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Abstract

Type 2 diabetes is often associated with obesity and is characterized by high blood-glucose
levels due to inadequate insulin secretion and/or action. One current treatment for type 2 diabetes
and the associated obesity involves multiple daily injections of a peptide-drug targeting the
glucagon-like peptide-1 receptor (GLP-1R). GLP-1R activation stimulates glucose-dependent
insulin secretion from B-cells, inhibits glucose-dependent glucagon (GCG) secretion from a-cells,
slows gastric emptying and suppresses appetite, which normalizes blood-glucose levels and causes
weight loss.  Another hormone involved in glucose and fat metabolism, glucose-dependent
insulinotropic polypeptide (GIP), stimulates glucose-dependent insulin secretion from f-cells and the
storage of fat in adipocytes. As such, both GIP receptor (GIPR) agonists and antagonists have been
demonstrated to display therapeutic potential to treat diabetes and obesity. However, glucagon-like
peptide-1 (GLP-1) and GIP based treatments could be improved if oral drugs were discovered to
replace the current injectable medications. In order to discover novel molecules that mimic these
effects, we have screened marine invertebrate and bacterial extract compounds, as they generally
contain functionally diverse and biologically active small molecules and are a source of many new
drugs. A cell-based bioassay capable of measuring GLP-1R or GIPR activity via a luciferase
reporter system was used to screen these compounds for receptor activity. Over 2000 compounds
were screened in each of four separate bioassays (GLP-1R agonist screen, GLP-1R allosteric
modulator screen, GIPR agonist screen and GIPR allosteric modulator/antagonist screen). These
screens resulted in the identification of a GIPR antagonist, halistanol sulphate. Halistanol sulphate
was demonstrated to be a selective antagonist of the GIPR as it concentration-dependently decreased
activity in the GIP bioassay in the presence of GIP, but not in the absence of GIP or in the presence
of GLP-1 in the GLP-1 bioassay. In addition, halistanol sulphate was shown to concentration-
dependently block '?°I-GIP binding to the GIPR, but only block **I-GLP-1 and '*I-glucagon
binding to their respective receptors at very high concentrations. Finally, halistanol sulphate also
demonstrated the ability to modulate incretin induced insulin secretion from perifused mouse islets.
Thus, halistanol sulphate displays potent antagonistic activity towards the GIPR in vitro, but still

requires in vivo characterization.
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1 Chapter: Introduction

1.1  Introduction to Diabetes

Diabetes is characterized by chronic hyperglycemia as a result of impaired insulin secretion
and/or action (DeFronzo, 1988). The incidence of diabetes is on the rise, perhaps in part due to
expanding waistlines as obesity is a major risk factor for the development of diabetes. The
worldwide prevalence of diabetes in people 20 years or older was estimated to be 4.6% in 2000 and
this number is projected to increase to 6.4% by 2030 (Yach et al., 2006). Furthermore, the global
prevalence of obesity was estimated to be 5.7% in men and 9.4% in women in 2002 and was
predicted to reach 8.0% in men and 12.3% in women by 2010 (Yach et al., 2006). Although more
than 80% of patients with type 2 diabetes are obese, only ~10% of obese subjects are diabetic (Harris
et al., 1987), signifying the importance of genetic susceptibility and other environmental factors in
the development of type 2 diabetes, as well as the remarkable capacity of pancreatic B-cells to
typically respond adequately to increasing demands for insulin. The association between obesity and
diabetes is often attributed to altered secretion of adipokines, non-esterified fatty acids and pro-
inflammatory cytokines, leading to lipotoxicity, the deposition of ectopic fat in B-cells and insulin
sensitive tissues and insulin resistance (Kahn et al., 2006; Unger and Scherer, 2010). Chronic
hyperglycemia, if not adequately treated, can cause both microvascular complications (e.g.,
retinopathy, nephropathy and neuropathy) and macrovascular complications (e.g., coronary artery
disease, cerebrovascular disease and other peripheral arterial diseases) (Klein, 1995). These
complications significantly decrease the quality of life and ultimately reduce the life span of patients
with diabetes by an estimated 13 years (Manuel and Schultz, 2004). The costs associated with pre-
diabetes and diabetes reached $218 billion in 2007 in the U.S. alone, which included $153 billion in
medical costs and $65 billion in reduced productivity (Dall et al., 2010), while the costs associated
with obesity were estimated to be $93 billion in the U.S. in 2002 (Finkelstein et al., 2003). Given
the serious health consequences and enormous economic burden of diabetes and obesity, it is
imperative to rapidly develop better treatments and/or find a cure for both conditions. The receptors
for the gastrointestinal hormones, GIP and GLP-1, are emerging as excellent targets to treat both

hyperglycemia and obesity.

1.1.1  Incretins and the Enteroinsular Axis
GIP and GLP-1 are incretin hormones, or factors released from the intestine following
nutrient ingestion (Figure 1) that potentiate glucose-stimulated insulin secretion (Baggio and

Drucker, 2007; Holst, 2007; Kieffer and Habener, 1999). They comprise a major component of the



functional connection between the intestine and pancreatic -cells, termed the “entero-insular axis”
(Kieffer and Habener, 1999; Unger and Eisentraut, 1969). In healthy subjects, intestinal glucose
produces a much greater insulin response compared to the same amount of glucose delivered
intravenously (Mclintyre et al., 1964). Conversely, in patients with diabetes, the oral route fails to
substantially increase insulin levels relative to isoglycemic intravenous glucose infusion (Nauck et
al., 1986a). The insulinotropic actions of GIP and GLP-1 are estimated to account for ~50-70% of
insulin secretion following oral glucose ingestion in healthy individuals (Nauck et al., 1986b).
However, the incretin contribution to insulin secretion in response to oral glucose is estimated to be
less than 20% in patients with type 2 diabetes (Nauck et al., 1986a). Since the diminished incretin
effect associated with type 2 diabetes is not consistently linked to reduced secretion of either GLP-1
or GIP (reviewed in (Meier and Nauck, 2008; Meier and Nauck, 2010)), it is possible that the
pancreatic B-cells are less sensitive to the incretins. In this regard, genetic factors may play an
important role. Carriers of the major type 2 diabetes risk allele TCF7L2 (rs7903146) display a
decreased sensitivity to the insulinotropic effects of GIP and GLP-1 (Lyssenko et al., 2007; Pilgaard
et al., 2009; Schafer et al., 2007; Shu et al., 2009; Villareal et al., 2010). In addition, decreased GIPR
and GLP-1R expression was observed in islets from patients with type 2 diabetes as well as human
islets treated with siRNA against TCF7L2 (Shu et al., 2009). Furthermore, subjects carrying the type
2 diabetes risk allele WFS1 (rs10010131) displayed a decreased insulinotropic response to infused
GLP-1 (Schafer et al., 2009). Apart from genetic factors, there is also evidence suggesting that
hyperglycemia itself is involved in the diminished incretin effect observed in patients with type 2
diabetes (Gupta et al., 2010; Lynn et al., 2001; Piteau et al., 2007; Xu et al., 2007). It was reported
that chronic hyperglycemia decreased the expression of the GIP receptor and GLP-1 receptor in
pancreatic islets of 90% pancreatectomized rats; incretin receptor expression was recovered by
reducing blood glucose levels with phloridzin, a renal glucose transport inhibitor (Xu et al., 2007).
Alternatively, it has been postulated that the decreased incretin effect displayed in patients with type
2 diabetes may be an epi-phenomenon of impaired B-cell function, since reduced incretin activity
strongly correlates with decreased B-cell function (Meier and Nauck, 2010). Even though patients
with type 2 diabetes generally display a decreased incretin response, exogenous GLP-1 action on
insulin secretion is relatively well preserved in these patients and its maximum insulin secretory
effect at supraphysiological concentrations is comparable to that of normal subjects (Nauck et al.,
1993a). However, the insulinotropic action of exogenous GIP is markedly decreased (by ~50%) in
type 2 diabetic patients, even at a supraphysiological doses (Nauck et al., 1993a). Currently, incretin-
based therapies such as GLP-1 mimetics and dipeptidyl peptidase-4 (DPP-4, a ubiquitous proteolytic

enzyme) inhibitors, which inhibit degradation of GIP and GLP-1, are useful for the treatment of



hyperglycemia in patients with type 2 diabetes (Figure 1) (Chia and Egan, 2008; Lovshin and
Drucker, 2009; Tahrani et al., 2010; Verspohl, 2009; Wideman and Kieffer, 2009).
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Figure 1. Therapeutic Strategies to Enhance Incretin Action

Following food ingestion, bioactive GIP(1-42) and GLP-1(7-36) amide are released from the small
intestine to stimulate insulin secretion from the pancreatic B-cells. GIP(1-42) and GLP-1(7-36)
amide are then rapidly converted to the non-insulinotropic GIP(3-42) and GLP-1(9-36) amide by the
proteolytic enzyme DPP-4. Current therapeutic strategies to enhance incretin action include incretin
receptor modulators, DPP-4 resistant incretin analogues and DPP-4 inhibitors.

1.1.2  The Importance of a-cell Dysfunction

The pancreatic islet of Langerhans is a micro-organ comprised of glucagon-secreting a.-cells,
insulin-secreting P-cells, somatostatin-secreting &-cells, ghrelin-producing e-cells, and pancreatic
polypeptide-secreting PP-cells (Edlund, 2002; Prado et al., 2004). The primary function of
pancreatic islets is to maintain glucose homeostasis by coordinated secretion of the glucose lowering
hormone insulin and the glucose raising hormone glucagon. Normally, increased blood glucose
levels after meals stimulate insulin secretion, while glucagon secretion is suppressed following
meals, with reciprocal responses during fasting periods (Dunning and Gerich, 2007). Diabetes has

been regarded as a bihormonal disorder, characterized by both insulin deficiency and glucagon



excess (Unger and Orci, 1975). Pancreatic a-cell dysfunction plays an important role in the
pathogenesis of type 2 diabetes, with glucagon secretion inappropriately elevated in the presence of
hyperglycemia and contributing to the increased basal rate of hepatic glucose production (Baron et
al., 1987). In addition, a lack of glucagon suppression contributes to the postprandial hyperglycemia
seen in patients with type 2 diabetes (Shah et al., 2000). Therefore, pharmacological interventions
that reduce glucagon secretion or block glucagon receptor (GCGR) signalling are theoretically

promising treatment options for type 2 diabetes.

1.2 Glucose-Dependent Insulinotropic Polypeptide Receptor

1.2.1  Physiology and Pathophysiology of GIP

GIP was the first incretin hormone to be identified, isolated in the early 70’s at the
University of British Columbia by John Brown and colleagues (Brown, 1971; Brown and Dryburgh,
1971; Dupre et al., 1973; Jornvall et al., 1981). GIP is a 42 amino acid peptide rapidly released from
intestinal K-cells following food intake and circulating levels of GIP typically parallel that of insulin
(Buffa et al., 1975; Cataland et al., 1974; Elliott et al., 1993). Perhaps the most important
physiological effect of GIP is to stimulate insulin secretion from pancreatic islets (Figure 2) (Brown
and Otte, 1978; Dupre et al., 1973; Elahi et al., 1979; Fujimoto et al., 1978; Pederson and Brown,
1976; Schauder et al., 1975; Verdonk et al., 1980). Notably, as the name suggests, the stimulation of
insulin secretion by GIP is glucose-dependent (Andersen et al., 1978; Elahi et al., 1979; Pederson and
Brown, 1976; Pederson and Brown, 1978). Defective glucose-stimulated insulin secretion and
impaired oral glucose tolerance occur in rodents as a result of inhibiting GIPR signalling via targeted
genetic inactivation, peptide antagonists and antisera (Baggio et al., 2000b; Gelling et al., 1997a;
Lewis et al., 2000; Miyawaki et al., 1999; Tseng et al., 1996). These findings are also supported by
recent genome-wide association studies (GWAS) which identified GIP receptor variants that
correlate with reduced insulin levels and increased glycemia following oral glucose, but not
intravenous glucose (Saxena et al., 2010). In addition, three single nucleotide polymorphisms
(SNPs) were recently identified at the 5' gene region of human GIP as metabolic modifiers that
underlie phenotypic variation in traits associated with diabetes and/or obesity (Chang et al., 2011).

These data provide unequivocal support for the role of GIP as an incretin hormone.
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Figure 2. Summary of GIP Actions on Different Tissues
GIP is a 42 amino acid peptide released from intestinal K-cells following food intake. In the
pancreas, GIP stimulates glucose-dependent insulin secretion, glucagon secretion, somatostatin
secretion and insulin biosynthesis. GIP also increases B—cell proliferation and inhibits p—cell
apoptosis. In addition, GIP acts on the adipose tissue to increase lipogenesis and lipoprotein lipase
activity, on the bone to stimulate bone formation and reduce bone resorption, and on the brain to
induce progenitor cell proliferation.

Beyond its role as an incretin hormone, GIP displays several additional effects on pancreatic
B-cells. GIP increases the transcription and biosynthesis of proinsulin (Figure 2) (Drucker, 2007b;
Fehmann and Goke, 1995; Schafer and Schatz, 1979; Wang et al., 1996), and the mRNA expression
of the B-cell glucose sensor components glucose transporter 1 (GLUT-1) and hexokinase | (Wang et
al., 1996). Furthermore, GIP has been shown to display potent prosurvival effects on B-cells (Figure
2) both in vivo and in vitro (Baggio and Drucker, 2006; Baggio and Drucker, 2007; Drucker, 2006;
Ehses et al., 2003; Kim et al., 2005c; Trumper et al., 2002; Trumper et al., 2001). p-cell lines
stimulated with GIP display increased proliferation and improved survival (Figure 2) after exposure
to streptozotocin (a PB-cell toxin), wortmannin (a phosphoinositide 3-kinase (PI3K) inhibitor),
glucolipotoxicity, or glucose or serum deprivation (Baggio and Drucker, 2007). In Vancouver

diabetic fatty Zucker (VDF) rats, the administration of GIP for two weeks decreases -cell apoptosis,



as evidenced by down-regulation of the pro-apoptotic bax gene and increased expression of the anti-
apoptotic bcl-2 gene (Kim et al., 2005c). Finally, GIP decreases endoplasmic reticulum (ER) stress-
associated markers in -cell lines following induction of ER stress (Yusta et al., 2006).

In addition to its effects on B-cells, GIP has actions on other hormone producing cells. In
isolated perfused rat pancreas, GIP increases glucagon secretion (Figure 2) below 5.5 mM glucose,
while it increases insulin secretion above 5.5 mM (Pederson and Brown, 1978). The stimulation of
glucagon secretion by GIP was also observed in rat islets (Fujimoto et al., 1978) and isolated
perfused canine pancreas (Adrian et al., 1978), with maximal effects at low glucose concentrations.
In patients with type 2 diabetes, supraphysiological concentrations of GIP result in increased
glucagon secretion, which offsets the insulinotropic effects of GIP (Chia et al.,, 2009).
Glucagonotropic actions of GIP have also been observed in non-diabetic patients under fasting
conditions (Meier et al., 2003), in patients with hyperglucagonemia and cirrhosis of the liver (Dupre
et al., 1991) and in perfused human pancreata (Brunicardi et al., 1990). GIP also stimulates
pancreatic secretion of pancreatic polypeptide (Adrian et al., 1978; Amland et al., 1985) and
somatostatin (Figure 2) (Ipp et al., 1977; Mclntosh et al., 1981) in some species. Thus, GIP plays an
important role in modulating the secretion of several pancreatic hormones.

In addition to its actions on pancreatic islets, GIP displays potent effects on adipose tissue.
Functional GIPRs have been detected on isolated rat adipocytes and differentiated 3T3-L1 adipocytes
(Yip et al.,, 1998). GIP plays an important role in lipid metabolism, enhancing chylomicron-
associated triglyceride clearance from blood in dogs (Wasada et al., 1981) and attenuating the plasma
triglyceride response to an intraduodenal fat load in rats (Ebert et al., 1991). GIP also enhances the
uptake and conversion of glucose into lipids (Hauner et al., 1988), activates fatty acid synthesis
(Oben et al., 1991) and enhances free fatty acid re-esterification in rat adipocytes (Figure 2) (Getty-
Kaushik et al., 2006). In addition, GIP increases lipoprotein lipase activity (Figure 2) in cultured
preadipocytes and mature adipocytes (Eckel et al., 1979; Kim et al., 2007a; Kim et al., 2007b;
Knapper et al.,, 1995b), as well as in subcutaneous human adipocytes (Kim et al., 2007a).
Furthermore, GIPR-/- mice fed a high fat diet are protected from developing obesity and use fat as a
preferred energy source (Miyawaki et al., 2002). GIP has also been shown to display long-term
effects on fat metabolism; subcutaneous injection of GIP 3 times/day for 5 days increased the content
and mRNA levels of both pancreatic lipase and colipase (Duan and Erlanson-Albertsson, 1992). GIP
has also been shown to stimulate lipolysis (Mcintosh et al., 1999), but the significance of the dual
lipolytic/lipogenic nature of GIP remains to be determined. Interestingly, differences in GIP function
between fed and fasted states may be involved (Mclintosh et al., 2009). Although GIP secretion is

stimulated by fat ingestion in humans and some obese individuals display elevated GIP plasma levels



(Creutzfeldt et al., 1978; Salera et al., 1982), it is unknown whether a causal relationship between
GIP signalling and human obesity exists. However, a recent study on healthy human subjects
showed that in combination with a hyperinsulinemic-hyperglycemic clamp, GIP infusion resulted in
increased abdominal subcutaneous adipose tissue blood flow and circulating triglyceride hydrolysis
and a decreased FFA/glycerol release ratio compared to saline (Asmar et al., 2010). Furthermore, in
a recent GWAS performed to identify genetic loci conferring susceptibility to obesity, a GIPR variant
associated with BMI was identified, suggesting that a link between GIP and body weight regulation
exists in humans (Speliotes et al., 2010). Further studies are warranted to investigate the dual
lipolytic/lipogenic nature of GIP, as well as the role of GIP in human obesity.

Beyond its actions on the endocrine pancreas and adipose tissue, GIP also displays actions on
several other tissues. GIP was initially identified based on its inhibitory effects on gastric acid
secretion (Brown, 1971; Brown and Dryburgh, 1971), but this action is only apparent at
pharmacological doses in dogs and humans (Nauck et al., 1992; Wolfe et al., 1983). Interestingly,
GIPR mRNA and protein has been detected in bone (Bollag et al., 2000), and GIP stimulates
responses associated with bone formation in osteoblasts (Figure 2) (Bollag et al., 2000). In addition,
GIP has been shown to inhibit the resorptive activity of mature osteoclasts (Figure 2) and
demonstrates bone anti-resorptive properties in an in vitro organ culture system (Zhong et al., 2007).
GIPR-/- mice were also shown to have abnormal bone microarchitecture, altered biochemical
properties, impaired bone turnover and reduced bone mass and size (Tsukiyama et al., 2006; Xie et
al., 2005). In contrast, GIP-overexpressing mice displayed increased bone mass and bone formation
markers and decreased bone resorption markers (Xie et al., 2007). GIPR mRNA has also been
detected in multiple brain regions, including the olfactory bulb, hippocampus and cerebral cortex
(Usdin et al., 1993). Administration of GIP both in vivo and in vitro stimulated adult-derived
hippocampal progenitor proliferation (Nyberg et al., 2005), suggesting that GIP may be involved in
neurogenesis (Figure 2). In support of these findings, GIPR-/- mice exhibited decreased numbers of
proliferating cells in the hippocampal dentate gyrus (Nyberg et al., 2005). Furthermore, GIPR
overexpressing mice displayed enhanced sensorimotor coordination and memory (Baggio and
Drucker, 2007), while GIPR-/- mice had decreased numbers of neuronal progenitor cells in the
dentate gyrus and displayed impaired synaptic plasticity and learning (Faivre et al., 2011). The

physiological actions of GIP on these tissues warrant further investigation.

1.2.2  Forms of GIP, Tissue Distribution, Regulation of Secretion
The GIP amino acid sequence is well conserved among species, with the human, bovine,

porcine, rat and mouse sequences exhibiting greater than 90% amino acid homology (Baggio and



Drucker, 2007). In humans, the GIP gene is localized to chromosome 17 and consists of 6 exons and
5 introns (Baggio and Drucker, 2007; Inagaki et al., 1989). The characterization of human cDNA
clones encoding GIP revealed that the predominant full-length, mature bioactive form of GIP, GIP(1-
42) (Figure 3A), is encoded by exons 3 and 4, and is derived by proteolytic processing of a 153-
amino acid prohormone precursor (Inagaki et al., 1989). This prohormone precursor encodes a signal
peptide, an N-terminal peptide, GIP, and a C-terminal peptide; the N- and C-terminal sequences have
no known biological function (Baggio and Drucker, 2007; Takeda et al., 1987). Studies using
specific prohormone convertase (PC) null mice and PC overexpressing cell lines demonstrated that
PC1/3 co-localizes with GIP in K-cells and is both essential and sufficient to release GIP(1-42) from
its prohormone precursor (Ugleholdt et al., 2006). However, proGIP is processed by PC2 in
pancreatic a-cells (Fujita et al., 2010b). Based on in vitro data (Ugleholdt et al., 2006), PC2
processing of proGIP in vivo likely yields GIP(1-31), which can be converted to GIP(1-30) amide by
peptidyl-glycine a-amidating monooxygenase (Fujita et al., 2010b). In addition, 5-15% of K-cells
express PC2 and likely produce GIP(1-30) amide (Fujita et al., 2010a). Although the insulinotropic
and somatostatinotropic actions of GIP(1-30) amide and GIP(1-42) appear to be equipotent
(Fehmann and Goke, 1995; Fujita et al., 2010a; Fujita et al., 2010b), GIP(1-30) has been shown to
display a reduced ability to increase lipoprotein lipase activity in adipocytes (Widenmaier et al.,
2010). Further studies are warranted to investigate the differential actions of GIP isoforms.

The N-terminus and central region of GIP are critical for biological activity, as evidenced
from structure-activity studies (Hinke et al., 2003; Hinke et al., 2001). Supporting the results of these
structure-activity studies, a high degree of biological activity is retained in truncated forms of GIP,
including GIP(1-39) (Sandberg et al., 1986) and GIP(1-30) (Hinke et al., 2003; Hinke et al., 2001;
Wheeler et al., 1995). GIP(1-14) and GIP(19-30) are also capable of binding to the GIP receptor and
activating adenylyl cyclase (Hinke et al., 2001). On the other hand, even slight alterations to the N-
terminal residues Tyr! and Ala® can severely diminish bioactivity (Hinke et al., 2003). Furthermore,
DPP-4 cleaves GIP(1-42) (Figure 3A) in vivo to yield GIP(3-42) (Figure 1) (Kieffer et al., 1995;
Mclintosh, 2008; Mentlein et al., 1993; Pauly et al., 1996), which lacks insulinotropic activity
(Schmidt et al., 1987). However, GIP(3-42) may possess some weak antagonistic activity (Deacon et
al., 2006; Gault et al., 2002b; Hinke et al., 2002). Another GIP analogue with a single amino acid
substitution at the N-terminus, ProGIP, is a reportedly potent DPP-4 resistant GIPR antagonist
(Gault et al., 2002a; Gault et al., 2003). Finally, GIP(6-30) and GIP(7-30) amide have also been
reported to act as GIP receptor antagonists (Gelling et al., 1997a; Tseng et al., 1996).
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Figure 3. Sequence Comparisons of GIP(1-42), GLP-1(7-36) amide and Glucagon(1-29)

(A) GIP(1-42). Residues shown in green are specific to GIP(1-42) and not shared with GLP-1(7-36)
amide or glucagon(1-29). (B) GLP-1(7-36) amide. Residues shown in blue are specific to GLP-1(7-
36) amide and not shared with GIP(1-42) or GCG(1-29). (C) Glucagon(1-29). Residues shown in
light blue are specific to glucagon(1-29) and not shared with GIP(1-42) or GLP-1(7-36) amide. In
addition, residues shown in yellow are conserved between all peptides, residues shown in purple are
conserved between GIP(1-42) and GLP-1(7-36) amide, residues shown in red are conserved between
GLP-1(7-36) amide and glucagon(1-29) and residues shown in orange are conserved between GIP(1-
42) and glucagon(1-29). The cleavage sites of DPP-4 are also shown.

Although GIP can be detected throughout the small intestine, it is most highly concentrated in
the duodenum (O'Dorisio et al., 1976). GIP is produced by and secreted from enteroendocrine K-
cells, which are mainly located in the duodenum and proximal jejunum (Buchan et al., 1978; Buffa et
al., 1975; Polak et al., 1973; Usellini et al., 1984; Van Ginneken and Weyns, 2004). In rodents, the
distribution of GIP in the gut extends through to the ileum (Buchan et al., 1982), with the upper small
intestine expressing higher levels of GIP than the lower small intestine (Berghofer et al., 1997; Tseng
etal., 1993). Interestingly, in many enteroendocrine cells both GIP and GLP-1 immunoreactivity can
be detected in the same cells, termed K/L-cells or L/K-cells (Fujita et al., 2008; Mortensen et al.,
2003; Theodorakis et al., 2006). GIP mRNA and protein is also co-localized with glucagon in
pancreatic a-cells (Alumets et al., 1978; Fujita et al., 2010b; Prasadan et al., 2011; Smith et al.,
1977). Gip gene expression has also been detected in the submandibular salivary gland (Tseng et al.,
1995; Tseng et al., 1993), stomach and brain (Nyberg et al., 2005; Sondhi et al., 2006).
GIP secretion is mainly regulated by nutritional stimuli (Baggio and Drucker, 2007; Kim and
Egan, 2008; Krarup, 1988; Mclintosh et al., 2009). As such, the morphology of the K-cell is highly
specialized to respond to these stimuli. The K-cells are dispersed throughout the gut mucosal lining,
account for ~1% of the epithelial cells (Theodorakis et al., 2006), and are typically flask shaped,
9



passing between adjacent epithelial cells to reach through to the lumen where they can come into
direct contact with luminal contents. GIP-containing secretory granules are concentrated at the basal
pole of K-cells, and release their contents through the basolateral membrane (Buchan et al., 1978;
Sykes et al., 1980) in response to intraluminal nutrients (Baggio and Drucker, 2007; Mclntosh et al.,
2009). Plasma GIP levels are not affected by intravenous infusion of glucose, fat or protein, whereas
intraduodenal or oral administration of these nutrients markedly increases GIP secretion (Andersen et
al., 1978; Brown, 1974; Cleator and Gourlay, 1975; Konturek et al., 1986; Kuzio et al., 1974;
Morgan, 1979; Pederson et al., 1975; Ross and Dupre, 1978; Varner et al., 1980). In addition, the
stimulation of GIP release after intraduodenal or oral nutrient (glucose and/or fat) administration
occurs in a dose-dependent manner (Schirra et al., 1996). However, it is the nutrient absorption rate
rather than the intestinal presence of nutrients that activates GIP release, since both intestinal
malabsorption syndrome and pharmacologic disruption of nutrient absorption decrease GIP secretion
(Besterman et al., 1979; Fushiki et al., 1992). Interestingly, the nutritional regulation of GIP release
varies by species; fat appears to stimulate GIP secretion the most potently in humans and
carbohydrates the most potently in rodents and pigs (Brown et al., 1975; Falko et al., 1975; Knapper
et al.,, 1995a; Yip and Wolfe, 2000). In patients with type 2 diabetes, GIP levels vary between
normal and slightly increased (Ross et al., 1977; Vilsboll et al., 2001). Thus, altered regulation of
GIP secretion by nutrients does not appear to contribute to diabetes.

