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Abstract

Obestatin was identified in 2005 by Zhang and colleagues as a ghrelin-associated peptide, derived from post-
translational processing of the prepro-ghrelin gene. Initially, obestatin was reported to activate the G-protein-
coupled receptor GPR39 and to reduce food intake and gastric emptying. However, obestatin remains a
controversial peptide, as these findings have been questioned and its receptor is still a matter of debate, as
well as its effects on feeding behavior. Recently, interaction with the glucagon-like peptide 1 receptor has
been suggested, in line with obestatin positive effects on glucose and lipid metabolism. In addition, obestatin
displays a variety of cellular effects, by regulating metabolic cell functions, increasing cell survival and
proliferation, and inhibiting apoptosis and inflammation in different cell types. Finally, like ghrelin, obestatin
is produced in the gastrointestinal tract, including the pancreas and adipose tissue, and exerts both local
actions in peripheral tissues, and distant effects at the central level. Therefore, obestatin may indeed be
considered a hormone, although additional studies are required to clarify its physiopathological role and to

definitely identify its receptor.



Introduction

Ghrelin, a 28-amino acid octanoylated peptide, was isolated from the stomach as the endogenous ligand of
the type 1 growth hormone (GH) secretagogue receptor (GHS-R1a) [1]. Ghrelin acylation on serine 3, by
ghrelin O-acyltransferase (GOAT) is essential for receptor binding and for ghrelin endocrine activities,
including stimulation of GH release and food intake [2]. Des-acyl ghrelin, the major circulating form of
ghrelin, although unable to bind to GHS-R1a and devoid of GH-releasing activity, displays many peripheral
functions, which are either equal or opposed to those of acylated ghrelin, through binding to a yet unknown
receptor [3].

In 2005, Zhang and colleagues, on the basis of bioinformatic searches, identified obestatin, a 23 amino acid
amidated peptides encoded by the ghrelin precursor (preproghrelin) [4]. The term obestatin originated from
the Latin verb ‘obedere’, meaning ‘to devour’, and ‘statin’, denoting suppression. Indeed, obestatin was
initially claimed to behave as a physiological opponent of ghrelin, inhibiting either ghrelin orexigenic action
or the stimulatory effect on GH secretion [4]. Interestingly, ghrelin, as well as des-acyl ghrelin and obestatin,
have been shown to play a role in glucose and lipid homeostasis and, whereas ghrelin effects are mainly
diabetogenic, both des-acyl ghrelin and obestatin behave as antidiabetogenic peptides by positively
influencing glucose and lipid metabolism [5].

Obestatin was initially discovered as the cognate ligand for the orphan G protein-coupled receptor GPR39
[4,6]. However, these findings were later challenged by several independent groups, that were unable to
confirm that obestatin has agonist properties on GPR39 [5,7,8]. More recently, obestatin binding to the
glucagon-like peptide 1 receptor (GLP-1R) in pancreatic B-cells and adipocytes has been proposed, in line
with the effects of GLP-1 and its analogs in these cells [9,10]. Furthermore, different cell types have shown
specific binding sites for obestatin, suggesting biological responses of the peptide at different levels
[6,10,11]. At present, the identification of obestatin receptor is still an open issue, although the many existing
studies seem to exclude GPR39 from the possible candidates.

With regards to its distribution, obestatin, like ghrelin, was found to be mainly produced by the rat stomach
[4], in cells of rat and human gastric mucosa, as well as in gastric myenteric cholinergic neurons [12].
However, other studies found little or no immunoreactivity in the stomach [13,14], therefore additional
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studies will be required to confirm obestatin presence at the gastric level. Obestatin expression has been also
shown in the endocrine pancreas, adipose tissue, skeletal muscle, liver, lung, thyroid, mammary gland and
male reproductive system, suggesting autocrine/paracrine activities in peripheral tissues and organs
[5,10,12,15-19].

