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ABSTRACT

Proghrelin produces three proghrelin derived peptides (PGDP) known for their roles in
glucose homeostasis: acylated ghrelin (AG), unacylated ghrelin (UAG), and obestatin
(Ob). Only the receptor for AG, growth hormone secretagogue receptor la (GHS R1a), is
known, however there is evidence for additional receptors for AG, UAG and Ob. Our aim
was to determine the actions of PGDP on two beta cell lines, MIN6 and INS-1, which we
have shown to contain and lack GHS R1a respectively. PGDP increased proliferation in
INS-1 but not MING6 cells, measured by BrdU incorporation. AG decreased apopotosis in
both cell lines, measured by decreased levels of activated caspase 3. Insulin secretion
was investigated in INS-1 cells, where PGDP modulated insulin release in a glucose
dependent manner. Our results indicate that PGDP modulate beta cell mass in the
presence and absence of GHS R1a, and present a detailed anaylsis of insulin secretion in
INS-1 cells.
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CHAPTER 1 INTRODUCTION

1.1 GENERAL BACKGROUND

Ghrelin is a recently discovered peptide hormone, known for its stimulation of
growth hormone (GH) secretion and food intake (Kojima et al., 1999). The identity of
ghrelin was determined via reverse pharmacology (Kojima et al., 1999) following two
decades of research on the G protein coupled receptor, growth hormone secretagogue
receptor (GHS R1a) and a group of synthetic agonists, termed growth hormone
secretagogues (GHS) (Howard et al., 1996). As such, the first known physiological role
of ghrelin was the stimulation of GH release (Kojima et al., 1999). Shortly after ghrelin
was discovered as the endogenous ligand of GHS R1a, reports followed of a potent
ghrelin mediated stimulation of food intake in both rodents (Asakawa et al., 2001, Wren
et al., 2001b, Tschop, Smiley and Heiman, 2000) and humans (Wren et al., 2001a). It is
now clear that ghrelin is responsible for a diverse range of actions involved in the
regulation of metabolism and energy homeostasis (Hassouna, Zizzari and Tolle, 2010,
Kojima and Kangawa, 2008, Korbonits et al., 2004).

The concentration of endogenous ghrelin cycles with respect to feeding state;
circulating ghrelin levels are increased during fasting and drop in response to re-feeding
(Tschop, Smiley and Heiman, 2000, Guo et al., 2008). Ghrelin serum concentrations are
also affected by long-term energy states, with ghrelin serum concentrations being
decreased in obese individuals (Tschop et al., 2001, Erdmann et al., 2005) and increased
in anorexic individuals (Otto et al., 2001, Broglio et al., 2004a). Likewise, circulating
ghrelin is elevated in rodents undergoing chronic calorie restriction (Kinzig, Hargrave

and Tao, 2009, Yang et al., 2007) or consuming a low protein diet (Lee et al., 2002),



while rodents fed a high fat diet (HFD) have a decreased concentration of circulating
ghrelin (Lee et al., 2002). Furthermore, alterations in energy state are associated with
modified ghrelin responses; obese humans have a less drastic decrease in circulating
ghrelin after food intake as compared to normal weight individuals (Erdmann et al.,
2005), while anorexia is associated with dampened GH secretion in response to ghrelin
(Broglio et al., 2004a).

The actions of ghrelin however, extend beyond the stimulation of GH secretion
and food intake. Treatment of rodents with exogenous ghrelin not only increases food
intake (Wren et al., 2001b, Tschop, Smiley and Heiman, 2000, Currie et al., 2005,
Nakazato et al., 2001), but also increases gut motility (Asakawa et al., 2001, Depoortere
et al., 2008), alters adipocyte metabolism (Tschop, Smiley and Heiman, 2000, Theander-
Carrillo et al., 2006, Thompson et al., 2004) and enhances the proliferation of cells in
many tissues (Baldanzi et al., 2002, Camina et al., 2007, Granata et al., 2007, Chung et
al., 2007, Johansson et al., 2008, Nanzer et al., 2004, Sato et al., 2006).

Ghrelin is predominantly produced in the stomach (Kojima et al., 1999), however
other areas of the body contain ghrelin, albeit at much lower levels, including the small
intestine, pancreas, adrenal glands, testes, fallopian tubes, cardiac tissue, ovaries,
vasculature, kidney, liver, lung, adipose tissue, muscle, skin, spleen and thyroid gland
(Lee et al., 2002, Gronberg et al., 2008, Wierup et al., 2004, Morash et al., 2010). As
well, GHS R1a is found in a multitude of human and rat tissues including the
hypothalamus, hippocampus, pituitary, thyroid, spleen, myocardium, adrenal glands and

endocrine pancreas (Guan et al., 1997, Gnanapavan et al., 2002, McKee et al., 1997).



1.2 STRUCTURE AND PROCESSING OF PROGHRELIN

The ghrelin gene encodes a preproghrelin transcript that produces a preproghrelin
peptide. Processing of preproghrelin can yield three different peptide hormones
(proghrelin derived peptides (PGDP): 1) acylated ghrelin (AG), with an acyl modification
on the third amino acid residue, serine 3, 2) unacylated ghrelin (UAG), which lacks this
acyl modification, and 3) obestatin (Figure 1) (Asakawa et al., 2001, Hassouna, Zizzari
and Tolle, 2010, Zhang et al., 2005). AG and UAG are derived from the N terminus of
the proghrelin peptide. Ghrelin is cleaved from the proghrelin peptide by prohormone
convertase 1 (PC1), as evidenced by the lack of mature ghrelin in PC1 knock out (KO)
mice (Zhu et al., 2006). Furthermore, ghrelin positive cells in the stomach and pancreatic
islets co-localize with PC1, confirming that ghrelin and PC1 are localized in the same
cells (Zhu et al., 2006, Walia et al., 2008). Recently, other mechanisms of ghrelin
processing have been suggested from experiments on COS-7 cells transfected with
ghrelin in combination with various prohormone convertases. In addition to PC1,
prohormone converatase 2 (PC2) and furin were shown to be sufficient for proghrelin
processing, although the extent to which PC2 and furin contribute to proghrelin
processing in vivo is not currently clear (Takahashi et al., 2009).

The acylation of ghrelin represents a unique modification that is not found on any
currently known peptide hormone (Kojima et al., 1999). Ghrelin is acylated by the
recently discovered enzyme Ghrelin-O-Acyltransferase (GOAT) (Yang et al., 2008,
Gutierrez et al., 2008). The acylation of ghrelin seems to occur in the Golgi prior to

processing of proghrelin as indicated by reports that proghrelin is acylated prior to



Figure 1. Overview of proghrelin derived peptides (PGDP). Acylated ghrelin (AG),
unacylated ghrelin (UAG) and obestatin (Ob) are derived from the proghrelin peptide.
AG differs from UAG by an acyl modification on the 3rd amino acid residue, serine 3 by
the enzyme Ghrelin-O-Acyltransferase (GOAT). This post-translational modification
enables AG to bind to and activate GHS R1a, through which AG stimulates growth
hormone (GH) secretion and increases food intake. UAG is not able to bind to GHS R1a.
However, UAG has been reported to stimulate proliferation and inhibit apoptosis in a
variety of tissues and cell lines indicating that there is a currently unidentified receptor
for UAG. Furthermore, AG has been reported to have actions in tissues and cell lines
lacking GHS R1a, indicating that there is an unidentifed receptor for AG as well. Ob was
originally reported to activate GPR39, however these findings are highly controversial
and the identity of the receptor for Ob is also considered unknown.

(figure has been modified from Hassouna, Zizzari and Tolle, 2010).
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cleavage into mature ghrelin (Zhu et al., 2006, Yang et al., 2008). The distribution of
GOAT closely resembles that of ghrelin (Morash et al., 2010, Yang et al., 2008, Gutierrez
et al., 2008, Gonzalez et al., 2008). The short term metabolic regulation of GOAT
expression is unclear, with reports that gastric GOAT expression is not sensitive to 24 or
48 hour fast (Morash et al., 2010, Gonzalez et al., 2008), and other reports that GOAT
expression declines with a similar period of fasting (Kirchner et al., 2009). However,
mice with a chronically positive or negative energy balance (achieved by dietary excess
or restriction) have elevated GOAT expression (Morash et al., 2010, Gonzalez et al.,
2008). Interestingly, in ob/ob mice, a model of obesity due to leptin deficiency, GOAT
expression is greatly reduced, indicating that leptin levels may regulate the expression of
this enzyme (Morash et al., 2010). It has also been shown that leptin injections in fasted
rats increase GOAT expression in the stomach (Gonzalez et al., 2008). Together, these
reports suggest that GOAT levels may be regulated by leptin. However, an
understanding of the factors that control the rates of ghrelin acylation remains
incomplete.

Obestatin is derived from the C terminus of proghrelin (Zhang et al., 2005) and
the enzyme responsible for its cleavage from proghrelin is currently unknown.
Obestatin shares a similar distribution to that of ghrelin (Walia et al., 2008), with
immunopositive cells in the stomach, small intestine and pancreas. Furthermore, co-
localization of ghrelin with obestatin has been reported in human gastric mucosa,
proximal regions of the small intestine, mammary glands and around the periphery of

pancreatic islets (Gronberg et al., 2008).



1.3 RECEPTORS FOR PROGHRELIN DERIVED PEPTIDES BEYOND GHS R1A

1.3.1 Unacylated Ghrelin is Not a Ligand for GHS R1la

AG, but not UAG, binds to the GHS R1a, and is responsible for the stimulation of
GH release and food intake by ghrelin (Asakawa et al., 2001, Bednarek et al., 2000,
Bednarek et al., 2000, Sun et al., 2004, Hosoda et al., 2000) (Figure 1). However, UAG is
the major circulating form of ghrelin, as the fraction of AG makes up only approximately
2-10% of total circulating ghrelin (Hosoda et al., 2000, Morash et al., 2010). UAG was
originally reported to lack bioactivity (Kojima et al., 1999), but this idea has been
challenged by other groups (Granata et al., 2007, Chen et al., 2005, Toshinai et al., 2006).
Central administration of UAG has been shown to induce food intake in GHS R1a KO
mice (Toshinai et al., 2006), via activation of an unknown receptor on orexin neurons in
the lateral hypothalamus. However, others have reported systemic and central UAG
treatment to decrease food intake and decrease gastric motility (Chen et al., 2005,
Asakawa et al., 2005). The receptor for UAG is currently unknown (Camina, 2006,

Soares and Leite-Moreira, 2008) (Figure 1).

1.3.2 Evidence for Unknown Receptors for Acylated Ghrelin

The receptor(s) for ghrelin require further investigation, as the possibility of
additional receptors for AG has been suggested (Camina, 2006, Muccioli et al., 2007).
Activities of AG have been reported in cells lacking GHS R1a, indicating that AG signals
through at least one unknown receptor. For example, AG stimulates proliferation and
inhibits apoptosis in rat hippocampal progenitor cells, which do not express GHS R1la.
These cells exhibit binding sites specific for AG and the GHS, hexarelin, but not UAG

(Johansson et al., 2008); the identity of this receptor remains unknown.



There is also abundant evidence that there is an unknown receptor that binds both
AG and UAG. The hamster pancreatic beta cell line, HIT-T15, responds to AG with
increased insulin secretion, proliferation and decreased apoptotic activity despite lacking
GHS Rla (Granata et al., 2007). HIT-T15 cells also have binding sites that share
specificity for both AG and UAG, as indicated by competitive radioligand binding
experiments (Granata et al., 2007). The receptor in HIT-T15 cells that recognizes AG and
UAG remains unknown. Further evidence for these unknown ghrelin receptors comes
from experiments using antibodies against AG or UAG in cultured human
erythroleukemic cells. These cells lack GHS R1a, and antibodies against AG or UAG
inhibit proliferation, again suggesting that there exists an additional receptor to GHS Rla
that recognizes both AG and UAG (De Vriese et al., 2005). Such a receptor has also been
suggested in H9¢2 cardiomyocytes, which also lack GHS R1a and possess a common
binding site for AG and UAG (Baldanzi et al., 2002). Likewise, AG and UAG stimulate
proliferation in a human osteoblast cell line, SV-HFO, which lacks GHS R1a (Delhanty
et al., 2006). AG and UAG also compete for specific binding sites in rat fetal spinal cord
tissues, with both AG and UAG increasing proliferation (Sato et al., 2006). Breast cancer
cells have been shown to lack GHS R1a, and have specific binding sites that recognize
GHS, AG and UAG. In these cells, GHS, AG and UAG induce proliferation - further
suggesting an unknown receptor that recognizes GHS, AG and UAG (Cassoni et al.,
2001). Similar binding sites appear to be present in prostate cancer cells as well (Cassoni
et al., 2004), although ghrelin inhibits proliferation in these cells.

The results from these studies indicate that there exist two additional unknown

receptors for AG, one which is also capable of binding UAG (Granata et al., 2007, De



Vriese et al., 2005, Baldanzi et al., 2002, Delhanty et al., 2006, Sato et al., 2006, Cassoni
et al., 2001) and one which is not (Johansson et al., 2008). The identification of these

receptors is essential for a full understanding of ghrelin.

1.3.3 Unacylated Ghrelin Receptor

The existence of a receptor that recognizes UAG but not AG is suggested by
recent results in human cardiomyocytes. These cells have been shown to possess two
independent UAG binding sites that do not recognize AG (Lear et al., 2010).
Furthermore, although AG and UAG inhibited apoptosis in these cells, AG and UAG had
different effects on cellular metabolism, with AG inhibiting insulin stimulated glucose
uptake, and UAG stimulating the uptake of fatty acids (Lear et al., 2010). Corticotropin
releasing factor 2 receptor (CRF2R) was originally suggested as a possible receptor for
UAG after reports that blockade of CRF2R inhibits the negative effects of UAG on
gastric motility (Chen et al., 2005). However, UAG is also reported to stimulate insulin
secretion in INS-1E cells which lack CRF2R expression (Gauna et al., 2006).
Furthermore, CRF2R antagonists do not block the actions of UAG in this cell line,
suggesting that the actions of UAG can occur independently of CRF2R or other receptors
that recognize CRF2R antagonists (Gauna et al., 2006). Surprisingly, in cells transfected
with human GHS R1a, supra-physiological doses of UAG (uM concentrations) stimulates
intracellular Ca"" levels via GHS R1a, indicating that UAG is capable of stimulating
GHS R1la (Gauna et al., 2007). This however, does not account for the effects seen in
cells lacking GHS R1a (Baldanzi et al., 2002, Granata et al., 2007, De Vriese et al., 2005,

Delhanty et al., 2006). The identity of potential UAG receptors remains unknown, as



does an understanding of the ability and circumstances under which UAG can bind to

CRF2R and GHS R1a.

1.3.4 Obestatin Receptor

Obestatin was originally reported to oppose the actions of AG via signaling
through G-protein coupled receptor 39 (GPR39) (Zhang et al., 2005), causing decreased
food intake and reduced weight gain (Zhang et al., 2005, Green, Irwin and Flatt, 2007).
However, both the actions of obestatin and the identity of its receptor are controversial,
with many groups failing to replicate the original findings (Depoortere et al., 2008,
Unniappan, Speck and Kieffer, 2008, Tang et al., 2008, Lauwers et al., 2006, Kobelt et
al., 2008a). It has been suggested that the supposed obestatin activation of GPR39 is due
to Zn' contamination in obestatin peptide preparations (Lauwers et al., 2006, Holst et al.,
2007). In response to these claims, Zhang et al. (2008a), the original group that
discovered obestatin, confirmed their original findings of obestatin binding to GPR39,
suggesting that the location of the iodination of the peptide is critical to maintain proper
binding activity in radioligand binding assays. Furthermore, Zhang et al. has shown that
acute obestatin treatment in mice induces the expression of the immediate early gene c-
fos in the gastric mucosa, intestinal villi and adipose cells, suggesting that obestatin does
elicit biological actions in vivo (Zhang et al., 2008a). To date, the actions of obestatin and
the identity of the receptor for this hormone remain contentious and require more

investigation.
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1.3.5 Further Controversies on Obestatin’s Receptor

Given the controversial status of GPR39 as the receptor for obestatin (Lauwers et
al., 2006, Holst et al., 2007, Zhang et al., 2008a), there exists a strong possibility that the
actions of obestatin are not mediated through GPR39 (Lauwers et al., 2006, Holst et al.,
2007). Recently, obestatin has been shown to interact with a variety of other hormonal
receptors. It was suggested that obestatin may interact with the glucagon-like peptide 1
(GLP-1) receptor, as well as binding sites representing an unknown AG/UAG receptor in
HIT-T15 cells (Granata et al., 2008). As well, the proliferative and anti-apoptotic action
of obestatin in the pancreatic beta cell line, INS-1E, was blocked with co-treatment with
anti-ghrelin antibody (Granata et al., 2008), indicating that the presence of ghrelin is
important for the bioactivity of obestatin in this model. Application of a GLP-1 receptor
antagonist also serves to block the pro-survival effects of obestatin in INS-1E cells
(Granata et al., 2008), indicating that obestatin may interact with GLP-1 receptor.
However, another group has reported that obestatin exhibits no binding to HEK cells
transfected with GLP-1 receptor (Unniappan, Speck and Kieffer, 2008). The
discrepancies in obestatin binding may be due to the interactions of GPR39 with
additional receptors, for instance obestatin was recently shown to activate Akt signaling
the gastric cell line, KATO- III, via interactions between GPR39, {3 arrestin and

epidermal growth factor receptor (Alvarez et al., 2009).

