed as
previously described (20). Competition studies were performed by incubating
150 �g �-cell membranes with 1 nmol/l 125I-obestatin with or without human
ghrelin, porcine motilin, GLP-1, exendin-9, and D-[Lys3]-GHRP-6 (0.01 nmol/l-1
�mol/l) (NeoMPS), as previously described (20). Competition studies were
performed by incubating human islets (100 �g) with 1 nmol/l 125I-obestatin,
with or without 1 �mol/l unlabeled obestatin. Binding specificity was also
tested with 1 �mol/l acylated ghrelin, motilin, or GLP-1. GLP-1 and ghrelin
binding were assayed using 125I-labeled GLP-1 (GE Healthcare) and 125I-
labeled Tyr4–acylated ghrelin, respectively (20,27).
Cell proliferation. �-Cell proliferation was assessed by 5-bromo-2-deoxyuri-
dine (BrdU) incorporation ELISA (Roche), as described previously (20). Cells
were seeded on 96-well plates at 5 � 103 cells/well in serum-containing
medium until 60–70% confluence and serum-starved for 24 h (HIT-T15) or 12 h
(INS-1E) before 24-h treatments.
Cell survival. Cell survival was assessed by Trypan blue exclusion and MTT.
�-Cells were stained with Trypan blue dye (Sigma) (0.04% [w/v]). Viable
(unstained) and nonviable (blue stained) cells (300 cells/dish) were counted
on a hemocytometer by light microscopy in 10 random fields. MTT was
performed in serum-starved �-cells and islets that were seeded on 96-well
plates (5 � 103 cells/well, 25 islets/well, respectively), as previously described
(20).