Multiple cellular mechanisms are involved in the nutrient-stimulated secretion of GIP from
K-cells. Studies on cultured canine endocrine cells have shown that GIP secretion is enhanced by
increases in intracellular Ca®* levels, the activation of adenylyl cyclase, K*-mediated depolarization,
gastrin-releasing peptide, glucose and B-adrenergic stimulation (Kieffer et al., 1994). Na*-coupled
glucose transporters, including sodium-dependent glucose cotransporter-1, have been implicated in
carbohydrate detection by K-cells and glucose-stimulated GIP secretion (Flatt et al., 1989; Parker et
al., 2009; Sykes et al., 1980). In addition, the G-protein coupled receptors (GPCRs) GPR40,
GPR120 and GPR119, have also been suggested to play a role in the modulation of incretin release
(Chu et al., 2008; Hirasawa et al., 2005); K-cells express high levels of mRNA for GPR40, GPR120
and GPR119 (Parker et al., 2009). Although controversial, the presence of sweet taste receptors has
been detected on a small percentage of K-cells, and the activation of these receptors by sugars and
sweeteners was shown to stimulate GIP secretion (Egan and Margolskee, 2008; Fujita et al., 2009;
Jang et al., 2007). The presence of the ATP-dependent K* channel subunits, Kir6.2 and sulfonylurea
receptor 1 (SUR1) in K-cells suggest similar glucose-induced response mechanisms to the pancreatic
B-cell (Nielsen et al., 2007). However, Kir6.2-/- mice display increased, rather than decreased,

plasma levels of GIP after an oral glucose tolerance test (OGTT), suggesting that glucose-stimulated
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GIP release is independent of ATP-dependent K* channels (Miki et al., 2005). Thus, the various
cellular mechanisms involved in nutrient-stimulated GIP secretion allow K-cells to effectively
respond to different classes of nutrients.

Parallel to the regulation of GIP secretion from K-cells, intraluminal nutrients also regulate
Gip gene transcription. GIP mRNA and protein levels are elevated upon glucose and lipid
administration to the rat gastrointestinal tract, whereas GIP mRNA and protein levels are decreased
following prolonged fasting (Higashimoto et al., 1995; Tseng et al., 1994). Consistent with a role of
glucose in the modulation of Gip gene expression, high glucose levels also increased GIP mRNA
concentrations in STC6-14 intestinal cells (Schieldrop et al., 1996). However, the exact mechanisms
by which nutrients regulate Gip expression are unknown. Specific transcription of Gip in rodents can
be stimulated by the binding of various transcription factors, including GATA4, Isl1 and Pdx1, to the
first 193 bp upstream of the transcription initiation site (Boylan et al., 1997; Jepeal et al., 2008; Jepeal
et al., 2003; Jepeal et al., 2005). The importance of Pdx1 as a transcription factor is demonstrated by
the fact that Pdx1-/- mice display a 98% decrease in GIP expressing cells (Jepeal et al., 2005). The
human GIP promoter is also regulated by Pdx1, in addition to Pax6 (Fujita et al., 2008).
Interestingly, an essential intronic promoter responsible for cell-specific expression was recently
identified in the first intron of the human GIP gene (Hoo et al., 2010). Furthermore, a TATA motif,
consensus Ap-1, Ap-2, and Spl sites, and two 3',5'-cyclic-adenosine monophosphate response
elements (Inagaki et al., 1989; Someya et al., 1993) are present in the human GIP promoter,
indicating protein kinase A (PKA) and protein kinase C (PKC) regulation (Mclntosh et al., 2009).

1.2.3 GIP Receptor

1.2.31 Structure

The GIPR is a GPCR, belonging to the 7-transmembrane—spanning, heterotrimeric GPCR
superfamily (Usdin et al., 1993). The human and rat GIPR genes are very similar; the human GIPR
gene is ~ 13.8 kb (YYamada et al., 1995), contains 14 exons and is localized to chromosome 19q13.3
(Gremlich et al., 1995), while the rat Gipr gene spans ~10.2 kb on chromosome 1921 and contains 13
exons (Boylan et al., 1999). Multiple studies have indicated that alternative mRNA splicing
generates GIPR variants of differing lengths in various species and tissues (Boylan et al., 1999;
Gremlich et al., 1995; Harada et al., 2008; Volz et al., 1995). Although the functional significance of
the majority of these splice variants is unclear, the retention of intron 8 in a mouse variant results in a
truncated receptor that effects receptor cell surface expression in a dominant negative manner
(Harada et al., 2008). In addition, the N-terminal domain of the GIPR has been shown to contain N-
glycosylation consensus sequences, and glycosylation has been suggested to be important for cell

11



surface expression (Mclntosh et al., 2009). Furthermore, threonine and serine residues, which are
putative phosphorylation targets, are abundant in the carboxy-terminal tail and third intracellular loop
of the GIPR (Bohm et al., 1997; Wheeler et al., 1999). Finally, C-terminal sequences have been
shown to play specific roles in regulating binding affinity, adenylyl cyclase coupling and
internalization/down-regulation (Tseng and Zhang, 1998a; Tseng and Zhang, 1998b; Wheeler et al.,
1999).

In 2007, the first complete atomic level model, built using FTDOCK and refined with a
Simulated Annealing procedure, of GIP(1-30) amide complexed with the GIPR was published
(Malde et al., 2007). In support of previous studies (Gelling et al., 1997b), the atomic level model
suggests that the binding process is initiated by an interaction between the C-terminus of GIP
(residues 7-30) and the N-terminus of the GIPR, followed by the interaction of the GIP N-terminus
with the juxta-transmembrane domain of the GIPR (Malde et al., 2007). This model provides an
explanation for the equipotency of GIP(1-30) amide with GIP(1-42), and also explains why GIP(6—
30) amide and GIP(7—-30) amide are antagonists of the GIPR (Malde et al., 2007).

Soon after an atomic level model was built, the crystal structure of the human GIP(1-
42):GIPR extracellular domain (ECD) complex was determined (Parthier et al., 2007). The crystal
structure revealed that GIP, in a-helical conformation, binds in a surface groove of the GIPR ECD
while leaving the N-terminal residues of GIP free to interact with different regions of the GIPR
(Parthier et al., 2007). This GIP:GIPR complex is held together largely through hydrophobic
interactions (Parthier et al., 2007). Adding to previous studies, the crystal structure of the GIP:GIPR
ECD provides insight into the mechanism of the ligand-binding step. The crystal structure suggests
that the first step in ligand-binding is the capture of GIP by C-terminal hydrophobic residues
(Parthier et al., 2007). Binding then induces GIP to change conformation to an a-helix, and restricts
the N-terminal conformation of GIP (Parthier et al., 2007). Finally, the N-terminus of GIP is
presented to receptor domains involved in further activation and signal transduction (Parthier et al.,
2007). Together, these studies reveal the interactions between GIP(1-30) amide and the GIPR,
giving insight into the molecular recognition process. This new information can now be exploited for

structure-based design of both peptide and nonpeptide GIPR modulators.

1.2.3.2 Distribution

Consistent with the principal function of GIP as an incretin hormone, the pancreatic p-cells
appear to express the highest levels of the GIPR in humans (Saxena et al., 2010). In addition, GIPR
MRNA transcripts are present in both rat a- and p-cells (Lewis et al., 2000; Moens et al., 1996).
However, VDF Zucker rat islets display lower levels of both GIPR mRNA and protein, consistent
with the finding that diabetic animals and humans display defective GIP actions (Lynn et al., 2001).
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Expression studies have also detected the GIPR in the adipose tissue, stomach, small intestine, heart,
bone, lung, kidney, testis, adrenal cortex, pituitary, endothelial cells, trachea, spleen, thymus, thyroid
and multiple regions of the central nervous system (CNS) (Baggio and Drucker, 2007; Kim and
Egan, 2008; Mclintosh et al., 2009; Usdin et al., 1993). Thus, the GIPR is expressed in a wide range

of tissues, although the effects of GIPR signalling in several of these tissues are still unknown.

1.2.3.3  Signalling

GIP interacts with its receptor on pancreatic -cells to potentiate insulin secretion via the
cyclic AMP (cAMP)/PKA signalling pathway, increases in intracellular Ca®* concentrations and
direct effects on the secretory machinery (Ding and Gromada, 1997; Holst and Gromada, 2004; Wahl
et al., 1992; Wheeler et al., 1995). Adenylyl cyclase activation by GIP results in localized increases
in CAMP (Seino and Shibasaki, 2005) in p-cell lines (Amiranoff et al., 1984; Ehses et al., 2001; Lu et
al., 1993), GIPR transfected cells (Wheeler et al., 1995) and isolated pancreatic islets (Siegel and
Creutzfeldt, 1985). Both PKA-dependent (Ding and Gromada, 1997) and -independent pathways
(Seino and Shibasaki, 2005) are stimulated by elevated pB-cell cCAMP. In addition, PKA-dependent
pathways are activated by GIP in the a-cell (Ding and Gromada, 1997). GIP enhances Ca®* influx in
B-cells and clonal B-cell lines via non-selective ion channels, voltage-dependent Ca?* channels and
Ca**-induced Ca?* release from intracellular stores (Lu et al., 1993; Wahl et al., 1992; Wheeler et al.,
1995). GIP also acts directly on the exocytotic machinery, through both PKA-dependent (Ding and
Gromada, 1997) and -independent (Seino and Shibasaki, 2005) pathways. PKA-independent
activation of the exocytotic machinery involves a cCAMP—GEFII-Rim2 complex (Holz, 2004; Holz et
al., 2006; Kashima et al.,, 2001), whereas PKA-dependent activation is stimulated by PKA
phosphorylation of proteins associated with exocytosis (Seino and Shibasaki, 2005).

Insulin secretion is also regulated by other GIP-mediated signalling pathways. For instance,
MAP kinase is activated by GIP via both wortmannin-sensitive and -insensitive pathways (Kubota et
al., 1997; Straub and Sharp, 1996). GIP has also been shown to reduce Ky channel currents, which
increases the duration of B-cell action potentials and activates voltage dependent Ca?* channels and
Ca*" entry, enhancing glucose-dependent insulin secretion (MacDonald et al., 2002; MacDonald and
Wheeler, 2003). Increases in endocytosis of Kv1.4 channels and decreases in ionic peak current
amplitude occur as a result of GIP-induced phosphorylation of Kv1.4 channels (Kim et al., 2005b).
Thus, GIP-stimulated insulin secretion is a complex process involving multiple cellular processes and
signalling pathways.

GIP also displays potent proliferative and prosurvival effects on 3-cells (Baggio and Drucker,
2006; Baggio and Drucker, 2007; Drucker, 2006). GIP acts in a glucose-dependent manner to induce
the proliferation of INS-1 B-cells (Ehses et al., 2003; Trumper et al., 2002; Trumper et al., 2001),
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activating ERK kinase-extracellular signal-regulated kinase 1/2 (MEK1/2-ERK1/2) (Ehses et al.,
2002; Kubota et al., 1997; Trumper et al., 2002; Trumper et al., 2001), MKK3/6-p38 (Ehses et al.,
2003) and PI3K/protein kinase B (PKB) signalling (Trumper et al., 2002; Trumper et al., 2001).
Downstream, enhanced phosphorylation of substrates of ERK1/2 (Ehses et al., 2002), p38 MAPK
(Ehses et al., 2002) and PKB (Kim et al., 2005c; Trumper et al., 2001) occur as a result of GIP-
activation. Under apoptotic conditions, GIP decreases caspase-3 activation and DNA fragmentation
(Ehses et al., 2003; Trumper et al., 2002). These anti-apoptotic effects are regulated by a cCAMP-
dependent decrease in p38 MAPK phosphorylation (Ehses et al., 2003) and modestly by the
MEK1/2-ERK1/2 MAPK pathway (Ehses et al., 2003; Trumper et al., 2002). In addition, GIP
regulates B-cell survival at the level of gene expression. The expression of Bcl-2, an anti-apoptotic
gene, is enhanced by GIP in B-cells via increased nuclear localization of cAMP-responsive CREB
coactivator 2 (TORC2) and phosphorylation of cAMP response element binding protein (CREB), as
well as decreased phosphorylation of AMP activated protein kinase (AMPK) (Kim et al., 2008). GIP
has also been shown to activate PKB/Akt, which results in phosphorylation and nuclear exclusion of
the transcription factor Foxol (Kim et al., 2005c¢). Given that the expression of the pro-apoptotic
protein Bax requires unphosphorylated Foxol, the phosphorylation and nuclear exclusion of Foxol
results in a decrease in Bax levels (Kim et al., 2005c). Further, chronic administration of GIP to
VDF Zucker rats resulted in decreased islet apoptosis as well as the up-regulation of Bcl-2 and down-
regulation of Bax in B-cells. Thus, the B-cell prosurvival effects of GIP are regulated by the complex
interplay between multiple signalling pathways.

In addition to pancreatic islets, adipocytes are also targets of GIP action. Similarly to its
actions on B-cells, GIP activates adenylyl cyclase (Mclntosh et al., 1999; Yip et al., 1998) and
lipolysis (Getty-Kaushik et al., 2006; Mclintosh et al., 1999) in rat adipocytes and differentiated 3T3-
L1 adipocytes. GIP has also been shown to play a role in the differentiation of preadipocytes to
adipocytes via the activation of Akt (Song et al., 2007). In addition, GIP enhances the delivery of
triglycerides to adipocytes by activating lipoprotein lipase activity (Eckel et al., 1979; Kim et al.,
2007a; Kim et al., 2007b; Knapper et al., 1995b) and potentiates lipogenesis by stimulating glucose
and fatty acid uptake (Beck and Max, 1986; Hauner et al., 1988; Oben et al., 1991). The mechanism
by which GIP activates lipoprotein lipase activity has been suggested to involve decreased activity of
AMP Kinase and elevated release of the adipocytokine resistin (Kim et al., 2007b). These effects are
insulin-dependent and regulated via both SAPK/JNK and p38 MAP Kinase signalling pathways (Kim
et al., 2007b). However, numerous studies have demonstrated that GIP also has insulin-independent
actions on fat metabolism (Beck, 1989; Kim et al., 2007a; Kim et al., 2007b; Mclntosh et al., 1999;
Morgan, 1996; Yip and Wolfe, 2000). Although the insulin-independent mechanisms by which GIP
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elevates adipocyte nutrient uptake are unknown, preliminary evidence suggests that GLUT-4 cell

membrane translocation is involved (Song et al., 2007).

1.2.3.4  Regulation of Expression

The expression of the GIPR is regulated by the 5'-flanking region, which contains a CAMP
response element as well as binding sites for the transcription factors Oct-1, Spl and Sp3
(Baldacchino et al., 2005; Boylan et al., 1999). Adipocyte GIPR expression is upregulated via a
mechanism involving PPARY interaction with an acetylated histone region of the Gipr promoter
(Kim et al., 2011). In addition, the distal 5'-flanking region of the Gipr gene contains negative
regulatory sequences that modulate cell-specific expression (Boylan et al., 1999). Furthermore, both
GIPR mRNA and protein levels are decreased in islets of VDF Zucker rats, consistent with the
observation that diabetic animals and humans display defective GIP action (Lynn et al., 2001).
Downregulation of the GIPR also correlates with decreased T-cell factor 7-like 2 expression in type 2
diabetes (Shu et al., 2009). Interestingly, the downregulation of the islet GIPR can be reversed by
reducing hyperglycemia, suggesting that the downregulation of the GIPR in rodent type 2 diabetes is
secondary to chronic hyperglycemia (Piteau et al., 2007). The GIPR has also been shown to undergo
homologous desensitization and C-terminal deletion analyses revealed that the C-terminal residues

411 and Ser*%®

Cys play a role in both desensitization and down-regulation of the rat receptor (Tseng
and Zhang, 1998a; Tseng and Zhang, 2000). G protein receptor kinase 2 and B-arrestin 1 have also
been implicated in GIPR desensitization (Tseng and Zhang, 2000). Finally, chronic high glucose
also results in the desensitization of the islet GIPR (Hinke et al., 2000). Strategies aimed at
increasing GIPR expression may be useful in boosting the incretin effect as a means of improving

glucose homeostasis in subjects with diabetes.

1.2.4  Consequences of Blocking GIPR Signalling: GIP and Obesity

The disruption of GIPR signalling has revealed some surprising findings. It was discovered
that GIPR-/- mice are protected from developing both obesity and insulin resistance when placed on
a high fat diet (Miyawaki et al., 2002). Moreover, when crossed with genetically obese, leptin
deficient ob/ob mice, the lack of GIP signalling significantly reduced weight gain and adiposity
(Miyawaki et al., 2002). Probable mechanisms include reducing both GIP- and secondarily insulin-
induced uptake and storage of lipids (Irwin and Flatt, 2009). These findings led Miyawaki et al. to
conclude that GIP directly links chronic overnutrition to obesity and is a possible target for anti-
obesity drugs (Miyawaki et al., 2002). In support of this concept, Flatt and colleagues have reported
several studies using a putative peptide-based GIPR antagonist (Pro®GIP) suggesting that GIPR
antagonism reverses obesity, insulin resistance and associated metabolic disturbances induced in
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mice by the prolonged consumption of a high-fat diet (Gault et al., 2007; Gault et al., 2005; Gault et
al., 2002a; Gault et al., 2003; Irwin et al., 2004; Irwin et al., 2007a; Irwin et al., 2007b; McClean et
al., 2008a; McClean et al., 2007; McClean et al., 2008b). In an alternative approach, mice in which
K-cells are selectively destroyed via the expression of diptheria toxin gained five times less weight
than wild-type littermates when placed on a high fat diet and were associated with reduced food
intake, increased energy expenditure and improved insulin sensitivity (Althage et al., 2008). Finally,
researchers at Cytos Biotechnology generated a vaccine against GIP. That group reported that the
vaccination of mice with GIP peptides covalently attached to virus-like particles (VLP-GIP) induced
high titers of GIP specific antibodies and efficiently reduced fat accumulation and weight gain in
animals fed a high fat diet (Fulurija et al., 2008). Moreover, increased weight loss was observed in
obese mice vaccinated with VLP-GIP. Importantly, despite the incretin action of GIP, VLP-GIP-
treated mice did not show signs of glucose intolerance (Fulurija et al., 2008). Collectively, these
studies support the concept that disrupting GIP signalling represents a promising novel therapeutic
strategy for the treatment of obesity. However, while encouraging data have been obtained with
Pro®GIP as described above, the utility of this peptide as a therapeutic is hampered by its relatively
short circulating half-life and requirement for repeated injections. For anti-obesity therapy, the
identification of a novel small molecule GIPR antagonist could lead to the development of an orally
active drug.

In order to further investigate the consequences of disrupting GIPR signalling, Herbach et al.
developed a transgenic mouse expressing a dominant negative GIPR (GIPR®) driven by a rat pro-
insulin promoter (Herbach et al., 2005). In contrast to GIPR-/- mice which only display mildly
impaired glucose tolerance (Miyawaki et al., 1999), GIPR™ mice exhibit a severe phenotype
(Herbach et al., 2005). GIPR®" mice are characterized by early-onset diabetes occurring between 14
— 21 days of age in addition to fasting hypoinsulinemia, marked reduction of B-cell mass and
structural abnormalities of the pancreatic islets (Herbach et al., 2005). Subsequently, Renner and
colleagues developed a transgenic pig expressing a GIPR®" in the pancreatic islets to investigate the
effects of impaired GIP function on glucose homeostasis and endocrine pancreas development
(Renner et al., 2010). GIPR™ transgenic pigs displayed significantly decreased oral glucose
tolerance but not intravenous glucose tolerance (Renner et al., 2010). Interestingly, compared to
control pigs, GIPRY" transgenic pigs displayed decreased insulin secretion in response to GIP but an
enhanced insulinotropic response to exendin-4, a GLP-1R agonist, suggesting compensatory effects
of GLP-1 when GIPR signalling is abolished (Renner et al., 2010); this compensatory mechanism of
GLP-1 has also been observed in GIPR-/- mice (Hansotia et al., 2004; Miyawaki et al., 1999).

Furthermore, glucose control deteriorated with increasing age in GIPR®™ transgenic pigs, as
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evidenced by impaired insulin secretion and thus diminished oral and intravenous glucose tolerance
(Renner et al., 2010). In addition, B-cell proliferation was decreased by 60% in the pancreata of 11-
week-old GIPR® pigs and this effect was also exaggerated in older pigs (5-month-old compared to
1.25-year-old pigs) (Renner et al., 2010). Notably, body weight was not different between GIPR™
and control pigs (Renner et al., 2010). Thus, these results demonstrate the essential role of GIP in
glucose homeostasis and endocrine pancreas development and support the notion that GIPR agonists
may be beneficial for the treatment of diabetes. Moreover, due to the similar characteristics between
human type 2 diabetic subjects and GIPR™ pigs (glucose intolerance, disrupted GIP activity and
decreased pancreatic B-cell mass), GIPR®" pigs may be of interest for the preclinical development of

incretin-based therapeutics (Renner et al., 2010).

1.2.5 GIPR Agonists

While there is rationale to block GIP action to treat obesity, the role of GIP in glucose
disposal suggests that GIP agonists may also be therapeutic for diabetes (Kieffer, 2003). A series of
synthetic N-terminally modified GIP peptides were evaluated for resistance to DPP-4 degradation
and affinity for the rat GIPR in vitro (Hinke et al., 2002). Based on these in vitro experiments, D-
Ala?-GIP(1-42) was determined to possess the greatest resistance to DPP-4 degradation, with
minimal effects on GIPR affinity (Hinke et al., 2002). Despite GIP resistance in VDF Zucker rats
(Lynn et al., 2001), subcutaneous administration of D-Ala>-GIP(1-42) effectively reduced glycemic
excursion during an OGTT by stimulating insulin release (Hinke et al., 2002). Likewise, D-Ala*-
GIP(1-42) was as effective as dietary intervention in improving glucose homeostasis in high-fat fed
mice (Porter et al., 2011). A similar GIPR agonist, D-Ala?>-GIP(1-30), was recently evaluated for its
effects on glucose homeostasis and B-cell mass in various rat models of diabetes. Acute
administration of D-Ala’>-GIP(1-30) to VDF Zucker rats improved glucose tolerance and insulin
secretion, while chronic treatment reduced islet pro-apoptotic protein levels (Widenmaier et al.,
2010). In streptozotocin treated rats and Zucker diabetic fatty (ZDF) rats, chronic administration of
D-Ala%-GIP(1-30) preserved B-cell mass, resulting in enhanced insulin secretion and glycemic
control, with no change in body weight (Widenmaier et al., 2010). Interestingly, D-Ala?>-GIP(1-30)
and GIP(1-42) exhibited equivalent actions in vitro on B-cell function and survival, while D-Ala*
GIP(1-30) displayed markedly reduced effects on lipoprotein lipase activity in 3T3-L1 adipocytes
(Widenmaier et al., 2010). Thus, D-Ala*GIP(1-30) displays potent anti-diabetic effects and
decreased adipogenic actions, with the C-terminus of GIP likely contributing to its lipogenic effects
(Widenmaier et al., 2010). In conclusion, GIPR agonists may be beneficial for the treatment of

diabetes and it may be possible to develop GIPR agonists that do not promote fat accumulation.

17



1.3 Glucagon-Like Peptide-1 Receptor

1.3.1 Physiology and Pathophysiology of GLP-1

GLP-1 is a 30 or 31 amino acid proglucagon product (GLP-1(7-36) amide and GLP-1(7-37),
respectively) (Figure 3B) that is predominantly released by enteroendocrine L-cells in response to
nutrient ingestion (Baggio and Drucker, 2007; Holst, 2007; Kieffer and Habener, 1999). In 1969, L-
cells were identified by characteristic "large granules” (hence the name L) in the intestines of cats
(Vassallo et al., 1969) and rabbits (Capella et al., 1969). A few years later, L-cells were
demonstrated to contain enteroglucagon/glucagon-like immunoreactivity (GLI) in humans, dogs and
pigs (Capella and Solcia, 1972). However, it was not until the early 80’s that GLP-1 was identified
following the discovery of two glucagon-related sequences in angler fish preproglucagon cDNA
(Lund, 2005; Lund et al., 1982), and the cloning and sequencing of the mammalian proglucagon gene
(Bell et al., 1983a; Bell et al., 1983b; Heinrich et al., 1984; Lopez et al., 1983). After recognizing a
GIP-like sequence within GLP-1, GLP-1 was demonstrated to be a potent insulinotropic peptide in
rats (Mojsov et al., 1987; Weir et al., 1989), pigs (Holst et al., 1987) and humans (Figure 4)
(Kreymann et al., 1987; Nathan et al., 1992). The meal-induced nature of GLP-1 secretion was
revealed in humans (Kreymann et al., 1987), which eventually led to the classification of GLP-1 as
an additional incretin hormone to GIP.