Like ghrelin, plasma obestatin is increased in anorexia nervosa and reduced in obesity; therefore, its levels
may reflect body adiposity and insulin resistance, and obestatin may be a good nutritional marker and a
potential target for the diagnosis and treatment of anorexia nervosa [20]. Furthermore and differently from
ghrelin, whose levels were found unchanged, plasma obestatin and autonomic function were increased in
orexin-deficient narcolepsy, suggesting a role for obestatin in the disrupted sleep-state control in narcolepsy
[21].

Serum obestatin also decreased with metabolic syndrome, and further decreased with TRIB3 Q84R
polymorphism, which has been associated with carotid atherosclerosis [22]. Therefore, it was proposed that
obestatin would exert protective effects against insulin resistance and carotid atherosclerosis. Obestatin, like
ghrelin, is expressed in human neuroendocrine tumors (NETs) and exerts antiproliferative effects in
neuroendocrine cell lines [16,23]. However, in healthy controls obestatin levels were reduced by food intake,
and no variation was observed in patients with pancreatic NETs [23]. Moreover, the ghrelin/obestatin ratio is
reduced in inflammatory bowel disease [24], chronic atrophic gastritis [25] and following Helicobacter
pylori eradication [26], suggesting obestatin involvement in the pathogenesis of these diseases.

With regard to its central activities, besides counteracting ghrelin effects on food intake and GH secretion,
obestatin was found to exert its own effects, by suppressing food-intake, slowing gastric emptying and
jejunal motility and reducing body weight gain in rodents [4,6,27]. Despite these findings, obestatin central
effects are still controversial, as studies in rats and mice also showed no inhibitory effect on food intake and
body weight gain, in both absence or presence of ghrelin [7,8]. In addition, obestatin inhibits thirst and
influences memory, anxiety, and sleep likely through indirect action on vagal neurons or by regulating
secretion of other hormones that may reach the target cells [28-30]. In peripheral cells and tissues, obestatin
promotes cell proliferation [10,31,32], prevents apoptosis, regulates cell function and differentiation, reduces

inflammation, promotes cardioprotection and myogenesis and regulates atherogenesis and immune cell



function [5,8-11,33-41]. These effects were found to either involve GPR39 [18,36], GLP-1R [9,10] or
specific but yet unknown receptors [11].

This is an overview of obestatin biological effects, particularly at the peripheral level and with major
attention on its metabolic functions. Whether obestatin may or not be considered a hormone, it is certainly a
biologically active peptide, showing unexpected effects which makes it appealing both from a scientific point

of view and as a possible therapeutic candidate in conditions such as metabolic dysfunctions.

Obestatin effects in adipocyte function

The role of obestatin in adipocyte function has been addressed by different groups and the findings, which in
most cases go in the same direction, have evidenced novel and unexpected biological effects of the peptide.
Indeed, obestatin plays a relevant role in adipocytes, regulating cell survival, adipogenesis, glucose and lipid
metabolism and adipokine release.

Obestatin was found to increase c-fos staining in adipocytes from mouse white adipose tissue, and to
increase c-fos protein expression in 3T3-L1 preadipocytes [6]. These effects involved activation of GPR39,
as demonstrated by binding studies and by lack of obestatin-induced c-fos upregulation in GPR39 null mice
[6]. In 3T3-L1 cells and human adipocytes, obestatin even increased extracellular signal-related kinase
(ERK1/2) and phosphatidylinositol 3-kinase (P13K)/Akt phosphorylation [6,9], in line with the survival and
metabolic effects observed in these cells, and the survival and proliferative effects in other cell types
[9,10,31,32,37]. Apart from GPR39, obestatin has demonstrated binding specificity in 3T3-L1 preadipocytes,
human subcutaneous (SC) preadipocytes and differentiated adipocytes [9]. Interestingly, obestatin binding is
displaced by the GLP-1R agonist Ex-4 and by the antagonist Ex-9, and prevented by small interfering RNA
(siRNA) against GLP-1R, suggesting possible interaction with GLP-1R [9]. Besides the debated role of
GPR39, additional studies in these and other cell types, are needed to clarify whether GLP-1R may be or not
a putative obestatin receptor [7].