Hoechst staining. Morphological changes in the nuclei of apoptotic cells
were detected by Hoechst 33258 as described previously (20). Five hundred
stained nuclei were double counted under a fluorescence microscope (DAPI
filter).
Caspase 3 activity. Caspase 3 activity was assessed by Caspase-3 Colori-
metric kit (Assay Designs, Bologna, Italy) in cell lysates, according to the
manufacturer’s instruction.
TdT-mediated dUTP nick-end labeling. Formalin-fixed human islet prepa-
rations were analyzed by double immunohistochemical staining with insulin
and TdT-mediated dUTP nick-end labeling (TUNEL), using the In Situ Cell
Death Detection kit POD (Roche Applied Science, Mannheim, Germany)
according to the manufacturer’s recommendations.
Hormone secretion. Obestatin, ghrelin, and GLP-1 secretion from �-cell or
human islet concentrated conditioned medium (�18-fold) was assessed using
rat Obestatin enzyme immunoassay (EIA) kit and human Obestatin radioim-
munoassay (RIA) kit, Ghrelin RIA kit, and GLP-1 EIA kit (Phoenix), respec-
tively, following the manufacturer’s instruction.
cAMP assays. Starved 8 � 105 INS-1E �-cells and 1 � 103 human islets were
seeded in 100-mm dishes. After incubations, in the presence of 100 �mol/l
3-isobutyl-1-methylxanthine (IBMX), cAMP was measured from lysates using
the Direct Cyclic AMP EIA kit (Assay Designs) according to the manufactur-
er’s instructions.
Insulin receptor substrate-2 immunoprecipitation. INS-1E cells were
scraped in ice-cold lysis buffer (Mammalian Cell Lysis kit; Sigma); 300 �g
proteins was incubated overnight at 4°C with insulin receptor substrate-2
(IRS-2) antibody (1:100 dilution), followed by binding to protein A-Sepharose
(Sigma-Aldrich). The pellet was resuspended in 40 �l Laemmli buffer and
proteins separated by 8% SDS-PAGE.
Western blotting. Forty micrograms of protein for P-ERK, P-Akt, P-Src, and
P-CREB were resolved in 12% SDS-PAGE. All proteins, including IRS-2
immunoprecipitates, were treated as described previously (20) and incubated
with the specific antibody (P-tyrosine for IRS-2) (1:500 for P-tyrosine; 1:1,000
for others). Blots were reprobed with antibodies against IRS-2, ERK1/2, Akt,
Src, and CREB for normalization. Immunoreactive proteins were visualized
using horseradish peroxidase–conjugated anti-mouse or anti-rabbit antibody
(1:3,000 and 1:1,000, respectively) by ECL (Perkin Elmer Life Sciences).
Real-time PCR. RNA isolation and reverse transcription from 3 �g RNA were
performed as described previously (20). Real-time PCR was conducted using
ABI-Prism 7300 (Applied Biosystems) in 25-�l volume containing 2 �l cDNA
under the conditions recommended by the supplier. The following TaqMan
Gene Expression Assays were used: rat GLP-1R (Rn00562406_m1), rat IRS-2
(Rn01482605_s1), human GLP-1R (Hs00157705_m1), human glucokinase
(Hs00277220_m1), human pancreatic and duodenal homeobox-1 (PDX-1)
(Hs00236830_m1), human insulin (Hs02741908_m1), human IRS-2
(Hs00275843_s1), and eukaryotic 18S rRNA (Hs99999901_s1). Results were
normalized to 18s rRNA, and relative quantification analysis was performed
with ABI Prism 7300 SDS software, using the comparative cycle threshold (Ct)
(2�		Ct) method. mRNA was expressed as fold induction over control
(vehicle).
Insulin secretion. Human islets (n 
 3) were incubated for 1 h at 37°C in
Krebs-Ringer bicarbonate HEPES buffer (KRBH) containing 0.5% BSA alone or
with 2 mmol/l glucose, either in absence or presence of 100 nmol/l obestatin.
The 2 mmol/l glucose pretreated islets were incubated for 1 h in KRBH/0.5%
BSA containing 2, 7.5, 15, or 25 mmol/l glucose, with or without 100 nmol/l
obestatin. Insulin secretion was assessed by a human RIA kit (DiaSorin,
Saluggia, Italy), according to the manufacturer’s instructions.
Immunohistochemical staining. Human pancreas fragments were obtained
from five surgical pancreatic resections for non-neoplastic conditions and
fixed in 4% buffered formalin. Fetal pancreas was from a spontaneous abortion
at the 15th week of gestation. Obestatin was localized by means of an
anti-human antibody (1/300; Phoenix Pharmaceuticals) preceded by antigen
retrieval using a biotin-free system (EnVision-HRP; DakoCytomation,
Glostrup, Denmark) and diaminobenzidine as chromogen. For double immu-
nohistochemical procedure, obestatin was first visualized using aminoethyl-
carbazole as a red chromogen (Dako AEC Substrate-Chromogen System), and
subsequently, the slides were incubated with ghrelin (polyclonal, 1/400;
Phoenix), somatostatin (polyclonal, 1/800; Dako), glucagon (polyclonal; predi-
luted; Dako), or insulin (monoclonal HB125, 1/200; Biogenex) antibodies,
followed by immunoalkaline phosphatase (Envision-AP; Dako) incubation
with Vector blue alkaline phosphatase substrate kit III (Vector Laboratories)
as chromogen.
Statistical analysis. Results are expressed as means � SE. Statistical
analyses were performed using Student’s t test or one-way ANOVA. Signifi-
cance was established when P � 0.05.
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FIG. 1. Obestatin binding analysis in HIT-T15 and INS-1E pancreatic �-cell lines. A: Representative saturation isotherms of 125I-obestatin specific
binding to HIT-T15 and INS-1E membranes. B: Scatchard analysis of the saturation binding curves to calculate the maximum binding capacity
(Bmax) and the dissociation constant (Kd) values. C and D: Competition for 125I-obestatin to HIT-T15 (C) and INS-1E (D) cell membranes by the
indicated competitors. E and F: Competition for 125I–GLP-1 (E) and 125I-Tyr4–acylated ghrelin (AG) (F) to HIT-T15 cell membranes by the
indicated competitors. Data represent the means � SE of three independent experiments.
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RESULTS

Obestatin binding on HIT-T15 and INS-1E �-cells.
HIT-T15 cells showed saturable specific obestatin binding
(Fig. 1A), with maximum affinity at 2 nmol/l, consistent
with obestatin physiological circulating levels (600–800
pg/ml) (7). Scatchard analysis (Fig. 1B) and Hill equation,
with a slope close to 1, suggested the existence of a single
class of binding sites (Kd 0.32 � 0.03 nmol/l; Bmax 11.8 �
0.6 fmol/mg protein) (n 
 4). Similar results were found in
INS-1E cells (Kd 0.35 � 0.03 nmol/l; Bmax 7.8 � 0.5 fmol/mg
protein) (n 
 4) (Fig. 1A and B).

Unlabeled obestatin dose dependently competed with
125I-obestatin for HIT-T15 binding sites (Fig. 1C). Obestatin
concentrations for inhibiting radiotracer binding by 50%
(IC50) were 2.2 � 0.3 nmol/l (n 
 3). Similar results were
observed in INS-1E cells (Fig. 1D) (IC50 1.9 � 0.2 nmol/l)
(n 
 3). 125I-obestatin binding to HIT-T15 (Fig. 1C) or
INS-1E (Fig. 1D) cells was specific and slightly inhibited by
motilin (5–6%), GLP-1 (7–11%), acylated ghrelin (18–22%),
[D-Lys3]-GHRP-6 (18–22%), and Ex-9 (25–30%) at the max-
imal concentration tested.