As an incretin hormone, GLP-1 acts directly on the pancreatic B-cell. GLP-1 potentiates
insulin secretion in a glucose-dependent fashion, increases insulin gene transcription and insulin
biosynthesis and increases B-cell mass by inducing proliferation and inhibiting apoptosis (Figure 4)
(Baggio and Drucker, 2007; Holst, 2007; Kieffer and Habener, 1999). The glucose-dependent nature
of GLP-1 action on insulin secretion may contribute to the reduced risk of hypoglycemia observed in
clinical trials with GLP-1 based therapeutics (Chia and Egan, 2008; Tahrani et al., 2010; Verspohl,
2009). GLP-1 also reduces plasma glucagon levels (Figure 4) in both healthy subjects and patients
with type 1 and type 2 diabetes (Gutniak et al., 1992), which is in contrast to the glucagonotropic
action of GIP in perfused rat pancreas (Pederson and Brown, 1978), healthy euglycemic humans
(Meier et al., 2003) and patients with type 2 diabetes (Chia et al., 2009). The glucagonostatic action
of GLP-1 is also dependent on glucose levels (Nauck et al., 2002). Accordingly, the inhibitory
effects of GLP-1 on glucagon secretion are not observed at hypoglycemic plasma glucose
concentrations (< 3.7 mmol/l) (Nauck et al., 2002). However, the exact mechanism of GLP-1 action
on glucagon secretion is controversial.  B-cell-specific inactivation of the Pdx1 gene was
demonstrated to abolish exendin-4-induced inhibition of glucagon secretion (Li et al., 2005),

indicating that this effect requires B-cell signalling. However, the glucagonostatic effects of GLP-1
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Figure 4. Summary of GLP-1 Actions on Different Tissues

GLP-1 is a 30 or 31 amino acid proglucagon product released from intestinal L-cells following food
intake. In the pancreas, GLP-1 stimulates glucose-dependent insulin secretion, somatostatin
secretion and insulin biosynthesis, and inhibits glucose-dependent glucagon secretion. GLP-1 also
increases p—cell mass by inducing p-cell proliferation and inhibiting p—cell apoptosis. In addition,
GLP-1 acts on the brain to induce neuroprotection and suppress appetite, on the stomach to inhibit
gastric emptying, on bone to reduce bone resorption, and on the heart to stimulate cardioprotection
and cardiac function.

are still observed in patients with type 1 diabetes who do not display detectable C-peptide responses
to glucagon stimulation (Kielgast et al., 2010), suggesting a mechanism independent of B-cells.
Since it is well established that GLP-1 stimulates somatostatin secretion from pancreatic islets
(Figure 4) (Holst, 2007; Kieffer and Habener, 1999; Kim and Egan, 2008), somatostatin may be
acting on the pancreatic islets in a paracrine manner to regulate the actions of GLP-1 on glucagon
secretion. In a recent study using in situ pancreas perfusion in rats (de Heer et al., 2008), a highly
specific inhibitor of a somatostatin receptor subtype 2 (SSTR2) abolished the glucagonostatic effects
of GLP-1 (de Heer et al., 2008). Therefore, intraislet somatostatin signalling is critical for the
glucagonostatic actions of GLP-1. Interestingly, the glucagonostatic effects of GLP-1 are as

important as its insulinotropic effects in improving glucose control in patients with type 2 diabetes
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(Hare et al., 2010). Beyond its action on the endocrine pancreas, GLP-1 has pleiotropic
extrapancreatic actions including appetite regulation, neuroprotection, inhibition of gastric emptying
and gastric acid secretion, regulation of hepatic glucose production, inhibition of osteoclastic bone
resorption (likely via the stimulation of calcitonin secretion from thyroid C cells), regulation of
cardiac function and cardioprotective effects (Figure 4) (Abu-Hamdah et al., 2009; Baggio and
Drucker, 2007; Holst, 2007; Kieffer and Habener, 1999; Kim and Egan, 2008). Collectively, these
actions of GLP-1 can provide complementary benefits to patients with diabetes.

Fitting with the role of GLP-1 as an incretin hormone, GLP-1R-/- mice have glucose
intolerance and impaired glucose-stimulated insulin secretion (Scrocchi et al., 1996). Inhibition of
GLP-1 action leads to impaired postprandial insulin secretion and impaired glucose tolerance.
Exendin(9-39), an orthosteric GLP-1R antagonist, reduces postprandial insulin levels, increases
glucagon levels and increases glucose levels (D'Alessio et al., 1996; Kolligs et al., 1995; Schirra et
al., 1998; Wang et al., 1995). Furthermore, daily administration of Jant-4(9-40)a Lys*’-C16, a
human GLP-1-based peptide that antagonizes the GLP-1R with ~3 fold greater in vitro potency than
exendin(9-39), for one week to diet-induced obese mice resulted in increased food intake and body
weight and decreased glucose tolerance (Patterson et al., 2011).

The first assessments of the clinical potential of GLP-1 in treating diabetes were reported in
1992. GLP-1 administration to type 2 diabetic patients significantly reduced postprandial
hyperglycemia (Gutniak et al., 1992; Nathan et al., 1992). The therapeutic potential of GLP-1 was
also demonstrated by the efficacy of basal GLP-1 infusion in type 2 diabetic patients with markedly
elevated fasting plasma glucose levels despite a regulated diet and sulfonylurea therapy (Nauck et al.,
1993b). The ability of GLP-1 to lower blood glucose levels is a result of several complementary
mechanisms, including a reduction in glucagon levels, suppression of gastric emptying and reduction
in food intake, in addition to the stimulation of glucose-dependent insulin release (Baggio and
Drucker, 2007; Holst, 2007; Holst et al., 2009; Kieffer and Habener, 1999; Nauck, 2009). As
elaborated upon in subsequent sections, GLP-1 analogues are currently used in clinical practice and

there is a plethora of new GLP-1 based drugs in development (Tahrani et al., 2010; Verspohl, 2009).

1.3.2 Forms of GLP-1, Tissue Distribution, Regulation of Secretion

The GLP-1 sequence is remarkably highly conserved, being apparently identical in all
mammals. GLP-1 is derived from post-translational processing of proglucagon in the intestinal L-
cells, together with GLP-2, oxyntomodulin and glicentin, whereas glucagon is produced from
proglucagon in pancreatic a-cells (Mojsov et al., 1986). The proglucagon gene is also expressed in

the CNS where it is processed in a similar manner to that seen in the intestinal L-cells, preferentially
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producing glicentin, GLP-1 and GLP-2 (Larsen et al., 1997). The differences in the proglucagon
products in the pancreatic a-cells, CNS and the intestinal L-cells are due to the tissue-specific
posttranslational processing of proglucagon (Mojsov et al., 1986; Orskov et al., 1986). In pancreatic
a-cells, proglucagon is processed by PC2 (Rouille et al., 1994). Mice lacking the PC2 gene cannot
cleave proglucagon in the a-cells, resulting in deficient circulating glucagon, fasting hypoglycemia
and improved glucose tolerance (Furuta et al., 1997). In the intestinal L-cells, proglucagon is
processed by PC1/3 to produce glicentin (which may be cleaved further to oxyntomodulin), GLP-1
and GLP-2 (Ugleholdt et al., 2004). GLP-1 can be liberated from proglucagon in a-cells by forced
expression of PC1/3, which interestingly results in enhanced glucose-stimulated insulin secretion,
improved survival following cytokine treatment and enhanced performance after islet transplantation
(Wideman et al., 2006). Interestingly, this same process appears to occur naturally; PC1/3 expression
in rodent a-cells has been shown to occur following streptozotocin treatment and chronic
hyperglycemia, resulting in GLP-1 production in islets (Hansen et al., 2011; Nie et al., 2000). Mice
with a targeted deletion of the PC1/3 gene cannot process proglucagon to GLP-1 and GLP-2
(Ugleholdt et al., 2004; Zhu et al., 2002). However, a patient with multiple endocrinopathies due to
severely defective PC1/3 activity displayed near normal postprandial plasma concentrations of fully
processed GLP-1 (Jackson et al., 2003), suggesting that the mechanism of proglucagon processing in
the intestine may be redundant, at least in humans.

Within L-cells the non-insulinotropic peptides GLP-1(1-37) and GLP-1(1-36) amide are
further processed to the potent insulinotropic forms GLP-1(7-37) and GLP-1(7-36) amide (Baggio
and Drucker, 2007; Holst, 2007; Kieffer and Habener, 1999). Of the GLP-1 immunoreactivity in the
human intestine, it has been estimated that 20% corresponds to GLP-1(7-37) and 80% to GLP-1(7-
36) amide (Orskov et al., 1994). The production of GLP-1(7-36) amide from GLP-1(7-37) is
presumably achieved by peptidylglycine a-amidating monooxygenase, which catalyzes the two-step
formation of bioactive amidated peptides from their glycine-extended precursors (Merkler, 1994;
Wettergren et al., 1998). Despite the finding that GLP-1(7-36) amide appears to be more stable than
GLP-1(7-37) in plasma (Wettergren et al., 1998), the insulinotropic and glucose lowering actions of
these two peptides are largely indistinguishable in humans (Orskov et al., 1993). Thus, GLP-1(7-37)
appears to undergo posttranslational processing to GLP-1(7-36) amide in order to increase its
stability rather than alter its activity.

Similarly to GIP, both exogenous and endogenous GLP-1 is N-terminally degraded in vivo by
DPP-4 (Figure 3B), yielding the non-insulinotropic metabolites GLP-1(9-36) amide and GLP-1(9-37)
(Figure 1) (Deacon et al., 1995a; Deacon et al., 1995b; Kieffer et al., 1995). Owing to the action of

DPP-4, the plasma half-life of exogenously administered intact GLP-1 is less than 2 min and is not
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different between diabetic and normal subjects (Vilsboll et al., 2003). It is believed that GLP-1
undergoes substantial N-terminal degradation by DPP-4 before it even leaves the local capillary bed
around the L-cells from which it is secreted (Hansen et al., 1999). In addition, 10-15% of GLP-1 is
degraded by DPP-4 as it passes through the hepatic-portal system (Deacon et al., 1996; Holst and
Deacon, 2005). Thus, it is estimated that only 10-15% of secreted GLP-1 reaches the systemic
circulation in its intact form. Since DPP-4 curtails the insulinotropic action of GLP-1 (as well as
GIP) (Deacon, 2005), both DPP-4 inhibitors and DPP-4 resistant GLP-1 analogues have been
actively developed for therapeutic use (Figure 1) (Chia and Egan, 2008; Tahrani et al., 2010;
Verspohl, 2009). Exenatide (marketed under the name Byetta), the synthetic version of exendin-4, is
a DPP-4 resistant GLP-1R agonist used for the treatment of type 2 diabetes (Baggio et al., 2000a;
Deacon et al., 1998; Drucker et al., 2010; Eng et al., 1992; Greig et al., 1999; Young et al., 1999). In
addition, the DPP-4 inhibitors sitagliptin (marketed under the name Januvia) (Herman et al., 2005;
Kim et al., 2005a) and saxagliptin (marketed under the name Onglyza) (Augeri et al., 2005) were
approved by the U.S. Food and Drug Administration to treat patients with type 2 diabetes in 2006
and 2009, respectively (U.S._Food_and_Drug_Administration, 2006;
U.S._Food_and_Drug_Administration, 2009). Another DPP-4 inhibitor, vildagliptin (marketed
under the name Galvus) (Brandt et al., 2005; Villhauer et al., 2003), was approved by the European
Medicines Agency to treat patients with type 2 diabetes in 2008 (European_Medicines_Agency,
2008). DPP-4 inhibitors, formulated for oral delivery, effectively lower blood glucose levels and are
weight neutral in patients with type 2 diabetes (Amori et al., 2007). The weight neutrality may result
from an offset of the theoretically sustained satiety effect of GLP-1 by reduced conversion of PYY/(1-
36) to the appetite suppressing form PYY(3-36) (Unniappan et al., 2006). Since DPP-4 inhibitors
only modestly increase plasma GLP-1 and GIP levels, there is controversy regarding whether the
glucose-lowering effect of DPP-4 inhibitors is solely mediated by GLP-1 and GIP (Drucker, 2007a;
Hucking et al., 2005; Nauck and EI-Ouaghlidi, 2005). Moreover, there are numerous potential
substrates of DPP-4 and some of them (e.g., PACAP, oxyntomodulin, glucagon and GRP) can
modulate glucose homeostasis (Drucker, 2007a). However, DPP-4 inhibitors lower glucose levels
and increase plasma insulin levels in wild-type, GLP-1R-/- and GIPR-/- mice, but not in double
incretin receptor knockout (DIRKO) mice, suggesting that the effects of DPP-4 inhibitors are solely
mediated by GLP-1 and GIP (Hansotia et al., 2004). Thus, GLP-1 and GIP are essential in mediating
the glucose lowering action of DPP-4 inhibitors.

It is important to consider that so-called enzymatic degradation products of hormones such as
GLP-1 may have as yet unappreciated biological activities. Administration of GLP-1(9-36) amide

has been reported to possess glucoregulatory actions in rodents, pigs and humans that complement
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the insulinotropic action of GLP-1 (Deacon et al., 2002; Elahi et al., 2008; Meier et al., 2006; Tomas
et al., 2011b). Moreover, various positive cardiovascular effects of GLP-1(9-36) amide have been
reported, some of which are not shared by insulinotropic forms of GLP-1, raising the possibility that
there is another GLP-1 receptor (Tomas and Habener, 2010). GLP-1(9-36) amide and GLP-1(9-37)
are further cleaved by neutral endopeptidase 24.11 (a membrane-bound zinc metalloendopeptidase)
to produce small C-terminal peptides, including GLP-1(28-36) amide, GLP-1(28-37), GLP-1(32-36)
amide and GLP-1(32-37) (Hupe-Sodmann et al., 1997; Hupe-Sodmann et al., 1995; Tomas and
Habener, 2010). Interestingly, C-terminal fragments of GLP-1 have recently been hypothesized to
act on mitochondria, decreasing oxidative stress, fatty acid oxidation and gluconeogenesis in the liver
(Tomas and Habener, 2010). Indeed it was reported that GLP-1(28-36) amide can target
mitochondria and inhibit glucose production and oxidative stress in mouse hepatocytes (Tomas et al.,
2011a). Whether DPP-4 inhibitors significantly disrupt the downstream actions of various peptide
fragments resulting in undesirable effects remains to be determined.

Consistent with the anatomical characteristics of L-cells — open type enteroendocrine cells
with long apical processes extending towards the intestinal lumen (Eissele et al., 1992) — GLP-1 is
secreted in response to meal ingestion with luminal nutrients including carbohydrate, fat and protein
(Baggio and Drucker, 2007; Dube and Brubaker, 2004; Holst, 2007; Kieffer and Habener, 1999; Kim
and Egan, 2008; Parker et al., 2010). The rapid increase in blood GLP-1 concentrations following
oral glucose ingestion begins within 5 min, which correlates with the time needed for glucose to
arrive at the duodenum (Parker et al., 2010; Schirra et al., 1996). This early increase in circulating
GLP-1 levels is difficult to explain with the traditional belief that GLP-1 producing L-cells are
located predominantly in the distal gut. However, GLP-1 producing cells are also present at a low
frequency in the duodenum (Mortensen et al., 2003). Moreover, as previously mentioned, GIP and
GLP-1 are frequently colocalized in cells in the mid-small intestine (Mortensen et al., 2003).
Therefore, the direct interaction between luminal glucose and L-cells and/or K/L-cells may be the
major mechanism of rapid GLP-1 secretion in response to oral glucose ingestion. The exact
mechanism of glucose-sensing by L-cells is still being elucidated. Glucokinase (Reimann and
Gribble, 2002), Katp channels (Nielsen et al., 2007; Reimann et al., 2008), sodium-dependent
glucose cotransporter-1 (Gribble et al., 2003; Reimann et al., 2008) and sweet taste receptors (Jang et
al., 2007) have all been suggested to play a role in L-cell glucose sensing, but the exact molecular
mechanisms of glucose sensing are not known (discussed in (Parker et al., 2010)). The fat sensing
mechanisms of L-cells are now being elucidated with the recent discovery of fatty acid-sensitive
GPCRs (Hirasawa et al., 2008; Ichimura et al., 2009; Lee et al., 2003). GPR40 and GPR120 respond
to long-chain fatty acids, GPR84 to medium-chain fatty acids and GPR41 and GPR43 to short-chain
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fatty acids (Hirasawa et al., 2008; Ichimura et al., 2009; Lee et al., 2003), with GPR40, GPRA41,
GPR43, GPR119 and GPR120 being expressed on L-cells (reviewed in (Parker et al., 2010)).
Among them, stimulation of GPR119 has been demonstrated to increase GLP-1 secretion in vivo and
development of an orally active small molecule agonist is being actively pursued (Chu et al., 2007).
An atypical protein kinase CC has also been suggested as a sensor for long-chain unsaturated fatty
acids (such as oleic acid) and a protein kinase CC inhibitor abolished GLP-1 secretion stimulated by
oleic acid in the murine GLUTag L cell line (lakoubov et al., 2007). Further elucidating the
mechanisms regulating GLP-1 secretion may aid in the design of therapeutic secretagogues of
endogenous GLP-1.

1.3.3 GLP-1 Receptor

1.3.3.1 Structure

The Glp-1r was first cloned from a rat pancreatic islet cDNA library (Thorens, 1992).
Subsequently, the human GLP-1R gene was cloned and localized to the short arm of chromosome 6,
band 21.1 (Stoffel et al., 1993; Thorens et al., 1993; van Eyll et al., 1994). The GLP-1R gene spans
40 kb and consists of at least 7 exons (Lankat-Buttgereit and Goke, 1997). Both rat and human
receptors consist of 463 amino acids (63 kDa) and share 90% amino acid sequence identity (Thorens,
1992; van Eyll et al., 1994). The protein contains a large hydrophilic extracellular domain and seven
hydrophobic membrane-spanning domains linked together by several hydrophilic intra- and
extracellular loops (Doyle and Egan, 2007; Thorens and Widmann, 1996). Regarding signal
transduction, specific domains in the intracellular portions of GLP-1R, particularly within the third
intracellular loop, couple the receptor to Gos. In addition, Gog, Goi and Ga, are also coupled to
distinct regions within the third intracellular loop of the GLP-1R (Hallbrink et al., 2001; Montrose-
Rafizadeh et al., 1999). Furthermore, both glycosylation and palmitoylation of the GLP-1R modulate
its function in vitro (Goke et al., 1994; Vazquez et al., 2005). However, it is unknown if these
posttranslational modifications affect the biological function of the GLP-1R in vivo.

The core structure of the N-terminal ligand binding domain of the GLP-1R is characterized
by three conserved disulfide bonds, two regions of antiparallel B-sheets and several centrally located
conserved amino acid residues, and is similar to that of the corticotropin releasing factor receptor,
PACAP receptor and GIPR (Grace et al., 2007; Runge et al., 2008; Sun et al., 2007). Crystal
structure analysis of the GLP-1R in complex with exendin(9-39) revealed that the hydrophobic
binding site of the GLP-1R is composed of discontinuous segments of a-helix in the N-terminus and

a loop between two antiparallel B-strands (Runge et al., 2008). Like other members of the glucagon
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receptor family, the GLP-1R contains 6 highly conserved cysteine residues (Thorens et al., 1993).
Several discrete amino acid residues in the N-terminal domain (e.g., Thr*®-Val®**-Ser®!-Leu® region,
Trp®, Trp™, Trp™, Trp'?, and Trp*®) and transmembrane domains (e.g., Lys*®’, Asp™®, Lys*?,
Asp®®®, Arg?’, and Lys*®®) of the GLP-1R are important for ligand binding, while multiple amino
acid residues in the intracellular domains (e.g., Lys®**, Lys*®*, Val*?’, 11e*%®, and Val®*") are crucial for
signal transduction (reviewed in (Doyle and Egan, 2007)). Unlike the GIPR (Saxena et al., 2010),
polymorphisms of the GLP-1R associated with type 2 diabetes risk or glucose homeostasis have not
been identified in human genome-wide association studies. However, in a small Japanese study, 5
missense mutations of the GLP-1R were identified (Tokuyama et al., 2004). Among these missense
mutations, a Thr149Met loss of function mutation was demonstrated to markedly reduce the binding
affinity of the GLP-1R to both GLP-1 and exenatide, as well as decrease cAMP production
(Beinborn et al., 2005). In addition, in healthy non-diabetic individuals, Gly168Ser and Arg131GIn
polymorphisms alter insulin secretion in response to exogenous GLP-1 (Sathananthan et al., 2010).
These findings suggest that variations in the GLP-1R gene may be responsible for the deterioration of
glucose homeostasis in some individuals, although the contribution of GLP-1R variants to type 2

diabetes susceptibility may be unremarkable in the general population.

1.3.3.2 Distribution

The GLP-1R is widely expressed in various tissues in several species, explaining the
pleiotropic actions of GLP-1. For example, the presence of GLP-1R mRNA was identified in
pancreatic islets and ductal cells, lung, brain, stomach, heart and kidney (Bullock et al., 1996; Wei
and Mojsov, 1995). Despite the profound effects of GLP-1 on glucose homeostasis, the presence of
the GLP-1R in liver, skeletal muscle and adipose tissue is controversial (Bullock et al., 1996;
Campos et al., 1994; Egan et al., 1994; Sandhu et al., 1999; Wei and Mojsov, 1995). Consistent with
the role of GLP-1 as an incretin hormone, the GLP-1R is abundantly expressed in pancreatic B-cells
(Dillon et al., 1993; Thorens et al., 1993; Tornehave et al., 2008). The GLP-1R was also reportedly
detected in a subpopulation (~20%) of islet a-cells by single cell RT-PCR and immunostaining
(Heller et al., 1997) but was not detected in isolated a-cells by Western blot (Moens et al., 1996), in
situ hybridization for GLP-1R mRNA or immunocytochemical staining (Tornehave et al., 2008).
The reports investigating the presence of the GLP-1R in &-cells are also inconsistent (Fehmann and
Habener, 1991a; Heller et al., 1997; Tornehave et al., 2008). Aside from the physiological
distribution of the GLP-1R, insulinomas have also been shown to express high levels of the GLP-1R
(Reubi and Waser, 2003). However, the GLP-1R is not overexpressed in pancreatic islets from

patients with severe hyperinsulinemic hypoglycemia following gastric bypass (Reubi et al., 2010) .
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The expression of high levels of the GLP-1R in insulinomas may be useful in their clinical detection,
since insulinomas are typically very small and the diagnostic sensitivity of computed tomography
and magnetic resonance imaging is not satisfactory (Chatziioannou et al., 2001). Indeed, a
radiolabelled GLP-1R agonist (**'In-DOTA-exendin-4) has been successfully used to identify
insulinomas in patients (Christ et al., 2009). Furthermore, a radiolabelled GLP-1 analogue decreased
the volume of insulinomas in mice by up to 94% (Wicki et al., 2007), suggesting that radiotherapy
targeting the GLP-1R can be used to treat medically intractable insulinomas.

1.3.3.3  Signalling

GLP-1R signalling has been extensively studied in pancreatic B-cells in terms of insulin
secretion, insulin gene transcription, B-cell proliferation and/or neogenesis and apoptosis. There are
distinct domains in the GLP-1R, particularly within the third intracellular loop, that couple the
receptor to Gos, Gag, Gai, and Go, (Hallbrink et al., 2001; Heller et al., 1996; Montrose-Rafizadeh et
al., 1999), which in turn couple to various intracellular second messengers including Ca®*, cAMP and
phospholipase C. The insulinotropic action of GLP-1 is coupled to production of cAMP via adenylyl
cyclase activation, which subsequently activates PKA and the Epac family of cAMP-regulated
guanine nucleotide exchange factors (CAMP-GEFs), ultimately resulting in the elevation of
intracellular Ca®* levels (de Rooij et al., 1998; Fraser et al., 1998; Gromada et al., 1998; Kawasaki et
al., 1998; Lester et al., 1997; Light et al., 2002). PKA plays a key role in the GLP-1 mediated
augmentation of insulin secretion by phosphorylating SUR1 of Katp channels (Light et al., 2002), L-
type Ca?* channels (McDonald et al., 1994; Osterrieder et al., 1982) and GLUT2 glucose transporters
(Thorens et al., 1996). GLP-1 signalling also inhibits p-cell repolarization by reducing K, channel
currents via the cAMP/PKA-dependent pathway (MacDonald et al., 2002; MacDonald et al., 2003).
These same GLP-1 signalling pathways are able to render glucose unresponsive B-cells responsive to
glucose, a process referred to as glucose-competence (Holz et al., 1993). Although the mechanism of
the glucose-dependent nature of the insulinotropic action of GLP-1 is incompletely understood, it has
been noted that GLP-1 requires a threshold ambient glucose concentration to increase intracellular
Ca®* levels in B-cells (Lu et al., 1993). Moreover, PKA-mediated Karp channel closure is ADP-
dependent such that GLP-1 may be unable to close Katp channels in hypo- or euglycemic conditions,
when intracellular ADP levels are low (Light et al., 2002). The glucose-dependent nature of GLP-1
provides a clear benefit in reducing the risk of inappropriately high insulin levels and hypoglycemia,
as can occur following treatment with other insulin secretagogues, such as sulfonylureas. Therefore,

ideally any novel GLP-1 mimetics should retain this important property.
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In addition to stimulating insulin secretion, GLP-1 increases insulin biosynthesis by several
different mechanisms, thereby replenishing the B-cell insulin reservoirs and preventing [-cell
exhaustion.  For example, GLP-1 increases insulin mRNA stability via PKA-dependent
phosphorylation and the nucleocytoplasmic translocation of polypyrimidine tract binding protein 1
(Knoch et al., 2006). GLP-1 increases insulin gene transcription by activated NFAT (Lawrence et
al., 2002), Pdx1 (Buteau et al., 1999; Wang et al., 1999) and CREB (Chepurny et al., 2002; Skoglund
et al., 2000). GLP-1 also inhibits FoxO1 through phosphorylation-dependent nuclear exclusion in -
cells and thereby increases Foxa2 and Pdx1 promoter activity, pathways that are also involved in B-
cell proliferation and survival, in addition to function (Buteau et al., 2006; Kitamura et al., 2002).
Pdx1 is essential in B-cell proliferation, since mice with a B-cell-specific inactivation of Pdx1 do not
proliferate in response to exendin-4 treatment (Li et al., 2005). Other pathways implicated in the
proliferative effects of GLP-1 on B-cells include up-regulation of cyclin D1 via PKA-dependent
activation of CREB (Kim et al., 2006) and activation of B-catenin/ TCF7L2-dependent Wnt signalling
(Liu and Habener, 2008), PI3K-mediated EGFR transactivation (Buteau et al., 2003), CREB-
mediated IRS2 expression (Jhala et al., 2003) and NFAT (Lawrence et al., 2002). Interestingly, the
complete disruption of GLP-1R signalling does not impair the development of islet hyperplasia on
the ob/ob genetic background (Scrocchi et al., 2000), suggesting that the mechanism of B-cell
proliferation in response to insulin resistance is redundant, or compensated following chronic GLP-
1R deficient signalling. The signalling pathways mediating the p-cell protective effects of GLP-1
include reduced caspase-3 activation through Akt/PKB (Wang and Brubaker, 2002), reduced ER
stress-associated death in a PKA-dependent manner (Yusta et al., 2006), the up-regulation of Bcl-2
and Bcl-xL expression via PKA-and PI3K-dependent pathways (Hui et al., 2003), the up-regulation
of Pdx1 following FoxO1 nuclear exclusion via the EGFR- PI3K-Akt/PKB pathway (Buteau et al.,
2006) and inhibition of the cytokine-activated JNK pathway (Ferdaoussi et al., 2008). Thus, several
different pathways are involved in the growth and survival effects of GLP-1 on B-cells and these
actions of GLP-1 could ultimately contribute to restoring a functional B-cell mass in subjects with

diabetes.