1.3.6 Reports of GHS R1a Receptor Dimerization

Similarly to GPR39, GHS R1a activity may be modulated by its interactions with
additional receptors. The complete functioning of GHS R1a, along with its modulation by

dimerization is currently unknown, but may explain the variations seen in ghrelin
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responsiveness in various cells. GHS R1a has been suggested to dimerize with other G
protein coupled receptors, mainly dopamine receptor subtype 1 and growth hormone
releasing hormone (GHRH) receptor, as ghrelin in these systems causes a potentiation of
cyclic adenosine monophosphate (cAMP) signaling with co-treatment with dopamine or
GHRH that is not inducible by ghrelin alone (Jiang, Betancourt and Smith, 2006,
Kineman and Luque, 2007, Cunha and Mayo, 2002).

Clearly, a further understanding in the dimerization and altered functioning of GHS
R1a, along with the identities of the unknown, but postulated AG, UAG and obestatin
receptors is of upmost importance for understanding the actions of PGDP and may lead

to a resolution of some of the controversies on ghrelin action.

1.4 RECEPTOR AND SIGNALING PATHWAY IN ACYLATED GHRELIN
STIMULATED GH SECRETION

The first reports of the biological action of ghrelin were of stimulation of GH
secretion by the activation of the GHS R1a (Kojima et al., 1999), following the known
actions of synthetic GHS. Therefore, the prototypical signaling mechanism for GHS Rla
was elucidated in somatotrophs (Malagon et al., 2003).The mechanism for GH release via
GHS R1a activation is a result of increased phospholipase C (PLC) / protein kinase C
(PKC) signaling, opening of voltage gated Ca’" channels, leading to increased
intracellular Ca™ and GH secretion (Kineman and Luque, 2007, Malagon et al., 2003).
Activation of adenylyl cyclase (AC)/ protein kinase A (PKA) signaling has also been
shown in porcine somatotrophs in response to ghrelin in the absence of GHRH (Malagon
et al., 2003). However, as mentioned previously, other models have shown GHS Rla

activation only increases cAMP in the presence of GHRH, an effect that is synergistic,
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suggesting that there may be an interaction between GHS R1a and GHRH receptor
(Malagon et al., 2003, Han et al., 2005). Recently, the involvement of nitric oxide (NO)
and cyclic guanosine monophosphate (cGMP) signaling in the stimulation of GH release
by ghrelin has also been indicated (Han et al., 2005, Rodriguez-Pacheco et al., 2005,

Rodriguez-Pacheco et al., 2008).

1.5 GHRELIN AND FOOD INTAKE

The most well studied effect of ghrelin, however, is stimulation of food intake and
regulation of body weight by AG. Both peripheral and central administration of
exogenous ghrelin increases food intake (Wren et al., 2001b, Tschop, Smiley and
Heiman, 2000, Currie et al., 2005, Nakazato et al., 2001). Furthermore, GHS R1a
antagonists decrease food intake when given both systemically or centrally (Asakawa et
al., 2003). Mice receiving daily injections of ghrelin concurrently with a HFD, show
increased adiposity compared to control mice receiving saline injection and eating HFD
(Asakawa et al., 2003). Chronic administration of GHS R1a agonist, BIM-28131, in rats
via subcutaneous (sc) mini pumps results in increased body weight and fat mass, as well
as increased food intake (Strassburg et al., 2008). The administration of a catalytic
ghrelin antibody that hydrolyzes AG to UAG increases metabolic rate in mice, as
evidenced by increased heat production and oxygen consumption, and decreases food
intake during re-feeding in response to a 24 hour fast (Mayorov et al., 2008).

Ghrelin stimulation of food intake occurs in the hypothalamus, where there are a
small population of neurons which express ghrelin, located adjacent to the arcuate
(ARC), and dorsal, ventral and paraventricular nuclei (PVN) (Cowley et al., 2003,

Mondal et al., 2005). Hypothalamic ghrelin expression and content decrease in response
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to fasting, with this decrease in hypothalamic ghrelin peptide most likely due to increased
ghrelin secretion (Sato et al., 2005). Despite the central production of ghrelin, peripheral
injections of ghrelin can also activate the feeding centers of the brain (Kobelt et al.,
2008b). Peripheral ghrelin crosses the blood brain barrier using saturable transporters
(Banks et al., 2002), the activity of which are enhanced with decreased body weight
(Banks, Burney and Robinson, 2008). As such, fasting rodents not only have increased
circulating ghrelin (Kinzig, Hargrave and Tao, 2009), but also have enhanced transport of
ghrelin across the blood brain barrier (Banks, Burney and Robinson, 2008).

Ghrelin induces food intake by its actions in the ARC. Ghrelin signals via GHS
R1a to directly stimulate orexigenic neuropeptide Y (NPY)/ Agouti related peptide
(AgRP) neurons and indirectly inhibit anorexigenic preopiomelanocortin neurons
(Cowley et al., 2003, Mondal et al., 2005, Kohno et al., 2003). Despite activating GHS
R1la, AG stimulates different signaling pathways in the hypothalamus as compared to the
pituitary. The stimulatory effects of ghrelin on NPY/AgRP neurons have recently been
shown to occur by ghrelin activation of mitochondrial respiration mediated by the AMP-
activated protein kinase (AMPK)/ uncoupling protein 2 (UCP2) pathway, which leads to
increased fatty acid beta oxidation and neutralization of the produced reactive oxygen
species, enabling sustained activity of the neuron (Andrews et al., 2008, Kohno et al.,

2008).

1.6 ANIMAL MODELS OF GHRELIN ACTION

1.6.1 PGDP Axis KO Models

Many animal models have been created to examine the physiological effects of

PGDP, including gene knock outs of either PGDP, GOAT, GHS R1a or the proposed
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obestatin receptor GPR39 (Depoortere et al., 2008, Kirchner et al., 2009, Sun et al., 2004,
Tremblay et al., 2007, Shuto et al., 2002, Zigman et al., 2005, Wortley et al., 2005, De
Smet et al., 2006, Sun, Ahmed and Smith, 2003, Sun et al., 2008, Sun et al., 2006,
Pfluger et al., 2008, Moechars et al., 2006). However, the results produced by deleting
proteins from the ghrelin axis have yielded weak phenotypes. Far from the expected
phenotype of reduced growth and food consumption, ghrelin, GOAT and GHS R1la KO
animals exhibit a modest phenotype (Kirchner et al., 2009, Sun et al., 2004, De Smet et
al., 2006, Sun, Ahmed and Smith, 2003, Sun et al., 2008) displaying deficiencies in body
weight and food intake only when challenged by a HFD (Kirchner et al., 2009, Zigman et
al., 2005, Wortley et al., 2005). This is most likely due to compensatory systems in these
KO mice, given the importance of body weight regulation and maintenance of energy
stores in organisms (De Smet et al., 2006, Sun, Ahmed and Smith, 2003, Sun et al.,
2008). Despite these mild effects of ghrelin or GHS R1a deletion, the confirmation that
AG acts via GHS R1a to stimulate GH secretion and food intake, came from GHS Rla
KO mice, which lack a GH or feeding response to AG injections (Sun et al., 2004).
Subtle differences in ghrelin KO mice versus wild type (wt) mice do exist; young
KO mice have a decreased respiratory quotient (RQ), coupled with enhanced heat
production indicating that KO mice have alterations to their metabolism (De Smet et al.,
2006). Ghrelin and GHS R1a KO mice also show subtle differences compared to wt
animals, such as lowered blood glucose (Zigman et al., 2005, Sun et al., 2008, Longo et
al., 2008). Ghrelin KO mice have enhanced glucose stimulated insulin secretion (GSIS);
glucose tolerance tests (GTT) show increased insulin response and a resultant faster

clearance of glucose from circulation (Dezaki et al., 2006). Furthermore, when fed HFD,
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ghrelin KO mice were resistant to HFD induced glucose intolerance (Dezaki et al., 2006).
Interestingly, hyperglycemia and peripheral insulin sensitivity is also improved when
obese ob/ob mice are crossed with ghrelin KO mice, despite no change in body weight,
suggesting that modulating glucose homeostasis may be an important role of ghrelin (Sun
et al., 2006).

Recently, mice that lack both ghrelin and GHS R1a have been generated, and
display a stronger phenotype than single KO mice, with decreased body weight and
increased energy expenditure under normal feeding regimens (Pfluger et al., 2008). As
well, ghrelin KO mice have also been treated with obestatin to determine if the deletion
of obestatin concurrently with ghrelin is responsible for the lack of phenotype in ghrelin
KO mice (Depoortere et al., 2008); however, obestatin treatment was not successful in
uncovering a metabolic phenotype in these mice. In agreement with this finding, deletion
of the putative obestatin receptor, GPR39, results in mice without altered body weight or
food intake (Tremblay et al., 2007), however other groups have reported physiological
effects of GPR39 deletion, with reports of increased gastric motility, body weight,
cholesterol, fat mass, (Moechars et al., 2006) and dampened insulin response to both oral

and intravenous glucose challenge (Holst et al., 2009, Tremblay et al., 2009).

1.6.2 Additional Approaches to Animal Models of Reduction or Excess
of PGDP

Attempts to avoid developmental compensation for lack of ghrelin signaling have
been taken using partial knock down models. Transgenic rats with GHS R1a knocked
down in the ARC have lowered body weight and fat mass, along with reduced food

intake (Shuto et al., 2002), a phenotype that is more pronounced than rodents with a

16



global deletion of GHS R1a. Furthermore, transgenic mice overexpressing both ghrelin
and GOAT have increased body weight and fat mass along with decreased energy
expenditure, despite their normal volume of food consumption (Kirchner et al., 2009).
Transgenic mice globally overexpressing UAG were reported to have decreased body
weight, fat mass, gastric motility and food intake (Asakawa et al., 2005). Another group
has probed the actions of UAG on adiposity by overexpressing UAG in mouse adipose
tissue, finding that overexpression of UAG in adipose decreased fat mass and provided a
resistance to weigh gain on a HFD, as well as improved insulin sensitivity in peripheral
tissues (Zhang et al., 2008b).

Decreasing the endogenous ghrelin by giving rats a central infusion of anti-
ghrelin IgG, which immunoneutralizes endogenous ghrelin, decreases food intake
(Nakazato et al., 2001, Bagnasco et al., 2003). Other methods of decreasing AG levels in
vivo have also been reported (Shearman et al., 2006, Zorrilla et al., 2006). Neutralization
of AG using RNA spiegelmer results in decreased food intake and weight loss in mice
(Shearman et al., 2006), while AG neutralization via ghrelin immunoconjugates results in
slowed weight gain due to decreased feed efficiency (Zorrilla et al., 2006). Recently, our
lab has shown that introduction of a truncated GHS R1a into the circulation of mice,
designed to neutralize circulating AG, decreases fat stores and increases performance on

glucose tolerance tests (GTT) (unpublished data).

1.7 GHRELIN AND GLUCOSE HOMEOSTASIS
Apart from the effect of ghrelin on GH release and food intake, KO models have
suggested a role for ghrelin in glucose homeostasis as evidenced from reports of KO

models with improved blood glucose regulation (Zigman et al., 2005, Sun et al., 2008,

17



Sun et al., 2006, Longo et al., 2008, Dezaki et al., 2006, Zhang et al., 2008b). In humans,
administration of AG to healthy individuals causes a decline in circulating insulin and
subsequently an increase in blood glucose (Broglio et al., 2001, Broglio et al., 2004b).
Alterations in the ghrelin axis are also seen in humans with type 2 diabetes (T2D) who
have decreased serum levels of ghrelin (Erdmann et al., 2005, Poykko et al., 2003).
Administration of a GHS R1a antagonist in both normal weight or obese rats (Esler et al.,
2007) or mice (Dezaki et al., 2006) improves insulin response to GTT, clearing glucose
from the blood more efficiently than in control rodents. As such the ghrelin axis appears
to modulate insulin release and sensitiviy, however, the exact relationship between
ghrelin and glucose homeostasis is unknown.

PGDP regulation of insulin secretion has been controversial, with reports of both
stimulation and inhibition of insulin secretion for AG (stimulation (Lee et al., 2002,
Granata et al., 2007, Gauna et al., 2006, Date et al., 2002, Adeghate and Ponery, 2002,
Salehi et al., 2004, Qader et al., 2008) and inhibition (Wierup et al., 2004, Dezaki et al.,
2006, Esler et al., 2007, Salehi et al., 2004, Qader et al., 2008, Reimer, Pacini and Ahren,
2003, Qader et al., 2005, Dezaki et al., 2004, Dezaki, Kakei and Yada, 2007, Colombo et
al., 2003, Wang et al., 2010c)) and obestatin (stimulation (Granata et al., 2008, Egido et
al., 2009), inhibition (Qader et al., 2008, Egido et al., 2009, Ren et al., 2008), and no
effect (Unniappan, Speck and Kieffer, 2008)). UAG has been reported to have either no
effect (Dezaki et al., 2006, Esler et al., 2007, Qader et al., 2008), or to stimulate insulin
secretion (Granata et al., 2007, Gauna et al., 2006). Furthermore, although AG is
speculated to act via GHS Rla in the pancreas, effects of AG on insulin secretion have

been found in HIT-T15 cells, a pancreatic beta cell line that does not express GHS Rla
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(Granata et al., 2007). Given these discrepancies, more work is needed to determine the

actions of PGDP in the endocrine pancreas.

1.7.1 Affect of PGDP on Insulin Secretion In Vivo

In vivo, ghrelin administration has been reported to stimulate (Lee et al., 2002) or
inhibit (Dezaki et al., 2006, Salehi et al., 2004, Dezaki et al., 2004, Dezaki, Kakei and
Yada, 2007) insulin secretion. Inhibitory action of ghrelin on insulin secretion may be
due to the activation of GHS R1a, as rats treated with a GHS R1a antagonist have
elevated concentrations of circulating insulin (Dezaki et al., 2004, Dezaki, Kakei and
Yada, 2007). Antagonism of GHS R1a in rodents (Esler et al., 2007, Dezaki et al., 2006)
improves insulin response to GTT, resulting in a reduction of blood glucose as compared
to control animals, suggesting that blockade of GHS R1a signaling may be an effective
treatment for T2D. However, given the discrepancies between these results, more work is
needed to gather a complete understanding of how insulin stimulation and inhibition can
be achieved with ghrelin. As well, a full understanding of the actions of ghrelin in
systems lacking GHS R1a is needed.

Leptin deficient ob/ob mice display decreased blood glucose when given daily
intraperitoneal (ip) injections of a GHS R1a antagonist (Asakawa et al., 2003).
Furthermore, 0ob/0b mice crossed with ghrelin KO mice have enhanced insulin secretion,
and show protection from glucose intolerance when fed a HFD (Dezaki et al., 2006).
GHS R1a KO mice also have decreased circulating glucose and insulin, and improved
insulin sensitivity (Longo et al., 2008), further indicating that blockade of the ghrelin axis
may be a beneficial treatment for diabetes. The relationship between ghrelin and glucose

homeostasis appears to be due to the direct action of ghrelin on insulin secretion from
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pancreatic beta cells. Indeed, antagonism of GHS R1a in gastrectomized rats, which lack
the organ that is the predominant source of systemic ghrelin, still increases insulin
secretion (Dezaki et al., 2006), suggesting that a local release of ghrelin in the pancreas is

sufficient for ghrelin regulation of insulin release.