Next, we evaluated the ability of obestatin to inhibit
125I–GLP-1 and 125I-Tyr4–acylated ghrelin binding to �-cell
membranes. 125I–GLP-1 binding to HIT-T15 membranes
was dose dependently inhibited by unlabeled GLP-1 and
Ex-9 and, although with lower affinity, by obestatin (Fig.
1E) (IC50 [n 
 3] for GLP-1, 0.85 � 0.09 nmol/l; for Ex-9,
0.67 � 0.07 nmol/l; and for obestatin, 8.8 � 1.5 nmol/l).
Obestatin (10 nmol/l to 1 �mol/l), although less than
acylated ghrelin, UAG, or [D-Lys3]-GHRP-6, dose depen-
dently inhibited 125I-Tyr4–acylated ghrelin binding on HIT-
T15 cells (Fig. 1F) (IC50 [n 
 3] for acylated ghrelin, 2.8 �
0.2 nmol/l; for UAG, 3.9 � 0.5; for [D-Lys3]-GHRP-6, 7.3 �
0.5 nmol/l; and for obestatin, 75.0 � 7.5 nmol/l. Similar
results were obtained on INS-1E cells (data not shown).
These findings indicate that obestatin, besides recognizing
specific binding sites in �-cells, interacts with GLP-1R and
acylated ghrelin/UAG binding sites.
Obestatin promotes �-cell proliferation and survival.
Cell proliferation and survival were assessed in HIT-T15
and INS-1E �-cells incubated with obestatin (1–500 nmol/l)
in serum-deprived medium, either alone or with interfer-
on-� (IFN-�)/tumor necrosis factor-� (TNF-�)/interleu-
kin-1� (IL-1�), whose synergism is involved �-cell death in
both type 1 and type 2 diabetes (28). BrdU and Trypan blue
results showed that obestatin promoted cell proliferation
(Fig. 2A and C) and survival (Fig. 2B and D), respectively.
These effects were significant at 1 and 10 nmol/l and main-
tained at the highest concentrations (100–500 nmol/l),
although reduced for cell proliferation. Similar results were
obtained by performing MTT assays (data not shown).

Next, obestatin survival action was determined with
respect to that of ghrelin, which exerts similar effects (20).
Differently from HIT-T15, INS-1E cells express the ghrelin
receptor (GRLN-R) or growth hormone secretagogue re-
ceptor 1a (29–32). As expected, INS-1E cell viability
(assessed by MTT) in serum-free medium but not under

cytokine synergism was reduced by blockade of the
GRLN-R with its antagonist [D-Lys3]-GHRP-6 and, consis-
tently, by immunoneutralization of endogenous ghrelin
with anti-ghrelin antibody, which recognizes both acylated
ghrelin and UAG. Either [D-Lys3]-GHRP-6 or anti-ghrelin
antibody blocked obestatin-induced cell survival in both
experimental conditions (Fig. 2E and F). Similarly to
HIT-T15 cells (20), ghrelin was released by INS-1E cells
and its secretion was reduced by serum starvation and
cytokines (data not shown).

Obestatin secretion in INS-1E cell medium (39.4 ng/ml)
was reduced by serum starvation (21.5 ng/ml) and cyto-
kines (14 ng/ml) (Fig. 2G), consistent with increased �-cell
death. Anti-obestatin antibody decreased cell survival in
all conditions except under cytokine treatment, where cell
viability was likely too low to be further reduced (Fig. 2H).
Similar results were obtained in HIT-T15 �-cells (data not
shown).

These results indicate that exogenous obestatin pro-
motes �-cell proliferation and survival and suggest that
endogenous obestatin exerts similar effects. Furthermore,
ghrelin, at least partly through GRLN-R, is involved in
obestatin-induced �-cell survival.
Obestatin prevents �-cell apoptosis. HIT-T15 and
INS-1E cells were cultured for 24 h in serum-free medium
alone or with IFN-�/TNF-�/IL-1�. In both cell lines, apo-
ptosis, assessed by Hoechst staining of apoptotic nuclei
and by caspase 3 activation, increased under serum star-
vation and even more in the presence of cytokines.
Obestatin, at 100 nmol/l, reduced apoptosis in both exper-
imental conditions (Fig. 3A–E). This effect was dose
dependent, with 1 nmol/l being the lowest significant
concentration (data not shown), in agreement with the
previous results on �-cell proliferation and survival.
Obestatin antiapoptotic effect in �-cells involves ad-

enylyl cyclase/cAMP/protein kinase A, phosphatidyl-

inositol 3-kinase/Akt, and ERK1/2. Intracellular cAMP
levels, investigated in INS-1E cells in response to obesta-
tin, increased after 5–30 min and decreased thereafter,
although being significantly above control (Fig. 3F).
NF449, a specific antagonist of the G�s protein (33), whose
engagement results in adenylyl cyclase activation and
cAMP production (34), blocked obestatin antiapoptotic
effect in serum-starved and cytokine-treated cells. Similar
results were obtained by inhibiting adenylyl cyclase and
protein kinase A (PKA) with MDL12330A and KT5720,
respectively (20) (Fig. 3G).