1.3.3.4  Regulation of Expression

The promoter region of the GLP-1R determines its tissue- and cell-specific expression. GLP-
1R promoter activity is likely regulated by Spl and Sp3, and potentially by negatively acting cis-
regulatory elements upstream of the Sp1-binding sites (Wildhage et al., 1999). Another transcription
factor, TCF7L2, modulates GLP-1R expression in human islets and regulates GLP-1 sensitivity (Shu
et al., 2009; Villareal et al., 2010). Islet GLP-1R expression is down-regulated in response to
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dexamethasone (a glucocorticoid) (Abrahamsen and Nishimura, 1995) and high glucose in rats (Xu et
al., 2007). In addition, a fast followed by a re-feed was reported to reduce GLP-1R expression in the
rat hypothalamus and brainstem (Zhou et al., 2003). GLP-1R expression in rat pancreatic islets was
reduced under hyperglycemic conditions induced by 90% pancreatectomy but recovered by the
normalization of blood glucose levels by phloridzin treatment (Xu et al., 2007). In rat islets cultured
at high glucose concentrations, the overexpression of dominant negative PKCa., which is activated by
high glucose in pancreatic islets (Hoy et al., 2003; Kaneto et al., 2002), prevented the decrease of
GLP-1 expression (Xu et al., 2007). Further studies will be required to establish the implication of
these results.

For the treatment of type 2 diabetes, life-long administration of anti-diabetic drugs is
generally required. In this regard, GLP-1R down-regulation may hamper the long-term treatment
effects of GLP-1R agonist drugs. Both homologous and heterologous desensitization of the GLP-1R
has been reported in vitro (Baggio et al., 2004b; Fehmann and Habener, 1991b; Gromada et al.,
1996). However, mice overexpressing exendin-4 in multiple tissues, with plasma exendin-4 levels
ranging from 5 to 20 pg/ml, do not exhibit a decreased insulinotropic response to exogenous exendin-
4 (Baggio et al., 2004b). In addition, the glucose lowering effect of exenatide is generally
maintained, even with long-term administration (Blonde et al., 2006; Buse et al., 2007; Gao et al.,
2009; Klonoff et al., 2008; Moretto et al., 2008; Ratner et al., 2006; Riddle et al., 2006; Zinman et al.,
2007). In an open-label clinical study, patients treated with twice daily exendin-4 for at least 3 years
maintained improved glycemic control and showed progressive weight loss (Klonoff et al., 2008).
Therefore, these results suggest that clinically meaningful GLP-1R desensitization does not occur

with current GLP-1 analogue treatments.

1.3.4 GLP-1R Agonists

Based upon promising results in rodents demonstrating the anti-diabetic potential of GLP-1,
studies in patients with diabetes were conducted, and their encouraging findings promoted numerous
subsequent trials (Gutniak et al., 1992; Nauck et al., 1993b). A 6-week subcutaneous infusion of
GLP-1 to patients with type 2 diabetes decreased fasting and 8 hr mean plasma glucose and
glycosylated hemoglobin (HbAlc; an indicator of long term glucose control) levels, normalized
fructosamine (an indicator of short term glucose control), decreased body weight and improved both
insulin sensitivity and -cell function (Zander et al., 2002). These results provided a proof of concept
that GLP-1 could be used to effectively treat type 2 diabetes. However, the short half-life of GLP-1
was a major obstacle to overcome in order to use GLP-1 in clinical practice without continuous

infusion. Since GLP-1 is rapidly degraded to non-insulinotropic fragments in vivo by DPP-4 (Kieffer
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et al., 1995), DPP-4- resistant GLP-1 analogues and DPP-4 inhibitors have been developed in order
to circumvent the short half life of GLP-1 (Brubaker, 2007; Wideman and Kieffer, 2009). In this
regard, the discovery of exendin-4, a naturally occurring DPP-4- resistant GLP-1 analogue from the
saliva of the Gila monster (Heloderma suspectum), was a clinical breakthrough (Eng et al., 1992). In
order to develop DPP-4 resistant GLP-1 analogues and/or to increase the biological half-life of native
GLP-1, N-terminal modifications (e.g., attachment of chemical groups and substitution of amino
acids) and C-terminal modifications (addition of fatty acid or polyethylene glycol [PEG] or fusion to
albumin or transferrin) have been extensively tested (Figure 5) (reviewed in (Baggio and Drucker,
2007; Green and Flatt, 2007; Knop et al., 2009; Lovshin and Drucker, 2009; Madsbad et al., 2008)).
Although N-terminal modifications of native GLP-1 can prevent DPP-4 degradation and extend its
half-life, gradual elimination by the kidney limits its biological activity to approximately 4 hours
(Green and Flatt, 2007). Therefore, further measures, such as C-terminal modification, are used to
extend the biological half-life of GLP-1R agonists beyond a few hours. As of the first quarter of
2011, there are three generations of GLP-1R agonists on the market and/or in clinical development,
classified according to their duration of action (Nauck and Meier, 2010). The first generation of
GLP-1 analogues is exemplified by exenatide (a synthetic version of exendin-4), which has a
relatively short half-life necessitating twice-daily injection (Buse et al., 2004). The second
generation is represented by liraglutide, which maintains its insulinotropic effect for several hours,
requiring once daily injection (Chang et al., 2003; Elbrond et al., 2002; Juhl et al., 2002). The third
generation of GLP-1R agonists include exenatide-long acting release (LAR) (Drucker et al., 2008),
taspoglutide (Retterstol, 2009), albiglutide (St Onge and Miller, 2010) and CJC-1134-PC (Baggio et
al., 2008), which display prolonged action and thus only require once-weekly to once-monthly
injection. The structures and results of recent clinical trials with GLP-1R agonists are discussed in
the subsequent sections.

1.3.4.1 GLP-1R Agonists Based on the Structure of Exendin-4

1.34.1.1 Exenatide

Exenatide consists of 39 amino acids (Figure 5Bi) with 53% sequence identity to GLP-1
(Figure 5Ai) (Eng et al., 1992; Goke et al., 1993; Thorens et al., 1993); exenatide has a much longer
half-life than GLP-1 as it is not a substrate for DPP-4 (Baggio et al., 2000a; Deacon et al., 1998;
Greig et al., 1999; Young et al., 1999). Exenatide is readily absorbed after subcutaneous injection,
appearing in the circulation 10-15 min after administration, reaching peak plasma concentrations

after ~2 hrs and exhibiting a circulating half life of 3.3-4.0 hrs; exenatide is eliminated predominantly
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Figure 5. Structures of Peptide-Based GLP-1 Receptor Agonists

(A) Structures of peptide-based GLP-1 receptor agonists based on the sequence of native GLP-1: (i)
GLP-1(7-36) amide, (ii) Liraglutide, (iii) CJC-1131 and (iv) Tapsoglutide. (B) Structures of peptide-
based GLP-1 receptor agonists based on the sequence of exendin-4: (i) Exenatide, (ii) Lixisenatide
and (iii) CJC-1134-PC.

by glomerular filtration and subsequent degradation (Fineman et al., 2003; Kolterman et al., 2005;
Simonsen et al., 2006). The relatively short half-life of exenatide necessitates twice-daily injections,
preferably injected within an hour before morning and evening meals (or before the two main meals
of the day, approximately 6 hrs or more apart) (Amylin_Pharmaceuticals, 2010). In patients with

type 2 diabetes, exenatide reduces fasting and postprandial glucose levels, restores first-phase insulin
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secretion, augments second-phase insulin secretion, decreases glucagon secretion and prolongs
gastric emptying time (Chia and Egan, 2008; Tahrani et al., 2010; Verspohl, 2009). Although type 2
diabetes is characterized by progressive and relentless p-cell failure (UKPDS, 1995), exenatide
treatment results in sustained improved glycemic control for up to 3 yrs (Klonoff et al., 2008),
suggesting that exenatide may actually halt the progression of type 2 diabetes. Exenatide treatment
also results in a progressive decrease in body weight for up to 3 yrs in patients with type 2 diabetes
(Klonoff et al., 2008; Riddle et al., 2006). Finally, in animal studies, exenatide increases p-cell
function and mass by increasing the expression of key -cell genes and thereby stimulating B-cell
proliferation and neogenesis and suppressing B-cell apoptosis (Gedulin et al., 2005; Stoffers et al.,
2003; Tourrel et al., 2002; Tourrel et al., 2001; Xu et al., 1999). Whether the same occurs in humans
treated with exenatide who typically receive lower doses than those used in animal studies remains to
be determined.

Some considerations should be made when prescribing exenatide. The common adverse
effects of exenatide are gastrointestinal symptoms such as nausea, vomiting and diarrhea and mild to
moderate hypoglycemia (Chia and Egan, 2008; Tahrani et al., 2010; Verspohl, 2009). Nausea is the
most common adverse effect, occurring in ~50% of all patients treated with exenatide, and is
frequently found during the initial 8 weeks of treatment and lessens over time thereafter (Chia and
Egan, 2008; Tahrani et al., 2010; Verspohl, 2009). About 40-50% of patients develop anti-exenatide
antibodies with low titer and low binding affinity; however, these antibodies are not likely to affect
the glucose lowering efficacy of exenatide (Chia and Egan, 2008; Tahrani et al., 2010; Verspohl,
2009). Although controversial, exenatide may increase the risk or severity of acute pancreatitis in
patients with type 2 diabetes (Ahmad and Swann, 2008; Butler et al., 2010; Dore et al., 2009;
Drucker et al., 2010). Thus, exenatide should be prescribed with caution to patients with type 2

diabetes according to the label regarding acute pancreatitis (Amylin_Pharmaceuticals, 2010).

13412 Exenatide LAR

To extend the duration of exenatide action, a LAR preparation has been developed.
Exenatide LAR is a poly(D,L-lactic-co-glycolic acid) microsphere suspension with biodegradable
microparticles and exenatide (Drucker et al., 2008; Gedulin et al., 2005; Tahrani et al., 2010;
Verspohl, 2009). In a 30-week randomized non-inferiority study in 295 drug-naive patients with type
2 diabetes, compared to twice daily exenatide (10 ug), once weekly exenatide LAR (2 mg) resulted
in significantly greater decreases in HbAlc (mean change in HbAlc, —1.9% vs. —1.5%) and fasting
plasma glucose levels (mean change in fasting glucose, —2.3 vs. —1.4 mmol/l), with comparable

weight loss and without an increased risk of hypoglycemia (Drucker et al., 2008). Exenatide LAR
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was associated with a lower rate of nausea than exenatide (26.4% vs. 34.5%), but caused more
frequent injection site pruritus (17.6% vs. 1.4%) and a higher titer of anti-exenatide antibodies
(Drucker et al., 2008). It is noteworthy that patients who switched from twice daily exenatide to once
weekly exenatide LAR reported significant improvements in treatment satisfaction and quality of life
(Best et al., 2009), granting additional clinical benefits to the glucose lowering and weight reducing

properties of exenatide.

1.34.1.3 Lixisenatide

Lixisenatide (formerly known as ZP10A or AVE-0010) is a 44 amino acid exendin-4
analogue with a modified C-terminus with Pro® and Ser*® to Ser® and Lys* substitutions and 5
additional Lys residues (Figure 5Bii) (Werner et al., 2010). Lixisenatide lowers HbAlc levels in
db/db mice after 6 weeks of twice-daily intraperitoneal injections (Thorkildsen et al., 2003), and in
ZDF rats after 12 weeks of continuous subcutaneous infusion (Werner et al., 2006). In addition,
lixisenatide displays -cell protective properties in INS-1 cells (Tews et al., 2008) and cultured
human islets (Werner et al., 2008). Although the pharmacokinetic and pharmacodynamic properties
of lixisenatide have not yet been reported in humans, lixisenatide phase 3 clinical trials are underway
as of the first quarter of 2011 as a once-daily therapy (Sanofi_Aventis, 2010; Werner et al., 2010).

13414 CJC-1134-PC

Since exendin-4 is removed from the circulation predominantly by glomerular filtration and
subsequent degradation (Kolterman et al., 2005; Tahrani et al., 2010; Verspohl, 2009), increasing the
mass of exendin-4 by linking it to large molecules is a conceivable strategy to increase its biological
half-life and ultimately decrease its injection frequency. CJC-1134-PC, a modified exendin-4
analogue conjugated to recombinant human albumin (Figure 5Biii), was developed using low-
molecular weight chemical linker (cys-Ci3H1906N3-Lys) technology (Christensen and Knop, 2010).
In a phase 2 clinical trial, 3-month treatment with CJC-1134-PC reduced HbAlc levels by 0.8% with
once weekly (1.5-2.0 mg) administration and 1.4% with twice weekly (1.5 mg) administration, while
it decreased body weight by only 1.2 kg with twice weekly (1.5 mg) administration (Wang et al.,
2009). The modest weight loss effect of CJC-1134-PC compared to native exenatide may be

explained by poor central nervous system penetrance due to its bulky structure (Baggio et al., 2008).

1.3.4.15 Other GLP-1R Agonists Based on the Structure of Exendin-4

In a similar strategy to CJC-1134-PC, various other protein-binding techniques have been
adopted to increase the half-life and decrease the injection frequency of exendin-4. For example,

acylation of exendin-4 with either lauric acid (C12) or palmitic acid (C16) (Chae et al., 2010a) and
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subsequent conjugation to a hydrophobic bile acid such as lithocholic acid (Chae et al., 2010b; Son et
al., 2009) is a strategy to increase albumin binding and thus the half-life of the drug. In addition, the
conjugation of exendin-4 to the N-terminus of non-glycosylated transferrin via a 12-amino acid
connecting peptide (two copies of Pro-Glu-Ala-Pro-Thr-Asp) yields an analogue with a prolonged
action profile (Kim et al., 2010). In db/db mice, transferrin-conjugated exendin-4 exhibits glycemic
lowering effects for up to 24 hrs (vs. 8 hrs with exenatide) after a single subcutaneous injection (1
mg/kg) and decreases food intake for up to 48 hrs (vs. 24 hrs with exenatide) after a single
intraperitoneal injection (0.3 and 1 mg/kg) (Kim et al., 2010). Finally, the PEGylation of exendin-4
increases its half life, while retaining its biological activity (Zhou et al., 2009).

1.3.4.2  GLP-1R Agonists Based on the Structure of Native GLP-1

13421 Liraglutide

Liraglutide (also known as NN2211) is a GLP-1 analogue with a Lys* to Arg® substitution
and a C16 fatty acid chain attached to Lys? via a Glu spacer (Figure 5Aii) (Knudsen et al., 2000).
The fatty acid chain binds to albumin, concealing the DPP-4 cleavage site and dramatically
prolonging the half-life of liraglutide in plasma (Knudsen et al., 2000). Compared to exenatide,
which reaches peak plasma concentrations after ~2 hrs, liraglutide is absorbed slowly from the
injection site and achieves peak plasma concentrations after 9-12 hrs and a half-life of 10-15 hrs,
rendering it suitable for once daily injection (Chia and Egan, 2008; Tahrani et al., 2010; Verspohl,
2009). In general, liraglutide reduces fasting and postprandial glucose and HbAlc levels, improves
first- and second-phase insulin secretion, suppresses glucose-dependent glucagon secretion and
prolongs gastric emptying in patients with type 2 diabetes (Chia and Egan, 2008; Tahrani et al., 2010;
Verspohl, 2009). Similar to exenatide, the common adverse effects of liraglutide include nausea,
vomiting, diarrhea and hypoglycemia (Chia and Egan, 2008; Tahrani et al., 2010; Verspohl, 2009).
However, liraglutide is much less immunogenic than exenatide and low-titers of anti-liraglutide
antibodies are only detected in 8.6% of treated patients (Novo_Nordisk, 2010). One potential
concern with liraglutide is the risk of developing medullary thyroid cancer originating from
calcitonin-secreting thyroid C-cells. In preclinical testing for lifetime carcinogenicity in rats and
mice, liraglutide caused thyroid C-cell tumors (Novo_Nordisk, 2010). However, in clinical trials,
there were no reported cases of medullary thyroid cancer in patients treated with liraglutide
(Novo_Nordisk, 2010). In 2010, the U.S. Food and Drug Administration approved liraglutide for the
treatment of type 2 diabetes, with the liraglutide label including a black box warning about potential
thyroid C-cell tumors (Novo_Nordisk, 2010).
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13422  Albiglutide

Albiglutide (formerly known as albugon) is a GLP-1R agonist developed via the genetic
fusion of recombinant human albumin to two repeats of a DPP-4 resistant human GLP-1(7-36)
analogue (containing Gly® in the place of Ala®) (Bush et al., 2009). Since the genetic construct of
albiglutide contains the sequences of both the GLP-1 analogue and albumin in the same open reading
frame, there is no unbound GLP-1 moiety in the preparation (Baggio et al., 2004a). The structure of
albiglutide creates a unique pharmacokinetic profile with slow absorption (T for albiglutide and
exenatide is ~3 days and ~2.1 hrs, respectively) and an extended half-life (~5 days) (Rosenstock et
al., 2009), allowing for less frequent dosing. In a double-blind parallel-group trial, various doses and
administration schedules of albiglutide (4, 15 or 30 mg weekly, 15, 30 or 50 mg biweekly, 50 or 100
mg monthly) were tested in comparison to twice daily exenatide (5-10 ng) (Rosenstock et al., 2009);
dose-dependent reductions in HbA1c levels and similar degrees of weight loss (1.1 to —1.7 kg) were
observed for all dosing schedules (Rosenstock et al., 2009). The incidence of nausea and vomiting
was less frequent in subjects receiving weekly albiglutide (30 mg) compared to exenatide, biweekly
albiglutide (50 mg) and monthly albiglutide (100 mg) (Rosenstock et al., 2009). The less frequent
gastrointestinal side effects of albiglutide compared to exenatide can be explained by its slow
absorption Kinetics and relative impermeability to the central nervous system due to its bulky
structure (Baggio et al., 2004a). Anti-albiglutide antibodies were detected in 2.5% of the subjects
receiving albiglutide; however, antibodies were non-neutralizing, low in titer, and largely transient

(Rosenstock et al., 2009). As of the first quarter of 2011, albiglutide is in phase 3 clinical trials.

1.3.4.2.3  Taspoglutide

Taspoglutide (also known as R1583 or BIM51077) is a GLP-1 analogue with
aminoisobutyric acid (Aib) in place of amino acids 8 and 35 (Figure 5Aiii) with a sustained release
formulation suitable for once weekly subcutaneous administration (Nauck et al., 2009). In a phase 2
randomized double-blind study conducted in 306 patients with type 2 diabetes, 8 week treatment with
taspoglutide (5, 10 or 20 mg weekly or 10 or 20 mg biweekly) in combination with metformin
significantly improved fasting and postprandial glucose levels (by 1.2-2.5 mmol/l) and HbA1c levels
(by 0.9-1.2%), and induced weight loss (by 1.9-2.1 kg) (Nauck et al., 2009). The most common
adverse effect of taspoglutide was nausea, which was dose-dependent and transient. However,
despite the promising results of phase 2 trials, phase 3 clinical trials with taspoglutide were halted in

2010 by the manufacturer due to serious hypersensitivity reactions and gastrointestinal side effects.
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1.3.4.2.4 CJC-1131

Similar to CJC-1131-PC, a modified exendin-4 analogue conjugated to recombinant human
albumin (Baggio et al., 2008), CJC-1131 is a modified GLP-1 analogue that binds to albumin (Figure
5Aiv) and renders itself DPP-4 resistant (Leger et al., 2004). While CJC-1131-PC is conjugated to
recombinant human albumin in vitro, CJC-1131 binds to albumin in vivo after injection (Baggio et
al., 2008; Kim et al., 2003; Leger et al., 2004). The glucose lowering effects of CJC-1131 are
maintained for 10-12 hrs after a single injection in db/db mice, and twice daily administration for 2
weeks to db/db mice significantly reduces glycemic excursion following a glucose challenge (Kim et
al., 2003). In addition, CJC-1131 increased insulin transcription as well as the area of pancreatic
islets after 4 weeks of twice daily administration (Kim et al., 2003). Nonetheless, CJC-1131 does not
appear to be currently in clinical development (Christensen and Knop, 2010; Verspohl, 2009).

1.3.4.25 GLP-1/Fc Fusion Proteins

The Fc portion of immunoglobulin can serve as a large carrier moiety for small peptides,
thereby improving their pharmacokinetics (Sato et al., 2006). LY2189265 (dulaglutide), a
recombinant DPP-4-resistant GLP-1 analogue/ immunoglobulin G (IgG4) Fc fusion protein, displays
an increased half-life of up to 1.5-2 days in rats and cynomolgus monkeys (Glaesner et al., 2010).
LY2189265 improves glucose tolerance and lowers weight in db/db mice (Glaesner et al., 2010).
CNTO736, another recombinant DPP-4 resistant GLP-1 analogue/Fc fusion protein (Huang, 2009),
displays preserved biological and glucoregulatory activity and has a half-life of ~30 hrs (Picha et al.,
2008). Although CNTO736 is too large to easily cross the blood brain barrier, it activates several
regions of the brain and decreases food intake following peripheral administration in rats (Picha et
al., 2008). In another study, the fusion of native GLP-1 to IgG1 Fc resulted in a compound with
potent GLP-1R agonist activity, resistance to DPP-4 degradation and a prolonged half-life in vitro
(Kim et al., 2009). GLP-1/Fc fusion proteins display prolonged biological half-lives and hence are
promising candidates for long-acting GLP-1R agonist therapy.

1.34.2.6 Other GLP-1R Agonists Based on the Structure of Native GLP-1

Other strategies to improve GLP-1 therapy involve conjugation to transferrin, the use of
prodrugs and PEGylation. Transferrin-conjugated GLP-1 activates the GLP-1R and is resistant to
DPP-4 proteolytic activity, extending its half-life to ~2 days (Kim et al., 2010). Furthermore,
transferrin-conjugated GLP-1 augments glucose-dependent insulin secretion, reduces blood glucose
levels and increases -cell proliferation in db/db mice (Kim et al., 2010). On the other hand, poly-
GLP-1 is a prodrug consisting of repeated bioactive GLP-1 sequences coupled together by a linker
peptide and expressed as a single 240 amino acid polypeptide chain in Escherichia coli (Ma et al.,
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2009). Although poly-GLP-1 is an inactive prodrug, it is slowly degraded in vivo by endopeptidases,
gradually releasing bioactive GLP-1. Six-week poly-GLP-1 treatment in db/db mice resulted in
improved glycemic control, enhanced insulin sensitivity, increased [3-cell mass and proliferation and
decreased food intake and body weight gain (Ma et al., 2009). Finally, PEGylation of peptides not
only decreases renal clearance by simply increasing their molecular size (Youn et al., 2006), but also
decreases enzymatic degradation (Caliceti and Veronese, 2003). A PEGylated GLP-1 residue, Lys*-
PEG(10k)-GLP-1, reduced postprandial glucose levels in db/db mice when administered up to 6
hours before a glucose challenge. Thus, these strategies represent promising new avenues for the

development of long-acting GLP-1R agonists.

1.3.43  Orally Active GLP-1R Agonists

To overcome the low oral bioavailability of peptide drugs, there have been significant efforts
to develop non-peptidyl orally active GLP-1R agonists (Figure 6). Screens with reporter cells
expressing the GLP-1R have resulted in the successful discovery of small molecule non-peptidyl
agonists of the GLP-1R (Chen et al., 2007; Knudsen et al., 2007; Sloop et al., 2010). In addition, a
small molecule non-peptidyl antagonist to the GLP-1R has been reported (Tibaduiza et al., 2001).

These studies exemplify the possibility of modifying GLP-1R signalling via small molecules.

1.3.4.3.1 Compound 2

Compound 2 (a  substituted quinoxaline:  6,7-dichloro-2-methylsulfonyl-3-N-
tertbutylaminoquinoxaline) (Figure 6A) was discovered as a GLP-1R agonist after screening 500,000
compounds and subsequently performing structural modification (Knudsen et al., 2007). Compound
2 significantly increases glucose-stimulated insulin release from mouse islets and the perfused rat
pancreas (Knudsen et al., 2007). Interestingly, compound 2 also increases the receptor binding
affinity of GLP-1 without changing its potency (Knudsen et al., 2007). In addition, exendin(9-39)
does not inhibit cAMP formation by compound 2 (Knudsen et al., 2007). Therefore, compound 2 is
regarded as an ago-allosteric modulator of the GLP-1R, acting as both an agonist and an allosteric
modulator without binding to the GLP-1R orthosteric site (Knudsen et al., 2007). Although
compound 2 displays several beneficial effects, it is cytotoxic at high concentrations (Coopman et al.,
2010). Nevertheless, substituted quinoxalines are potent GLP-1R ago-allosteric modulators that can

be used to further develop small molecule GLP-1R agonists (Teng et al., 2007).