With regard to adipogenic signaling, obestatin has been shown to increase the expression of key regulators of
adipogenesis, such as the CCAAT-enhancer-binding proteins (C-EBP) C/EBPa, C/EBPB, C/EBPS and
peroxisome proliferator-activated receptor gamma (PPARYy) [36]. The adipogenic role of obestatin was
further confirmed in vivo, in white adipose tissues of rats infused with obestatin and in obestatin-treated mice
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fed with either a low fat diet (LFD) or a high fat diet (HFD) [9,36]. Interestingly, obestatin also regulates
lipid metabolism by inhibiting lipolysis, as observed in 3T3-L1 and human SC and omental (OM) adipocytes
isolated from both lean and obese individuals, and from HFD-treated mice [9,37]. Moreover, AMP kinase
(AMPK) phosphorylation, whose increase has been associated with inhibition of lipolysis, was found
enhanced by obestatin in both 3T3-L1 and human adipocytes [9]. In vivo studies also showed that in rat,
plasma triglyceride levels were significantly reduced by a chronic 14-day treatment with a stable obestatin
analog, N-terminally PEGylated obestatin [42], suggestive of a possible role of obestatin in lipid
homeostasis. Furthermore, in cow WAT, obestatin infusion decreased the expression levels of ABCAL
(ATP-binding cassette Al), a key cholesterol transporter [43].

Besides lipid metabolism, obestatin also regulates glucose homeostasis in adipocytes. In fact, obestatin
promotes glucose uptake in both 3T3-L1 and human SC adipocytes, and induces the translocation of glucose
transporter GLUT4 [9,36]. The NAD-dependent deacetylase sirtuin 1 (SIRT1) [44], a positive regulator of
glucose transport and insulin signaling in adipocytes, was found involved in these effects as its down-
regulation, by means of specific small interfering RNA (siRNA), blocked obestatin-induced glucose uptake
in 3T3-L1 adipocytes [9]. PI3K/Akt plays a major role in insulin-stimulated glucose transport and GLUT4
translocation to the cell membrane, and obestatin was found to promote Akt phosphorylation in 3T3-L1 and
human SC adipocytes and to activate Akt downstream pathways such as GSK-3p, mTOR and S6K1 [9,36].
Akt activation was also shown in vivo, in fat, muscle and liver of obestatin-treated mice fed a HFD, and in
WAT of obestatin-infused rats [9,36]. In 3T3-L1 and human SC adipocytes, obestatin even increased the
secretion of adiponectin and inhibited that of leptin, which exert either positive or negative role on glucose
metabolism, respectively [9,45,46].

In vivo studies showed positive effects of obestatin in regulating glucose and lipid homeostasis. Indeed,
obestatin reduces insulin resistance and inflammation in mice fed a HFD, by improving glucose levels and
increasing both plasma and pancreatic insulin levels, likely because of its insulinotropic action [9].
Accordingly, obestatin was found to preserve islet area and to increase glucose-induced insulin secretion in
islets from mice fed with both LFD and HFD. Furthermore, obestatin counteracted the effect of HFD on
lipolysis, apoptosis and reduction of glucose uptake in epididymal fat. Interestingly, obestatin-treated mice
showed increased number of small, likely insulin-sensitive adipocytes in epididymal and particularly SC fat,
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as compared to untreated animals, suggesting WAT expansion and increased protection against diet-induced
insulin resistance [9]. In addition, and in agreement with the results obtained in cultured adipocytes, mice
treated with obestatin showed increased plasma adiponectin and reduced leptin levels, in both epididymal
and SC adipose tissue of HFD mice. In these mice, obestatin even reduced inflammation, an hallmark of
insulin resistance and diabetes, by inhibiting proinflammatory cytokine release in fat, muscle and liver,

through activation of signaling pathways involved in glucose metabolism and insulin signaling [9].