1.7.2 Pancreatic Ghrelin

Further supporting a direct role of ghrelin on pancreatic beta cells is the discovery
of pancreatic ghrelin cells. Ghrelin peptide is present in the pancreatic islets, however the
identity of the cell type is controversial, with reports of ghrelin co-localizing with alpha
cells (Date et al., 2002), beta cells (Volante et al., 2002) or in novel and separate
secretory cells termed epsilon cells (Wierup et al., 2004, Wierup et al., 2002, Wierup and
Sundler, 2005). Epsilon cells have been identified in both rodent (Wierup et al., 2004)
and human (Wierup et al., 2002, Wierup and Sundler, 2005) islets. The identity of the
ghrelin cells has also been reported to vary with age, with ghrelin cells co-localizing with
glucagon or pancreatic polypeptide in neonate rodents, but belonging to the separate
endocrine epsilon cells in adult rats (Wierup et al., 2004). In human islets, ghrelin and
obestatin positive cells have been detected in a low number of cells in the periphery of
adult human islets (Gronberg et al., 2008). As well, another group has reported that
ghrelin immunopositive cells co-localize with alpha cells at the periphery of adult human
and rodent islets (Date et al., 2002).

The expression of ghrelin, as well as GHS R1a was confirmed in rat islets via
PCR (Date et al., 2002, Chanoine and Wong, 2004). Furthermore, the concentration of
both AG and UAG has been found to be higher in the pancreatic veins than the pancreatic

arteries (8 fold and 3 fold increase respectively) (Dezaki et al., 2006), suggesting that
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ghrelin is not only present, but is secreted from cells within the pancreas.
Immunostaining of human pancreatic islets, shows that GHS R1a is present in a portion
of beta cells (Granata et al., 2007). Mouse and rat islets have also have a portion of beta
cells that co-localize with the controversial obestatin receptor GPR39 (Unniappan, Speck
and Kieffer, 2008). As such, both PGDP and their identified receptors are present in
pancreatic islets. Antagonism of GHS R1a (Dezaki et al., 2006, Dezaki, Kakei and Yada,
2007) enhances GSIS in rats in vivo, with similar results in a perfused pancreas model
following immunoneutralization of endogenous ghrelin (Dezaki et al., 2006). Together,
these results suggest that ghrelin within pancreatic islets is able to modulate beta cell
function, via a paracrine mechanism.

The quantity of pancreatic ghrelin cells is age dependent, being numerous in the
fetal pancreas and decreasing from birth onwards to the adult phenotype of 0-2 ghrelin
positive cells per islet (Wierup et al., 2004, Walia et al., 2008, Wierup et al., 2002). In
fact, in fetal tissues, the ghrelin content of the pancreas is far greater than that of the
stomach, the main source of ghrelin in adults (Kojima et al., 1999). This high level of
fetal pancreatic ghrelin suggests ghrelin may play an important role in islet development
(Chanoine and Wong, 2004, Nakahara et al., 2006). Other pancreatic PGDP protein
levels also fluctuate with respect to age, with UAG peaking in the days prior to birth,
followed by a gradual decline up until weaning, as compared to AG which peaks one
week after birth (Chanoine, Wong and Barrios, 2006). Interestingly, the distribution of
pancreatic ghrelin cells has been shown to be altered with diabetes; non-diabetic rat islets

contain few, peripheral ghrelin positive cells, while islets from rats with streptozotocin
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induced diabetes have more ghrelin positive cells which furthermore, are atypically

located within the central region of islets (Adeghate and Ponery, 2002).

1.7.3 Molecular Regulation of Insulin Secretion

Glucose is the prototypical stimulator of insulin secretion from beta cells. Glucose
enters the beta cell via non-insulin dependent glucose transporter 2 (GLUT-2) where it
proceeds to enhance the output from the glycolytic pathway. The resulting increase in the
ATP/ADP ratio, leads to closure of the K"ATP channel, causing the depolarization of the
cell and the consequent opening of voltage gated (VG) Ca’™" channels and subsequent
influx of Ca™". The increase in intracellular Ca"" triggers exocytosis of insulin secretory
granules (Figure 2) (MacDonald, Joseph and Rorsman, 2005, Maechler, Carobbio and
Rubi, 2006).

In addition to ghrelin, other gastrointestinal peptide hormones play a role in
regulation of insulin secretion, most notably the incretins: GLP-1 and glucose dependent
insulinotropic polypeptide (GIP). Interestingly, the secretion of these hormones is also
regulated by feeding state, however, unlike ghrelin, GLP-1 and GIP secretion is triggered
by food intake, not by fasting. Both GLP-1 and GIP stimulate insulin secretion in a
glucose dependent manner via cAMP/PKA signaling (Figure 2), and enhance beta cell
proliferation and survival via phosphoinositide 3-kinase (PI3K)/Akt signaling (Baggio
and Drucker, 2007, Doyle and Egan, 2007).

The effects of ghrelin on insulin secretion appear to be mediated through a
distinct signaling pathway from glucose and the incretins. Furthermore, the signaling
mechanism for ghrelin modulation of insulin secretion is different from the pathway by

which ghrelin stimulates GH secretion. Blockade of the G-protein subunits subtype
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Figure 2. Regulation of insulin secretion by glucose and the incretins. Beta cells
secrete insulin after stimulation by glucose. Metabolized glucose results in an increased
ATP/ADP ratio which closes K'ATP channels, depolarizing the beta cell. This change in
membrane potential opens voltage gated (VG) Ca’" channels. The resultant rise in
intracellular Ca™" triggers the exocytosis of insulin granules. The incretins GLP-1 and
GIP act to potentiate the response to glucose by mobilizing intracellular Ca™" stores via
cAMP/PKA signaling. Both the mechanism and receptor through which PGDP effect
insulin secretion is currently unknown.
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Gaiy, with pertussis toxin (PTx), abolishes the inhibitory actions of ghrelin on insulin
secretion in rats both in vivo and in rat islet preparations, while PTx had no effect on
ghrelin induced GH secretion (Dezaki, Kakei and Yada, 2007), suggesting that GHS R1la
is coupled to different signaling pathways in somatotrophs versus pancreatic beta cells.
GHS R1a antagonism increases insulin secretion from rat islets, while application of
ghrelin decreases insulin secretion, an effect which is blocked with PTx (Dezaki, Kakei
and Yada, 2007). Ghrelin treatment increases outward K current through voltage
dependent K* channels (Kv) in isolated rat beta cells (Dezaki, Kakei and Yada, 2007,
Dezaki, Sone and Yada, 2008), specifically the Kv2.1 channel, as both inhibition of Kv
channels (tetraecthyl ammonium (TEA)) and specific Kv2.1 channel inhibitor
(stromatoxin (ScTx)) block ghrelin suppression of insulin secretion. Ghrelin decreases
the frequency and amplitude of glucose stimulated action potential in beta cells, as well
as the glucose mediated rise in intracellular Ca”" levels via a Ga; signaling mechanism
(Dezaki, Kakei and Yada, 2007). PTx or presence of a cAMP analog blocked ghrelin
enhanced Kv channel currents, suggesting Go; and cAMP signaling lie upstream of Kv2.1
channel. Knockdown of G-protein, Gai,, via siRNA, also blocks ghrelin induced
suppression of insulin secretion (Dezaki, Kakei and Yada, 2007). Other groups have
shown that ghrelin causes up-regulation of insulinoma-associated protein 2 beta (IA-2),
a glycoprotein localized to secretory vesicles, in MIN6 insulinoma cells, and that IA-2f3
expression is necessary for the inhibitory actions of ghrelin on insulin secretion,
suggesting that ghrelin may also act to inhibit insulin secretion at the level of exocytosis
(Dot et al., 2006). Ghrelin also increases UCP2 expression via AMPK activation in MIN6

cells, with siRNA against UCP2, blocking the inhibitory actions of ghrelin on insulin
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secretion (Wang et al., 2010c). Ghrelin has also been shown to inhibit insulin secretion
via enhanced NO production by constitutive neuronal nitric oxide synthase (nNOS)
(Qader et al., 2005).

In models were AG stimulates insulin secretion, the enhancement of intracellular
Ca'" release seems to be involved. AG has been shown to increase intracellular Ca"™
concentrations in rat islets, stimulating insulin secretion in a glucose dependent manner
(Date et al., 2002).This action may occur via activation of GHS R1a, as stimulation of
insulin secretion by AG in INS-1E cells occurs in a Ca’" dependent manner and this
action is blocked using GHS R1a antagonist [D-Lys3] GHRP-6 (Gauna et al., 2006).
Interestingly, this clonal cell line expresses GHS R1a (Colombo et al., 2003), however
lacks specific immunoreactivity for GHS R1a (Gauna et al., 2006), questioning if AG and
[D-Lys3] GHRP-6 are interacting with GHS R1a or an unknown receptor.

1.7.4 PGDP Regulation of Insulin Secretion is Dose and Glucose
Dependent

It appears that the relationship between AG and insulin secretion is complex and
is regulated by dosage and glucose concentration. There are reports that only low doses
of AG, from 0.01 to 1 nM, are capable of inhibiting insulin secretion under stimulatory
concentrations of glucose (8.3, 11.1, 22.2 mM glucose) in mice islets (Reimer, Pacini and
Ahren, 2003). In contrast, in the clonal rat beta cell line, INS-1E, the inhibitory action of
AG on insulin secretion has been reported to occur at stimulatory glucose concentrations
(16.7 and 25mM glucose) but only at a threshold of 0.1 nM ghrelin with a maximal
inhibitory response at 1uM ghrelin (Colombo et al., 2003). AG has also been shown to

affect insulin secretion only at sub and supra physiological concentrations, with 1-100
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pM ghrelin inhibiting insulin secretion from mice islets, and 0.1-1uM ghrelin stimulating
insulin secretion (Salehi et al., 2004, Qader et al., 2008). Furthermore, a stimulatory
action of AG on insulin secretion was shown to elicit a greater response from the islets of
diabetic rats as compared to control rats (Adeghate and Ponery, 2002). It is clear that the
conditions that favour inhibition and stimulation of insulin secretion by AG require

further exploration.

1.8 PROGHRELIN DERIVED PEPTIDES MODULATE BETA CELL MASs

PGDP not only regulate insulin secretion from pancreatic beta cells, but enhance
beta cell proliferation and survival (Granata et al., 2007, Granata et al., 2008, Zhang et
al., 2007, Wang et al., 2010b, Wang et al., 2010a, Irako et al., 2006). The ability to
positively influence beta cell mass with PGDP would prove desirable in the treatment of
T2D, which is associated with a progressive decline in beta cell mass (Dickson and
Rhodes, 2004, Lingohr, Buettner and Rhodes, 2002, Weir and Bonner-Weir, 2004, Choi

and Woo, 2010, Bernard-Kargar and Ktorza, 2001).

1.8.1 Beta Cell Mass Fluctuates With Insulin Demand

The beta cells in the pancreatic islets show a great capacity for plasticity; beta cell
mass varies throughout development (Dickson and Rhodes, 2004, Bernard-Kargar and
Ktorza, 2001, Ackermann and Gannon, 2007, Bouwens and Rooman, 2005), and beta
cells are further capable of adapting to insulin demand by altering their functional
capacity and mass within the endocrine pancreas (Dickson and Rhodes, 2004, Lingohr,
Buettner and Rhodes, 2002, Bernard-Kargar and Ktorza, 2001, Bouwens and Rooman,

2005, Kargar and Ktorza, 2008, Pick et al., 1998). Beta cell mass is determined by the
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combined effects of beta cell size, proliferation, neogenesis and beta cell death (Rhodes,
2005). During development, beta cell remodeling plays an important role in the
establishment of pancreatic mass in the adult organism, with postnatal periods of beta cell
apoptosis (Scaglia et al., 1997), followed by cellular proliferation and growth (Montanya
et al., 2000). Adult rodents and humans sustain low rates of proliferation to maintain
their beta cell mass (Montanya et al., 2000, Dor et al., 2004, Meier et al., 2008).
However, beta cell mass can be up-regulated in adult organisms in response to
physiological challenges such as the increased insulin demand seen during pregnancy or
obesity in humans and rodents (Bernard-Kargar and Ktorza, 2001, Parsons, Brelje and
Sorenson, 1992, Muharram et al., 2005, Weir et al., 2001, Jetton et al., 2005). During
pregnancy, beta cell mass is enhanced via an increase in proliferation, triggered by
placental lactogens (Bernard-Kargar and Ktorza, 2001, Parsons, Brelje and Sorenson,
1992). Beta cell mass is also up-regulated in response to the increased insulin resistance
that is associated with obesity (Lingohr, Buettner and Rhodes, 2002, Bernard-Kargar and

Ktorza, 2001, Cai et al., 2008).

1.8.2 Beta Cell Mass and Type 2 Diabetes

The regulation of beta cell mass is of great importance to the development of
T2D. The progression from obese normoglycemia to T2D is proposed to involve a
sequential failure of beta cell function along with a decline in beta cell mass. These
individuals are no longer able to compensate for their obesity-induced peripheral insulin
resistance and proceed to develop hyperglycemia and T2D (Dickson and Rhodes, 2004,
Lingohr, Buettner and Rhodes, 2002, Weir and Bonner-Weir, 2004, Choi and Woo, 2010,

Bernard-Kargar and Ktorza, 2001). A decline in beta cell mass has been reported in many
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animal models of T2D (Pick et al., 1998, Movassat et al., 1997, Sone and Kagawa, 2005),
as well as from clinical studies of T2D in humans (Yoon et al., 2003, Butler et al., 2003).

1.8.3 Akt Signaling is an Important Pathway in the Maintenance of
Beta Cell Mass

Akt is a serine-threonine kinase that is implicated as a major regulator of beta cell
proliferation and survival (Dickson and Rhodes, 2004, Elghazi, Balcazar and Bernal-
Mizrachi, 2006, Elghazi and Bernal-Mizrachi, 2009, Fatrai et al., 2006). Akt is activated
by phosphorylation by phosphoinositide dependent kinase-1 (PDK 1) (Dickson and
Rhodes, 2004, Elghazi and Bernal-Mizrachi, 2009) and mammalian target of rapamycin
complex 2 (mTORC2) (Sarbassov et al., 2005), after being recruited to the plasma
membrane by binding to phosphatidylinositol (3,4,5) P3 phosphate (PIP3) (produced by
PI3K signaling) (Dickson and Rhodes, 2004, Ackermann and Gannon, 2007). Activated
Akt then procedes to activate and inhibit a diverse range of signaling pathways leading to
increased cellular proliferation, as well as inhibition of apoptosis (Dickson and Rhodes,
2004, Fatrai et al., 2006, Elghazi et al., 2007, Franke, 2008, Franke et al., 2003). Akt
enhances proliferation by activation of the cell cycle regulator, cyclin-dependent kinase 4
(cdk4) via mammalian target of rapamycin complex 1 (mTORC1) signaling (Fatrai et al.,
2006, Balcazar et al., 2009, Rachdi et al., 2008) and inhibition of signaling molecules
with negative effects on beta cell mass such as glycogen synthase kinase 3 (GSK3)
(Mussmann et al., 2007) and the transcription factor forkhead box O1 (FoxO1) (Kops et
al., 1999, Glauser and Schlegel, 2007, Martinez et al., 2006). Akt also modulates survival
by inhibiting apoptosis by inactivating the pro-apoptotic protein BAD and caspase 9

(Elghazi and Bernal-Mizrachi, 2009, Franke et al., 2003).
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The effects of Akt on cell proliferation and survival is evident in transgenic mice
with a constitutively active pancreatic Akt. These mice have a dramatic enhancement in
their beta cell mass, including increased number of proliferating beta cells per islet and
increased cell size (Bernal-Mizrachi et al., 2001, Tuttle et al., 2001). Furthermore, these
mice are resistant to developing diabetes in response to streptozotocin, suggesting that the
constitutive signaling through Akt is protective (Bernal-Mizrachi et al., 2001, Tuttle et
al., 2001). As well, non-diabetic Zucker fatty (fa/fa) rats are insulin resistant, but have a
nearly 4 fold increase in beta cell mass and high levels of beta cells immunopositive for
phosphorylated Akt (Jetton et al., 2005). Akt is also involved in beta cell function as seen
in transgenic mice expressing a dominant negative Akt in their beta cells. Partial
blockade of endogenous Akt signaling in these mice creates a deficit in insulin secretion
and a propensity towards the development of T2D when fed HFD (Bernal-Mizrachi et al.,
2004).

Glucose, insulin-like growth factor 1(IGF-1), insulin and the incretins, GLP-1
and GIP, have all been shown to elicit positive effects on beta cell proliferation and
survival by activation of Akt signaling (Dickson and Rhodes, 2004, Lingohr, Buettner
and Rhodes, 2002, Elghazi, Balcazar and Bernal-Mizrachi, 2006, Li et al., 2005, Wang et
al., 2004, Wang and Brubaker, 2002, Navarro-Tableros et al., 2004, Srinivasan et al.,

2002, Hui et al., 2003, Liu et al., 2002, Ohsugi et al., 2005, Hoorens et al., 1996).