1.3.4.3.2 Boc5

Bocb, a substituted cyclobutane (Figure 6B), was identified as an orthosteric GLP-1R agonist

(binds to the same site of the GLP-1R as native GLP-1) by screening a diverse library of 48,160
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synthetic and natural compounds (Chen et al., 2007). The agonistic effects of Boc5 were blocked by
exendin(9-39), and were not observed in cells expressing the glucagon or GLP-2 receptors (Chen et
al., 2007). Bocb stimulates insulin secretion both in vitro and in vivo, and chronic daily injections of
Boc5 in db/db mice reduce HbAlc levels, blood glucose levels and weight gain (Chen et al., 2007;
Su et al., 2008). Notably, Boc5 appears to be orally active, reducing food intake and HbAlc levels in
mice following oral administration (Chen et al., 2007; Su et al., 2008). These results provide strong

support for the development of orally active small molecule GLP-1R agonists.

1.3.4.3.3 Compound B

Compound B is a pyrimidine-based GLP-1R agonist (Figure 6C) developed by modifying the
chemical structure of Compound A (CAS registry number: 870083-94-6), which was initially
identified as a putative GLP-1R agonist in a chemical library screening study (Sloop et al., 2010).
Compound B increases insulin secretion from islets isolated from both diabetic and non-diabetic
subjects . Interestingly, Compound B is not inhibited by exendin(9-39) and does not displace **I-
GLP-1 binding to the human GLP-1R . Thus, Compound B is an allosteric modulator that increases
insulin secretion in an additive manner to GLP-1 (Sloop et al., 2010). Unfortunately, unlike
intravenous administration, orally administrated Compound B does not display insulinotropic effects
(Sloop et al., 2010). Thus, further modification is necessary to improve the pharmacological

properties of Compound B in order for it to be administered orally.

1.4 Hybrid Peptides

As GIP and GLP-1 share a high degree of amino acid sequence identity (Figure 3A & 3B), it
is conceivable to generate a dual acting peptide capable of modulating both receptors (Figure 7).
MAR701, which is in a phase I trial, is a novel GLP-1/GIP co-agonist that Marcadia plans to develop
into a once-weekly treatment for type 2 diabetes (Marcadia_Biotech, 2010). Preclinical studies of
MAR701 by Marcadia have demonstrated additive efficacy by simultaneous activation of both the
GLP-1 and GIP receptors with significant reductions in body weight and blood glucose levels
(Marcadia_Biotech, 2010). In addition, no apparent side effects have been reported for MAR701
(Marcadia_Biotech, 2010). Thus, compounds activating both the GLP-1 and GIP receptors represent
novel therapeutic options to improve the treatment of type 2 diabetes.

In addition to compounds modulating both the GIP and GLP-1 receptors, the concept of a
dual GLP-1/glucagon modulator is also being explored (Figure 7), as GLP-1 and glucagon also
display a high level of sequence similarity (Figure 3B & 3C). To obtain a hybrid peptide functioning
as both a GLP-1R agonist and a GCGR antagonist, a series of hybrid peptides based on the structures
of glucagon and GLP-1 were screened; ANC7K2 was discovered to have potent GLP-1R agonistic
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Figure 6. Structures of Non-Peptidyl GLP-1 Receptor Agonists

(A) Compound 2 (a substituted quinoxaline), an ago-allosteric modulator, (B) Boc5 (a substituted
cyclobutane), an orthosteric agonist and (C) Compound B (a pyrimidine-based compound), an
allosteric agonist.

activity on a rat insulinoma cell line, RINm5F (ECso, 12.7 nM), and partial GCGR antagonist activity
on rat liver membranes (35.6% inhibition of glucagon activity) (Pan et al., 2006). Further,
subcutaneous administration of PEGylated ANC7K2 (30 ng/kg) resulted in prolonged in vivo activity
for up to 65 hrs in rats, and increased insulin levels, improved glucose tolerance and reduced blood
glucose levels following a glucagon challenge in mice (Claus et al., 2007). Other strategies have
involved the development of dual GLP-1R and GCGR agonists (Figure 7), which have been reported
to promote weight loss, improve glucose tolerance and decrease blood lipid levels and hepatic
steatosis in rodent models of obesity (Day et al., 2009; Pocai et al., 2009).

Finally, the development of dual acting GIP/glucagon receptor modulators is also being
explored, given the sequence similarity between GIP and glucagon (Figure 3A & 3C). The small
molecule 4-hydroxybenzoic acid 2-bromobenzylidene hydrazide (4H2BH) was recently discovered
as a dual GIPR and GCGR antagonist (Franklin et al., 2011). In vitro, 4H2BH inhibited both GIP
and glucagon stimulated cAMP generation and insulin secretion (Franklin et al., 2011). In addition,
4H2BH significantly inhibited the glucose lowering and insulin secreting actions of exogenous GIP

(Franklin et al., 2011). Furthermore, 4H2BH impaired glucagon stimulated elevations in blood
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Figure 7. Single, Dual or Triple Acting Modulators of the GLP-1, GIP and GCG Receptors

Given that the sequences of GLP-1, GIP and glucagon are significantly conserved, it is feasible to
develop single molecules capable of modulating combinations of these receptors. Dual or triple
acting modulators may improve current therapeutics by eliciting additive therapeutic effects while
balancing out undesirable effects. Compounds activating the GLP-1 receptor can reduce blood
glucose levels, body weight and appetite, while antagonists of the GLP-1 receptor may have the
opposite effects. Compounds stimulating the GIP receptor can reduce blood glucose levels, but may
increase body weight and adiposity, while antagonists of the GIP receptor may have the opposite
effects. Finally, compounds activating the glucagon receptor can increase blood glucose levels and
lipolysis, but decrease body weight, while antagonists of the glucagon receptor may have the
opposite effects. Shown above are some potential combinations of dual and triple acting GLP-1, GIP
and glucagon receptor modulators, and a summary of the predicted basic effects of these modulators.

glucose and insulin levels (Franklin et al., 2011). These studies suggest that 4H2BH and other
related compounds warrant further investigation for therapeutic potential in diabetes and obesity
(Franklin et al., 2011). In conclusion, the advantage of dual (Habegger et al., 2010), or even triple,
acting modulators is that these compounds may elicit additive therapeutic effects, while balancing out
undesirable effects at the same time. Furthermore, different combinations of dual or triple acting
modulators of the GLP-1, GIP and glucagon receptors represent novel therapeutic avenues to explore

for the treatment of diabetes and obesity (Figure 7).
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1.5 Thesis Investigation

15.1 Rationale

As described above, multiple clinical and preclinical studies have proven that incretin
receptor modulators are rational targets for novel therapeutics to treat type 2 diabetes and obesity.
However, the incretin receptor modulators currently available for therapeutic use are peptide-based
and thus are administered via injection. Since patients generally prefer non-injectable therapeutics
over injectable therapeutics (Fallowfield et al., 2006; Freemantle et al., 2005; Hatzichristou et al.,
2000), there has been a pursuit to discover small molecule incretin receptor modulators that could
potentially be used as oral therapeutics for the treatment of type 2 diabetes and obesity. As such,
there are several recent reports of small molecule modulators of the incretin receptors (Chen et al.,
2007; Franklin et al., 2011; Knudsen et al., 2007; Sloop et al., 2010; Tibaduiza et al., 2001). Thus,
discovering small molecule modulators of the incretin receptors is a reasonable goal with significant
implications for type 2 diabetes and obesity therapy.

In order to search for orally active modulators of the incretin receptors, we have obtained
marine invertebrate and bacterial extract libraries. Marine invertebrate and bacteria were collected
by the Dr. Raymond Andersen (Department of Chemistry, UBC) laboratory from tropical and cold
water habitats across the world. We have elected to screen natural product extracts rather than
combinatorial libraries since combinatorial libraries are usually limited by the efficiency of chemical
synthesis and usually only exploit a limited array of chemical transformations (Cordier et al., 2008).
Natural compounds, however, generally contain a wide array of functionally diverse and biologically
active structures (Cordier et al., 2008). Many new drugs are now being developed from natural
products (Newman et al., 2003). For instance, it has been shown that a considerable proportion of
anticancer ‘lead’ compounds are natural products or their synthetic analogues (Newman et al., 2003).
In addition, lengthy investigations have shown that marine invertebrates have potent biological
activities and are rich in novel chemotypes (Blunt et al., 2004; Faulkner, 2002). In fact, many anti-
cancer agents have been isolated from marine invertebrate metabolites (Jimeno, 2002; Loganzo et al.,
2003; Mickel, 2004). However, it is possible that some compounds isolated from marine
invertebrates may actually be produced by bacterial symbionts (Konig et al., 2006). An advantage of
isolating compounds from bacteria is that the molecule of interest can be produced in large quantities
by scaling up the cultures. Thus, it is highly likely that orally active modulators of the incretin

receptors can be found in marine invertebrate and/or bacterial extract libraries.
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1.5.2 Hypothesis

The overall hypothesis is that modulators of the incretin receptors can be identified in small
molecule marine invertebrate and bacterial extract libraries, and that these small molecules may form

the basis of novel therapeutic agents.

1.5.3 Objectives

The main objectives were to:

1) characterize the HEK-hGLP-1R-Luc, HEK-hGIPR-Luc, HEK-hGCGR-Luc and HEK-pHTS-CRE
cell lines via bioassays and receptor binding assays;

2) screen for GLP-1R activators and GIPR activators and antagonists in marine invertebrate and
bacterial extract libraries via the GLP-1 bioassay and the GIP bioassay; and

3) isolate, identify and characterize any hit compounds.
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2 Chapter: Methods

2.1 Cell Culture

All cell lines used in this study were cultured in High Glucose-Dulbeco’s Modified Eagle’s
Medium (HG-DMEM, Invitrogen, California, US) supplemented with 10% fetal bovine serum (FBS,
GIBCO, Invitrogen, California, US) (100 U/mL) and 1X penicillin-streptomycin (Invitrogen,
California, US) (100 ug/mL) at 37 °C in a 10% CO, atmosphere. The HEK-hGLP-1R-Luc cells were
also cultured in hygromycin B (Invitrogen, California, US) (800 pg/mL) and geneticin/G418
(Invitrogen, California, US) (800 ug/mL), HEK-hGIPR-Luc cells in hygromycin B (200 pg/mL) and
geneticin/G418 (500 png/mL), HEK-hGCGR-Luc cells in hygromycin B (200 pg/mL) and puromycin
(0.5 pg/mL), and HEK-pHTS-CRE cells in hygromycin B (200 ug/mL).

2.2 Cell Line Derivation: HEK-hGIPR-Luc

HEK-hGIPR-Luc cells were derived from the transformed human embryonic kidney cell line,
HEK293. HEK?293 cells were stably transfected with a DNA construct expressing the human GIPR
to generate the HEK-GIPR cell line, which was generously donated to the Kieffer lab by Dr. Ted
Usdin (National Institute of Mental Health, Maryland, US). HEK-GIPR cells were then transfected
by Travis Webber (University of British Columbia) with a DNA construct containing a luciferase
gene driven by a CAMP responsive element (pHTS-CRE; Biomyx) to generate the cell line HEK-
hGIPR-Luc. A schematic representation of the HEK-hGIPR-Luc cell line derivation is shown in
Figure 8A & 8B.

2.3 Cell Line Derivation: HEK-hGLP-1R-Luc

HEK-hGLP-1R-Luc cells were derived from the transformed human embryonic kidney cell
line, HEK293. HEK293 cells were stably transfected with a DNA construct expressing the human
GLP-1R under the control of the constitutively active cytomegalovirus (CMV) promoter to generate
the HEK-hGLP-1R cell line (Gromada et al., 1995), which was generously donated to the Kieffer lab
by Dr. Jesper Gromada (Novo Nordisk A/S, Denmark). HEK-hGLP-1R cells were then transfected
by Corinna Lee (University of British Columbia) with a DNA construct containing a luciferase gene
driven by a CAMP responsive element (pHTS-CRE; Biomyx) to generate the cell line HEK-hGLP-
1R-Luc. A schematic representation of the HEK-hGLP-1R-Luc cell line derivation is shown in
Figures 8A and 8B.
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Figure 8. Cell Line Derivation

The HEK-hGLP-1R-Luc and HEK-hGIPR-Luc cell lines were derived by first transfecting HEK 293
cells with plasmids for the respective receptors and selecting with geneticin/G418 (A) and then
transfecting these receptor expressing cells with a pHTS-CRE plasmid and selecting with
hygromycin B (B). To generate the HEK-pHTS-CRE cell line, HEK 293 cells were transfected with
a pHTS-CRE plasmid and then selected for with hygromycin B (C). In order to yield the HEK-
hGCGR-Luc cell line, HEK-pHTS-CRE cells were transfected with a plasmid carrying the GCG
receptor and then selected for with puromycin (D).
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2.4 Cell Line Derivation: HEK-pHTS-CRE

HEK-pHTS-CRE cells were derived from the transformed human embryonic kidney cell line,
HEK?293, which was generously donated by Western University (Ontario, Canada). HEK293 cells
were transfected by Travis Webber with a DNA construct containing a luciferase gene driven by a
CAMP responsive element (pHTS-CRE; Biomyx) to generate the cell line HEK-pHTS-CRE. A
schematic representation of the HEK-pHTS-CRE cell line derivation is shown in Figure 8C.

2.5 Cell Line Derivation: HEK-hGCGR-Luc

HEK-hGCGR-Luc cells were derived from the HEK-pHTS-CRE cell line. HEK-pHTS-CRE
cells were stably transfected by Tahara Bhate (University of British Columbia) with a DNA construct
expressing the human GCGR under the control of the constitutively active CMV promoter to
generate the HEK-hGCGR-Luc cell line. A schematic representation of the HEK-hGCGR-Luc cell

line derivation is shown in Figure 8D.

2.6 GIP Bioassay

HEK-hGIPR-Luc cells were plated in a 96-well flat bottom white polystyrene tissue culture
plate (BD Falcon, Mississauga, ON) at a density of 7 x 10* cells/well. The cells were then incubated
for 20 - 24 hours at 37 °C in a 10% CO, atmosphere. After the incubation period, the medium was
removed by blotting the plate on paper towels. Cells were then washed with PBS (137 mM NaCl,
2.7 mM KCI, 10.1 mM Na;HPQ4, 1.8 mM KH,PO,; GIBCO, Invitrogen, California, US) and blotted
dry on paper towels. For the agonist screens, 100 puL of Krebs buffer (129mM NaCl, 4.8 mM KCl,
1.2 mM MgSOy, 1.2 mM KH,PQO,4, 2.5 mM CaCl,, 5 mM NaHCOg3, 10 mM HEPES, 0.5% bovine
serum albumin (BSA); all from Sigma Aldrich, Ontario, Canada) supplemented with 7 mM glucose
(Sigma Aldrich, Ontario, Canada) was manually added to cells, followed by the addition of ~200 nL
of sponge library extract per well via a 0.4 mm pinning robot needle. For the allosteric
modulator/antagonist screens, 100 pL of Krebs buffer supplemented with 7 mM glucose and 1 nM
human GIP(1-42) (American Peptide Company, California, US) was manually added to cells,
followed by the addition of ~200 nL of sponge library extract per well via a 0.4 mm pinning robot
needle (BioRobotics, Cambridge, UK). For the preparation of the standard curves, 100 uL of serially
diluted human GIP(1-42) in Krebs buffer supplemented with 7 mM glucose was added to each well.
For bioassay-guided fractionation and hit validation studies, 100 pL of diluted sponge extract was
manually added to each well; the solvent for these studies was either Krebs buffer supplemented with
7 mM glucose (agonist hits) or Krebs buffer supplemented with 7 mM glucose and 1 nM human

GIP(1-42) (allosteric modulator/antagonist hits). After adding solutions to the plates, the cells were
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incubated for 5 hours at 37 °C in a 10% CO, atmosphere. After the incubation, the solutions were
removed and plates washed with PBS, as described above. A luciferase assay was next performed
using the Bright-Glo Luciferase Assay Kit (Promega, Wisconsin, US) according to manufacturer’s
instructions, except that 20 pL of luciferase substrate was added to each well instead of the
recommended 100 uL. The reduced volume of luciferase substrate was used in order to save costs,
and did not affect the sensitivity of the bioassay (based on GLP-1 standard curves in the GLP-1
bioassay; data not shown). Luminescence was measured using a Tecan Infinite M1000 luminometer
(Tecan, Méannedorf, Switzerland). A schematic representation of the bioassay procedure can be seen

in Figure 9.

Seed 7 x 10% cells/well Measure Light Output
20- 24 hour With a luminometer
incubation Remove media & L0 ilfidEa

W= incubation

5 hour incubation

|
Remove media &
wash

- L —_— |
Add Inducers Add Luciferase Substrate
Manually or with a pinning robot

Figure 9. Bioassay Procedure

The general bioassay procedure involves seeding cells at a density of 7 x 10 cells/well in 96-well
plates and then incubating the cells for 20 - 24 hours at 37 °C in a 10% CO, atmosphere. Following
the incubation, the media on the cells is removed and replaced with various inducers, either manually
or with a pinning robot. The cells are then incubated with the inducers at 37 °C in a 10% CO,
atmosphere for 5 hours, after which the inducers are removed, cells washed and a luciferase assay
performed. Luminescence is then measured using a luminometer.
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2.7 GLP-1 Bioassay

HEK-hGLP-1R-Luc cells were plated in a 96-well flat bottom white polystyrene tissue
culture plate at a density of 7 x 10* cells/well. The cells were then incubated for 20 - 24 hours at 37
°Cin a 10% CO, atmosphere. After the incubation period, the medium was removed by blotting the
plate on paper towels. Cells were then washed with PBS and blotted dry on paper towels. For the
agonist screens, 100 uL of Krebs buffer supplemented with 100 uM 3-Isobutyl-1-methylxanthine
(IBMX; a phosphodiesterase inhibitor; Sigma Aldrich, Ontario, Canada) was manually added to
cells, followed by the addition of ~200 nL of sponge library extract per well via a 0.4 mm pinning
robot needle. For the allosteric modulator screens, 100 puL of Krebs buffer supplemented with 100
uM IBMX and either 10 pM (Plate Series 1) or 3 pM (Plate Series' 2-4) human GLP-1(7-36) amide
(American Peptide Company, California, US) was manually added to cells, followed by the addition
of ~200 nL of sponge library extract per well via a 0.4 mm pinning robot needle. For the preparation
of the standard curves, 100 pL of serially diluted human GLP-1(7-36) amide in Krebs buffer
supplemented with 100 uM IBMX was added to each well. For bioassay-guided fractionation and hit
validation studies, 100 pL of diluted sponge extract was manually added to each well; the solvent for
these studies was either Krebs buffer supplemented with 100 uM IBMX (agonist hits) or Krebs
buffer supplemented with 100 uM IBMX and either 10 pM (Plate Series 1) or 3 pM (Plate Series' 2-
4) GLP-1(7-36) amide (allosteric modulator hits). After adding solutions to the plates, the cells were
incubated for 5 hours at 37 °C in a 10% CO, atmosphere. After the incubation, the solutions were
removed and plates washed with PBS, as described above. A luciferase assay was next performed
using the Bright-Glo Luciferase Assay Kit according to manufacturer’s instructions, except that 20
pL of luciferase substrate was added to each well instead of the recommended 100 pL.
Luminescence was measured using a Tecan Infinite M1000 luminometer. A schematic

representation of the bioassay procedure can be seen in Figure 9.

2.8 HEK-pHTS-CRE Bioassay

HEK-pHTS-CRE cells were plated in a 96-well flat bottom white polystyrene tissue culture
plate at a density of 7 x 10* cells/well. The cells were then incubated for 20 - 24 hours at 37 °C in a
10% CO, atmosphere. After the incubation period, the medium was removed by blotting the plate on
paper towels. For hit validation studies, diluted sponge extracts were manually added to each well;
the solvent for these studies was HG-DMEM supplemented with 10% fetal bovine serum and 1X
penicillin-streptomycin. Where noted, 100 pL of forskolin (an adenylyl cyclase activator; Sigma,
Missouri, US) diluted in HG-DMEM supplemented with 10% fetal bovine serum and 1X penicillin-

streptomycin was included as an induced control. After adding solutions to the plates, the cells were
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incubated for 5 hours at 37 °C in a 10% CO, atmosphere. After the incubation, the solutions were
removed and plates washed with PBS and blotted dry on paper towels. A luciferase assay was next
performed using the Bright-Glo Luciferase Assay Kit according to manufacturer’s instructions,
except that 20 pL of luciferase substrate was added to each well instead of the recommended 100 pL.
Luminescence was measured using a Tecan Infinite M1000 luminometer. A schematic

representation of the bioassay procedure can be seen in Figure 9.

2.9 GCG Bioassay

HEK-hGCGR-Luc cells were plated in a 96-well flat bottom white polystyrene tissue
culture plate at a density of 7 x 10* cells/well. The cells were then incubated for 20 - 24 hours at 37
°Cin a 10% CO, atmosphere. After the incubation period, the medium was removed by blotting the
plate on paper towels. Cells were then washed with PBS and blotted dry on paper towels. For the
preparation of the standard curves, 100 uL of serially diluted human GCG(1-29) (American Peptide
Company, California, US) in Krebs buffer supplemented with 50 uM IBMX was added to each well.
For hit validation studies, 100 pL of diluted sponge extract was manually added to each well; the
solvent for these studies was either Krebs buffer supplemented with 50 uM IBMX (agonist hits) or
Krebs buffer supplemented with 50 pM IBMX and 3 pM human GCG(1-29) (allosteric
modulator/antagonist hits). After adding solutions to the plates, the cells were incubated for 5 hours
incubation at 37 °C in a 10% CO, atmosphere. After the incubation, the solutions were removed and
plates washed with PBS, as described above. A luciferase assay was next performed using the
Bright-Glo Luciferase Assay Kit according to manufacturer’s instructions, except that 20 pL of
luciferase substrate was added to each well instead of the recommended 100 uL. Luminescence was
measured using a Tecan Infinite M1000 luminometer. A schematic representation of the bioassay
procedure can be seen in Figure 9.

2.10 cAMP Measurements

HEK?293 cells were plated on 6 well tissue culture-treated plates (Corning, New York, US)
and grown to 100% confluence at 37 °C in a 10% CO, atmosphere. On the day of the experiment,
the cell culture medium was aspirated and the cells washed with PBS. The cells were then induced
with 100 pL of alotaketal B (Dr. Raymond Andersen Laboratory, Department of Chemistry, UBC),
forskolin or DMSO diluted in Krebs buffer. After adding the solutions to the wells, the cells were
incubated for 30 minutes at 37 °C in a 10% CO, atmosphere. Following the incubation, the solutions
were aspirated, plates washed three times with ice-cold PBS and 250 pL of cell lysis buffer added to

each well. A cell scraper was then used to remove the cells and debris from the bottoms of the wells
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and the resultant solutions transferred to Eppendorf tubes. Two freeze/thaw cycles were then carried
out and cell lysis confirmed with trypan blue staining. The cells were then centrifuged at 600 relative
centrifugal force (rcf) for 10 minutes at 4°C to pellet the cellular debris. The cell lysates were
assayed using the R&D Systems Parameter cCAMP Assay Kit (R&D Systems, Minnesota, US)

according to manufacturer's instuctions.

2.11 Radioligand Binding Assays

To characterize the HEK-hGIPR-Luc, HEK-hGLP-1R-Luc and HEK-hGCGR-Luc cell lines,
as well as the ability of halistanol sulphate (HS) to bind to the GIP, GLP-1 and GCG receptors,
binding assays were performed. HEK-hGIPR-Luc, HEK-hGLP-1R-Luc or HEK-hGCGR-Luc cells
(1 x 10°) were resuspended in 800 uL binding buffer (138 mM NaCl, 5.6 mM KCI, 1.2 mM MgCl,,
2.6 mM CaCl,, 10 mM HEPES, 1% BSA, 10 mM glucose [all from Sigma Aldrich, Ontario, Canada]
and 1% Trasylol [Bayer, Ontario, Canada]) and transferred into 1.5 mL Eppendorf tubes. Human
[***1]GIP(1-42), human [***I]GLP-1(7-36) amide or human [***IJGCG(1-29) (100 uL; ~30,000 counts
per minute [cpm]; Pheonix Pharmaceuticals, California, US) was then added to the cells, in addition
to various concentrations of cold human GIP(1-42), human GLP-1(7-36) amide, human GCG(1-29)
or halistanol sulphate (100 uL) diluted in binding buffer. If the volume of the reaction was less than
1 mL, binding buffer was added to achieve a final volume of 1 mL. The reactions were then
incubated for 30 minutes while rotating at room temperature. Following the incubation, cells were
centrifuged to pellet the cells (1 min, 10,000 rcf) and the supernatant aspirated. Using a dog nail
clipper, the bottoms of the Eppendorf tubes were clipped in order to transfer the pellets to
borosillicate glass vials. The radioactivity in the vials was then measured via a 1277 Wallac

GammaMaster gamma counter (LKB Wallac, Uppsala, Sweden).

2.12 Perifusions

The surgical isolation of the mouse islets for perifusion studies was performed by Betty Hu
(University of British Columbia), as previously described (Salvalaggio et al., 2002). Briefly, islets
were isolated from female wild-type mice with a C57BL/6 background using a collagenase and
filtration procedure. Isolated islets were purified by hand and cultured in Roswell Park Memorial
Institute 1640 media (RPMI 1640, Sigma Aldrich, Ontario, Canada) supplemented with 10 mM
glucose overnight at 37 °C in a 5% CO, atmosphere. With assistance from Betty Hu, the perifusion
experiments were performed on intact islets (~100/chamber) loaded into 300 pL temperature and
CO, controlled chambers of an Acusyst-S perifusion apparatus (Endotronics, Minnesota, US)

surrounded with Cytodex microcarrier beads (Sigma Aldrich, Ontario, Canada) (Figure 10). The
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perifusate consisted of Krebs Ringer buffer (129 mM NaCl, 5 mM NaHCO3, 4.8 mM KCI, 2.5 mM
CaCly, 1.2 mM MgSO,, 1.2 mM KH,PO,4, 10 mM HEPES, and 5 g/L BSA) containing glucose (3
mM or 10 mM) and/or KCI (30 mM), and was gassed with 95% O, and 5% CO, and kept at 37 °C
and pH 7.4. Following a 60 minute equilibration period with 3 mM glucose perifusate, sample
collection was initiated. Switching between solutions was done manually via valves in the network
tubing. In addition, halistanol sulphate (10 uM) and GIP(1-42) (10 nM) were infused at various time
intervals. Perifusion was maintained at a rate of 0.35 mL/minute and effluent from the islets
collected in 3 minute intervals using an automatic fraction collector and immediately stored at -20
°C. To determine the insulin content in the effluent, an insulin radioimmunoassay (RIA) (RI-13K;
Millipore, Massachusetts, US) was performed according to manufacturer's instructions, except that

half-volumes of all solutions were used for the reactions.