Obestatin and pancreatic functions

Obestatin expression has been demonstrated in the endocrine pancreas, where it colocalizes with ghrelin in
both fetal and adult human pancreas, suggesting that these hormones may act together as local regulators of
B-cell fate and function [10,15-17,47,48]. Obestatin is also secreted by pancreatic B-cell lines and human
pancreatic islets, and incubation of both INS-1E B-cells and human islets with an anti-obestatin antibody was
found to reduce cell viability, suggesting autocrine/paracrine survival effects of the peptide [10].

Obestatin has been shown to reduce apoptosis and to promote proliferation of &-cells and human pancreatic
islets cultured in either serum starved conditions or with inflammatory cytokines [10]. Indeed, identifying
molecules improving B-cell survival and function is of major importance for designing new therapeutic
strategies in diabetes, and for improving islet transplantation, which are both characterized by increased
inflammation and B-cell loss [49]. Obestatin survival effects in &-cells involved cAMP increase and
activation of survival pathways such as PI3K/Akt and extracellular signal-related kinase (ERK)1/2. In
addition, obestatin upregulated the expression of genes which play a key role in insulin signaling, glucose
homeostasis and &-cell survival and differentiation, such as insulin receptor substrate 2 (IRS-2), cCAMP
response element-binding protein (CREB), pancreatic and duodenal homeobox 1 (PDX-1) and glucokinase
[10]. Obestatin effects in &-cells and underlying signaling pathways were found to be very similar to those of
GLP-1; therefore, it was hypothesized that obestatin would interact with GLP-1R. In fact, obestatin-induced
survival in &-cells was lost in the presence of the GLP-1R antagonist exendin-9 and, besides recognizing
specific binding sites in a-cells, obestatin showed specific binding to GLP-1R and upregulated GLP-1R

mMRNA [10]. Apart from GLP-1R, obestatin also interacted with ghrelin and des-acyl ghrelin binding sites,



and obestatin survival effects in &-cells were blunted by the ghrelin receptor antagonist [D-Lys3]-GHRP-6,
suggesting cross-talk between the different ghrelin gene-derived peptides [10].

Obestatin, like ghrelin and des-acyl ghrelin, was shown to display antiapoptotic effects in human pancreatic
islet microendothelial cells (MECs) exposed to chronic hyperglycemia. These effects were similar to those
induced by the GLP-1R agonist exendin-4 (Ex-4); moreover, the signaling pathways involved were the same
as those elicited in pancreatic -cells [34]. On the basis of these findings, it was suggested that all the ghrelin
gene peptides may improve islet vascularization and, by consequence, islet cell function [34].

Obestatin ability to promote in vitro B-cell generation from mouse pancreatic islet-derived precursors has
been recently investigated [35]. In cultured mouse pancreatic islets, obestatin induced the generation of islet-
like cell clusters (ICCs), that showed increased insulin gene expression and C-peptide secretion, as compared
to untreated ICCs. This effect was likely due to obestatin-induced regulation of developmental pathways,
such as down-regulation of fibroblast growth factor receptors (FGFRs), modulation of Notch receptors and
induction of neurogenin 3 (Ngn3) [35]. These findings, together with its early expression in the developing
pancreas [50], suggest a role of obestatin in pancreas regeneration and formation and its potential implication
for cell-based replacement therapy in diabetes.

In newborn rats treated with streptozotocin (STZ), obestatin, like ghrelin and des-acyl ghrelin, reduced
diabetes at adult age, by preventing p-cell loss, reducing glucose levels and increasing insulin expression and
secretion in pancreatic islets [33]. Obestatin has been also shown to inhibit the development of cerulein-
induced pancreatitis in rats, by reducing pancreatitis-evoked activity of digestive enzymes, improving
pancreatic blood flow and decreasing serum levels of proinflammatory interleukin-1p [41]. Moreover,
intravenous administration of obestatin stimulates pancreatic protein output in anaesthetized rats, via a
cholecystokinin- and vagal-dependent mechanism [39, 40].