1.8.4 Apoptosis and Beta Cell Mass

Regulation of apoptosis is an important factor in the maintenance of beta cell
mass (Choi and Woo, 2010, Pick et al., 1998, Sone and Kagawa, 2005). Programmed cell

death, or apoptosis, can be triggered by external (via cell death receptor) or internal
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signals (mitochondrial or endoplasmic reticulum disfunction) (Morishima et al., 2002, Li
et al., 1997, Budihardjo et al., 1999). Caspase 3 is one of the main effectors of the
apoptotic induction pathway, inactivating DNA repair enzymes and adhesion molecules,
while disregulating the integrity of the cytoskeleton (Nicholson et al., 1995, Wen et al.,
1997, Kothakota et al., 1997, Porter and Janicke, 1999, Fernandes-Alnemri, Litwack and
Alnemri, 1994). Of particular relevance to the beta cell, is apoptosis initiated by
mitochondrial disfunction given the absolute importance of this organelle in the coupling
of glucose sensing to insulin secretion (Szabadkai and Duchen, 2009). Mitochondrial
disfunction results in increased mitochondrial membrane permeability, leading to the
release of cytochrome ¢ from the mitochondrion; once in the cytosol, cytochrome ¢ forms
a complex with apoptotic protease activating factor 1(Apaf-1) and procaspase 9, the
latter of which becomes proteolytically cleaved to form caspase 9. Activated caspase 9 is
then able to cleave and activate procaspase 3 (Budihardjo et al., 1999). Apoptotic cells
display a specific phenotype, including condensation of chromatin, DNA fragmentation,
and formation of apoptotic bodies (Kerr, Wyllie and Currie, 1972). Activated caspase 3 is
responsible for the morphological changes occurring during apoptosis, including nuclear
condensation and fragmentation of DNA (Wen et al., 1997, Kothakota et al., 1997, Porter
and Janicke, 1999, Janicke et al., 1998, Widlak, 2000).

There are various methods of inducing apoptosis in cells and tissues, including
serum/growth factor starvation, cytokine treatment, glucotoxicity, lipotoxicity as well as
a number of synthetic compounds. Particularly relevant to beta cells and T2D models are
glucotoxicity and lipotoxicity. Models of lipotoxicity, such as prolonged incubation with

a high concentration of the free fatty acids oleate or palmitate, strongly induce apoptosis
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in beta cells (Lai et al., 2008, Koshkin et al., 2008, Wrede et al., 2002, Maestre et al.,

2003).

1.8.5 PGDP Regulate Beta Cell Mass

The potential protective effect of PGDP on beta cells could prove promising for
treatment of T2D, as PGDP have been reported to increase in beta cell mass. AG, UAG
and obestatin have been reported to increase beta cell survival both in vitro and in vivo
including in preparations of human islets (Granata et al., 2007, Irako et al., 2006). AG
(Granata et al., 2007, Zhang et al., 2007), UAG (Granata et al., 2007) and obestatin
(Granata et al., 2008) increase cell proliferation and have an anti-apoptotic effect in both
beta cell lines and rodent islets via the mitogen activated protein kinase (MAPK) and
PI3K/ Akt pathways. Furthermore, ghrelin treatment following streptozotocin injection in
neonatal rats increases the amount of proliferating beta cells and prevents the appearance
of hyperglycemia (Irako et al., 2006). Similar restorative effects have also been reported
with ghrelin treatment following pancreatectomy (Kerem et al., 2008).

The pro-proliferative and pro-survival effect of PGDP on beta cells may occur via
paracrine signaling in the pancreas. The beta cell line HIT-T15 expresses preproghrelin
mRNA and secretes both AG and UAG (Granata et al., 2007). Adding anti-ghrelin
antibody to HIT-T15 culture increases apoptosis, suggesting that blockade of the ghrelin
secreted from these cells may be impairing survival (Granata et al., 2007). Similar effects
are achieved with the addition of anti-obestatin antibody to HIT-T15 cells, indicating that
endogenous pancreatic obestatin may also play a local role in the maintenance of beta cell

survival (Granata et al., 2008).
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1.9 STATEMENT OF OBJECTIVES

The presence of a developmentally sensitive population of ghrelin cells within
pancreatic islets (Chanoine and Wong, 2004, Nakahara et al., 2006), along with the
modulatory influence of PGDP on insulin secretion (Lee et al., 2002, Granata et al., 2007,
Wierup et al., 2004, Gauna et al., 2006, Granata et al., 2008, Dezaki et al., 2006, Esler et
al., 2007, Date et al., 2002, Adeghate and Ponery, 2002, Salehi et al., 2004, Qader et al.,
2008, Reimer, Pacini and Ahren, 2003, Qader et al., 2005, Dezaki et al., 2004, Dezaki,
Kakei and Yada, 2007, Colombo et al., 2003, Wang et al., 2010c, Egido et al., 2009, Ren
et al., 2008) and beta cell mass (Granata et al., 2007, Granata et al., 2008, Zhang et al.,
2007, Wang et al., 2010b, Wang et al., 2010a, Irako et al., 2006) suggests that ghrelin
plays an important regulatory role in the endocrine pancreas. The ability of AG to affect
insulin secretion in the presence and absence of the traditional ghrelin receptor, GHS
R1a, illustrates that the actions of AG on beta cells are complex and our understanding is
far from complete. The actions of UAG and obestatin in beta cell function are also mostly
unknown. Despite the many unknown elements of pancreatic PGDP actions, is remains
clear that given the potential to modulate insulin secretion and beta cell proliferation and
survival, manipulation of PGDP in the endocrine pancreas may enable us to influence
two important hallmarks of T2D, beta cell function and mass.

The purpose of the current work was to characterize the actions of PGDP on the
maintenance of beta cell mass and the regulation of insulin release. We have utilized two
rodent pancreatic beta cell models, INS-1 and MING6 cells (rat and mouse insulinoma cell
lines, respectively) to explore the actions of PGDP on beta cell proliferation and survival.

We have found MING6 cells express GHS R1a, while we have shown that INS-1 cells lack
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GHS R1a. Using these cells we were able to investigate the necessity of GHS R1a for the
actions of PGDP in beta cell proliferation and survival. Furthermore, we investigated
PGDP regulation of insulin secretion in INS-1 cells to identify if PGDP regulation of
insulin secretion occurs independently of GHS R1a. Insulin secretion was determined
over a physiological dose range of AG, UAG and obestatin and a wide range of glucose

backgrounds to determine if the affect of PGDP is dose or glucose dependent.
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CHAPTER 2 MATERIALS AND METHODS

2.1 CELL CULTURE AND REAGENTS

The rat insulinoma cell line, INS-1 was kindly provided by Dr.Wang (St.
Michael’s Hospital, Ontario). INS-1 cells were maintained with RPMI 1640 media
(11mM glucose) (Invitrogen, Burlington, Ontario) supplemented with 12% fetal bovine
serum (FBS), 10 mM HEPES, 1 mM sodium pyruvate, 50 uM 2-mercaptoethanol, 100
U/ml penicillin and 100 pg/ml streptomycin. The mouse insulinoma cell line, MIN6 was
kindly provided by Dr. Mbikay (Ottawa Health Research Institute, Ontario). MING6 cells
were maintained with DMEM (4500 mg glucose/L, L-glutamine, sodium bicarbonate and
pyridoxine.HCI) (Sigma-Alrich, St. Louis MO, USA) supplemented with 15% FBS, 50
uM 2-mercaptoethanol, 100U/ml penicillin and 100 pg/ml streptomycin. The mouse
glucagon secreting cell line, Alpha-TC1 was kindly provided by Dr. Brubaker
(University of Toronto, Ontario). Alpha-TC1 cells were maintained with DMEM (4500
mg glucose/L, L-glutamine, sodium bicarbonate and pyridoxine.HCI) (Sigma-Alrich, St.
Louis MO, USA) supplemented with 10% FBS, 100 U/ml penicillin and 100 pg/ml
streptomycin. Human medullary thyroid carcinoma cell line, TT were purchased from
Amerian Type Culture Collection (VA, USA) and maintained in Ham’s F12 media (L-
glutamine, sodium bicarbonate) (Invitrogen, Burlington, Ontario) supplemented with
10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin. Cells were incubated at
37°C at an atmosphere of 95 % air and 5% COs.

Peptides (rat AG, UAG and obestatin) were obtained from Bachem (PA, USA).
Unless other wise stated, all chemicals were purchased from Sigma-Alrich (St. Louis

MO, USA).
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2.2 GHSR 1A DETECTION

2.2.1 rt - PCR

RNA was extracted from mouse tissues (hypothalamus and pancreas) using Trizol
(Invitrogen, USA) (1 ml/100mg tissue). Tissues were homogenized, RNA was
precipitated using isopropanol, and RNA pellets were resuspended in
diethylpyrocarbonate (DEPC) (Sigma-Alrich, St. Louis MO, USA) treated water. RNA
concentration was determined by absorbance readings at 260 nm with a
spectrophotometer. The formula used to calculate RNA concentration was [RNA sample]
=40 x A260 x dilution factor, where 40 represents the pg/ml of RNA with an absorbance
of 1 unit at 260 nm. RNA was extracted from INS-1, MING6, alpha-TC, and TT cells with
an RNeasy Kit (Qiagen, Mississauga, Ontario). The concentration of RNA from both
tissues and cell lines were determined by spectrophotometry and 6 ug RNA was DNasel
treated (Invitrogen, Burlington, Ontario) according to manufacturers instructions. Two pg
of DNasel-treated RNA was primed with random hexamers, and treated with reverse
transcriptase to produce cDNA according to manufacturer’s instructions (SuperScript 11
Reverse Transcriptase, Invitrogen, Burlington, Ontario). cDNA was stored at -20°C until
further use. PCR reactions were performed using BioRad supermix (Biorad, Mississauga,
Ontario) in a volume of 25pul, according to manufacturer’s instructions. Primers were
purchased from IDT (CA, USA); sequences are as follows: mouse GHS Rla (mGHS
R1a) forward 5’-CTATCCAGCATGGCCTTCTC-3’ and reverse 5’-
GGAAGCAATGGCGAAGTAG-3’; human GHS Rla (hGHS R1a) forward 5’-
CTGCGCTCAGGGACCAGAACCA -3’ and reverse 5’ -

GTTGATGGCAGCACTGAGGTAGAA -3’; rat GHS Rla (rGHS R1a) forward 5°-
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CGACCTGCTCTGCAAACTC-3’ and reverse 5’-CACGCCCACCAGCACGAAGA-3’;
18s forward 5’-TCAACTTTCGATG GTAGTCGCCGT-3’ and reverse 5°-
TCCTTGGATGTGGTAGCCGTTTCT-3". The mouse primers produce an amplicon of
198 bp, and hybridize to the mouse GHS R1a mRNA sequence as follows: forward
primer hybridizes at 491 bp and reverse primer hybridizes at 689bp. The human primers
produce an amplicon of 205 bp and hybridize to the human GHS R1a mRNA sequence as
follows: forward primer hybridizes at 795 bp and reverse primer hybridizes at1000 bp.
The rat primers produce an amplicon of 216 bp and hybridize to the rat GHS R1a mRNA
sequence as follows: forward primer hybridizes at 333 bp and reverse primer hybridizes
at 549 bp. Due to sequence similiarity all of the primer sets were indicated to amplify
products from mouse, rat and human samples. Amplification cycles were carried out as
follows: 10 minutes at 95°C, then 40 cycles of 95°C for 30 seconds, 60°C for 1 minute,
72°C for 30 seconds. PCR products were analyzed on 1% agarose gels and then
visualized with ethidium bromide. The identity of all PCR products was confirmed by

DNA sequencing.

2.2.2 Western Blot

Total protein collected from TT, MIN6 and INS-1 cells was homogenized in
cytobuster (Novagen, USA) with protease and phosphatase inhibitor tablets (Roche,
Laval, Quebec) and centrifuged at 14 000 rpm before quantification with Bradford
protein assay reagents (Biorad, Mississauga, Ontario). Briefly, 40pug of protein was
separated by 10% SDS-PAGE and transferred onto PVDF membrane (Biorad,

Mississauga, Ontario). Blots were probed with the appropriate primary and secondary
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antibodies (see below for details) in 5% milk blocking solution. Blots containing TT,
MING6 and INS-1 untreated cell extracts were incubated with rabbit anti-rat GHS Rla
antibody (Alpha Diagnostics, TX, USA) (5 pg/ml). Quality of loaded protein was
confirmed by reprobing the blots (Re-Blot plus (mild solution), Millipore, CA, USA) for
actin using actin rabbit polyclonal primary antibody (1:500) (Sigma-Aldrich, St Louis,
MO USA). GHS R1a and actin immunoreactive bands were visualized with donkey anti-
rabbit IgG (1:10000) (GE Healthcare UK Limited, Quebec) secondary antibody. Bands
were visualized with Western C detection reagents (Biorad, Mississauga, Ontario).
Images were captured with the ChemiDoc XRS imaging system (Biorad, Mississauga,

Ontario).

2.3 PALMITATE PREPARATION

Palmitate stock solution (100mM) was prepared in 0.1M NaOH and heated at
70°C. Palmitate was diluted to a concentration of SmM in 5% free fatty acid (FFA) - free
BSA (weight/volume in ddH,0O) and complexed by heating at 60°C. Further dilutions for
treatments were completed using the appropriate serum free media. Treatments were

filter sterilized with 0.2pm filters before use.

2.4 PROLIFERATION
2.4.1 Cell Counts

Cells were plated in 6 well plates and were grown under normal conditions until
reaching 50% confluency. Cells were then treated for 24 hours in serum free media with

or without peptide hormone treatments (AG, UAG and obestatin at concentrations of

103, 10", 10® and 10"M) at 37°C at an atmosphere of 95 % air and 5% CO,. At the
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end of the incubation period, wells were rinsed in 1X PBS and cells were removed from
the plates with trypsin/EDTA. Cells in suspension were pelleted by centrifugation at 2500
rpm for 5 minutes and the resulting pellets were resuspended in equal volumes of PBS.
Cell number (above a threshold size of 10 pum) and mean cell size were determined with a

Beckman Coulter particle counter.

2.4.2 BrdU Assay

BrdU (5-bromo-2’-deoxyuridine) is a pyrimidine analog, and as such is
incorporated in the DNA during mitosis in place of thymidine. Addition of this
compound to proliferating cells results in the incorporation of a detectable molecule that
can be measured to indicate the levels of proliferation at the time of treatment. We
utilized a BrdU kit (Roche, Laval, Quebec) that detects the amount of BrdU incorporated
into cell culture via an anti-BrdU antibody linked to a peroxidase. Subsequent application
of tetramethyl-benzidine, a substrate for peroxidase, results in a product which is
quantifiable after measurement of the absorbance at 370nm.

MING6 and INS-1 cells were plated at a density of 100 000 cells/well in 96 well plates.
Assays were performed the following day. Two experimental protocols were followed: 1)
serum starvation - cells were incubated in serum free media with or without peptide
treatment (AG, UAG or obestatin at 10”M) for 24 hours, 2) FFA treatment (0.2 mM
palmitate) - cells were pretreated overnight in serum free media with or without peptide
treatment (AG, UAG or obestatin at 10”M) before a 24 hour incubation with 0.2 mM
palmitate with or without peptide treatment (continuation of pretreatment: AG, UAG or
obestatin at 10"M). BrdU labeling solution was added to culture (final concentration of

10 uM) at the beginning of the treatment period. At the completion on the treatment
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period, all media was aspirated and plates were stored at 4°C overnight as per kit
protocol. The following day the cells were treated with the supplied fixative/denaturing
agent for 30 minutes at room temperature. Anti-BrdU antibody linked to peroxidase was
applied to cells for 90 minutes at room temperature. Plates were then rinsed and the
substrate solution was applied to wells. The absorbance of the reaction was measured at

370 nm (background 492 nm) and readings were obtained 30 minutes into the reaction.

2.5 APOPTOSIS

2.5.1 Hoechst Nuclear Staining

MING6 and INS-1 cells were plated in chamber slides and grown until 80%
confluency. Cells were incubated overnight at 37°C and an atmosphere of 95 % air and
5% CO; in serum, serum free media supplemented with 0.5% FFA free BSA, or 0.2 mM
palmitate (prepared as described above) with or without AG, UAG or obestatin (107'M).
At the end of the 24 hour incubation, hoechst nuclear dye 33342 was added to the wells at
a concentration of 10 ug/ml for a further 15 minutes at 37°C. Cells were then rinsed with
1X PBS, and fixed in 4% paraformaldehyde (PFA) in PBS at room temperature for 15
minutes. Slides were then coversliped with mounting media. Slides were visualized by
fluorescent microscopy. An experimenter blind to treatment condition performed analysis
of apoptotic cells using condensation of the nucleus and the presence of apoptotic bodies
as positive markers of apoptotic cells, as these are phenotypic indicators of late stage

apoptosis (Kerr, Wyllie and Currie, 1972).
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2.5.2 Caspase 3 Assay

Caspase 3 is an enzyme that is responsible for the proteolytic cleavage of many
intracellular proteins during the apoptotic process leading towards cell death (Porter and
Janicke, 1999). However, prior to activation, caspase 3 must be cleaved by caspase 9 (Li
et al., 1997). The concentration of activated caspase 3 can be quantified by incubation
with a substrate that upon cleavage results in a product is measurable by absorbance.