Obestatin rapidly promoted ERK1/2 and Akt phosphor-
ylation but had no effect on Src kinase, which has been
associated with Ca2
-dependent insulin secretion in
INS-1E cells (35) (Fig. 3H). Consistently, ERK1/2 and Akt
and inhibitors (PD98059 and wortmannin, respectively),
but not the Src inhibitor PP2 (20,35), blocked obestatin
effect against both serum starvation– and cytokine-in-
duced apoptosis (Fig. 3I). These findings suggest that
obestatin prevents �-cell apoptosis through adenylyl cy-

experiments (n � 5) (**P < 0.01 vs. SF; ##P < 0.01 vs. CK alone). E and F: Cell survival (MTT) of INS-1E cells cultured for 24 h in serum-free
medium (SF) alone (E) or with cytokines (F) in the presence or absence of obestatin (100 nmol/l), with or without either 0.5 �mol/l
[D-Lys3]-GHRP-6 or 10 �g/ml anti-ghrelin antibody (�-ghrelin), which were added to cell culture medium 30 min before obestatin. Results are
expressed as percentage of control (SF for E; CK for F) and are the means � SE of eight replicates (n � 3) (*P < 0.05, **P < 0.01 vs. SF (E)
or CK (F); #P < 0.01 vs. CK in both graphs; ns, not significant). G: Obestatin secretion in INS-1E conditioned medium cultured for 24 h in either
the presence of serum (10% FCS) or in serum-free medium (SF) � cytokines (CK). Results are the means � SE of three independent experiments,
each performed in quadruplicate (**P < 0.01). H: INS-1E cell survival (by MTT) assessed after 24 h in INS-1E cultured in serum-containing
medium (FBS) or in serum-free (SF) medium alone or with cytokines (CK), either in presence or absence of an anti-obestatin antibody (�-ob Ab),
at the concentrations indicated. Results are expressed as the percentage of control. *P < 0.05, **P < 0.01 vs. 0 �g/ml �-ob Ab at each condition.
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FIG. 3. Obestatin inhibits �-cell apoptosis induced by serum starvation and cytokine synergism. HIT-T15 and INS-1E cells were cultured in the
presence of serum or in serum-free medium (SF) for 24 or 12 h respectively and then incubated in serum-deprived medium for 24 h further with either
100 nmol/l obestatin or cytokines (CK) (100 ng/ml IFN-�, 200 ng/ml TNF-�, and 10 ng/ml IL-1� for HIT-T15 cells; 50 ng/ml IFN-�,100 ng/ml TNF-�,
and 5 ng/ml IL-1� for INS-1E cells). A: Hoechst 33258 nuclear immunofluorescence staining (original magnification �100) of INS-1E cells cultured
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clase/cAMP/PKA, phosphatidylinositol 3-kinase (PI 3-ki-
nase)/Akt, and ERK1/2.
Obestatin-induced �-cell survival involves GLP-1R.
GLP-1R signaling, activated by GLP-1 and by agonists such
as Ex-4, promotes �-cell growth and survival and insulin
secretion (34,36,37).

Real-time PCR results showed that in INS-1E cells,
obestatin increased GLP-1R transcript over twofold, after
24-h incubation, whereas Ex-4 had no effect (Fig. 4A).
Ex-9, a specific GLP-1R antagonist (27), besides inhibiting
Ex-4 survival action as expected, prevented obestatin-
induced cell survival in either serum-starved or cytokine-
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FIG. 4. Obestatin effects in INS-1E �-cells involve GLP-1R and IRS-2. A: GLP-1R mRNA expression, assessed by real-time PCR, in cells cultured
in serum-free medium for 24 h in the presence or absence of 100 nmol/l Ex-4 or 100 nmol/l obestatin. Data are expressed as fold increase over
untreated cells (vehicle) and are normalized to 18S rRNA transcript level. Results are the means � SE of three independent experiments (**P <
0.01 vs. vehicle; ns, not significant). B: Cell survival (MTT) of INS-1E cells cultured for 24 h in the presence of serum or in serum-free medium
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(ob). Data are expressed as percentage of control (c) and are means � SE of eight replicates (n � 3) (**P < 0.01). C: IRS-2 mRNA assessed by
real-time PCR in INS-1E cells cultured for 24 h in serum-deprived medium with either 100 nmol/l Ex-4 or 100 nmol/l obestatin. Results, normalized
to 18S rRNA transcript level, are expressed as fold increase over untreated cells (vehicle) and are the means � SE of three independent
experiments (**P < 0.01 vs. vehicle). D: IRS-2 phosphorylation measured by specific immunoblotting in IRS-2 immunoprecipitates from INS-1E
cells treated with 100 nmol/l obestatin for the indicated times (top panel). Equal protein loading was determined by reprobing with antibody to
IRS-2 (bottom panel). Shown is a representative blot from three independent experiments. Graph represents the densitometric analysis of
P-IRS-2 normalized to IRS-2 and reported as percent untreated (time 0). Results are means � SE from three experiments (**P < 0.01).