The role of obestatin on insulin secretion is still controversial, as both stimulatory and inhibitory effects have
been described. Obestatin was found to inhibit insulin secretion even more effectively than ghrelin, to inhibit
somatostatin and pancreatic polypeptide (PP) secretion, and to stimulate glucagon secretion in isolated
mouse islets [51]. Obestatin was also shown to either inhibit insulin release in vivo in rats and in isolated rat
pancreatic islets [52], or to have no effect on glucose and insulin levels, in both basal or fasting conditions in
rats and mice [27]. Conversely, in perfused rat pancreas obestatin either potentiated or inhibited insulin
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secretion, when used at low or at high concentrations, respectively [53], and increased the stimulatory effects
of arginine and tolbutamide [53]. Obestatin-induced insulin release in response to glucose has been also
described in vitro, in p-cell lines and human pancreatic islets [10], as well as in vivo and in pancreatic islets
of mice fed with both LFD and HFD [9]. Obestatin insulinotropic action is further supported by studies
showing GLP-1R involvement in obestatin survival and metabolic effects in B-cells and adipocytes, as well

as obestatin ability to interact with GLP-1R [5,9,10].

Obestatin effects in cardiovascular system and skeletal muscle

Besides the effects on cell survival and glucose/lipid metabolism in the endocrine pancreas and adipocytes,
different groups have investigated the cardiovascular effects of obestatin and its role on myogenesis. In
humans, fasting plasma obestatin levels have been found to negatively correlate with systolic blood pressure
[54]; however, obestatin levels were increased in hypertensive rats [55]. Moreover, obestatin may have a role
in blood pressure regulation, as its concentrations have been shown to positively correlate with systemic
blood pressure in normal pregnant women and in those with pregnancy-induced hypertension [56].

In the isolated heart, the addition of rat obestatin before ischemia reduced infarct size and contractile
dysfunction in a concentration-dependent manner. Moreover, in rat H9c2 cardiac cells or isolated ventricular
myocytes subjected to ischemia/reperfusion, obestatin reduced cardiomyocyte apoptosis and reduced
caspase-3 activation [11]. Obestatin also preserved papillary muscle contractility, p-adrenergic response, as
well as Bl-adrenoreceptors and alpha-myosin heavy chain (a-MHC) levels in rat diabetic myocardial tissue
[39]. However, obestatin was also found unable to prevent arabinoside-induced apoptosis or to modify the
cell cycle or viability of HL-1 cardiomyocytes [57].

A role for obestatin/GPR39 has been also demonstrated in muscle regeneration, in which obestatin was
found to exert an autocrine function to control the myogenic differentiation program, through involvement of
GPR39 [18]. Obestatin infusion in rats also increased the expression of myogenic genes, further supporting

its role in muscle regeneration [18].

Conclusions
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Obestatin is still a debated peptide, particularly because of its controversial effects at the central level and the
yet unknown identity of the receptor involved in its activities. Although GLP-1R has been suggested as a
possible candidate receptor, this possibility needs to be sustained by additional studies, and the role of
GPR39 cannot be completely excluded. Notably, obestatin exerts survival effects in different cell types,
positively regulates glucose and lipid metabolism, reduces inflammation and promotes cardioprotection and
muscle regeneration. Obestatin secretion has been also demonstrated in different tissues and cells, where
autocrine/paracrine effects were demonstrated. Therefore, on these basis, obestatin may be considered a
hormone and hopefully, future studies and results will help to convince the more skeptical groups on the

potential biological and therapeutic importance of this peptide.
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Figure legends

Figure 1. Simplified representation of obestatin biological effects. Question marks indicate controversial
data. (GLP-1R, glucagon-like peptide-1 receptor; GPR39, G-protein-coupled receptor 39; CNS, central

nervous system; Gl, gastro-intestinal).
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