Cleaved caspase 3 levels were measured with a colormetric caspase 3 assay kit
(Sigma-Alrich, St. Louis MO, USA). Cells were plated on 6 well plates and grown to
80% confluence before apoptotic induction. Apoptosis was achieved through two
separate protocols: 1) 48 hour serum deprivation and 2) lipotoxicity via 24 hour palmitate
treatment. Treatments were performed in the absence and presence of AG, UAG or
obestatin (serum deprivation protocol: peptide dose range (10, 10", 10 and 10"M),
palmitate treatment: peptides all 10”M). Following treatment, cells were lysed in the kit
lysis buffer, incubated on ice for 20 minutes and then centrifuged at 16000rpm, for 15
minutes, at 4°C. The resulting supernatant was stored a -80°C until later use. Thirty pl of
the supernatant was incubated in the presence of the caspase 3 substrate, acetyl-Asp-Glu-
Val-Asp p-ntiroanilide (Ac-DEVD-pNA). Caspase 3 cleavage of this substrate results in
release of the product p-nitroaniline, the concentration of which was then quantified at

405nm.

2.6 AKT SIGNALING
Akt is activated by phosphorylation, thus we measured the amount of
phophorylated Akt as an indicator of Akt signaling (Dickson and Rhodes, 2004, Elghazi

and Bernal-Mizrachi, 2009). Prior to protein extraction, INS-1 and MING6 cells were pre-
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incubated in serum free culture media for 4 hours before a 10 minute treatment in serum
free media with or without peptide treatment (AG, UAG or obestatin (10", 10” and
107M)). Akt phosphorylation was quantified by western blot band density analysis.

Blots were probed with specific antibodies (pAkt rabbit polyclonal IgG (1:500) (Santa
Cruz Biotechnology, CA, USA), Akt mouse polyclonal IgG (1:500) (Santa Cruz
Biotechnology, CA, USA), actin rabbit polyclonal (1:500) (Sigma-Aldrich, St Louis, MO
USA). Immunoreactive bands were visualized with horseradish peroxidase (HRP)
conjugated goat anti-mouse IgG (1:10000) (Santa Cruz Biotechnology CA, USA) or
donkey anti-rabbit IgG (1:10000) (GE Healthcare UK Limited, Quebec). Band density
was quantified using Quantity One software (Biorad, Mississauga, Ontario). Band density

was evaluated and was reported as the ratio of pAkt/Akt.

2.7 INSULIN SECRETION

INS-1 cells were plated at a density of 200 000 cells/well in 24 well plates. Cells
were maintained as described above until reaching ~ 80 % confluence. Cells were rinsed
twice with PBS before a 1 hour incubation in glucose free KRBH (140 mM NacCl, 3.6
mM KCI, 0.5 mM NaH,POj, 0.5 mM MgSOy, 1.5 mM CaCl,, 2 mM NaHCOs3, 10 mM
HEPES (pH7.4) and 0.1% BSA). Peptide treatments were prepared in KRBH of varying
glucose concentrations (2, 5, 11, 16 and 25 mM glucose). Cells were incubated with or
without the peptide treatments (1072, 10™", 10 and 10”"M) for 1 hour after which media
was immediately collected and stored at -20°C until further use. Insulin concentration
was measured by radioimmunoassay (RIA) (Rat Insulin RIA kit, Linco Research (MO,
USA)). Total protein was collected from the plates using cytobuster (Novagen, USA).

Protein was sonicated and centrifuged at 14 000 rpm before quantification with Bradford
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protein assay (Biorad, Mississauga, Ontario). Insulin concentration was normalized to

total protein content of the wells (ng insulin/ ug protein).

2.8 EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS

Samples for cell counting, serum starvation caspase 3 assays, Akt
phosphorylation, and insulin secretion experiments were performed in triplicate and
experiments were repeated once. Samples for the palmitate proliferation experiments
were performed in groups of 8. Samples for the nuclear staining experiments were
performed in duplicate with counts obtained from 3 views of each slide. The samples for
palmitate caspase 3 assays were performed in triplicate.

Data were analyzed using GraphPad Prism software (v4.0). Data are reported as
mean = SEM. One way ANOV As were used for multiple comparisons, followed by
Dunnett’s Multiple Comparison test for post hoc analysis of experimental peptide vs.
control treatment. Differnces between groups with a p value < 0.05 were considered

significant.
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CHAPTER 3 RESULTS

3.1 GHS R1A1s PRESENT IN MING6 CELLS, BUT NOT INS-1 CELLS

Both MIN6 and INS-1 pancreatic beta cell lines were tested for the presence of
GHS R1a transcript and protein. Mouse hypothalamus and pancreas served as a positive
control for GHS R1a, as these tissues have been reported to contain GHS R1a. Indeed, we
have confirmed the presence of the GHS R1a in mouse hypothalamus and pancreas using
the primer set based on the mouse GHS R1a sequence (Figure 3a). MIN6 and INS-1 cell
lines were tested for GHS R1a expression using 3 independent primer sets (1. mGHS Rla
based on the mouse sequence of GHS R1a, 2. hGHS R1a based on the human sequence
of GHS R1a and 3. rGHS R1a based on the rat sequence of GHS R1a. Given the
conservation of the GHS R1a sequence across these species, all three of the independent
primer sets were indicated to ampify GHS R1a transcript against the mouse, rat and
human GHS R1a sequences. The human medullary thyroid cell line, TT, was also
included in our analyis as a positive control, as we have shown TT cells to express GHS
R1a (unpublished data). The mouse glucagon secreting cell line, alpha-TC was tested for
GHS R1a expression as well, to investigate the presence of GHS R1a in other islet cell
types. As expected, TT cells expressed GHS R1a (Figure 3b), which was detectable using
all three primer sets, indicating a degree of similarity in the GHS R1a transcript across
rodents to humans. MING6 also contained the GHS R1a transcript, which like TT cells,
was detectable using all three primers (Figure 3c). Using two independent samples of
INS-1 cDNA, we were unable to detect GHS R1a transcript using any of the three primer

sets (Figure 3d), indicating that INS-1 cells lack GHS R1a expression. GHS Rla was
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Figure 3. MING, but not INS-1 cells express GHS R1a. MIN6 and INS-1 cells were
probed for the presence of GHS R1a transcript and protein. rt PCR reactions were
performed on cDNA made from mouse tissues or TT, MIN6, INS-1 and alpha-TC cells.
PCR products were separated on 1% agarose gels and visualized with ethidium bromide.
Samples were probed for 18s to check for sample quality. A) Mouse hypothalamus and
pancreas express GHS Rla. cDNA from mouse hypothalalmus and pancreas was used as
a positive control for GHS R1a expression using GHS R1a primers based on mouse GHS
R1la. B) The human medullary thyroid cell line, TT cells, was used as a positive control
for GHS R1a in our analysis of cell lines. Three independent primer sets for GHS Rla
expression were tested (1. mGHS R1a based on the mouse sequence of GHS R1a, 2.
hGHS R1a based on the human sequence of GHS R1a, and 3. rGHS R1a based on the rat
sequence of GHS R1a). C) GHS R1a expression is detectable in MING6 cells using all
three independent GHS R1a primer sets. D) GHS R1a expression was not detectable in
two independent INS-1 cDNA samples, probed with 3 independent GHS R1a primer sets.
However, GHS R1a expression was detectable in alpha-TC cells using all three
independent GHS R1a primer sets. E) Lysates from TT, MIN6 and INS-1 cells were
analyzed by western blotting for the presence of GHS R1a protein. TT cell lysate
produced a weak 27 kDa band representing GHS R1a protein. This 27 kDa band was
pronounced in MING lysate but absent from INS-1 cell lysate, confirming the rt PCR
results.
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detectable in alpha-TC cells (Figure 3d). Our finding that MIN6 but not INS-1 cells
contain GHS R1a, was confirmed by western blotting of cellular protein lysates using a
rabbit anti-rat GHS R1a antibody (Alpha Diagnostics, TX, USA), which showed a robust
band from MING lysate, and no detectable band in INS-1 cell lysate (Figure 3e).These
results indicate that MIN6 have GHS R1a, while INS-1 lack this traditional receptor for

AG.

3.2 BOTH ACYLATED GHRELIN AND UNACYLATED GHRELIN
INCREASE/PRESERVE CELL NUMBER IN MING6 AND INS-1 CELLS

Both average cell size and cell number was determined in MIN6 and INS-1 cells in
response to serum starvation in the absence and presence of PGDP. Average cell size was
used as a measure of cellular hypertrophy, while cell number was used as a preliminary
measure of cell proliferation and/or apoptosis. MING6 and INS-1 cells were treated with
serum free media with or without AG, UAG or obestatin for 24 hours. PGDP did not alter
average cell size in either INS-1 (Figure 4a-c) or MING6 cells (Figure 5a-c). In INS-1
cells, AG at all doses tested (10'13 M, 10""M, 107 and 10"M ) increased cell number
relative to serum starved control cells (Figure 4d) (10"°M AG: 1.28x 10°+ 0.07x 10°
cells (p <0.05), 10"'"M AG: 1.38x 10°+ 0.11x 10° cells (p < 0.01), 10°M AG: 1.47x 10°
+0.07x 10° cells (p < 0.01) and 10"M AG: 1.16x 10°+ 0.08x 10° cells (p < 0.05), vs.
serum starved controls: 0.63x 10° + 1.7x 10° cells). Similar to AG, UAG at all doses
tested (10"°M, 10""M, 10" and 10"M ) increased INS-1 cell number relative to serum
starved control cells (Figure 4¢) (10"°M UAG: 2.03x 10° + 0.3x 10° cells (p < 0.01), 10°
"M UAG: 2.79x 10° + 0.18x 10° cells (p < 0.001), 10°M UAG: 2.18x 10°+ 0.11x 10°

cells (p <0.01) and 10"M UAG: 3.12x 10°+ 0.17x 10° cells (p < 0.001), vs. serum
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Figure 4. Acylated ghrelin (AG) and unacylated ghrelin (UAG) increase cell number
in serum starved INS-1 cells. INS-1 cells were plated in 6 well plates and grown to 50%
confluency. INS-1 cells were then incubated for 24 hours serum free (SF) media with or
without AG, UAG or Obestatin (Ob) (107", 10", 10™, 10"M). Average cell size and cell
number was analyzed with a particle counter. Data is expressed as mean + SEM. Serum
starvation or PDGP treatment did not change average cell size (A-C). Incubation in SF
media significantly decreased cell number as compared to cells incubated in media
containing FBS (serum) (D-F). AG (D) and UAG (E) (all concentrations) significantly
increased cell number compared to SF cells, while Ob had no significant effect on cell
number (F). *p<0.05, ** p<0.01, *** p<0.001 compared to SF, analyzed with an
ANOVA followed by Dunnet’s post hoc test. Samples were performed in triplicate and
experiments were completed twice.

48



A 201
'§15-
2
& 104 . . . . .
o
>
o 54
0=
& K o o A
"g& K S N o
acylated ghrelin
B
201
T 154 —
2
& 104 ‘ \
w
3
u | | |
0 L . Ll L] L] L]
(§ & IS S S
& AT N N
unacylated ghrelin
C
20+

-
o
1

cell size (um)
—
[=]
L

o
1

0 1 1 ] 1 ]
& & oY o A
&& RS O 9
obestatin

wEE
D 2.0x105-
= 1.5x10%+
@
o
£
5 1.0x10%+
=
o
O 0.5x106
0t
& & o A e
gg}‘) K
acylated ghrelin
E
5.0x105+
wERE
L 40x10°1 as
[ Fkk
B 3.0x105 e
=3
£ 20108 L
@
o
1.0x1054
0 L] i Ll 1 1 L]
< o A g
g'f.’}oé\ N ,.\Q: ,-\Q:; .\és '\l.Q
unacylated ghrelin
F
3.0:105q .,
-
2 20x105-
E
3
c
= T
®  1.0x10-
D L Ll | 1 ]
£ e o o A
=) N N : ;
¢é§ 0 W ’\Q "\%
obestatin
Figure 4

49



Figure 5. Acylated ghrelin (AG), unacylated ghrelin (UAG) and obestatin (Ob)
increase cell number in serum starved MING6 cells. MIN6 cells were plated in 6 well
plates and grown to 50% confluency. MING6 cells were then incubated for 24 hours
serum free (SF) media with or without AG, UAG or Ob (107, 10", 10?, 107M).
Average cell size and cell number was analyzed with a particle counter. Data is expressed
as mean * SEM. Serum starvation or PDGP treatment did not change average cell size
(A-C). Incubation in SF media significantly decreased cell number as compared to cells
incubated in media containing FBS (serum) (D-F). AG (all concentrations) significantly
increased cell number compared to SF cells (D), while only 10™'! and 10’M UAG (E) and
10 and 107"M Ob (F) significantly increased cell number. *p<0.05, ** p<0.01, ***
p<0.001 compared to SF, analyzed with an ANOVA followed by Dunnet’s post hoc test.
Samples were performed in triplicate and experiments were completed twice.
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starved controls: 0.69x 10° + 0.13x 10° cells). However, obestatin was unable to increase
cell number at any dose tested (Figure 4f).

In MING cells, AG at all doses tested (10'13M, 10"M, 10° and 10'M ) increased
cell number relative to serum starved control cells (Figure 5d) (10"°M AG: 0.62x 10° +
0.16x 10° cells (p < 0.001), 10"''"M AG: 0.91x 10° + 0.76x 10’ cells (p < 0.001), 10°M
AG: 0.71x 10°+ 0.37x 10 cells (p < 0.001) and 10"M AG: 0.76x 10°+ 0.25x 10’ cells (p
<0.001), vs. serum starved controls: 0.14x 10° + 0.12x 10° cells). UAG also enhanced
cell number relative to serum starved cells, with doses at 10"'M (UAG: 0.2x 10° + 0.47x
10% cells (p < 0.05)) and10"M (UAG: 0.23x 10° + 1.8x 10 cells (p < 0.01)) resulting in
increased cell number (serum starved controls: 0.06x 10° + 0.29x 10° cells) (Figure 5e).
Obestatin treatment increased cell number in a dose dependent manner with significant
responses at doses at 10”M (Ob: 0.47x 10°+ 0.17x 10° cells (p < 0.01)) and 10”M (Ob:
0.59x 10°+ 0.69x 10° cells (p < 0.001) compared with serum starved controls (0.14x 10°
+ 0.44x 10° cells) (Figure 5f).

We have found that AG and UAG increase cell number in INS-1 cells, while

obestatin has no effect on cell number. In contrast, all three PGDP positively regulate cell

number in MING6 cells

3.3 PROGHRELIN DERIVED PEPTIDES INCREASE PROLIFERATION IN INS-1,
But NoT MING CELLS

To further explore the increase in beta cell number with PGDP we determined if
PGDP increase proliferation of INS-1 or MING6 cells. BrdU incorporation was used as a
measure of cellular proliferation. BrdU is a pyrimidine analog and is incorporated in the

DNA during mitosis in place of thymidine. Incubation of BrdU with proliferating cells
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results in the incorporation of a detectable molecule that can be measured to indicate the
levels of proliferation at the time of treatment. Incorporated BrdU was measured via an
anti-BrdU antibody linked to a peroxidase. Subsequent application of a peroxidase
substrate results in a colour product which is quantifiable after measurement of
absorbance at 370nm.

Serum starvation of INS-1 cells resulted in a significant decrease in proliferation
(Figure 6a) (OD at 370nm serum starvation condition: 1.58 £+ 0.6 compared with serum
condition: 2.73 + 0.08 (p < 0.05). AG, UAG and obestatin treatment (10”"M) were all
capable of restoring cellular proliferation to that of the serum positive condition (Figure
6a) (OD at 370nm - AG: 3.04 = 0.04 (p <0.01), UAG: 2.59 + 0.08 (p < 0.05), Ob: 2.62 +
0.14 (p < 0.05). Proliferation of MING cells was slightly, but significantly reduced by
serum starvation (Figure 6¢) (OD at 370nm serum condition: 3.63 £ 0.23 compared with
serum starvation: 3.17 £ 0.07 (p < 0.05)). However, neither AG, UAG or obestatin were
capable of restoring cell proliferation (Figure 6c).