in serum-free medium either alone or in the presence of cytokines, with or without obestatin. Inset, cells cultured with serum; arrows, apoptotic
cells. B and D, Apoptosis measured by counting fragmented/condensed Hoechst-stained nuclei. Values are expressed as percentage of apoptotic
cells and are the means � SE of duplicate determinations (500 cells each, n � 3). **P < 0.01. C and E: Caspase 3 activation expressed as
percentage of control cells (c) in serum-free medium. Values are the means � SE of three independent experiments. *P < 0.05; **P < 0.01. F:
Obestatin-induced cAMP increase. Serum-starved INS-1E cells were cultured for the indicated times with 100 nmol/l obestatin, in the presence
of 100 �mol/l IBMX, which was added to the culture medium 30 min before stimulation. Results are the means � SE of three independent
experiments performed in triplicate (*P < 0.05, **P < 0.01 vs. basal time point). G: Apoptosis, assessed at 24 h by Hoechst 33258 staining, in
serum-starved or cytokine-treated INS-1E cells incubated with 10 �mol/l NF449, 100 nmol/l MDL12330A, or 5 �mol/l KT-5720 30 min before
addition of obestatin. **P < 0.01. H: ERK1/2, Akt, and Src phosphorylation evaluated by Western blot on whole lysates from INS-1E cells
stimulated with 100 nmol/l obestatin for the indicated times (top panels). Equal protein loading was determined by reprobing with antibodies to
the respective total proteins (bottom panels). Shown are representative blots from three independent experiments. Graphs represent the
densitometric analysis of phosphorylated proteins normalized to total proteins and reported as percentage of basal (*P < 0.05, **P < 0.01). I:
Apoptosis in INS-1E cells by Hoechst staining, in the presence of obestatin, with or without 40 �mol/l PD98059, 100 nmol/l wortmannin (WM),
or 10 �mol/l PP2. Data are the means � SE from three independent experiments (**P < 0.01; ns, not significant).
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treated cells (Fig. 4B). Obestatin and Ex-4 showed equal
effect on �-cell protection. Moreover, GLP-1 secretion by
INS-1E cells (�85 ng/ml) was not affected by obestatin
(data not shown). Consistent with the results showing
obestatin binding to GLP-1R, these findings suggest that
GLP-1R signaling is involved in obestatin survival effects.
Obestatin induces expression and activation of IRS-2
in �-cells. IRS-2 is essential for �-cell growth, function,
and survival and is involved in GLP-1R–mediated effects
through cAMP signaling (36–39).

By real-time PCR, we found that similarly to Ex-4,
obestatin induced IRS-2 mRNA increase (1.8-fold) after
24-h incubation in INS-1E cells (Fig. 4C). Furthermore,
immunoblot analysis showed that obestatin promoted
IRS-2 phosphorylation at 5 and 15 min and declined
toward basal level thereafter (Fig. 4D). These results
strengthen the hypothesis of common signaling pathways
for GLP-1R agonists and obestatin.
Obestatin binding and immunoreactivity in human
islets. Specific obestatin binding greater than in HIT-T15
�-cells was observed in human islets (19.2 fmol/mg) (data
not shown). Unlabeled obestatin, but not ghrelin, motilin,
or GLP-1, competed with 125I-obestatin for binding on islet
membranes (Fig. 5A).

Obestatin release by human islets was decreased by
serum starvation and by cytokine synergism (Fig. 5B).
Anti-obestatin antibody reduced islet cell viability in the
presence of serum and in serum-free conditions but not
after addition of cytokines (Fig. 5C). Consistent with �-cell
results, either [D-Lys3]-GHRP-6 or anti-ghrelin antibody
reduced obestatin-induced cell survival in all experimental
conditions (data not shown).