Temperature and CO,
Controlled Chamber

Perifusate Infusion e .ﬁ"
0.35 mL{min :@u A TR !._ 2
L

Automatic Fraction Collector

Figure 10. Mouse Islet Perifusion System

The perifusion experiment was performed, with technical assistance from Betty Hu, on intact mouse
islets (~100/chamber) loaded into temperature and CO, controlled chambers of an Acusyst-S
perifusion apparatus surrounded with Cytodex microcarrier beads. The perifusate was infused at a
rate of 0.35 mL/minute and effluent was collected in 3 minute intervals with an automatic fraction
collector.
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2.13 Perfusions

The surgical isolation of the mouse pancreas for perfusion studies was performed by Gary
Yang (University of British Columbia), as previously described (Fujita et al., 2010b). Briefly, male
C57BL/6 mice were fasted for at least 12 but not more than 18 hours and anesthetized with
intraperitoneal injections of xylazine (15 mg/kg; Bayer, Ontario, Canada) and ketamine (120 mg/kg;
Bioniche Animal Health Canada, Ontario, Canada). The isolation of the mouse pancreas involved
ligating the blood vessels supplying the kidneys and the adrenal glands and removing the stomach,
spleen and majority of the gut, but leaving the superior mesenteric artery intact. The completed
preparation contains a portion of the duodenum that is connected to the pancreas through a vascular
network (Figure 11). The perfusate was infused through an aortic cannula and samples were
collected via a portal vein cannula. The perfusate consisted of modified Krebs buffer (120 mM
NaCl, 4.4 mM KCI, 1.2 mM MgSQy,, 1.5 mM KH,PO4, 2.5 mM CaCl,, 25 mM NaHCO; and 5.1 mM
dextrose) containing 3% dextran (Sigma Aldrich, Ontario, Canada), 0.2% BSA and glucose (4.4 mM
or 16.7 mM), and was gassed with 95% O, and 5% CO, and kept at 37 °C and pH 7.4. Following a
30 minute equilibration period with 4.4 mM glucose perfusate, sample collection was initiated.
Switching between solutions was done manually via valves in the network tubing. In addition,
halistanol sulphate (10 uM) and porcine GIP(1-42) (0.2 nM; American Peptide Company, California,
US) were infused at various time intervals at a rate of 0.1 mL/minute via a branch of the aortic
cannula. Perfusion was maintained at a rate of 1 mL/minute with a peristaltic pump and effluent
from the portal vein collected in 3 minute intervals and immediately stored at -20 °C. To determine
the insulin content in the portal vein effluent, an insulin RIA (RI-13K; Millipore, Massachusetts, US)
was performed according to manufacturer's instructions, except that half-volumes of all solutions

were used for the reactions.
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Figure 11. Vascular Perfusion Preparation of the Isolated Mouse Pancreas

The isolation of the mouse pancreas was performed in situ by Gary Yang by tying off the blood
vessels that branch from the aorta to supply the other peripheral organs. An aortic cannula was used
to infuse perfusate and drugs into the system, while a portal vein cannula was used to collect
samples. Perfusate was continuously gassed with 95% oxygen and 5% carbon dioxide and kept at 37
°C and pH 7.4. Figure generated by Gary Yang.

2.14 Data Analysis
Data analysis was performed using Sigma Plot 10.01 (Systat Software Inc.; San Jose, USA).

Data are presented as mean + standard error of the mean (SEM) or mean + SEM. Statistical
significance was determined using a Student's t-test (unpaired, two-tailed). Statistical significance

was defined as *P < 0.05.
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3 Chapter: Cell Line Characterization

3.1 Bioassay and Receptor Binding Assay Basics

In order to screen marine invertebrate and bacterial libraries for modulators of the GIP and
GLP-1 receptors, a functional bioassay was designed. Four different cell lines, HEK-hGIPR-Luc,
HEK-hGLP-1R-Luc, HEK-hGCGR-Luc and HEK-pHTS-CRE were developed for this purpose. All
cell lines were transfected with a plasmid containing a luciferase gene driven by a CAMP responsive
element (Figure 7). In addition, the HEK-hGIPR-Luc, HEK-hGLP-1R-Luc and HEK-hGCGR-Luc
cell lines were also transfected with a plasmid containing the respective receptor (Figure 7).
However, the HEK-pHTS-CRE cell line was not transfected with a receptor and was used as a
negative control cell line (Figure 7). Before screening the libraries, the four cell lines were
characterized in both the bioassay and receptor binding assay with respect to natural ligand activity,
as well as the activity of related peptides.

The bioassays link receptor activation to luciferase activity. When the GIP, GLP-1 or GCG
receptor is activated, a CAMP signalling cascade is initiated, leading to the expression of luciferase
(Figure 12). The production of luciferase can also be stimulated via activation of the cAMP
signalling pathway downstream of the receptor, or via another signalling pathway that also
culminates in the phosphorylation of CREB and/or activation of the CAMP responsive element. In
order to determine luciferase activity, luciferase substrate (luciferin) is added to the reaction,
resulting in the production of light. Light output is quantified with a luminometer, and is
proportional to luciferase activity. Importantly, light output can be correlated to receptor activity
when using the necessary controls. The initial characterization of the cell lines in the bioassay led to
the determination of the dynamic range and half maximal effective concentration (ECsp), and
provided a basis for choosing peptide concentrations for allosteric modulator/antagonist screens.

In addition to the bioassay, the cell lines were also characterized in receptor binding assays.
The receptor binding assay directly measures the ability of ligands to bind to a receptor, in contrast to
the bioassay, which indirectly measures receptor binding and activation via downstream signalling
events. In the receptor binding assay, cells are incubated in the presence of the iodinated natural
ligand as well as various concentrations of un-labeled ligand. Following incubation, cells are
centrifuged and radioactivity measured in the resulting cell pellets. The amount of radioactivity in
the cell pellets is negatively related to the amount of un-labeled ligand bound to the receptor. The
initial characterization of the cell lines in the receptor binding assays led to the determination of the
dynamic range and half maximal inhibitory concentration (ICsp), in addition to offering insight into

the differences between the binding and signalling capacities of the receptors.
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Figure 12. Bioassay Signalling Pathway

Summary of the key intracellular steps that ultimately result in the production of luciferase in the
reporter cell lines. The reporter cell lines stably express the luciferase gene driven by a cCAMP
responsive element (CRE), as well as the GIP, GLP-1 or GCG receptor. Stimulation of these GPCRs
activates adenylyl cyclase, resulting in the formation of cAMP. Binding of CAMP to the regulatory
(R) subunit of PKA results in the release of the active catalytic (C) subunit. The active kinase then
translocates to the nucleus and phosphorylates the nuclear transcriptional activator, CREB, which
binds to the CRE and drives luciferase expression. The addition of luciferase substrate (luciferin) to
cells results in the production of light, which can be quantified in a luminometer, and is proportional
to receptor activation.

3.2 HEK-hGIPR-Luc Cell Line
The HEK-hGIPR-Luc cell line was first characterized in the bioassay. A standard curve was
produced by inducing HEK-hGIPR-Luc cells with varying concentrations (10™ to 10”7 M) of human
GIP(1-42). The dynamic range of the GIP bioassay was determined to be between 10 and 10 M,
with the limit of detection (defined as 3 standard deviations above background) being between 10
and 10 M (Figure 13A). The ECs, value of the GIP bioassay was determined to be 560 pM (Figure
13A). In addition to the initial characterization of the HEK-hGIPR-Luc cell line with a GIP standard
curve for the bioassay, a GIP standard curve was also produced as a positive control every time an
experiment was done with the HEK-hGIPR-Luc cell line. The GIP standard curve shown is
representative of all of the standard curves produced (Figure 13A). Since the bioassay is performed
in white-bottom polystyrene plates, the plated cells could not be visualized. Thus, cells were also
plated on clear 96-well plates when seeding cells for the bioassay in order to investigate cell density
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and health. Cells were visualized in the clear 96-well plates after the initial incubation period and
before adding solutions to the cells. The bioassay was only continued if the cells exhibited greater
than 80% confluence and appeared healthy. On occasion, the cells did not meet these criteria (due to
cell death, contamination, or an inaccurate cell count) and the bioassay was not continued.
Therefore, the GIP bioassay was able to detect receptor activation over a wide range of GIP
concentrations, and was deemed suitable for screening compounds to identify receptor modulators.
HEK-hGIPR-Luc cells were also characterized in the radioligand binding assay. A standard
curve was produced by inducing HEK-hGIPR-Luc cells with varying concentrations (10™*! to 10° M)
of human GIP(1-42) in the presence of a set concentration of [**I]GIP(1-42). The dynamic range of
the GIP receptor binding assay was determined to be between 10™ and 10 M, with the limit of
detection being between 10™° and 10° M (Figure 13B). In contrast to the bioassay, an ICs; value was
obtained rather than an ECs, value; this is because a higher concentration of un-labeled ligand results
in less [**1]GIP(1-42) binding. The ICs, value of the GIP receptor binding assay was determined to
be 3.1 nM (Figure 13B). Compared to the bioassay, the 1Csy value of the GIP receptor binding assay
is slightly higher than the ECs, value of the GIP bioassay. This slight discrepancy in half maximal
concentrations may be due to the fact that the bioassay allows for amplification of the signal via
CcAMP signalling and the generation of the luciferase gene product, while the receptor binding assay
is solely measuring receptor binding with no allowance for amplification. Thus, the GIP receptor
binding assay was able to detect receptor binding over a wide range of GIP concentrations, and was

deemed a valuable tool for evaluating ligand binding to the GIP receptor.
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Figure 13. HEK-hGIPR-Luc Cell Line Characterization

(A) GIP Bioassay. HEK-hGIPR-Luc cells were induced with GIP and light output measured. The
ECs value was determined to be 560 pM. Relative light output was calculated by dividing total light
output by background light output. Data are expressed as means + SEM, n=3. (B) GIP Receptor
Binding Assay. Competition of **I-GIP binding was examined with un-labelled GIP in HEK-
hGIPR-Luc cells. The ICs value was determined to be 3.1 nM. Values are expressed as a
percentage of maximum specific binding and are means £ SEM, n=3.
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The HEK-hGIPR-Luc cell line was also evaluated based on the ability of the GIP related
peptides, GLP-1 and GCG, to stimulate luciferase production or light output in the bioassay. Since
GIP, GLP-1 and GCG display a high level of sequence similarity (Figure 2), it is probable that GLP-
1 and GCG may interact with the GIP receptor to stimulate luciferase production in the GIP bioassay.
To test this theory, various concentrations (10™ to 10° M) of human GIP(1-42), GLP-1(7-36) amide
and GCG(1-29) were evaluated in the HEK-hGIPR-Luc bioassay. As previously described, GIP
displayed an ECs, value of 560 pM, with a dynamic range between 10™ and 10® M (Figure 14A).
GCG weakly stimulated luciferase activity in the GIP bioassay at a concentration of 10° M, but an
ECso value was not determined (Figure 14A). However, GLP-1 did not appreciably stimulate
luciferase activity in the GIP bioassay between the concentrations of 10 to 10° M. Therefore,
GCG only displayed a low level of activity in the GIP bioassay, whereas GLP-1 did not display any
activity. The low level of cross-reactivity of GCG and GLP-1 in the GIP bioassay demonstrates that
the GIP bioassay is highly selective for GIP and is thus a suitable resource to screen for GIPR
modulators.

The ability of GLP-1 and GCG to bind to the GIP receptor was also evaluated in the GIP
receptor binding assay. HEK-hGIPR-Luc cells were incubated with various concentrations (10™* to
10 M) of un-labeled human GIP(1-42), GLP-1(7-36) amide and GCG(1-29) in the presence of a set
concentration of [**1]GIP(1-42). As previously described, the dynamic range of the GIP receptor
binding assay was determined to be between 10 and 10 M, with an 1Cs, value of 3.1 nM (Figure
14B). Similar to the bioassay, GCG was active at concentrations of 10° and 10° M and displayed an
ICso value of 3.9 uM (Figure 14B). However, in contrast to the bioassay, GLP-1 was active at
concentrations of 10® and 10° M in the GIP receptor binding assay, and displayed an 1Cs, value of
530 uM (Figure 14B). This discrepancy may be due to the differential ability of GLP-1 to bind to the
GIP receptor vs. activate GIP receptor signalling. Thus, the GIP receptor binding assay is very
selective towards GIP, but also displays a low level of cross-reactivity with the related peptides,
GLP-1 and GCG.
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Figure 14. HEK-hGIPR-Luc Cell Line Characterization With Related Peptides

(A) GIP Bioassay. HEK-hGIPR-Luc cells were induced with GIP, GLP-1 or GCG and light output
measured. The ECs values were determined to be 560 pM for GIP and undetermined for GLP-1 and
GCG. Relative light output was calculated by dividing total light output by background light output.
Data are expressed as means = SEM, n=3. (B) GIP Receptor Binding Assay. Competition of |-
GIP binding was examined with cold GIP, GLP-1 and GCG in HEK-hGIPR-Luc cells. 1Cs, values
were determined to be 3.1 nM for GIP, 530 uM for GLP-1 and 3.9 uM for GCG. Values are
expressed as a percentage of maximum specific binding and are means + SEM, n=3.

3.3 HEK-hGLP-1R-Luc Cell Line

In addition to the HEK-hGIPR-Luc cell line, the HEK-hGLP-1R-Luc cell line was also
characterized in the bioassay. A standard curve was produced by inducing HEK-hGLP-1R-Luc cells
with varying concentrations (10 to 10° M) of human GLP-1(7-36) amide. The dynamic range of
the GLP-1 bioassay was determined to be between 102 and 10° M, with the limit of detection being
between 1073 and 10 M (Figure 15A). In addition, the GLP-1 bioassay displayed an ECs value of
2.8 pM (Figure 15A). Similarly to the GIP bioassay, a GLP-1 standard curve was produced as a
positive control every time an experiment was done with the HEK-hGLP-1R-Luc cell line. The
GLP-1 standard curve shown is representative of all of the standard curves completed (Figure 15A).
HEK-hGLP-1R-Luc cells were also plated on clear 96-well plates and visualized after the incubation
period in order to investigate cell confluence and health. As with the GIP bioassay, the GLP-1
bioassay was only continued if the cells exhibited greater than 80% confluence and appeared healthy.
Thus, the GLP-1 bioassay allowed the detection of receptor activity over a wide range of GLP-1
concentrations, and was determined to be a suitable resource for the screening studies.

HEK-hGLP-1R-Luc cells were also characterized in the radioligand binding assay. A
standard curve was produced by inducing HEK-hGLP-1R-Luc cells with varying concentrations
(10™ to 10° M) of un-labeled human GLP-1(7-36) amide in the presence of a set concentration of
[***1]GLP-1(7-36) amide. The dynamic range of the receptor binding assay was determined to be
between 10 and 10 M, with the limit of detection being between 10™° and 10° M (Figure 15B).
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In addition, the 1Csy value of the GLP-1 receptor binding assay was determined to be 1.1 nM (Figure
15B). Similar to the results obtained for the GIP bioassay and GIP receptor binding assay, the 1Csy
value of the GLP-1 receptor binding assay is higher than the ECs, value of the GLP-1 bioassay.
However, this discrepancy in half maximal concentrations is much larger than in the GIP receptor
cell line, and is likely due to the fact that IBMX (a phosphodiesterase inhibitor) was used in the GLP-
1 bioassay to increase the sensitivity, in addition to the fact that signal amplification occurs in the
bioassay but not in the receptor binding assay. Furthermore, the enhanced sensitivity of the GLP-1
bioassay compared to the GIP bioassay may also be attributable to inherent differences in the abilities
of the peptides to stimulate cellular signalling via their respective receptors. Thus, the GLP-1
receptor binding assay was able to detect receptor binding over a wide range of GLP-1

concentrations, and was deemed a suitable tool for evaluating ligand binding to the GLP-1 receptor.
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Figure 15. HEK-hGLP-1R-Luc Cell Line Characterization

(A) GLP-1 Bioassay. HEK-hGLP-1R-Luc cells were induced with GLP-1 and light output
measured. The ECs value was determined to be 2.8 pM. Relative light output was calculated by
dividing total light output by background light output. Data are expressed as means + SEM, n=3.
(B) GLP-1 Receptor Binding Assay. Competition of **°I-GLP-1 binding was examined with un-
labelled GLP-1 in HEK-hGLP-1R-Luc cells. The ICs, value was determined to be 1.1 nM. Values
are expressed as a percentage of maximum specific binding and are means + SEM, n=3.

The HEK-hGLP-1R-Luc cell line was also evaluated based on the ability of the GLP-1
related peptides, GIP and GCG, to stimulate luciferase production in the bioassay. Various
concentrations (10™ to 10°® M) of human GIP(1-42), GLP-1(7-36) amide and GCG(1-29) were
evaluated in the HEK-hGLP-1R-Luc bioassay. As previously described, GLP-1 displayed an ECs
value of 2.8 pM with a dynamic range between 10™** and 10° M (Figure 16A). GCG strongly
stimulated luciferase activity in the GLP-1 bioassay, with a dynamic range between 10" and 107 M
and an ECs, value of 100 pM (Figure 16A). These results demonstrate that the GLP-1 receptor
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displays a high level of GCG cross-reactivity. Interestingly, GCG displayed a higher level of
maximal luciferase expression or light output in the GLP-1 bioassay than GLP-1 itself. This suggests
that GCG is able to activate GLP-1 receptor signalling more strongly than GLP-1. However, the
GLP-1 bioassay is ~60 fold more selective for GLP-1 compared to GCG. GIP also displayed activity
in the GLP-1 bioassay, but only at concentrations of 10® to 10° M and with an ECs, value of 36 nM.
Therefore, GCG displayed a high level of activity in the GLP-1 bioassay, whereas GIP only
displayed a low level of activity. These results demonstrate that the GLP-1 bioassay is highly
selective for GLP-1 compared to GIP, but only moderately more selective compared to GCG.

The ability of GIP and GCG to bind to the GLP-1 receptor was also evaluated in the GLP-1
receptor binding assay. HEK-hGLP-1R-Luc cells were incubated with various concentrations (10™
to 10° M) of un-labeled human GIP(1-42), GLP-1(7-36) amide and GCG(1-29) in the presence of a
set concentration of [***IJGLP-1(7-36) amide. As previously described, the dynamic range of the
GLP-1 receptor binding assay was determined to be between 10! and 10° M, with an ICs, value of
1.1 nM (Figure 16B). GCG was active in the GLP-1 receptor binding assay at concentrations of 107
t010™° M, and displayed an ICs; value of 190 nM (Figure 16B). Similar to the GLP-1 bioassay, the
GLP-1 receptor binding assay was ~170 fold more selective for GLP-1 compared to GCG. On the
other hand, GIP displayed activity in the GLP-1 receptor binding assay at concentrations of 10° and
10®° M, with an ICs value of 9.0 uM (Figure 16B). GCG and GIP were both active at higher
concentrations in the GLP-1 receptor binding assay compared to the GLP-1 bioassay, in parallel with
the general observation that the bioassay is more sensitive than the receptor binding assay due to
signal amplification. Thus, the GLP-1 receptor binding assay is selective towards GLP-1, but

displays a moderate level of cross-reactivity with GCG and a low level of cross-reactivity with GIP.
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Figure 16. HEK-hGLP-1R-Luc Cell Line Characterization With Related Peptides

(A) GLP-1 Bioassay. HEK-hGLP-1R-Luc cells were induced with GLP-1, GIP or GCG and light
output measured. The ECs, values were determined to be 1.8 pM for GLP-1, 36 nM for GIP and 100
pM for GCG. Relative light output was calculated by dividing total light output by background light
output. Data are expressed as means + SEM, n=3. (B) GLP-1 Receptor Binding Assay.
Competition of **I-GLP-1 binding was examined with un-labelled GLP-1, GIP and GCG in HEK-
hGLP-1R-Luc cells. The ICsy values were determined to be 1.1 nM for GLP-1, 9.0 uM for GIP and
190 nM for GCG. Values are expressed as a percentage of maximum specific binding and are means
+ SEM, n=3.

3.4 HEK-hGCGR-Luc Cell Line

In addition to the HEK-hGIPR-Luc and HEK-hGLP-1R-Luc cell lines, the HEK-hGCGR-
Luc cell line was also characterized in the bioassay. A standard curve was produced by inducing
HEK-hGCGR-Luc cells with varying concentrations (10 to 10® M) of human GCG(1-29). The
dynamic range of the GCG bioassay was determined to be between 10™** and 10® M, with the limit of
detection being between 10 and 10 M (Figure 17A). In addition, the GCG bioassay displayed an
ECs value of 2.5 pM (Figure 17A). Similarly to the GIP and GLP-1 bioassays, a GCG standard
curve was produced as a positive control every time an experiment was done with the HEK-hGCGR-
Luc cell line. Again, the GCG standard curve shown is representative of all of the standard curves
produced (Figure 17A). In order to investigate cell density and health, HEK-hGCGR-Luc cells were
also plated on clear 96-well plates and visualized after the incubation period. As with the GIP and
GLP-1 bioassays, the GCG bioassay was only continued if the cells exhibited greater than 80%
confluence and appeared healthy. Thus, the GCG bioassay allowed the detection of receptor activity
over a wide range of GCG concentrations, and was determined to be a valuable control cell line.

HEK-hGCGR-Luc cells were also characterized in the radioligand binding assay. A standard
curve was produced by inducing HEK-hGCGR-Luc cells with varying concentrations (10™* to 10°
M) of un-labeled human GCG(1-29) in the presence of a set concentration of [***I]JGCG(1-29). The

dynamic range of the receptor binding assay was determined to be between 10™° and 10° M, with the
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limit of detection being between 10" and 10° M (Figure 17B). In addition, the ICs; value of the
GCG receptor binding assay was determined to be 48 nM (Figure 17B). Similar to the results
obtained for the assays in the HEK-hGIPR-Luc and HEK-hGLP-1R-Luc cell lines, the ICs, value of
the GCG receptor binding assay was much higher than the ECs, value of the GCG bioassay. Again,
this discrepancy in half maximal concentrations is probably due to the fact that signal amplification
occurs in the bioassay, while the receptor binding assay measures a parameter (receptor binding) that
is not subject to amplification. Furthermore, similar to the GLP-1 bioassay, the sensitivity of the
GCG bioassay was enhanced by IBMX, resulting in a lower half maximal concentration. Thus, the
GCG receptor binding assay was able to detect receptor binding over a wide range of GCG
concentrations, and was determined to be a suitable tool to investigate the binding of various ligands

to the GCG receptor.
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Figure 17. HEK-hGCGR-Luc Cell Line Characterization

(A) GCG Bioassay. HEK-hGCGR-Luc cells were induced with GCG and light output measured.
The ECs, value was determined to be 2.5 pM. Relative light output was calculated by dividing total
light output by background light output. Data are expressed as means + SEM, n=3. (B) GCG
Receptor Binding Assay. Competition of **1-GCG binding was examined with un-labelled GCG in
HEK-hGCGR-Luc cells. The ICsy value was determined to be 48 nM. Values are expressed as a
percentage of maximum specific binding and are means + SEM, n=3.

The HEK-hGCGR-Luc cell line was also evaluated based on the ability of the GCG related
peptides, GIP and GLP-1, to stimulate luciferase production in the bioassay. Various concentrations
(10" to 10® M) of human GIP(1-42), GLP-1(7-36) amide and GCG(1-29) were evaluated in the
HEK-hGCGR-Luc bioassay. As already described, GCG displayed an ECs, value of 2.5 pM with a
dynamic range between 10 and 10® M (Figure 18A). GIP was active in the GCG bioassay between
the concentrations of 10® and 10° M, and displayed an ECs, value of 35 nM (Figure 18A).

However, GLP-1 did not appreciably stimulate luciferase activity in the GCG bioassay between the
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concentrations of 10™% to 10° M. Therefore, GIP only displayed a low level of activity in the GCG
bioassay, whereas GLP-1 did not display any activity. The low level of cross-reactivity of GIP and
GLP-1 in the GCG bioassay demonstrates that the GCG bioassay is highly selective for GCG and is
thus a suitable tool to measure GCG receptor bioactivity.