Palmitate significantly reduced proliferation of INS-1 cells (Figure 6b) (OD at
370nm Palmitate: 1.59 + 0.13 compared with both serum: 2.898 + 0.039 and serum free
media with 0.5% BSA: 2.287 £0.018 (p <0.001)). However, PGDP were unable to
restore proliferation under this model of lipotoxicity (Figure 6b). Palmitate produced a
non significant reduction in proliferation of MING cells (Figure 6d) (OD at 370nm
Palmitate: 1.68 + 0.14 compared with both serum: 2.10 + 0.062 and serum free media
with 0.5% BSA: 2.052 £ 0.22 (non significant)) and PGDP were without further effect

(Figure 6d).
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Figure 6. Acylated ghrelin (AG), unacylated ghrelin (UAG) and obestatin (Ob)
increase proliferation in serum starved INS-1 cells. INS-1 and MING6 cells were
seeded at a density of 100 000 cells/ well in 96 well plates and grown overnight. Cells
were then incubated 1) for 24 hours in serum free (SF) media with or without AG, UAG
or Ob (10"M) or 2) pretreated with AG, UAG or obestatin (10”M) overnight before a 24
hour treatment with 0.2mM palmitate with or without continued treatment with AG,
UAG or Obestatin (Ob) (107'M). Treatments occurred concurrently with a 24 hour BrdU
incorporation period. Cellular proliferation was analyzed with a BrdU kit (Roche, Laval,
Quebec). Data is expressed as mean £ SEM. A) Incubation in SF media significantly
decreased cell proliferation in INS-1 cells as compared to cells incubated in media
containing FBS (serum). AG, UAG and Ob restored proliferation to that of serum treated
control cells. B) Palmitate (0.2mM) significantly decreased proliferation in INS-1 cells as
compared to serum and 0.5% BSA controls. Pretreatment with PGDP was unable to
restore proliferation in INS-1 cells. C) Incubation in SF media slightly, but significantly
decreased proliferation in MING6 cells. PGDP had no significant effect on proliferation in
MING cells. D) Palmitate (0.2mM) non significantly decreased proliferation in MIN6
cells as compared to serum and 0.5% BSA controls. Pretreatment with PGDP had no
effect on proliferation in palmitate treated MING cells. Comparsions in A and C were
made relative to SF control, while comparisons in B and D were made relative to 0.2 mM
palmitate treatment. *p<0.05, ** p<0.01, and *** p<0.001, analyzed with an ANOVA
followed by Dunnet’s post hoc test. All experiments have sample sizes of n=8.
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We have found that PGDP increase proliferation in serum starved INS-1 cells.
This effect was not found with FFA treated INS-1 cells or with MING6 cells under any
condition.

3.4 PALMITATE INCREASES APOPTOSIS IN INS-1 AND MING6 CELLS,
WHICH 1S REDUCED WITH ACYLATED GHRELIN TREATMENT

Despite the lack of strong proliferative effect of PGDP under a lipotoxic
environment, the apoptotic rate in response to PGDP and palmitate treatment showed a
more pronounced effect. INS-1 and MING6 cells were incubated overnight in serum,
serum free media supplemented with 0.5% FFA free BSA, or 0.2mM palmitate, with or
without AG, UAG or obestatin (10”'M). At the end of the 24 hour incubation, cells were
incubated with Hoechst nuclear dye in order to visualize nuclei. Condensed and
fragmented nuclei were considered apoptotic as apoptotic cells are known to display
these characteristics due to condensation of chromatin, DNA fragmentation and
formation of apoptotic bodies (Kerr, Wyllie and Currie, 1972).

In INS-1 cells, the percentage of apoptotic cells was increased by palmitate (5.89
+0.63 % (p < 0.001)) compared to serum and 0.5% BSA controls (0.83 £ 0.26 % and
1.73 £ 0.25 %, respectively) (Figure 7a). AG restored the level of apoptotic cells to serum
and 0.5% BSA conditions, with significantly fewer apoptotic cells than when cells were
treated with 0.2mM palmitate alone (Figure 7b) (1.79 = 0.83 % (p < 0.001)). UAG was
also able to reduce the percentage of apoptotic cells (Figure 7¢) (3.27 £ 1.02 % (p <
0.05)). Treatment with obestatin did not result in a significant reduction in the percent of

apoptotic cells (Figure 7d).
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Figure 7. Acylated ghrelin (AG) and unacylated ghrelin (UAG) decrease apoptosis in
palmitate treated INS-1 cells. INS-1 cells were plated in chamber slides and grown until
80% confluency. Cells were incubated overnight in serum, serum free media
supplemented with 0.5% fatty acid free bovine serum albumin (BSA), or 0.2mM
palmitate (prepared as described above) with or without AG, UAG or obestatin (Ob) (10
'M). At the end of the 24 hour incubation, Hoechst nuclear dye 33342 was applied to
cells for 15 minutes prior to fixation in 4% PFA. Apoptotic cells were counted in three
views of each sample (approximately counts of 100 cells, 40X objective (n=2)). Cells
with condensed or fragmented nuclei were considered apoptotic (see arrowheads).
Representative view of palmitate treated INS-1 cells (A). Palmitate significantly
increased the percent of apoptotic INS-1 cells. (B) AG and (C) UAG co-treatment with
0.2mM palmitate were able to decrease the percent of apoptotic cells, while Ob had no
effect (D). Data is expressed as mean % apoptotic cells + SEM. *p<0.05, *** p<0.001
compared to 0.2mM palmitate, analyzed with an ANOVA followed by Dunnet’s post hoc
tests.
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In MING cells, the percentage of apoptotic cells was increased by palmitate (5.20
+0.50 % (p < 0.001)) compared to serum and 0.5% BSA controls (1.586 + 0.20 % and
2.89 + 0.25 %, respectively) (Figure 8a). AG restored the level of apoptotic cells to serum
and 0.5% BSA conditions, with significantly fewer apoptotic cells than wells treated with
0.2mM palmitate alone (Figure 8b) (3.232 £0.19 % (p < 0.01)). Treatment with UAG
(Figure 8c) or obestatin (Figure 8d) did not result in a significant reduction in the percent
of apoptotic cells.

We have found that palmitate induces apoptosis in INS-1 and MING6 cells. AG is
effective at decreasing the percentage of apoptotic cells in both cell lines, while UAG is

only effective at decreasing the percentage of apoptotic cells in INS-1 cells.

3.5 ACTIVATED CASPASE 3 1S ELEVATED IN SERUM DEPRIVED INS-1 CELLS
AND IS NORMALIZED WITH ACYLATED GHRELIN TREATMENT

To further explore influence of PGDP on apoptosis in INS-1 and MING6 cells,
activation of the pro-apoptotic protein, caspase 3, was analyzed in 48 hour serum-starved
cells incubated in the absence and presence of PDGP. This incubation period was used as
we initially found that a 24 hour serum free incubation period was not adequate to
increase activated caspase 3 in either cell line. Caspase 3 is a protease, which prior to
activation, must be cleaved by caspase 9 (Li et al., 1997). Lysates were incubated with
the caspase 3 substrate, acetyl-Asp-Glu-Val-Asp p-ntiroanilide (Ac-DEVD-pNA);
subsequent cleavage of this substrate by caspase 3 results in release of p-nitroaniline, the
concentration which was quantified at 405nm.

A 48 hour incubation of INS-1 cells in serum free media led to a significant

increase in levels of activated caspase 3 (Figure 9a-c) (OD at 405nm - serum: 0.18 £ 0.01
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Figure 8. Acylated ghrelin (AG) decreases apoptosis in palmitate treated MING cells.
MING cells were plated in chamber slides and grown until 80% confluency. Cells were
incubated overnight in serum, serum free media supplemented with 0.5% fatty acid free
bovine serum albumin (BSA), or 0.2mM palmitate (prepared as described above) with or
without AG, unacylated ghrelin (UAG) or obestatin (Ob). At the end of the 24 hour
incubation, Hoechst nuclear dye 33342 was applied to cells for 15 minutes prior to
fixation in 4% PFA. Apoptotic cells were counted in three views of each sample
(approximately counts of 100 cells, 40X objective (n=2)). Cells with condensed or
fragmented nuclei were considered apoptotic (see arrowheads). Representative view of
palmitate treated MING6 cells (A). Palmitate significantly increased the percent of
apoptotic MING cells. AG (B) co-treatment with 0.2mM palmitate was able to decrease
the percent of apoptotic cells, while UAG (C) and Ob (D) had no effect. Data is
expressed as mean % apoptotic cells £ SEM. ** p<0.01, *** p<0.001 compared to
0.2mM palmitate, analyzed with an ANOVA followed by Dunnet’s post hoc tests.
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Figure 9. Acylated ghrelin (AG) decreases caspase 3 activation in serum starved
INS-1 cells. INS-1 cells were plated in 6 well plates and grown to 80% confluency. INS-
1 cells were then incubated for 48 hours in serum free (SF) media with or without AG,
unacylated ghrelin (UAG) or Obestatin (Ob) (107", 10", 10®, 10"M). Activated caspase
3 was analyzed in cell lysates with a colormetric Caspase 3 kit (Sigma, St Loius MO,
USA). Data is expressed as mean aborbance at 405nm + SEM. Incubation in SF media
significantly increased levels of activated caspase 3 as compared to cells incubated in
media containing FBS (serum). A) AG (107 and 10"M) significantly decreased the
amount of caspase 3 present in cell lysate compared to SF cells, while UAG (B) and Ob
(C) had no significant effect on caspase 3 activation *p<0.05, ** p<0.01 compared to
SF, analyzed with an ANOVA followed by Dunnet’s post hoc tests. Samples were
performed in triplicate and experiments were completed twice.
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(p <0.01) compared to serum free media: 0.25 £ 0.02). Treatment of serum starved cells
with AG resulted in a decrease in activated caspase 3, resulting in a restoration of
activated caspase 3 levels to that of cells incubated in serum (Figure 9a). This effect was
seen at doses of 10°M AG (OD at 405nm - AG 10”M: 0.18 + 0.01 (p < 0.01)) and10'M
AG (AG 10"M: 0.19 + 0.01 (p < 0.05) compared to serum free media: 0.25 + 0.02).
Activated caspase 3 levels did not change when serum starvation was combined with
UAG (Figure 9b) or obestatin (Figure 9c) treatment.

In summary, INS-1 cells have increased levels of activated caspase 3 in response
to serum starvation and AG treatment decreases levels of activated capsase 3 to that

found in serum treated cells.

3.6 CASPASE 3 1S NOoT ELEVATED IN MING6 CELLS FOLLOWING 48 HOUR
SERUM STARVATION

Serum starvation of MING cells for 48 hours did not increase activated caspase 3
levels as compared with control serum treated cells (Figure 10a-c). Although serum
starvation did not induce caspase 3 activity, AG treatment at 10°M (OD at 405nm - AG
10°M: 0.16 + 0.001 (p < 0.05)) and10"M (AG 107M: 0.15 + 0.002 (p < 0.01)) resulted
in caspase 3 activation below both serum treated and serum starved cells (Figure 10a)
(OD at 405nm - serum: 0.20 + 0.005, serum free media: 0.20 & 0.003). Treatment of cells
with UAG (Figure 10b) or obestatin (Figure 10c) did not alter levels of activated caspase
3.

We have found that levels of activated caspase 3 in MING cells are not sensitve to

48 hour serum starvation, but are decreased by AG treatment.
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Figure 10. Acylated ghrelin (AG) decreases caspase 3 activation in serum starved
MING cells. MING cells were plated in 6 well plates and grown to 80% confluency.
MING cells were then incubated for 48 hours in serum free (SF) media with or without
AG, unacylated ghrelin (UAG) or Obestatin (Ob) (107, 10", 10®, 10"M). Activated
caspase 3 was analyzed in cell lysates with a colormetric Caspase 3 kit (Sigma, St Loius
MO, USA). Data is expressed as mean aborbance at 405nm + SEM. Incubation in SF
media had no effect on levels of activated caspase 3 as compared to cells incubated in
media containing FBS (serum). A) AG (107 and 10"M) significantly decreased the
amount of caspase 3 present in cell lysate compared to SF cells, while UAG (B) and Ob
(C) had no significant effect on activation of caspase 3 *p<0.05, ** p<0.01 compared to
SF, analyzed with an ANOVA followed by post hoc tests. Samples were performed in
triplicate and experiments were completed twice.
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3.7 PALMITATE TREATMENT INCREASES APOPTOSIS IN INS-1 CELLS

The effect of PDGP on FFA induced caspase 3 activation was investigated in
INS-1 and MING6 cells. INS-1 cells treated with 0.2mM palmitate for 24 hours had
increased levels of caspase 3 as compared with cells in serum positive and serum free
0.5% BSA conditions (OD at 405nm - serum: 0.17 + 0.01, serum free media with 0.5%
BSA: 0.18 £0.01 (both p < 0.05) compared to palmitate treated cells: 0.23 = 0.01). Co-
incubation of cells with AG resulted in a non-signifiant decrease in active caspase 3
levels (OD at 405nm - AG: 0.21 + 0.004) (Figure 11). MING6 cells showed an unstable
caspase 3 response to palmitate treatment (data not shown).

We have found levels of caspase 3 in palmitate treated INS-1 cells to be evelated

but not sensitive to PGDP treatment.

3.8 ACYLATED GHRELIN AND UNACYLATED GHRELIN INCREASE
PHOSPHORYLATION OF AKT IN INS-1 AND MING6 CELLS

Given the importance of the Akt signaling pathway in the regulation of beta cell
mass, phosphorylation of Akt signaling was investigated in INS-1 and MING6 cells. INS-1
and MING cells were serum starved for 4 hours before a 10 minute incubation with 107M
AG, UAG or obestatin. Cell lysate was analyzed for phosphorylation of Akt (pAkt) via
western blotting. In INS-1 cells, 10"M AG treatment resulted in a 13% increase in Akt
phosphorylation (Figure 12a) (average band density of pAkt normalized to total Akt band
density - 10"M AG: 2.645 + 0.28 (non significant), compared to serum free control:
2.336 + 0.15). Furthermore, 10"M UAG treatment resulted in a 40% increase in Akt
phosphorylation (Figure 12b) (average band density of pAkt normalized to total Akt band

density - 10"M UAG: 2.336 + 0.83 (non significant), compared to serum free control:
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Figure 11. Palmitate increases caspase 3 activation INS-1 cells. INS-1 cells were
plated in 6 well plates and grown to 80% confluency. INS-1 cells were incubated in
0.2mM palmitate with or without acylated ghrelin (AG), unacylated ghrelin (UAG) or
Obestatin (Ob) (107M). Activated caspase 3 was analyzed in cell lysates with a
colormetric Caspase 3 kit (Sigma, St Loius MO, USA). Data is expressed as mean
aborbance at 405nm + SEM. Incubation in 0.2mM palmitate significantly increased
levels of activated caspase 3 as compared to cells incubated in media containing FBS
(serum) and 0.5% BSA. AG, UAG and Ob had no significant effect on caspase 3
activation *p<0.05 compared to 0.2mM palmitate, analyzed with an ANOVA followed
by Dunnet’s post hoc tests. Samples were performed in triplicate.
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Figure 12. Acylated ghrelin (AG) and unacylated ghrelin (UAG) modestly increase
phosphorylation of Akt in INS-1 cells. INS-1 cells were pre-incubated in serum free
(SF) media for 4 hours before a 10 minute treatment with proghrelin derived peptides
(PGDP) (all treatments 107'M) ((A) AG, (B) UAG, (C) Obestatin (Ob)). Akt
phosphorylation (pAkt) was determined by western blot analysis. Blots were then
stripped and re-probed for Akt. Band density was evaluated and expressed as pAkt/Akt.
All samples were performed in triplicate and experiments were completed twice.
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1.67 £0.30). In INS-1 cells, obestatin did not increase phosphorylation of Akt (Figure
12¢).

In MING cells, 10’M AG treatment resulted in a ~30% increase in Akt
phosphorylation (Figurel3a) (average band density of pAkt normalized to total Akt band
density - 10"M AG: 0.0069 =+ 0.0003 (non significant), compared to serum free control:
0.0053 + 0.001). 10’M UAG treatment resulted in a 45% increase in Akt
phosphorylation (Figure 13b) (average band density of pAkt normalized to total Akt band
density - 10"M UAG: 0.666 = 0.12 (non significant), compared to serum free control:
0.459 £ 0.019). In MING cells, obestatin did not increase phosphorylation of Akt (Figure
13c¢).

We have found that a 10 minute incubation of INS-1 or MING6 cells with AG or

UAG non-significantly increases Akt phosphorylation.