Obestatin protein was detected in cytoplasms of fetal
and adult pancreatic islets. Double immunohistochemical
staining evidenced that obestatin colocalized with ghrelin
in scattered cells located at the periphery of the islets,
likely in the so-called ghrelin-producing ε-cells (40). Nei-
ther somatostatin, glucagon, nor insulin colocalized with
obestatin, indicating that �-, �-, and �-cells, respectively,
do not produce obestatin (Fig. 5D).
Obestatin promotes human islet cell survival through
adenylyl cyclase/cAMP/PKA signaling and activation
of PI 3-kinase/Akt, ERK1/2, and CREB. Hoechst stain-
ing of islet cells exposed to either serum starvation or
IFN-�/TNF-�/IL-1� showed reduced cell density and in-
creased apoptosis, particularly in the presence of cyto-
kines. Obestatin strongly enhanced islet cell mass and
reduced the number of apoptotic nuclei (Fig. 6A). Further-
more, it increased cell survival and counteracted caspase
3 activation (Fig. 6B and C).

cAMP levels were increased by obestatin at 5 min and
decreased thereafter (Fig. 6D). Obestatin protection
against serum starvation– and cytokine-induced cell death
was prevented by blockade of adenylyl cyclase and PKA
with MDL12330A and KT5720, respectively, but not by the
Src inhibitor PP2 (Fig. 6E). Obestatin promoted ERK1/2
and Akt phosphorylation at 5 min, decreasing thereafter
and being maintained up to 60 min, respectively (Fig. 6F
and G).

Next, we investigated whether obestatin activated
CREB, which plays an important role in �-cell survival and
function (38,41). Obestatin-induced CREB phosphoryla-
tion peaked at 5 min, consistent with maximum cAMP
induction and ERK activation (Fig. 6H). Moreover, differ-
ently from �-cells, in human islets, obestatin decreased Src
phosphorylation (Fig. 6I). Obestatin antiapoptotic effect

was also demonstrated in human islet primary �-cells by
counting double-stained insulin- and TUNEL-positive cells
(Fig. 7A and B).

These findings demonstrate that in human islets, obesta-
tin promotes cell survival and prevents apoptosis through
mechanisms involving adenylyl cyclase/cAMP/PKA signal-
ing and activation of ERK1/2, PI 3-kinase/Akt, and CREB.
Obestatin promotes insulin secretion and gene ex-
pression in human islets. Based on the results showing
obestatin binding to GLP-1R and the similar actions dis-
played by obestatin and GLP-1R agonists, we investigated
obestatin effect on human islet insulin secretion. Obestatin
increased insulin secretion in both absence and presence
of glucose (2–25 mmol/l) (Fig. 7C). Moreover, insulin
mRNA was increased by obestatin at 24 h (Fig. 7D),
decreasing thereafter (data not shown). These results
indicate that obestatin promotes insulin release and syn-
thesis in human islets.
Obestatin stimulates GLP-1R, IRS-2, PDX-1, and glu-
cokinase mRNA in human islets. In keeping with �-cell
findings, real-time PCR results showed that in human
islets, obestatin induced both GLP-1R and IRS-2 mRNA at
24 h (1.8- and 1.6- fold, respectively) (Fig. 8A and B).

The transcription factor PDX-1 is essential for pancre-
atic development, maintenance of �-cell mass, and insulin
transcription (37,42,43). Glucokinase, a glucose sensor for
insulin secretion, regulates �-cell mass and function
(44,45). Real-time PCR experiments demonstrated that
obestatin increased PDX-1 and glucokinase mRNA (more
than three- and twofold, respectively) (Fig. 8C and D).
These findings indicate that obestatin promotes expres-
sion of genes that are essential for �-cell function, survival,
and glucose sensing.

DISCUSSION

This study shows that obestatin promotes survival of
�-cells and human pancreatic islets. Moreover, obestatin
activates signaling pathways and induces expression of
genes that regulate �-cell growth, differentiation, insulin
biosynthesis, and glucose metabolism.

�-Cell loss, partially caused by inflammatory cytokines,
is well known in type 1 diabetes (22), and autopsy studies
demonstrated reduced �-cell mass in humans with type 2
diabetes (46). One way to preserve �-cell viability and
function is to reduce apoptosis. Here, we show that
obestatin potently stimulated proliferation, increased cell
survival, and reduced apoptosis in �-cells and human islets
cultured in either absence of serum or presence of cyto-
kines, both conditions known to induce apoptosis (20,22,
27,28,47). Obestatin antiapoptotic effect was confirmed by
reduced activation of caspase 3, a major mediator of
apoptosis (48), and was also demonstrated in human islet
�-cells.