The ability of GIP and GLP-1 to bind to the GCG receptor was also evaluated in the GCG
receptor binding assay. HEK-hGCGR-Luc cells were incubated with various concentrations (10™* to
10° M) of human GIP(1-42), GLP-1(7-36) amide and GCG(1-29) in the presence of a set
concentration of [*°IJGCG(1-29). As previously discussed, the dynamic range of the GCG receptor
binding assay was determined to be between 10™° and 10° M, with an ICs, value of 48 nM (Figure
18B). Similar to the bioassay, GIP was active at concentrations of 10° and 10° M and displayed an
ICso value of 28 uM (Figure 18B). As with the GIP and GLP-1 assays, the slightly lower activity of
GCG in the receptor binding assay compared to the bioassay is probably due to the signal
amplification that occurs in the bioassay. On the other hand, similar to the bioassay, GLP-1 was not
active in the GCG receptor binding assay between the concentrations of 102 to 10° M (Figure 18B).
Thus, the GCG receptor binding assay is very selective towards GCG and does not display any cross-

reactivity with GLP-1, but does display a low level of cross-reactivity with GIP.
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Figure 18. HEK-hGCGR-Luc Cell Line Characterization With Related Peptides

(A) GCG Bioassay. HEK-hGCGR-Luc cells were induced with GCG, GIP or GLP-1 and light
output measured. The ECs, values were determined to be 2.5 pM for GCG, 35 nM for GIP and
undetermined for GLP-1. Relative light output was calculated by dividing total light output by
background light output. Data are expressed as means £ SEM, n=3. (B) GCG Receptor Binding
Assay. Competition of *®I-GCG binding was examined with un-labelled GCG, GIP and GLP-1 in
HEK-hGCGR-Luc cells. The ICs, values were determined to be 48 nM for GCG, 28 uM for GIP and
undetermined for GLP-1. Values are expressed as a percentage of maximum specific binding and are
means + SEM, n=3.
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3.5 HEK-pHTS-CRE Cell Line

Finally, the HEK-pHTS-CRE cell line was also characterized in the bioassay. A standard
curve was produced by inducing HEK-pHTS-CRE cells with varying concentrations (10 to 10 M)
of forskolin, which activates adenylyl cyclase (the first enzyme in the cAMP signalling pathway)
independent of receptor activation. Forskolin concentration-dependently stimulated luciferase
expression, with a dynamic range between 10® and 10 M and an ECs, value of 2.9 pM (Figure
19A). The ability of forskolin to induce luciferase production suggests that the cAMP signalling
pathway is functioning properly in the HEK-pHTS-CRE cell line. In order to determine the
suitability of HEK-pHTS-CRE as a control cell line, HEK-pHTS-CRE cells were induced with
varying concentrations (102 to 10® M) of human GIP(1-42), GLP-1(7-36) amide and GCG(1-29).
As seen in Figure 19B, GIP, GLP-1 and GCG do not significantly stimulate luciferase production in
the HEK-pHTS-CRE cell line. The inability of GIP, GLP-1 and GCG to stimulate luciferase
production in the HEK-pHTS-CRE cell line suggests that either the HEK-pHTS-CRE cell line does
not express the receptors for these peptides, or the receptors are expressed at a level so low that their
ligands are not able to induce appreciable signalling. HEK-pHTS-CRE cells were also plated on
clear 96-well plates and visualized after the incubation period in order to investigate cell density and
health. As with the GIP, GLP-1 and GCG bioassays, the HEK-pHTS-CRE bioassay was only
continued if the cells exhibited greater than 80% confluence and appeared healthy. Thus, the HEK-
pHTS-CRE bioassay was able to detect cAMP signalling over a wide range of forskolin
concentrations but was not responsive to GIP, GLP-1 or GCG. These results deem the HEK-pHTS-
CRE cell line a valuable control cell line.
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Figure 19. HEK-pHTS-CRE Cell Line Characterization

(A) Forskolin Standard Curve. HEK-pHTS-CRE cells were induced with forskolin and light output
measured. The ECso value was determined to be 2.9 uM. (B) HEK-pHTS-CRE Characterization.
HEK-pHTS-CRE cells were induced with various peptides and light output measured. The ECsg
values were undetermined. Relative light output was calculated by dividing total light output by
background light output. Data are expressed as means £ SEM, n=3.
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4 Chapter: Marine Invertebrate/Bacterial Extract Screens for Incretin Receptor Modulators

4.1 Screening Overview

In this project, I screened over 2000 marine invertebrate and bacterial extracts (14 marine
invertebrate extract 96-well plates and 10 bacterial extract 96-well plates) for modulators of the GIP
and GLP-1 receptors. Each extract was screened in triplicate in each of four screens: the GIP
receptor agonist screen, the GIP receptor allosteric modulator and antagonist screen, the GLP-1
receptor agonist screen and the GLP-1 receptor allosteric modulator screen. In the screens to search
for agonists, HEK-hGIPR-Luc or HEK-hGLP-1R-Luc cells were incubated with the marine
invertebrate or bacterial extracts and light output measured. To screen for allosteric modulators and
antagonists, HEK-hGIPR-Luc or HEK-hGLP-1R-Luc cells were incubated with the marine
invertebrate or bacterial extracts in the presence of a half-maximal effective concentration of peptide
(GIP or GLP-1, respectively) and light output measured. Light output was expected to increase in the
presence of a receptor agonist or allosteric modulator, and decrease in the presence of a receptor
antagonist. As previously described, receptor activity is directly proportional to light output when
using the necessary controls. DMSO was used as a control in the bioassay since the marine
invertebrate and bacterial extracts were dissolved in DMSO. For all screens, several DMSO control
wells were included to assess the effect of DMSO on light output in the bioassay. The values
obtained in DMSO control wells were compared against the marine invertebrate and bacterial extract
light output values to determine hits. In addition, extracts were also tested in the negative control cell
line, HEK-pHTS-CRE, to determine if they were acting in a non-specific or receptor-independent
manner. Extracts that also modulated light output in the HEK-pHTS-CRE cell line were deemed
non-specific. For the agonist screens, hits were identified as those extracts that: (1) displayed a
statistically significant increase in light output compared to DMSO controls (t-test, p < 0.01), (2)
displayed a greater than 25% increase in light output compared to DMSO controls and (3) did not
display a statistically significant increase in light output in the negative control cell line, HEK-pHTS-
CRE (t-test, p < 0.05). For the allosteric modulator screens, hits were identified as those extracts
that: (1) displayed a statistically significant increase in light output compared to DMSO controls (t-
test, p < 0.01), (2) displayed a greater than 15% increase in light output compared to DMSO controls
and (3) did not display a statistically significant increase in light output in the negative control cell
line, HEK-pHTS-CRE (t-test, p < 0.05). For the GIP receptor antagonist screens, hits were identified
as those extracts that: (1) displayed a statistically significant decrease in light output compared to
DMSO controls (t-test, p < 0.01), (2) displayed a greater than 15% decrease in light output compared
to DMSO controls and (3) did not display a statistically significant decrease in light output in the
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GLP-1 receptor cell line, HEK-hGLP-1R-Luc (t-test, p < 0.05). HEK-hGLP-1R-Luc was used as a
negative control cell line for the GIP receptor antagonist hit screens since a reduction in light output
in this cell line would either indicate that the extract contains a cytotoxic or non-specific compound,
or that the compound is a dual GIP/GLP-1 receptor antagonist, both outcomes of which are
undesirable. Thus, the bioassay facilitated high throughput screening of marine invertebrate and
bacterial extracts to identify modulators of the GIP and GLP-1 receptors.

After identifying hits, fresh aliquots of the extracts were provided by the Andersen lab and
concentration-response experiments were performed in both the cell line of interest and the negative
control cell line. If the fresh aliquot of the extract of interest displayed a concentration-dependent
response in the cell line of interest and was not active in the negative control cell line, fractionation
of the extract was initiated. Fractionation was performed by the Andersen laboratory and was
bioassay-guided in order to isolate and identify the active compound(s). However, if the fresh
aliquot of the extract of interest did not display activity in the cell line of interest, or if it displayed
activity in the control cell line, it was ruled out as a hit and not pursued any further. Hit compounds
were also tested in the other receptor cell lines (HEK-hGIPR-Luc, HEK-hGLP-1R-Luc and HEK-
hGCGR-Luc) in order to determine if the hit compounds also display activity on the other glucagon
family receptors. Both the glucagon family peptides and their receptors display a high level of amino
acid sequence identity (Brubaker and Drucker, 2002; Irwin, 2009; Kieffer and Habener, 1999), so it
is conceivable that hit compounds may exhibit activity at more than one receptor. Thus, the follow-
up of hits was performed in a rigorous manner in order to concentrate on hits that might act

selectively on the GIP and/or GLP-1 receptors.

4.2 GIP Receptor Agonist Screens

As described above, the GIP receptor agonist screens were performed in triplicate by
incubating HEK-hGIPR-Luc cells in the presence of marine invertebrate or bacterial extracts and
light output measured. GIP receptor agonist hits were identified as those extracts that: (1) displayed
a statistically significant increase in light output in the HEK-hGIPR-Luc cell line compared to
DMSO controls (t-test, p < 0.01), (2) displayed a greater than 25% increase in light output in the
HEK-hGIPR-Luc cell line compared to DMSO controls and (3) did not display a statistically
significant increase in light output in the negative control cell line, HEK-pHTS-CRE (t-test, p <
0.05). The GIP receptor agonist screen with Plate Series 1 resulted in the identification of several
non-specific hits (green bars; hits that passed hit criteria (1) and (2) but not (3)), but no specific hits
(Figure 20). However, the GIP receptor agonist screen with Plate Series 2 resulted in the
identification of four specific hits (red bars; hits that passed hit criteria (1), (2) and (3)), as well as
several non-specific hits (Figure 21). Interestingly, the GIP receptor agonist screen with Plate Series
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3 did not result in the identification of any hits, specific or non-specific (Figure 22). Furthermore, the
GIP receptor agonist screen with Plate Series 4 only resulted in the identification of one non-specific
hit and no specific hits (Figure 23). As Plate Series 3 and 4 were comprised of bacterial extracts,
while Plate Series 1 and 2 were comprised of marine invertebrate extracts, these results demonstrate
that marine invertebrate extracts display a remarkably greater level of bioactivity than bacterial
extracts. In summary, the GIP receptor agonist screens resulted in the identification of four specific
hits to pursue.

After identifying four GIP receptor agonist hits in the marine invertebrate and bacterial
extracts screens, these hits were subjected to further characterization before beginning the
fractionation process. Fresh samples of the hit extracts (RJA PNG 08 100 - Anzia B: Well D6 [PNG
08-134] and RJA 47561p - 47649: Wells B9 [RJA 47582], E9 [RJA 47616] and C11 [RJA 47595])
were then obtained from the Andersen laboratory for subsequent experiments. The four hit extracts
were tested at various concentrations in the HEK-hGIPR-Luc cell line; fresh samples of hits PNG 08-
134 and RJA 47582 displayed significantly (t-test, p<0.05) increased light output in the HEK-hGIPR-
Luc cell line (data not shown), validating these extracts as hits. However, fresh samples of hits RJIA
47616 and RJA 47595 did not significantly (t-test, p<0.05) increase light output in the HEK-hGIPR-
Luc cell line over several concentrations (data not shown), and thus were ruled out as hits and not
pursued further. The fresh samples of hits PNG 08-134 and RJA 47582 were then tested in the HEK-
pHTS-CRE cell line at varying concentrations. Both hits (PNG 08-134 and RJA 47582) significantly
(t-test, p<0.05) increased light output in the HEK-pHTS-CRE cell line (data not shown), suggesting
that the hits were acting in a receptor-independent manner, classifying them as non-specific hits and
eliminating them from further investigation. Therefore, the four GIP receptor agonist hits identified
in the screens were ruled out as specific hits when tested at multiple concentrations in the HEK-
hGIPR-Luc and HEK-pHTS-CRE cell lines.

65



= 20 =20
=
2 2
315 318
5 s
3 3
= 10 = 10
o
= 3
g 0.5 208
g 3
00 o 00
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Well Well
§ 20 § 3.0
15 5
:§ .g: 20
[ o
" =
k=
4 310
205 2
5 5
Q [
© 00 & 0.0
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Well F Well
§ 3.0 § 20
S .5 ;
gzo 2
= =
o o
£ gV
2
4310 2
[
2 2
= kS
@ 0.0 (4
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Well Well
—~ 20
=2
<
‘g 15
s
o
§1.0 |
é’ 0.5
3
© 0.0

10 20 30 40 S50 60 70 80 90
Well

Figure 20. GIP Receptor Agonist Screen With Plate Series 1

(A) RJA 03 37 - 119. (B) RJA 03 121 - 204. (C) RJA 03 205 - 287. (D) RJA 03 289 - 372. (E)
RJA 03 373 - 500. (F) RJIA051-84. (G) RJA 75907. HEK-hGIPR-Luc cells were induced with
200 nl of marine invertebrate extract and light output measured. Yellow bars represent DMSO
control wells and green bars represent non-specific hits. Relative light output was calculated by
dividing total light output by the average DMSO light output. Data are expressed as means = SEM,
n=3.
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Figure 21. GIP Receptor Agonist Screen With Plate Series 2

(A) RIA 04 1-90. (B) RJA 0491 - 06 114. (C) RJA 06 3 - 90. (D) RJA PNG 08 100 - Anzia B.
(E) RJA 475610 - 47649. (F) RJA 55261p - 55340. (G) RJA 76351p - PHP 90 489. HEK-hGIPR-
Luc cells were induced with 200 nl of marine invertebrate extract and light output measured. Yellow
bars represent DMSO control wells, green bars represent non-specific hits and red bars represent
specific hits. Relative light output was calculated by dividing total light output by the average
DMSO light output. Data are expressed as means + SEM, n=3.
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Figure 22. GIP Receptor Agonist Screen With Plate Series 3

(A) RJA CHEM 2891- 2970. (B) RJA CHEM 2971 - 3050. HEK-hGIPR-Luc cells were induced
with 200 nl of bacterial extract and light output measured. Yellow bars represent DMSO control
wells. Relative light output was calculated by dividing total light output by the average DMSO light
output. Data are expressed as means + SEM, n=3.
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Figure 23. GIP Receptor Agonist Screen With Plate Series 4

(A) RIA BACT 3189. (B) RJA BACT 3257. (C) RJA BACT 3337. (D) RJA BACT 3417. (E) RJA
BACT 3497. (F) RIABACT 3577. (G) RIABACT 3657. (H) RIA BACT 3737. HEK-hGIPR-Luc
cells were induced with 200 nl of bacterial extract and light output measured. Yellow bars represent
DMSO control wells and green bars represent non-specific hits. Relative light output was calculated
by dividing total light output by the average DMSO light output. Data are expressed as means +
SEM, n=3.
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4.3  GIP Receptor Allosteric Modulator and Antagonist Screens

The GIP receptor allosteric modulator and antagonist screens were performed in triplicate by
incubating HEK-hGIPR-Luc cells with marine invertebrate or bacterial extracts in the presence of a
half maximal concentration of GIP and light output measured. GIP receptor allosteric modulator hits
were identified as those extracts that: (1) displayed a statistically significant increase in light output
in the HEK-hGIPR-Luc cell line compared to DMSO controls (t-test, p < 0.01), (2) displayed a
greater than 15% increase in light output in the HEK-hGIPR-Luc cell line compared to DMSO
controls and (3) did not display a statistically significant increase in light output in the HEK-pHTS-
CRE cell line (t-test, p < 0.05). The GIP receptor allosteric modulator screen with Plate Series 1
resulted in the identification of several non-specific hits (green bars; hits that passed hit criteria (1)
and (2) but not (3)) but no specific hits (hits that passed hit criteria (1), (2) and (3)) (Figure 24).
Likewise, the GIP receptor allosteric modulator screen with Plate Series 2 resulted in the
identification of several non-specific hits but no specific hits (Figure 25). However, the GIP receptor
allosteric modulator screen with Plate Series 3 did not result in the identification of any hits, specific
or non-specific (Figure 26). Similarly, the GIP receptor allosteric modulator screen with Plate Series
4 did not result in the identification of any hits (Figure 27). As with the GIP receptor agonist screens,
the marine invertebrate extracts displayed much more activity than the bacterial extracts. Thus, the
GIP receptor allosteric modulator screens did not identify any specific hits to pursue.

Although the GIP receptor allosteric modulator and antagonist screens did not identify any
specific GIP receptor allosteric modulator hits to pursue, several specific GIP receptor antagonist hits
were identified. GIP receptor antagonist hits were identified as those extracts that: (1) displayed a
statistically significant decrease in light output in the HEK-hGIPR-Luc cell line compared to DMSO
controls (t-test, p < 0.01), (2) displayed a greater than 15% decrease in light output in the HEK-
hGIPR-Luc cell line compared to DMSO controls and (3) did not display a statistically significant
decrease in light output in the HEK-hGLP-1R-Luc cell line (t-test, p < 0.05). The GIP receptor
antagonist screen with Plate Series 1 resulted in the identification of ten specific hits (orange bars;
hits that passed hit criteria (1), (2) and (3)), as well as several non-specific hits (blue bars; hits that
passed hit criteria (1) and (2) but not (3)) (Figure 24). In addition, four specific hits, as well as
several non-specific hits, were identified in the GIP receptor antagonist screen with Plate Series 2
(Figure 25). However, the GIP receptor antagonist screen with Plate Series 3 only resulted in the
identification of one non-specific hit, and no specific hits (Figure 26). Finally, the GIP receptor
antagonist screen with Plate Series 4 resulted in the identification of seven specific hits, in addition to
several non-specific hits (Figure 27). Thus, the GIP receptor antagonist screens resulted in the

identification of twenty-one specific hits to pursue.
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The ten hits identified in the GIP receptor antagonist screens with Plate Series 1 were
subjected to further characterization before beginning the fractionation process. Fresh samples of the
GIP receptor antagonist hit extracts (RJA 03 121 - 204: Well D8 [RJA 03-164], RJA 03 205 - 287:
Wells BI [RIA 03-217], D1 [RIA 03-241], D2 [RIA 03-242] and G8 [RIA 03-284], RJA 03 289 -
372: Wells F3 [RJA 03-351], G3 [RJA 03-363], F4 [RJA 03-352] and G4 [RJA 03-364] and RJA 03
373 - 500: Well G10 [RJA 03-486]) were obtained from the Andersen laboratory for this purpose.
The ten hit extracts were tested at various concentrations in the HEK-hGIPR-Luc cell line in the
presence of a half maximal concentration of GIP; fresh samples of hits RJA 03-164, RJA 03-217,
RJA 03-241, RJA 03-242, RJA 03-284, RJA 03-351, RJA 03-363, RJA 03-352 and RJA 03-486
displayed significantly (t-test, p<0.05) decreased light output in the HEK-hGIPR-Luc cell line in the
presence of GIP (data not shown), validating these extracts as hits. However, the fresh sample of
extract RJA 03-364 did not significantly decrease light output in the HEK-hGIPR-Luc cell line in the
presence of GIP (data not shown), and was ruled out as a hit and not further pursued. Fresh samples
of the hit extracts were then tested at various concentrations in the HEK-hGLP-1R-Luc cell line in
the presence of GLP-1; hit extracts RJA 03-217, RJA 03-241, RJA 03-351, and RJA 03-363
significantly (t-test, p<0.05) decreased light output in this experiment (data not shown), resulting in
the characterization of these hits as non-specific hit and eliminating them from further investigation.
Hit extracts RJA 03-242, RJA 03-284 and RJA 03-352 did not significantly decrease light output in
the HEK-hGLP-1R-Luc cell line in the presence of GLP-1 (data not shown), but were not
fractionated since the Andersen laboratory did not have enough of these extracts available for further
testing. Nonetheless, hit extracts RJA 03-164 and RJA 03-486, which also did not significantly
decrease light output in the HEK-hGLP-1R-Luc cell line in the presence of GLP-1 (data not shown),
were fractionated in order to identify the active compound(s). After fractionating hit extract RJA 03-
164, it was revealed that the active fraction significantly (t-test, p<0.05) decreased light output in the
HEK-hGLP-1R-Luc cell line in the presence of GLP-1 in a concentration-response experiment (data
not shown); extract RJA 03-164 was thus classified as a hon-specific hit and was not further pursued.
Finally, the fractionation of hit extract RJA 03-486 resulted in the identification of halistanol sulphate
(a GIP receptor antagonist and GLP-1 receptor agonist), as described in section 5.2.1. Thus, six of
the GIP receptor antagonist hits identified in Plate Series 1 were ruled out as specific hits (1 post-
fractionation), three were not pursued due to a lack of material and one was determined to be an
actual GIP receptor antagonist.

The four hits identified in the GIPR antagonist screen with Plate Series 2 were also subjected
to further characterization before beginning the fractionation process. Fresh samples of the hit

extracts (RJA 04 91 - 06 114: Wells F10 [RJA 06-99], G1 [RIA 06-102] and G5 [RJA 06-107] and

71



RJA 55261 - 55340: Well G10 [RJA 55329]) were obtained from the Andersen laboratory and
tested at various concentrations in the HEK-hGIPR-Luc cell line in the presence of GIP. Fresh
samples of all four hit extracts significantly (t-test, p<0.05) decreased light output in the HEK-
hGIPR-Luc cell line in the presence of GIP, validating these extracts as hits (data not shown). On the
other hand, the fresh sample of hit RJIA 55329 displayed significantly (t-test, p<0.05) decreased light
output in the HEK-hGLP-1R-Luc cell line in the presence of GLP-1 (data not shown), resulting in its
characterization as a non-specific hit and eliminating it from further investigation. Hit extracts RIA
06-99, RJA 06-102 and RJA 06-107 did not significantly decrease light output in the HEK-hGLP-
1R-Luc cell line in the presence of GLP-1 (data not shown), and were thus fractionated in order to
identify the active compound(s). After fractionating hit extracts RJA 06-99 and RJA 06-102, it was
revealed that the active fractions of these hits significantly (t-test, p<0.05) decreased light output in
the HEK-hGLP-1R-Luc cell line in the presence of GLP-1 in a concentration-response experiment
(data not shown); extracts RJA 06-99 and RJA 06-102 were thus classified as non-specific hits and
were not further pursued. Fractionated hit extract RJA 06-107 did not significantly decrease light
output in the HEK-hGLP-1R-Luc cell line in the presence of GLP-1 at any of the concentrations
tested (data not shown). However, the active fraction of hit extract RJA 06-107 significantly (t-test,
p<0.05) decreased light output in the HEK-hGIPR-Luc cell line in the absence of GIP in a
concentration-response experiment (data not shown), suggesting that the active fraction was acting in
a cytotoxic manner and ruling out hit extract RJIA 06-107 as a specific hit. Therefore, the four GIP
receptor antagonist hits identified in Plate Series 2 were ruled out as specific hits upon further
investigation.

Finally, the hits identified in the GIPR antagonist screen with Plate Series 4 were also
subjected to further characterization before beginning the fractionation process. However, further
characterization of three hit extracts (RJA BACT 3337: Wells F6 [RJA 3391], RJA BACT 3577:
Well A4 [RJA 3579] and RJA BACT 3737: Well E6 [RJA 3781]) was not performed since the
Andersen laboratory did not have fresh samples of these extracts available for testing. Nonetheless,
fresh samples of the other four hit extracts (RJIA BACT 3189: Well F5 [RJA 3189], RJA BACT
3337: Well F3 [RJA 3388] and RJA BACT 3737: Wells E7 [RIA 3782] and E8 [RJA 3783]) were
obtained from the Andersen laboratory and tested at various concentrations in the HEK-hGIPR-Luc
cell line in the presence of GIP. Fresh samples of all four hit extracts significantly (t-test, p<0.05)
decreased light output in the HEK-hGIPR-Luc cell line in the presence of GIP, validating these
extracts as hits (data not shown). Fresh samples of the hit extracts were then tested at various
concentrations in the HEK-hGLP-1R-Luc cell line in the presence of GLP-1; the fresh samples of hit
extracts RJA 3388 and RJA 3783 displayed significantly (t-test, p<0.05) decreased light output in
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this experiment (data not shown), resulting in their characterization as non-specific hits and
eliminating them from further investigation. Hit extracts RJA 3242 and RJA 3782 did not
significantly decrease light output in the HEK-hGLP-1R-Luc cell line in the presence of GLP-1 (data
not shown), but did significantly (t-test, p<0.05) decrease light output in the HEK-hGIPR-Luc cell
line in the absence of GIP in a concentration-response experiment (data not shown), suggesting that
these extracts were acting in a cytotoxic manner and ruling them out as specific hits. Therefore, four
of the GIP receptor antagonist hits identified in Plate Series 4 were ruled out as specific hits upon

further investigation, while the other three hits were not pursued due to a lack of material.
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Figure 24. GIP Receptor Allosteric Modulator and Antagonist Screen With Plate Series 1

(A) RJA 03 37 - 119. (B) RJA 03 121 - 204. (C) RJA 03 205 - 287. (D) RJA 03 289 - 372. (E)
RJA 03 373 - 500. (F) RJIA051-84. (G) RJA 75907. HEK-hGIPR-Luc cells were induced with
200 nl of marine invertebrate extract in the presence of 1 nM GIP and light output measured. Yellow
bars represent DMSO control wells, green bars represent non-specific allosteric modulator hits,
orange bars represent specific antagonist hits and blue bars represent non-specific antagonist hits.
Relative light output was calculated by dividing total light output by the average DMSO light output.
Data are expressed as means + SEM, n=3.
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Figure 25. GIP Receptor Allosteric Modulator and Antagonist Screen With Plate Series 2

(A) RIA 04 1-90. (B) RJA 0491 -06114. (C) RJA 06 3 -90. (D) RJA PNG 08 100 - Anzia B.
(E) RJA 475610 - 47649. (F) RJA 55261p - 55340. (G) RJA 76351p - PHP 90 489. HEK-hGIPR-
Luc cells were induced with 200 nl of marine invertebrate extract in the presence of 1 nM GIP and
light output measured. Yellow bars represent DMSO control wells, green bars represent non-specific
allosteric modulator hits, orange bars represent specific antagonist hits and blue bars represent non-
specific antagonist hits. Relative light output was calculated by dividing total light output by the
average DMSO light output. Data are expressed as means + SEM, n=3.
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Figure 26. GIP Receptor Allosteric Modulator and Antagonist Screen With Plate Series 3

(A) RJA CHEM 2891- 2970. (B) RJA CHEM 2971 - 3050. HEK-hGIPR-Luc cells were induced
with 200 nl of bacterial extract in the presence of 1 nM GIP and light output measured. Yellow bars
represent DMSO control wells and blue bars represent non-specific antagonist hits. Relative light
output was calculated by dividing total light output by the average DMSO light output. Data are
expressed as means = SEM, n=3.
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Figure 27. GIP Receptor Allosteric Modulator and Antagonist Screen With Plate Series 4

(A) RIA BACT 3189. (B) RJA BACT 3257. (C) RJA BACT 3337. (D) RJA BACT 3417. (E) RJA
BACT 3497. (F) RIABACT 3577. (G) RIABACT 3657. (H) RIA BACT 3737. HEK-hGIPR-Luc
cells were induced with 200 nl of bacterial extract in the presence of 1 nM GIP and light output
measured. Yellow bars represent DMSO control wells, orange bars represent specific antagonist hits
and blue bars represent non-specific antagonist hits. Relative light output was calculated by dividing
total light output by the average DMSO light output. Data are expressed as means + SEM, n=3.
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4.4  GLP-1 Receptor Agonist Screens

Similar to the GIP receptor agonist screens, the GLP-1 receptor agonist screens were
performed in triplicate by incubating HEK-hGLP-1R-Luc cells in the presence of marine invertebrate
or bacterial extracts and light output measured. GLP-1 receptor agonist hits were identified as those
extracts that: (1) displayed a statistically significant increase in light output in the HEK-hGLP-1R-
Luc cell line compared to DMSO controls (t-test, p < 0.01), (2) displayed a greater than 25% increase
in light output in the HEK-hGLP-1R-Luc cell line compared to DMSO controls and (3) did not
display a statistically significant increase in light output in the negative control cell line, HEK-pHTS-
CRE (t-test, p < 0.05). The GLP-1 receptor agonist screen with Plate Series 1 resulted in the
identification of seven specific hits (red bars; hits that passed hit criteria (1), (2) and (3)), and several
non-specific hits (green bars; hits that passed hit criteria (1) and (2) but not (3)) (Figure 28). In
addition, two specific hits, as well as several non-specific hits, were identified in the GLP-1 receptor
agonist screen with Plate Series 2 (Figure 29). On the other hand, the GLP-1 receptor agonist screen
with Plate Series 3 did not result in the identification of any hits, specific or non-specific (Figure 30).
Likewise, the GLP-1 receptor agonist screen with Plate Series 4 only resulted in the identification of
one non-specific hit and no specific hits (Figure 31). As with the GIP receptor screens, the marine
invertebrate extracts displayed much more activity than the bacterial extracts. Thus, the GLP-1
receptor agonist screens resulted in the identification of nine specific hits to pursue.