3.9 INSULIN SECRETION IS MODULATED BY PROGHRELIN DERIVED
PEPTIDES IN A GLUCOSE DEPENDENT MANNER IN INS-1 CELLS

The ability of PGDP to modulate beta cell function in a cell line lacking GHS R1la
was explored by investigating the regulation of insulin secretion by PGDP in INS-1cells
A background of low, fasting, fed, high and very high glucose concentrations (2, 5, 11,
16 and 25 mM glucose respectively) was used to determine if the PGDP response is
glucose dependent. INS-1 cells were incubated for 1 hour in 2, 5, 11, 16 and 25 mM
glucose in the presence or absence of AG (Figure 14), UAG (Figure 15) or obestatin
(Figure 16). Insulin concentration of the serum was determined with insulin RIA and

normalized to total protein content.
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Figure 13. Acylated ghrelin (AG) and unacylated ghrelin (UAG) modestly increase
phosphorylation of Akt in MING6 cells. MING6 cells were pre-incubated in serum free
(SF) media for 4 hours before a 10 minute treatment with proghrelin derived peptides
(PGDP) (all treatments 107'M) ((A) AG, (B) UAG, (C) Obestatin (Ob)). Akt
phosphorylation (pAkt) was determined by western blot analysis. Blots were then
stripped and re-probed for Akt. Band density was evaluated and expressed as pAkt/Akt.
All samples were performed in triplicate and experiments were completed twice.
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Figure 14. Acylated ghrelin (AG) regulates insulin secretion in INS-1 cells in a
glucose and dose dependent manner. INS-1 cells were incubated for 1 hour in 2 (A), 5
(B), 11 (C), 16 (D) and 25mM glucose (E) in the presence or absence of AG (107,10,
10? and 10"M) (except 25mM glucose which was incubated with AG at 10™"!, 10 and
107M). Insulin concentration of the serum was determined with insulin RIA. Insulin
concentrations were normalized to total protein content. Data is expressed as mean +
SEM. At 5mM glucose AG (1077, 10 and 10”'M) significantly inhibited insulin
secretion (B). Only the lowest dose of AG (107°M) significantly inhibited insulin
secretion at 1 1mM glucose. *p<0.05 compared to control, analyzed with an ANOVA
followed by Dunnet’s post hoc tests. Samples were performed in triplicate and
experiments with completed twice.
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Figure 15. Unacylated ghrelin (UAG) regulates insulin secretion in INS-1 cells in a
glucose and dose dependent manner. INS-1 cells were incubated for 1 hour in 2 (A), 5
(B), 11 (C), 16 (D) and 25mM glucose (E) in the presence or absence of UAG (107,10
"10” and 10"M) (except 25mM glucose which was incubated with UAG at 107", 107
and 10”M). Insulin concentration of the serum was determined with insulin RIA. Insulin
concentrations were normalized to total protein content. Data is expressed as mean +
SEM. At2mM glucose UAG (10°M) significantly increased insulin secretion (A). At
S5mM glucose UAG (10" and 10°M) significantly inhibited insulin secretion (B). At
16mM glucose UAG (10™''M) significantly increased insulin secretion (D). *p<0.05, **
p<0.01 compared to control, analyzed with an ANOVA followed by Dunnet’s post hoc
tests. Samples were performed in triplicate and experiments were completed twice.

77



>

ng insulin/ ug protein

ng insulin/ ug protein

2 mM glucose
*

0.015 -

0.010-

0.005 ——

o000
O oW
& »®

0.08-

0.06+ T

0.04-

0.02-

0.001—
> &
PO
P

ng insulin/ ug protein

0.06-

0.044

0.024

0.00

unacylated ghrelin

Il mM glucose

PO PN

'\Q

N N

unacylated ghrelin

25 mM glucose

unacylated ghrelin

78

ng insulin/ ug protein

0.08 - 5 mM glucose
[
s
g 0.06 T
=) *
2 0044 ok
£
]
w
£ 0.02-
=]
=
0.00 T
» & & LS
Q ~ [N hd 3
0004 K K W W0
unacylated ghrelin
0.20- 16 mM glucose
*
0.15-
0.10-
0.054 =
0.00 T
3 o s o asd
r_pb‘o o © o S

unacylated ghrelin

Figure 15



Figure 16. Obestatin (Ob) regulates insulin secretion in INS-1 cells in a glucose and
dose dependent manner. INS-1 cells were incubated for 1 hour in 2 (A), 5 (B), 11 (C),
16 (D) and 25mM glucose (E) in the presence or absence of Ob (107%,107"", 10 and 10°
"M) (except 25mM glucose which was incubated with Ob at 10™"!, 10 and 107M).
Insulin concentration of the serum was determined with insulin RIA. Insulin
concentrations were normalized to total protein content. Data is expressed as mean +
SEM. At2mM glucose, the lowest does of Ob (10™°M) significantly increased insulin
secretion (A). At 1 1mM glucose, the three lowest doses of Ob (107, 107! and 10°M)
significantly inhibited insulin secretion (C). At 16mM glucose Ob (10™'M) significantly
increased insulin secretion (D). *p<0.05, ** p<0.01 compared to control, analyzed with
an ANOVA followed by Dunnet’s post hoc tests. Samples were performed in triplicate
and experiments were completed twice.
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3.9.1 Acylated Ghrelin Inhibits Insulin Secretion

AG treatment of INS-1 cells leads to inhibition of insulin secretion in a glucose and dose
dependent manner. While no significant effect of AG was found at 2 (Figure 14a), 16
(Figure 14d) or 25 mM glucose (Figure 14e), AG resulted in significant inhibition of
insulin secretion at doses of 10™°M, 10°M, and 10"M at 5 mM glucose (AG: 10"°M:
0.023 + 0.004 ng insulin/pg protein (p < 0.05), 10”M: 0.025 + 0.005 ng insulin/pg
protein (p < 0.05) and 107M: 0.024 + 0.006 ng insulin/pg protein (p < 0.05), compared
to control (0.048 = 0.01 ng insulin/pg protein) (Figure 14b). At a concentration of 11mM
glucose, only the lowest tested dose of ghrelin was found to inhibit insulin secretion (AG:
10"°M: 0.026 + 0.006 ng insulin/pg protein (p < 0.05), compared to control (0.047 +

0.003 ng insulin/pg protein) (Figure 14c).

3.9.2 Unacylated Ghrelin Inhibits and Stimulates Insulin Secretion

UAG also produced inhibition of insulin secretion at SmM glucose, with doses of
10"'M and 10°M AG significantly decreasing insulin secretion (AG: 107''M: 0.03 +
0.006 ng insulin/pg protein (p < 0.05), 10°M: 0.026 £ 0.005 ng insulin/pg protein (p <
0.01), compared to control (0.053 = 0.005 ng insulin/pg protein) (Figure 15b). Unlike
AG, UAG produced significant stimulation of insulin secretion at 2mM glucose (AG: 10
"M: 0.01 = 0.002 ng insulin/pg protein (p < 0.05), compared to control (0.005 = 0.0006
ng insulin/pg protein)) (Figure 15a), and at 16mM glucose (AG: 10" "M: 0.12 + 0.028 ng
insulin/pg protein (p < 0.05), compared to control (0.052 + 0.008 ng insulin/pg protein))

(Figure 15d).
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3.9.3 Obestatin Inhibits and Stimulates Insulin Secretion

Obestatin produced inhibition of insulin secretion at 11 mM glucose, with doses of
10°M, 107"'M and 10”M obestatin significantly decreasing insulin secretion (Ob: 10°
PM: 0.014 £ 0.003 ng insulin/pg protein (p < 0.01), 10'M: 0.011 + 0.0008 ng
insulin/pg protein (p < 0.01), and 10°M: 0.014 + 0.0003 ng insulin/pg protein (p < 0.01)
compared to control (0.040 + 0.008 ng insulin/pg protein) (Figure 16¢). Similar to UAG,
obestatin produced significant stimulation of insulin secretion at 2mM glucose (Ob: 10
PM: 0.017 £ 0.005 ng insulin/pg protein (p < 0.05), compared to control (0.0063 +
0.001 ng insulin/pg protein)) (Figure 16a), and at 16mM glucose (Ob: 10" 'M: 0.089 +
0.023 ng insulin/pg protein (p < 0.05), compared to control (0.030 £ 0.006 ng insulin/pg

protein)) (Figure 16d).
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CHAPTER 4 DISCUSSION

4.1 FURTHER EVIDENCE FOR UNKNOWN PROGHRELIN DERIVED PEPTIDE
RECEPTORS

It has become evident that a number of unknown receptors exist for PGDP.
Actions of AG have been reported in tissues and cells known to not express GHS R1a,
indicating that an additional receptor for AG is present in at least some tissues (Granata et
al., 2007, Johansson et al., 2008, De Vriese et al., 2005, Delhanty et al., 2006). The
identity of this receptor is currently beyond speculation. UAG has no known receptor
(Camina, 2006, Soares and Leite-Moreira, 2008), although UAG has bioactivity in a
number of tissues and cell lines (Granata et al., 2007, Chen et al., 2005, Toshinai et al.,
2006, Gauna et al., 2006). The possibilities remain that there exists a single unknown
receptor that recognizes both AG and UAG, or a number of receptors that are mutually
exclusive between AG and UAG. Obestatin was originally reported as the ligand for
GPR39 (Zhang et al., 2005); however this has recently been questioned (Depoortere et
al., 2008, Unniappan, Speck and Kieffer, 2008, Tang et al., 2008, Lauwers et al., 2006,
Kobelt et al., 2008a). Thus, obestatin may also have an unknown receptor, although it is
clear from our results that obestatin does possess biological activities in the beta cell. The
identity of these unknown receptor(s) is vital to the understanding of ghrelin and its
associated peptide hormones.

Here we report the effects of PGDP on proliferation and survival in two beta cell
lines, one which expresses GHS R1a and one which does not. We have confirmed the
presence of GHS R1a in MING6 cells (Colombo et al., 2003, Doi et al., 2006) and shown

that INS-1 cells lack GHS R1a mRNA and protein. Using these beta cell models we were
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able to investigate the action of PGDP on cell lines with or lacking this traditional ghrelin
receptor. Furthermore, both MIN6 and INS-1 cells are widely used models of pancreatic
beta cells due to their ability to secrete insulin in a glucose dependent fashion (Asfari et
al., 1992, Ishihara et al., 1993). Although cell lines allow greater ease of manipulation for
culture based experiments, they are not representative the environment of beta cells in
islets, where cells are surrounded by other endocrine cell types. As such, caution should
be used in interpreting results obtained by cell lines. However, given the complexity of
the ghrelin system in the endocrine pancreas, we believe that experiments in cell lines are
necessary to establish the basics of ghrelin action and unknown receptors before moving

on to the more complex setting of whole islet preparations.

4.1.1 Acylated Ghrelin Decreases Apoptosis in the Presence and
Absence of GHS R1la

In both cell lines, AG promoted cell survival as measured by both a decrease in
the percentage of cells with an apoptotic phenotype (Figure 7 & 8) and a decrease in the
amount of active caspase 3 (Figure 9 & 10). The ability of AG to affect cell survival in a
model lacking GHS R1a was not unexpected as previous reports of AG bioactivity have
been reported in cells without GHS R1a (Granata et al., 2007, Johansson et al., 2008, De
Vriese et al., 2005, Delhanty et al., 2006). Indeed, our results provide further support to
the idea that there are additional receptors for AG.

4.1.2 INS-1 Cells Lack GHS R1a and Respond Differently to Acylated
Ghrelin than Their Clonal Derivatives

Our finding of INS-1 cells lacking GHS R1a is novel. There are reports of low

expression of GHS R1a in the clonal derivatives of INS-1 cells, INS-1E (Colombo et al.,
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2003) and INS-1 (832/13) (Wierup et al., 2004). However, given their differences in
stability and insulin secretion (Orecna et al., 2008, Hohmeier et al., 2000), discrepancies
between these cell lines are not unexpected. Furthermore, the effect of AG on insulin
secretion in both INS-1E and INS-1 (832/13) cells differs from the effect reported by our
group, suggesting that these two cell lines respond differently to ghrelin, a finding which
would be supported by expression of different AG receptors. AG (InM) treatment in
INS-1E cells has been reported to result in inhibition of insulin secretion only under
conditions of 16.7 and 25mM glucose (Colombo et al., 2003), while inhibition of insulin
secretion is evident in INS-1 (832/13) cells only with 100nM AG treatment at 15mM
glucose. In contrast, our results show that insulin secretion in INS-1 cells is unresponsive
to AG at 16 and 25mM glucose (Figure 14). These variances ghrelin response in INS-1
derived cell lines is most likely due to differences in their complement of PGDP
receptors.

4.1.3 Acylated Ghrelin and Unacylated Ghrelin Increase Cell Number in
the Presence and Absence of GHS R1a

In both INS-1 and MING6 cells, AG and UAG were effective at maintaining cell
number under conditions of serum starvation (Figure 4 & 5). The receptor through which
this action is mediated is currently unclear. Although MING6 cells express GHS R1a, this
does not exclude the possibility that these cells may also express an additional ghrelin
receptor, such as that present in INS-1 cells. Furthermore, obestatin was capable of
enhancing beta cell mass in MING6 cells only, suggesting that, although INS-1 cells are
able to respond to obestatin (Figure 16), the regulation of cell number in this cell line is

not sensitive to obestatin.
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4.2 PROGHRELIN DERIVED PEPTIDES REGULATE BETA CELL MASS IN INS-1
AND MING6 CELLS

Beta cell mass is determined by the combined effects of beta cell size, proliferation,
neogenesis and beta cell death (Rhodes, 2005). As cell number is an ambiguous measure
of beta cell mass we further investigated the role of PGDP on beta cell size, proliferation
and survival. Preliminary results suggested that neither AG, UAG or obestatin effected
the average beta cell size (Figure 4 & 5), so our focus shifted to the regulation of

proliferation and survival.

4.2.1 Effects of PGDP on Proliferation

Rates of proliferation were first tested in INS-1 and MING6 cells under conditions
of serum deprivation. While proliferation of INS-1 cells was sensitive to serum
starvation, MING6 cells were more resistant to this stressor (Figure 6). To determine if an
effect of PGDP was masked by decreased sensitivity of MING6 to serum deprivation, rates
of proliferation were tested under the more harsh condition of prolonged incubation with
the free fatty acid palmitate.

In conditions of serum starvation, PGDP induced proliferation in INS-1 cells.
Serum starved INS-1 cell showed significantly decreased rates of proliferation and
treatment with AG, UAG or obestatin returned rates of proliferation to that of serum
treated control cells (Figure 6a). MING6 cells were much less sensitive to serum starvation,
as evidenced by only a slight, but significant, decline in proliferation rates (Figure 6c).
Perhaps as a result of this decreased sensitivity to serum deprivation, PGDP were unable

to produce a significant change in proliferation in serum starved MING6 cells.
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Therefore, it appears that the increase in beta cell mass in INS-1 cells in response
to AG and UAG is at least partially due to rates of increased proliferation. The increased
rate of proliferation in response to obestatin in INS-1 cells was somewhat unexpected,
given that obestatin treatment did not increase cell number (figure 4f). It remains possible
that the increased rate of proliferation seen with obestatin treatment in INS-1 cells is
balanced by a corresponding loss of cells due to increased apoptosis or weakened
attachments to culture plates. Furthermore, our results suggest that the mechanism by
which PGDP increase cell number in MING6 cells is not due to increases in cellular
proliferation.

Treatment of INS-1 cells with palmitate resulted in significant decreases in
proliferation, although under these lipotoxic conditions, PGDP were ineffective at
restoring cellular proliferation (Figure 6b). Proliferation rates in MING6 cells were
surprisingly unresponsive to palmitate, with the decline of cellular proliferation due to
palmitate treatment not reaching statistical significance (Figure 6d). PGDP treatment had
no effect on proliferation rates of MING cells exposed to palmitate.

The similarity of proliferation rates to both serum deprivation and palmitate
treatment in MING cells suggests that proliferation in this cell line is very resistant to
metabolic stressors. However, palmitate has been reported to decrease proliferation of
MING cells by 32% (Wang et al., 2010b), and this decline in proliferation has been shown
to be sensitive to AG treatment (Wang et al., 2010b). The reasons for the differences
between these results and ours are not clear. Variations in experimental protocols for
palmitate exposure or BrdU incorporation time periods may be responsible for the

variance between our work and others. However, we tested PGDP both at the beginning
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of palmitate treatment (data not shown) and as a pretreatment to subsequent co-treatment
with palmitate (Figure 6), finding neither protocol effective at increasing proliferation. In
addition, by setting the BrdU incorporation period to the full length of the palmitate
treatment, we report a clearer description of proliferation of the entire experiment.
Although this time period for BrdU incorporation limits our ability to detect bursts in
proliferation due to PGDP, the overall impact on proliferation over the entire time period
is of greater value to determining the mechanisms responsible for alterations in cell
number over a prolonged treatment time. Other reports of AG increasing proliferation of
MING6 during a 24 hour palmitate treatment used a BrdU incorporation period of one hour
(Wang et al., 2010b), the reported findings may indicate a brief or transient phenomenon,
rather than our longer term investigation of proliferation rate.