Although its receptor is unknown, obestatin recognized
high-affinity binding sites on �-cell and islet cell mem-
branes; moreover, although with low affinity, it interacted
with acylated ghrelin and UAG binding sites, suggesting a
functional interplay between obestatin and ghrelin. This
assumption is sustained by evidence that [D-Lys3]-GHRP-6
reduced obestatin survival action, likely by preventing
obestatin binding to GRLN-R or/and by reducing the
autocrine/paracrine effect of endogenous acylated ghrelin,
as previously reported (20). Consistently, anti-ghrelin an-
tibody reduced obestatin survival effect, possibly by se-
questering endogenous ghrelin released from �-cells and
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human islets. Moreover, like ghrelin, obestatin is secreted
by �-cells and human islets and anti-obestatin antibody
reduced �-cell and islet-cell survival in both presence and
absence of serum but not under cytokine synergism,
where cell death was increased and obestatin secretion
reduced. These results suggest that obestatin promotes
survival either directly, through a specific receptor, or
indirectly, by engagement of the ghrelin system. Further-
more, together with ghrelin, endogenous obestatin would
regulate cell survival via autocrine/paracrine mechanisms.

At variance with pancreatic islets, comprising cell types
with specific function and expression profile, INS-1E are
tumor �-cells expressing multiple hormones (insulin, gh-
relin, and obestatin), as demonstrated by our findings.

In human islets, obestatin, besides being strongly ex-
pressed in fetal and adult pancreas, colocalized with
ghrelin, likely in ε-cells (40), but neither with insulin nor
with somatostatin or glucagon. Obestatin and ghrelin
coexpression in ε-cells, suggest that these hormones,
products of the same gene, act in concert as local regula-
tors of �-cell fate and function.

cAMP, a main regulator of �-cell growth and survival,
promotes insulin secretion and expression of numerous
�-cell genes (34,37,38,41). Obestatin upregulated �-cell
and human islet cAMP; moreover, adenylyl cyclase and
PKA inhibitors prevented obestatin antiapoptotic action,
which was also blocked by a G�s antagonist, strongly
suggesting the involvement of a GPCR. Consistently,
obestatin was previously shown to increase cAMP in
different cells, although via GPR39, the recently denied
obestatin receptor (1,5).

Cross-talk between cAMP/PKA and ERK1/2 has been
reported in �-cells (49). ERK1/2 has been shown to control
phosphorylation and protein level of CREB (41), which is
required in glucose homeostasis and �-cell survival by
regulating IRS-2 expression (38). Obestatin stimulated
ERK1/2 phosphorylation in both �-cells and human islets
and increased islet CREB phosphorylation on serine 133,
the site initiating gene transcription (38).

Obestatin also stimulated Akt phosphorylation. PI 3-ki-
nase/Akt regulates �-cell growth, survival, and metabo-
lism; furthermore, Akt is a downstream target of IRS-2
which, via cAMP controls �-cell fate and function (36–
38,50). Obestatin antiapoptotic effect was blocked by both
ERK1/2 and PI 3-kinase/Akt inhibitors, consistent with
studies showing ERK1/2 and PI 3-kinase/Akt involvement
in obestatin-induced retinal cell proliferation (17). Inter-
estingly, in human islets obestatin decreased the phos-
phorylation of Src, whose expression in INS-1E �-cells has
been related with its inhibitory role on Ca2
-dependent
insulin secretion (35).

GLP-1 and GLP-1R agonists stimulate insulin secretion,
decrease plasma glucose in type 2 diabetes and promote
�-cell growth and survival through cAMP/PKA, ERK1/2,
and PI 3-kinase/Akt (36–38,43). Obestatin upregulated
GLP-1R mRNA; furthermore, besides blocking Ex-4 effect,
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FIG. 5. Binding studies and obestatin secretion and immunoreactivity
in human pancreatic islets. A: Competition for 125I-obestatin in human
islet membranes by a single concentration of the indicated competi-
tors. Binding assay was performed by incubating a fixed amount of
membrane protein (100 �g/tube) with 1 nmol/l 125I-obestatin alone
(control) or with 1 �mol/l indicated competitors. Data are the means �
SE from three independent experiments (**P < 0.01 vs. control). B:
Obestatin secretion from human islets cultured for 72 h in the presence
of serum (10% FBS) or in serum-starved medium, either alone or with
cytokines. Results are the means � SE of three independent experi-
ments, each performed in quadruplicate (**P < 0.01). C: Islet cell
survival assessed by MTT after 72-h incubation in serum-containing
medium (FBS) or in serum-free medium (SF) alone or with cytokines
(CK) and either absence or presence of anti-obestatin antibody (�-ob
Ab), at the concentrations indicated. Results are expressed as the
percentage of control and are means � SE of three independent
experiments (*P < 0.05, **P < 0.01 vs. 0 �g/ml �-ob Ab at each
condition). D: Obestatin protein localization in the human pancreas.
Obestatin was detected in single cells of the fetal (a) and adult (b)
human pancreas. Double immunohistochemical procedure of the same
human pancreatic islet (c) for obestatin (left, red) and ghrelin (right,

blue; subsequent incubation in the same section) demonstrated colo-
calization of the two hormones in the same cell; by contrast, no
colocalization of obestatin (red) was found with somatostatin-produc-
ing (d), insulin-producing (e), and glucagon-producing (f) cells (all
visualized in blue). a and b: Obestatin, brown color, immunoperoxidase
with diaminobenzidine. c (left) to f: Obestatin, red color, immunoper-
oxidase with aminoethylcarbazole. c (right) to f: Ghrelin, somatosta-
tin, insulin, glucagon, respectively, all blue color, immunoalkaline
phosphatase with Vector blue alkaline phosphatase substrate kit III
(original magnifications �600 in a; �400 in b–f. Results are represen-
tative of at least three independent experiments.
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FIG. 6. Obestatin exerts survival and antiapoptotic effects in human islets. Islet cells were incubated for 72 h in the presence of serum or in
serum-free medium (control) either alone or with IFN-�/TNF-�/IL-1� (CK) (5 ng/ml each) and 100 nmol/l obestatin (ob). A: Hoechst 33258
nuclear immunofluorescence staining (magnification �200) of dispersed islet cells (using Acutase, Sigma). Inset, cells cultured with serum;
arrows, apoptotic cells. B: Cell viability assessed by MTT. Results are expressed as percentage of control and are means � SE of three
independent experiments (*P < 0.05, **P < 0.01). C: Apoptosis determined by caspase 3 activity (ELISA). Data are the means � SE of three
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Ex-9 reduced obestatin-induced survival. Obestatin, how-
ever, did not influence GLP-1 secretion, suggesting that its
survival action is not dependent on GLP-1. Together with
the results showing that obestatin binds to GLP-1R and
that its effects are similar to those of GLP-1R agonists,
these data indicate that obestatin survival action involves
GLP-1R signaling. Accordingly, similarly to Ex-4, obestatin
induced IRS-2 mRNA and increased IRS-2 phosphoryla-
tion, in agreement with data showing that Ex-4 promotes
IRS-2 expression and activation through cAMP/CREB-
mediated mechanisms (38). Obestatin even stimulated hu-
man islet insulin secretion and gene expression and
increased PDX-1 mRNA, which, besides being involved in

GLP-1R–mediated pathways, is essential for pancreatic de-
velopment and insulin transcription (37,42,43). Similarly,
obestatin upregulated glucokinase expression, a target of
PDX-1, an important glucose sensor for insulin secretion and
regulator of �-cell mass and function (44,45).

Although we showed obestatin-induced survival and
proliferation also at low concentrations, this study was
conducted using pharmacological rather than physiologi-
cal doses. Similarly, the beneficial effects of GLP-1 analogs
have been previously demonstrated using mainly pharma-
cological concentrations (37). Future studies will address
obestatin effects at more physiological levels.

In summary, we demonstrate that obestatin promotes
survival and prevents apoptosis in both �-cells and human
islets. Moreover, obestatin induces expression of genes
that regulate �-cell fate, insulin biosynthesis, and glucose
sensing. Obestatin actions involve multiple molecular
mechanisms, suggesting functional interplay with ghrelin
and GLP-1R signaling. Future studies will clarify whether
obestatin represents a new and promising peptide for
therapeutic strategies aimed at improving �-cell mass and
function.
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independent experiments (*P < 0.05, **P < 0.01). D: cAMP levels in serum-starved cells incubated, for the indicated times, with 100 nmol/l
obestatin in the presence of 100 �mol/l IBMX, which was added to the culture medium 30 min before stimulation. Results are the means � SE of
three independent experiments performed in triplicate. *P < 0.05, **P < 0.01. vs. basal time point; ns, not significant. E: Survival (MTT) of islet
cells cultured either alone or in the presence of cytokines, with or without obestatin (ob) and the inhibitors 100 nmol/l MDL12330A, 5 �mol/l
KT-5720, and 10 �mol/l PP2, which were added 30 min before obestatin. Data are means � SE from three independent experiments (*P < 0.05,
**P < 0.01). F–I: Phosphorylation of ERK1/2 (F), Akt (G), CREB on serine 133 (H), and Src (I) evaluated by Western blot on whole lysates from
human islet cells stimulated with 100 nmol/l obestatin for the indicated times (top panels). Equal protein loading was determined by reprobing
with antibodies to the respective total proteins (bottom panels). Shown are representative blots from three independent experiments. Graphs
represent the densitometric analysis of phosphorylated proteins normalized to total proteins and reported as percentage of basal (*P < 0.05,
**P < 0.01; ns, not significant).
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