The differences in PGDP sensitivity in INS-1 cells between serum deprivation
and lipotoxicity suggests that the signaling pathways activated by PGDP to rescue
proliferation in serum starved cells are either different from that needed to stimulate
proliferation in palmitate treated cells, or is simply too weak of a signal to compensate for

lipotoxicity.

4.2.2 Effects of PGDP on Cell Survival

The effect of PGDP on cell survival was investigated in both INS-1 and MIN6
cells. We first examined cells for the induction of apoptosis via microscopy. Given the
relatively low sensitivity of this method for detecting early apoptosis signaling, we chose
to test cells with the strong inducer of apoptosis, palmitate (Maestre et al., 2003).

Although these experiments do not relate directly back to our preliminary results on cell
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number, they were performed to look at cell survival under a harsh and physiologically
relevant stressor to beta cells. Exposure to lipotoxic conditions in both cell lines (24 hour
treatment with palmitate) produced a significant increase in the percentage of cells with
an apoptotic phenotype (condensed or fragmented nuclei) (Figure 7 & 8). A reduction in
the percentage of apoptotic cells with both AG and UAG was found in INS-1 cells, while
only AG was able to decrease the percentage of apoptotic cells in MING cells. Obestatin
had no effect on the percentage of apoptotic cells in either cell line.

As mentioned previously, the disadvantage of the analysis of cells for phenotypic
markers of apoptosis is the potential to overlook the earlier stages of apoptosis that occur
at the level of cell signaling prior to the morphological nuclear changes. Indeed, while in
preliminary experiments, serum deprivation (48 hours) was unable to significantly effect
the morphological characteristics of either cell line (data not shown), earlier steps in the
apoptotic cascade were evident in INS-1 cells (Figure 9). Measurement of the amount of
activated caspase 3, an effector molecule in the classical apoptosis signaling cascade
(Nicholson et al., 1995, Wen et al., 1997, Kothakota et al., 1997, Porter and Janicke,
1999, Fernandes-Alnemri, Litwack and Alnemri, 1994), indicated that treatment of serum
deprived INS-1 cells with AG was able to return the levels of active caspase 3 to that of
serum treated control cells (Figure 9a). In line with the decreased sensitivity of MIN6
cells to changes in proliferation, levels of active caspase 3 did not significantly increase
with 48 hours of serum deprivation. However, AG was still able to produce a decrease in
levels of activated caspase 3 in this cell line, with levels of active caspase 3 decreasing
below both serum deprived and serum treated control cells. In both INS-1 and MING6 cells

neither UAG or obestatin altered the amount of active caspase 3.
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4.2.3 Summary of PGDP Effects on Beta Cell Mass in INS-1 Cells

These findings suggest that there is a different mechanism for the AG and UAG
stimulated increase in INS-1 cell number in serum deprived cells. AG treatment triggers
both an increase in proliferation and a decrease in activation of the pro-apoptotic
signaling pathway (cleavage of caspase 3), while UAG treatment increases cellular
proliferation but has no effect on caspase 3 activation. How these differences between
AG and UAG occur is currently unclear. As we have shown, INS-1 cells lack the
traditional ghrelin receptor, GHS R1a. Our results show that AG is capable of eliciting
effects independent of UAG in this cell line, indicating that AG is able to induce cell
signaling that is not due to degradation of AG into UAG. It is unclear whether these
effects occur via one receptor with binding for both AG and UAG, or through two
distinct novel ghrelin receptors. Future experiments on competitive binding with AG and
UAG radioligands will serve to shed light on these results.

4.2.4 Summary of PGDP Effects on Beta Cell Mass in MIN6 Cells

The enhancement of cell number in AG treated serum starved MING6 cells appears
to be due the reduction in caspase 3 activity in MING6 cells, and therefore in decreased
rates of apoptosis. While it is most plausible that this effect occurs via GHS R1a, MIN6
cells may also express additional receptors for AG of unknown identity. While there are
GHS R1a antagonists available, the specificity of the binding of GHS has been
questioned (Johansson et al., 2008, Cassoni et al., 2001). Therefore, molecular techniques
involving deletion of GHS R1a in MING6 cells would provide clarification on this matter.
However, the increase in cell number in this cell line may also occur via apoptotic

independent mechanisms, as the effective dose range for AG in the cell number
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experiments (10"°M, 10™''M, 10 and 10”M) is greater than that for the caspase 3
experiments (10™ and 10”"M). Other possible mechanisms for enhancement of cell
number need to be explored including a more complete investigation of proliferation and
survival signaling pathways to determine the how lower doses of AG increase cell
number. The mechanism whereby UAG and obestatin increase in beta cell number in
MING cells is unclear. Neither increases in proliferation or decreases in caspase 3 levels
were found with either peptide. There remains the possibility that the rate of apoptosis is
decreased in MING cells after UAG or obestatin treatment in a manner which is not
reflected by decreased caspase 3 activation. Indeed, apoptosis can be triggered via
pathways that are independent of caspase 3 (Porter and Janicke, 1999, Janicke et al.,
1998). Further investigation on the activation of these pathways by UAG and obestatin
in MING6 cells would aid in the understanding of PGDP regulation of beta cell mass in
this cell line.
4.2.5 Lipotoxicity and Apoptosis

Caspase 3 activation was further tested under conditions of palmitate induced
lipotoxicity. While palmitate incubation increased levels of activated caspase 3 in INS-1
cells, co-treatment with PDGP did not alleviate this effect (Figure 11). This result
mirrors that seen with palmitate and decreased proliferation in this cell line; either PGDP
do not activate the proper signaling cascades to rescue cells from palmitate treatment, or
their signal is too weak to compensate for lipotoxicity induced caspase 3 activation.
Caspase 3 activation was also analyzed in palmitate treated MING6 cells; however the
response of this cell line was highly unstable and therefore not reported here. Although

we found palmitate to induce an apoptotic phenotype in this cell line, it is not clear why
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we were unable to find increased activation of caspase 3 levels in MING6 cells. However,
other groups have reported increased caspase 3 cleavage after prolonged palmitate
treatment in MING cells (Wang et al., 2010b, Wang et al., 2010a).

4.2.6 INS-1 and MING6 Cells Differ in Their Sensitivity to Metabolic
Stressors

The difference between INS-1 and MING cells in sensitivity to serum deprivation
and fatty acid treatment was not unexpected. INS-1 cells have been reported to be more
sensitive to palmitate treatment than MING6 cells (Lai et al., 2008). The reasons for this
effect are unclear, but most likely due to differences in specific proteins present in these
cell lines. The difference in palmitate sensitivity was suggested to be due to elevated
levels of the enzyme stearoyl-coenzyme A desaturase-1 (Lai et al., 2008). Differences in
GHS R1a could also play a role in the differences between MIN6 and INS-1 cells. Not
only do MING cells express GHS R1a, but this cell line has also been reported to express
ghrelin, indicating the ability of this cell line to produce and secrete ghrelin (Nakashima
et al., 2008). The likely autocrine role of ghrelin in MING6 cells may be involved in the
increased resistance to metabolic stressors in this cell line.

4.2.7 Activation of Akt Signaling in INS-1 and MING6 Cells

PGDP have been reported to stimulate proliferation and enhance survival in a
variety of beta cell models via PI3K/Akt signaling (Granata et al., 2007, Granata et al.,
2008, Zhang et al., 2007). Our preliminary results on PGDP Akt activation agree with
these reports. Both AG and UAG produced a dose dependent, but non-significant
increase in Akt phosphorylation in INS-1 and MING6 cells (Figure 12 &13). Expansion of
the experimental protocol to include time points other than 10 minutes may allow us to

see stronger evidence of Akt signaling in cell lines. Akt activation was not stimulated by
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10 minute treatment with obestatin in either INS-1 or MING6 cells. While it may be that
obestatin does not possess Akt signaling in these cell lines, the length of treatment is
another plausible reason for the lack of effect of obestatin. Obestatin does enhance Akt
phosphorylation HIT-T15 and INS-1E beta cell lines (Granata et al., 2008), however it
remains to be seen if this is the case in INS-1 or MING6 cells. Further work is required to
investigate these matters. PGDP have also been shown to increase cellular proliferation
and survival by activation of MAPK signaling (Granata et al., 2007, Granata et al., 2008,
Zhang et al., 2007). It is possible that PGDP signal via MAPK in INS-1 and MING6 cells
to increase beta cell mass. Future work should explore the roles of Akt and MAPK
signaling in the mediation of PGDP effects.
4.3 PROGHRELIN DERIVED PEPTIDES MODULATE INSULIN SECRETION IN

INS-1 CELLS

PGDP have been reported as modulators of insulin secretion both in vivo and in
vitro. However, the results to date are inconsistent, with variations across experimental
models and protocols. We chose to explore the effect of PGDP on insulin secretion in
INS-1 cells to determine the effect of ghrelin in a system lacking the traditional ghrelin
receptor. INS-1 cells were tested across a full physiological dose range of PGDP and
against different background glucose concentrations.
4.3.1 Ghrelin Regulation of Insulin Secretion

AG affected insulin secretion in a glucose dependent manner (Figure 14), with a
one hour AG treatment significantly inhibiting insulin secretion at SmM glucose at nearly
all doses of AG. Intuitively, these results appear to fit with the fluctuations of AG with

respect to energy state. AG concentrations in circulation are the highest during periods of
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fasting (Tschop, Smiley and Heiman, 2000, Guo et al., 2008), a time when the release of
insulin must be decreased to maintain normoglycemia. Our results suggest that one of the
physiological roles of ghrelin in the endocrine pancreas is to contribute to dampening of
insulin secretion from beta cells during periods of fasting. We have also shown that a
reverse dose response curve for AG inhibition of insulin secretion occurs at 1 1mM
glucose. It is currently unclear why only a 0.1 pM dose of AG is able to inhibit insulin
secretion under 11mM glucose. Given that INS-1 cells possess a novel ghrelin receptor,
little is known on the kinetics of this unknown receptor. The traditional ghrelin receptor,
GHS R1a, is reported to have high rates of receptor internalization (Camina et al., 2004),
and such a phenomenon would explain the dose response curve seen with AG treatment
at 11mM glucose in INS-1 cells.

Insulin secretion in INS-1 cells is also affected by UAG (Figure 15). In a similar
fashion to AG, UAG inhibited insulin secretion at SmM, across nearly all doses and
although not statistically significant, 0.1pM UAG inhibited insulin secretion at 1 1mM
glucose. The parallels between these results suggest that both AG and UAG are acting
through the same receptor or signaling pathways to achieve these results. Interestingly,
UAG has additional effects on insulin secretion from those shared with AG, with
stimulation of insulin secretion at I1nM UAG at 2mM glucose and 0.01nM UAG at
16mM glucose. The discrepancies between AG and UAG actions on insulin secretion in
INS-1 cells suggest that AG is not simply degrading into UAG. Currently unclear is the
number and identity of receptors responsible for these effects on insulin secretion in INS-
1 cells. The similarity in the inhibitory profiles of AG and UAG suggests that both AG

and UAG may bind to the same receptor to mediate these effects or simply two separate
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receptors with similar signaling mechanisms. The ability of UAG to stimulate insulin
secretion at specific doses in a glucose dependent manner is an aspect of UAG signaling
that is unique from AG. UAG may activate another receptor to induce this stimulation or
may cause different receptor coupling than AG. As with the regulation of beta cell mass,
the roles and signaling pathways of ghrelin in insulin secretion may be clarified by
competitive binding experiments.

Our reports of inhibition of insulin secretion by AG support a solely inhibitory
role of AG in insulin regulation. UAG was found to produce inhibition of insulin
secretion at similar doses and glucose concentrations to AG. Many reports of AG
causing inhibition of insulin secretion are found in the literature (Wierup et al., 2004,
Dezaki et al., 2006, Esler et al., 2007, Salehi et al., 2004, Qader et al., 2008, Reimer,
Pacini and Ahren, 2003, Qader et al., 2005, Dezaki et al., 2004, Dezaki, Kakei and Yada,
2007, Colombo et al., 2003, Wang et al., 2010c), and our results support these findings.
Differences in the dose or glucose concentration at which AG is maximally effective are
most likely due to model or species differences. We are the first to report an inhibitory
action of UAG on insulin secretion. As acylation of ghrelin has been reported to occur in
the Golgi prior to processing of proghrelin (Zhu et al., 2006, Yang et al., 2008), it is
unlikely that this effect of UAG is due to transformation into AG. We have also found
UAG to stimulate insulin secretion at 2 and 16mM glucose. These results are supported
by previous reports of UAG stimulating insulin secretion under similar conditions
(Granata et al., 2007). It is currently unclear why some groups have found stimulation of

insulin secretion by AG. Given the results of the current work, it remains possible that
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other reports of AG stimulation of insulin secretion could be due to degradation of AG
into UAG. Model or species differences may also account for these differences.
4.3.2 Obestatin Regulation of Insulin Secretion

Obestatin also modulated insulin secretion in a glucose dependent manner in INS-
1 cells (Figure 16). At 2mM glucose, obestatin treatment stimulated insulin secretion, in a
reverse dose response pattern, with only 0.1pM obestatin reaching statistical significance.
Obestatin also stimulated insulin secretion at a dose of 0.01nM at 16mM glucose.
Inhibition of insulin secretion was found at 0.1pM-1nM at 11mM glucose. These findings
are in agreement with previous reports of obestatin inhibiting insulin secretion at 8.3mM
glucose in perfused rat pancreas (Qader et al., 2008). Granata et al. (2008), reported that
100nM obestatin stimulates insulin secretion from human islets at 0, 2, 7.5, 15 and 25
mM glucose, findings that are partially supported by our results at 2 and 16mM glucose.
Differential regulation of insulin secretion by obestatin across a range of glucose
concentrations was been reported before (Egido et al., 2009), however our findings differ
from these in the reported response pattern. The discrepancies between our results and
others is most likely due to differences in the models used (perfused pancreas or islets
versus cell lines) and species differences. The greater sensitivity of INS-1 cells to the
lower range of obestatin doses suggests that, like the unknown ghrelin receptor, the
receptor for obestatin may also be subjected to receptor desensitization.

Variable responses of PGDP on insulin secretion have been reported by others

(Salehi et al., 2004, Qader et al., 2008).The reasons for differing responses of PGDP
across variable glucose concentrations indicates there is interplay between glucose and

PGDP signaling.
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4.4 CONCLUSION

Our results present a complicated picture of PGDP regulation of beta cell mass and
function. The presence of multiple unknown receptors makes it difficult to speculate the
interactions between PGDP and their receptors, although it is clear that the predicted
variations make for a system that is highly flexible but tightly controlled.

Ghrelin is regulated by feeding state, being elevated during both short (Tschop,
Smiley and Heiman, 2000, Guo et al., 2008) and long term (Otto et al., 2001, Broglio et
al., 2004, Kinzig, Hargrave and Tao, 2009, Yang et al., 2007) states of energy shortages ,
therefore one of the functions of ghrelin in the pancreas could be the regulation of beta
cell mass (maintenance) as well as the inhibition of insulin secretion at a time when blood
glucose is low. In this capacity, ghrelin acts to stabilize blood glucose (preventing insulin
induced hypoglycemia) as well as protecting the population of beta cells. As such, the
actions of ghrelin may be most beneficial to type 1 diabetics or as pharmaceutical
enhancement given to type 2 diabetics during fasting to decrease insulin resistance
triggered hyperinsulinemia and prevent damage to the current pool of beta cells, possibly
slowing the progression of the disease.

In is also possible that pancreatic PGDP play their most important role during times
of metabolic change. As ghrelin levels fluctuate with engery state (Tschop et al., 2001,
Erdmann et al., 2005, Otto et al., 2001, Broglio et al., 2004, Kinzig, Hargrave and Tao,
2009, Yang et al., 2007, Lee et al., 2002), ghrelin concentration provides input to the
pancreas on the level of dietary shortages or excesses, information which may be used to

determine if beta cell mass should be modified.
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Future research on PGDP and the pancreas should focus further on charactizing the
receptors for PGDP and the resultant signaling pathways that are activated upon PGDP
binding. Although complex, the ability of PGDP to modulate both beta cell mass and

function may prove useful in the treatment of diabetes.
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