The seven hits identified in the GLP-1 receptor agonist screens with Plate Series 1 were
subjected to further characterization before beginning the fractionation process. Fresh samples of the
GLP-1 receptor hit extracts (RJA 03 373 - 500: Wells B1 [RJA 03-385] and C2 [RJA 03-398], RJA
051 - 84: Well G3 [RJA 05 - 75] and RJA 75907: Wells D4 [RJA 75947], E4 [RJA 75959], C9 [RIA
75939] and D11 [RJA 75954]) were obtained from the Andersen laboratory for this purpose. The
seven hit extracts were tested at various concentrations in the HEK-hGLP-1R-Luc cell line; fresh
samples of hits RJA 03-385, RJA 03-398, RJA 05-75, RJA 75959, RJA 75939 and RJA 75954
displayed significantly (t-test, p<0.05) increased light output in the HEK-hGLP-1R-Luc cell line
(data not shown), validating these extracts as hits. However, the fresh sample of extract RJIA 75947
did not significantly (t-test, p<0.05) stimulate light output in the HEK-hGLP-1R-Luc cell line over
multiple concentrations (data not shown), and was ruled out as a hit and not further pursued. Varying
concentrations of the fresh samples of hits RJA 03-385, RJA 03-398, RJA 05-75, RJA 75959, RJA
75939 and RJA 75954 were then tested in the HEK-pHTS-CRE cell line. Hit extracts RJA 03-385,
RJA 75959, RJA 75939 and RJA 75954 significantly (t-test, p<0.05) stimulated light output in the
HEK-pHTS-CRE cell line (data not shown), resulting in the classification of these extracts as non-

specific hits and eliminating them from further investigation. Hit extracts RJA 03-398 and RJA 05-
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75 did not increase light output in the HEK-pHTS-CRE cell line and were thus fractionated in order
to identify the active compound(s). After fractionating hit extract RJA 05-75, it was revealed that the
active fraction increased light output in the HEK-pHTS-CRE cell line in a concentration-response
experiment (data not shown); extract 05-75 was classified as a non-specific hit and was not further
pursued. Finally, the fractionation of hit extract RJA 03-398 resulted in the identification of the
alotaketals (compounds that activate the cAMP signalling pathway), as described in section 5.1.1.
Thus, the seven GLP-1 receptor agonist hits identified in Plate Series 1 were ruled out as specific hits
(2 post-fractionation) when tested at varying concentrations in the HEK-hGLP-1R-Luc and HEK-
pHTS-CRE cell lines.

The two hits identified in the GLP-1R agonist screen with Plate Series 2 were also subjected
to further characterization before beginning the fractionation process. Fresh samples of the hit
extracts (RJA 04 91 - 06 114: Well A6 [RJA 04-96] and RJA 47561p - 47649: Well D10 [RJA
47607]) were obtained from the Andersen laboratory and tested at various concentrations in the
HEK-pHTS-CRE cell line. Fresh samples of hits RJA 04-96 and RJA 47607 displayed significantly
(t-test, p<0.05) increased light output in the HEK-pHTS-CRE cell line (data not shown), resulting in
their characterization as non-specific hits and eliminating them from further investigation. Therefore,
the two GLP-1 receptor agonist hits identified in Plate Series 2 were ruled out as specific hits when

tested at multiple concentrations in the HEK-pHTS-CRE cell line.
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Figure 28. GLP-1 Receptor Agonist Screen With Plate Series 1

(A) RJA 03 37 - 119. (B) RJA 03 121 - 204. (C) RJA 03 205 - 287. (D) RJA 03 289 - 372. (E)
RJA 03 373 - 500. (F) RJIA051-84. (G) RIA75907. HEK-hGLP-1R-Luc cells were induced with
200 nl of marine invertebrate extract and light output measured. Yellow bars represent DMSO
control wells, green bars represent non-specific hits and red bars represent specific hits. Relative
light output was calculated by dividing total light output by the average DMSO light output. Data are
expressed as means = SEM, n=3.
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Figure 29. GLP-1 Receptor Agonist Screen With Plate Series 2

(A) RIA 04 1-90. (B) RJA 0491 -06 114. (C) RJA 06 3 - 90. (D) RJA PNG 08 100 - Anzia B.
(E) RJA 47561p - 47649. (F) RJA 55261 - 55340. (G) RJA 76351p - PHP 90 489. HEK-hGLP-
1R-Luc cells were induced with 200 nl of marine invertebrate extract and light output measured.
Yellow bars represent DMSO control wells, green bars represent non-specific hits and red bars
represent specific hits. Relative light output was calculated by dividing total light output by the
average DMSO light output. Data are expressed as means + SEM, n=3.
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Figure 30. GLP-1 Receptor Agonist Screen With Plate Series 3

(A) RJA CHEM 2891- 2970. (B) RJA CHEM 2971 - 3050. HEK-hGLP-1R-Luc cells were induced
with 200 nl of bacterial extract and light output measured. Yellow bars represent DMSO control
wells. Relative light output was calculated by dividing total light output by the average DMSO light
output. Data are expressed as means + SEM, n=3.
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Figure 31. GLP-1 Receptor Agonist Screen With Plate Series 4

(A) RIA BACT 3189. (B) RJA BACT 3257. (C) RJA BACT 3337. (D) RJA BACT 3417. (E) RJA
BACT 3497. (F) RIABACT 3577. (G) RJA BACT 3657. (H) RJA BACT 3737. HEK-hGLP-1R-
Luc cells were induced with 200 nl of bacterial extract and light output measured. Yellow bars
represent DMSO control wells and green bars represent non-specific hits. Relative light output was
calculated by dividing total light output by the average DMSO light output. Data are expressed as
means + SEM, n=3.
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4.5 GLP-1 Receptor Allosteric Modulator Screens

Similar to the GIP receptor allosteric modulator and antagonist screens, the GLP-1 receptor
allosteric modulator screens were performed in triplicate by incubating HEK-hGLP-1R-Luc cells
with marine invertebrate or bacterial extracts in the presence of a half maximal concentration of
GLP-1 and light output measured. GLP-1 receptor allosteric modulator hits were identified as those
extracts that: (1) displayed a statistically significant increase in light output in the HEK-hGLP-1R-
Luc cell line compared to DMSO controls (t-test, p < 0.01), (2) displayed a greater than 15% increase
in light output in the HEK-hGLP-1R-Luc cell line compared to DMSO controls and (3) did not
display a statistically significant increase in light output in the negative control cell line, HEK-pHTS-
CRE (t-test, p < 0.05). The GLP-1 receptor allosteric modulator screen with Plate Series 1 resulted in
the identification of several non-specific hits (green bars; hits that passed hit criteria (1) and (2) but
not (3)), but no specific hits (hits that passed hit criteria (1), (2) and (3)) (Figure 32). Similarly, the
GLP-1 receptor allosteric modulator screen with Plate Series 2 resulted in the identification of several
non-specific hits, but no specific hits (Figure 33). However, the GLP-1 receptor allosteric modulator
screen with Plate Series 3 did not result in the identification of any hits, specific or non-specific
(Figure 34). Likewise, the GLP-1 receptor allosteric modulator screen with Plate Series 4 did not
result in the identification of any hits (Figure 35). As with the previously described screens, the
marine invertebrate extracts displayed much more activity than the bacterial extracts. Thus, the GLP-

1 receptor allosteric modulator screens did not identify any specific hits to pursue.
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Figure 32. GLP-1 Receptor Allosteric Modulator Screen With Plate Series 1

(A) RJA 03 37 - 119. (B) RJA 03 121 - 204. (C) RJA 03 205 - 287. (D) RJA 03 289 - 372. (E)
RJA 03 373 -500. (F) RIA051-84. (G) RIA75907. HEK-hGLP-1R-Luc cells were induced with
200 nl of marine invertebrate extract in the presence of 10 pM GLP-1 and light output measured.
Yellow bars represent DMSO control wells and green bars represent non-specific hits. Relative light
output was calculated by dividing total light output by the average DMSO light output. Data are
expressed as means + SEM, n=3.
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Figure 33. GLP-1 Receptor Allosteric Modulator Screen With Plate Series 2

(A) RIA 04 1-90. (B) RJA 0491 -06 114. (C) RJA 06 3 - 90. (D) RJA PNG 08 100 - Anzia B.
(E) RJA 47561p - 47649. (F) RJA 55261 - 55340. (G) RJA 76351p - PHP 90 489. HEK-hGLP-
1R-Luc cells were induced with 200 nl of marine invertebrate extract in the presence of 3 pM GLP-1
and light output measured. Yellow bars represent DMSO control wells and green bars represent non-
specific hits. Relative light output was calculated by dividing total light output by the average
DMSO light output. Data are expressed as means + SEM, n=3.
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Figure 34. GLP-1 Receptor Allosteric Modulator Screen With Plate Series 3

(A) RJA CHEM 2891- 2970. (B) RJA CHEM 2971 - 3050. HEK-hGLP-1R-Luc cells were induced
with 200 nl of bacterial extract in the presence of 3 pM GLP-1 and light output measured. Yellow
bars represent DMSO control wells. Relative light output was calculated by dividing total light
output by the average DMSO light output. Data are expressed as means £ SEM, n=3.

87



§ 2.0 § 20

- -

é 1.5 .3‘_ 1.5
3

o] o]

£ 1.01 g 1.04

- 3

[ | 4 .

% 0.5 2 0.5
©

° o

@ 0.0 @ 0.0

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Well Well

p
o
J
g
o
J

-
o
1
==
o
I

-
o
1
ocg
o
1

od
U
1

Relative Light Output (AU) ()
=]
@

Relative Light Output (AU) T

=4
o
L

10 20 30 40 50 60 70 80 90

10 20 30 40 50 60 70 80 90

Well Well

-~ 20 — 2.0

=)

2 2

- —

a 1.5 3 1.54

- -

= =

(o] o

:E-, 1.0 =

5 2

o i

% 05 g

5]

- E

' 10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90

Well Well

—~ 2.04 -~ 20

=)

2 2

5 154 5 1.54

¢ g

o 1.0 4 1.0

] 5

'} -l

_g 0.5 3 0.5

5 5

Q [

© 0.0- @ 0.0-

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Well Well

Figure 35. GLP-1 Receptor Allosteric Modulator Screen With Plate Series 4

(A) RIA BACT 3189. (B) RJABACT 3257. (C) RIABACT 3337. (D) RIA BACT 3417. (E) RJA
BACT 3497. (F) RIABACT 3577. (G) RJA BACT 3657. (H) RJA BACT 3737. HEK-hGLP-1R-
Luc cells were induced with 200 nl of bacterial extract in the presence of 3 pM GLP-1 and light
output measured. Yellow bars represent DMSO control wells. Relative light output was calculated
by dividing total light output by the average DMSO light output. Data are expressed as means +
SEM, n=3.
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5 Chapter: Isolation, Identification and Characterization of Hits

5.1 Hits That Activate cAMP Signalling

While screening for modulators of the incretin receptors, several compounds that activated
CAMP signalling in the absence of receptor activity were identified. These compounds were
originally pursued as they were believed to be potential GLP-1 receptor activators, but were
subsequently shown to activate cAMP signalling in the absence of GLP-1 receptor activation. Even
though compounds capable of modulating cAMP signalling are not of interest as diabetes and/or
obesity drugs, these compounds were followed up on due to their novel and interesting chemical
structures. In addition, small molecules that selectively modulate cellular signaling are important cell
biology research tools. For example, forskolin, a small molecule isolated in India from the plant
Coleus forskohlii, is a potent activator of adenylyl cyclase (Seamon et al., 1981). Forskolin is
commonly used in cell biology research to elevate intracellular cAMP levels, and it has also attracted
some attention as a putative drug candidate (Gonzalez-Sanchez et al., 2006). Thus, even though
compounds capable of stimulating cAMP signalling are not of interest for diabetes and/or obesity

therapy, they may serve as useful tools for cell biology research.

5.1.1 The Alotaketals

While screening Plate Series 1, extract RJA 03-398 was identified as a putative GLP-1
receptor agonist hit as it stimulated light output in HEK-hGLP-1R-Luc cells (Figure 36A, hit extract
RJA 03-398 is identified with a # symbol). Extract RJA 03-398 was extracted exhaustively with
methanol from the marine sponge Hamigera sp., which was collected via SCUBA in Papua New
Guinea by Dr. Andersen's laboratory. In order to isolate the active compound(s) in the extract,
extract RJA 03-398 was subjected to Sephadex LH20 chromatography with methanol as the eluent to
yield the fractions A, B and C (performed by Roberto Forestieri, University of British Columbia).
These fractions were then evaluated in the GLP-1 bioassay in order to identify the active fraction(s)
(Figure 36B). As seen in Figure 36B, fraction B displayed the strongest activity, significantly
stimulating light output across three orders of magnitude at extract concentrations of 0.01X, 0.1X and
1X (an extract concentration of 1X corresponds to the concentration of extract used for screening and
is equivalent to 53 mg/L). In addition to fraction B, fractions A and C also significantly stimulated
light output at an extract concentration of 1X in the GLP-1 bioassay (Figure 36B). These results
demonstrated that the fractionation procedure is able to successfully separate and concentrate
compounds, even though some overlap in compound(s) exists between the fractions. Interestingly, a

concentration-dependent decrease in light output was apparent between the fraction B concentrations

&9



of 0.1X and 10X (Figure 36B), suggesting that the active compound(s) may also be cytotoxic.
Finally, the concentration-dependent decrease in light output seen between the concentrations of 1X
and 10X for fractions A and C is probably partially due to DMSO cytotoxicity at the 10X
concentration, since the DMSO control also displayed a similar trend (Figure 36 B). Thus, extract
RJA 03-398 was identified as a putative GLP-1 receptor agonist, and fractionation of this extract

revealed that fraction B contained the relevant bioactivity.
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Figure 36. Isolation of Novel Molecules that Stimulate cAMP Signalling

(A) GLP-1 Receptor Agonist Screen. HEK-hGLP-1R-Luc cells were induced with 200 nl of marine
invertebrate extract and light output measured. Yellow bars represent DMSO control wells and green
bars represent non-specific hits. Hit extract RJIA 03-398 is identified with a # symbol. Relative light
output was calculated by dividing total light output by background light output. (B) Extract RJA 03-
398 Fractionation. HEK-hGLP-1R-Luc cells were induced with varying concentrations of
fractionated extract RJA 03-398 and light output measured. * p < 0.05 compared to an equivalent
concentration of DMSO. (C) Crude Extract RJA 03-398 and (D) Extract RJA 03-398 Fraction B
Standard Curves. HEK-pHTS-CRE cells were induced with varying concentrations of Extract RJIA
03-398 or Extract RJA 03-398 Fraction B and light output measured. The ECsy values were not
determined. Data are expressed as means + SEM, n=3.
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Further investigation with the HEK-pHTS-CRE cell line revealed that extract RJA 03-398
was acting independent of the GLP-1 receptor to stimulate luciferase expression and thus light
output. As seen in Figure 36C, extract RJA 03-398 also concentration-dependently activated light
output in the HEK-pHTS-CRE cell line, which does not express the GLP-1 receptor. The
concentration-response curve of extract RJA 03-398 in the HEK-pHTS-CRE cell line also suggests
that there may be a cytotoxic compound(s) in the extract (Figure 36C). In addition, fraction B of
extract RJA 03-398 was evaluated in the HEK-pHTS-CRE bioassay (Figure 36D). Fraction B
concentration-dependently stimulated light output in the HEK-pHTS-CRE bioassay and also
displayed decreased light output at high concentrations, potentially due to cytotoxicity (Figure 36D).
When comparing the concentration-response curves of crude extract RIA 03-398 and extract RJA 03-
398 fraction B, it can be seen that fraction B contains a higher concentration of active compound
since the curve is shifted to the left (Figure 36C and 36D). The concentration-response curve for
fraction B is also less sporadic than the curve for the crude extract, indicating that the active
compound is purer in fraction B (Figure 36C and 36D). ECs, values were not determined for extract
RJA 03-398 or for fraction B of extract RJA 03-398. Therefore, extract RJA 03-398 acts
independent of a receptor to stimulate the cAMP signalling pathway and induce light output.

Further fractionation of extract RJA 03-398 fraction B was performed using Cig reverse-
phase high-performance liquid chromatography (HPLC), with 4:1 acetonitrile:water as the eluent, to
yield the pure compounds, alotaketal A (Figure 37A) and alotaketal B (Figure 37B) (performed by
Roberto Forestieri). The structures of alotaketals A and B were elucidated via mass spectrometry and
nuclear magnetic resonance (NMR) techniques by Roberto Forestieri. Alotaketals A and B are

sesterterpenoids that have an unprecedented alotane carbon skeleton (Figure 37). In order to evaluate

A B

Figure 37. Structures of Alotaketals A and B
(A) Alotaketal A Structure. (B) Alotaketal B Structure. The structures of alotaketals A and B were
elucidated via mass spectrometry and nuclear magnetic resonance techniques by Roberto Forestieri.
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the activity of the alotaketals, a bioassay with the HEK-pHTS-CRE cell line was performed. As seen
in Figure 38A, alotaketal A and alotaketal B both concentration-dependently stimulated light output
in the HEK-pHTS-CRE bioassay. The ECs, value for alotaketal A was determined to be 18 nM,
while the ECs, value for alotaketal B was determined to be 240 nM (Figure 38A). As alotaketal A is
more potent (has a lower ECs, value) than alotaketal B in the bioassay, the exocyclic double bond in
the alotaketal A structure is likely important for activity. Interestingly, alotaketal A also displays
decreased light output at concentrations above ~1 uM, potentially due to cytotoxicity, while
alotaketal B does not (Figure 38A). Compared to forskolin, which has an ECs, value of 2.9 uM in
the HEK-pHTS-CRE bioassay, the alotaketals are much more potent (Figures 19A and 38A).
Conversely, forskolin elicits a much greater response in the HEK-pHTS-CRE bioassay compared to
the alotaketals, as evidenced by the much larger increase in relative light output (Figures 19A and
38A). The next step was to determine the mechanism of action of the alotaketals in the HEK-pHTS-
CRE bioassay with a CAMP assay. As seen in Figure 38B, alotaketal B appears to concentration-
dependently increase cCAMP levels in HEK-pHTS-CRE cells. However, since the assay was only
performed in duplicate, statistical analysis cannot be performed and these preliminary findings have
not been confirmed. Further investigations to determine the molecular target of the alotaketals
remain to be completed. Thus, alotaketal A and B are novel sesterterpenoids that activate cCAMP

signalling in a concentration-dependent manner.
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Figure 38. Characterization of Novel Molecules that Activate cAMP Signalling

(A) Alotaketals A and B Standard Curves. HEK-pHTS-CRE cells were induced with varying
concentrations of alotaketals A and B, active compounds isolated from extract RJA 03-398, and light
output measured. The ECs values were determined to be 18 nM for alotaketal A and 240 nM for
alotaketal B. Relative light output was calculated by dividing total light output by background light
output. Data are expressed as means + SEM, n=3. (B) Alotaketal B cCAMP Assay. HEK293 cells
were induced with varying concentrations of alotaketal B and cAMP levels measured. Forskolin
activates adenylyl cyclase to stimulate cAMP signalling and thus acts as a positive control. Data are
expressed as means, n=2.
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Further chemical examination of the minor terpenoid components of the Hamigera sp. extract
resulted in the identification of the alotaketal derivatives, alotaketals C, D, E and F (structures not
shown). Alotaketals C and D were isolated using the same fractionation procedure described above
for the isolation of alotaketals A and B (performed by Roberto Forestieri). As seen in Figure 39A,
Alotaketal C and alotaketal D both concentration-dependently increased light output in the HEK-
pHTS-CRE bioassay. The ECs values for alotaketals C and D were determined to be 6.3 pm and
320 nM, respectively (Figure 39A). The ECsy value of alotaketal D is very similar to that of
alotaketal B but less potent than alotaketal A, while alotaketal C is less potent than alotaketals A, B
and D (Figures 38A and 39A). Furthermore, alotaketals C and D elicit weaker responses in the
HEK-pHTS-CRE bioassay than alotaketals A and B (Figures 38A and 39A). As alotaketal C is less
potent (has a lower ECsy value) than alotaketal A in the bioassay, the allyl alcohol (which is present
in alotaketal A but absent in alotaketal C) is likely very important for activity. In addition, the
reduced activity (higher ECs, value) of alotaketal D compared to alotaketal A in the bioassay is likely
due to the absence of the enone in alotaketal D. The structures of alotaketals B, C and D were
determined by Roberto Forestieri using mass spectrometry and NMR techniques. In contrast to
alotaketals A, B, C and D, alotaketals E and F were isolated from the marine sponge Phorbas sp.
from British Columbia by Julie Daoust (University of British Columbia). A sample of Phorbas sp.
was extracted exhaustively with methanol, evaporated to dryness and chromatographed on a silica gel
column with a 100% hexanes to 2:3 hexanes:ethyl acetate gradient (performed by Julie Daoust). The
eluent was then subjected to HPLC (3:2 acetonitrile:water) to yield pure alotaketals E and F
(performed by Julie Daoust). Alotaketals E and F both stimulate concentration-dependent light
output in the HEK-pHTS-CRE bioassay (Figure 39B). The ECs, value of alotaketal E was
determined to be 6.5 uM, which is comparable to the ECs, value of alotaketal C, while the ECs, value
of alotaketal F was determined to be 100 uM, which is much higher than the ECs, values for
alotaketals A - E (Figure 39B). In addition, alotaketal E and alotaketal F both induce weaker
responses in the HEK-pHTS-CRE bioassay than alotaketals A - D (Figures 38A, 39A and 39B).
Similar to alotaketal B, alotaketal E does not contain an exocyclic double bond, likely contributing to
the much lower potency (higher ECs, value) of alotaketal E compared to alotaketal A in the bioassay.
The structure of alotaketal E was determined by Julie Daoust using mass spectrometry and NMR
techniques. The structure of alotaketal F remains to be determined. Therefore, alotaketals C, D, E
and F are novel alotaketal derivatives that activate the cAMP signalling pathway with varying

potencies.

93



A =y 2.0+ B 5 2.09
= O Alotaketal C < O Alotaketal E
g e Alotaketal D ° = e Alotaketal F
[ [
g 5
= 1.5 9 1.5
= K
2 =)
| -
2 2 y
3 E x
T 40- T 104
x 1.0 - Y < 1 T T 1 2 10 T T l—’ T 1
-9 -8 -7 -6 -5 -4 -8 -7 -6 -5 -4 -3
Log [Alotaketal] (M) Log [Alotaketal] (M)

Figure 39. Characterization of Alotaketal Derivatives in the Bioassay

(A) Alotaketals C and D Standard Curves. HEK-pHTS-CRE cells were induced with varying
concentrations of alotaketals C and D and light output measured. The ECs, values were determined
to be 6.3 uM for alotaketal C and 320 nM for alotaketal D. (B) Alotaketals E and F Standard Curves.
HEK-pHTS-CRE cells were induced with varying concentrations of alotaketals E and F and light
output measured. The ECs, values were determined to be 6.5 uM for alotaketal E and 100 uM for
alotaketal F. Relative light output was calculated by dividing total light output by background light
output. Data are expressed as means £ SEM, n=3.

5.1.2 The Ansellones

The marine sponge Phorbas sp. was also investigated in the search for novel sesterterpenoids
involved in cAMP signalling. Phorbas sp. was collected via SCUBA in British Columbia by Dr.
Andersen's laboratory and a sample of the sponge was immediately extracted with methanol and
concentrated in vacuo to yield an orange gum. The orange gum was then fractionated between water
and ethyl acetate and the ethyl acetate partition evaporated under reduced pressure (performed by
Julie Daoust). The resulting sample was chromatographed on a silica gel with a 100% hexanes to 3:7
hexanes:ethyl acetate step gradient to yield a pure sample of the novel compound ansellone A (Figure
40A) (performed by Julie Daoust). Structural elucidation of ansellone A was performed by Julie
Daoust with mass spectrometry and NMR techniques. Ansellone A is a novel sesterterpenoid with an
unprecedented tricyclic ansellane carbon skeleton (Figure 40A) and is structurally related to the
alotaketals. As seen in Figure 40B, ansellone A also stimulates cCAMP signalling and enhances light
output in a concentration-dependent manner in the HEK-pHTS-CRE bioassay (Figure 40B). The
ECs value of ansellone A was determined to be 14 uM. Ansellone A displays a higher ECs, value
than alotaketals A, B, C, D and E and a lower ECs, value than alotaketal F. In addition, ansellone A
elicits a weaker response in the HEK-pHTS-CRE bioassay compared to alotaketals A - D, but a
similar response compared to alotaketals E and F (Figures 38A, 39A, 39B and 40B). The weaker
potency (higher ECs, value) of ansellone A compared to alotaketals A - E is likely due to the absence

of the spiroketal functionality in ansellone A (which is present in alotaketals A - E). On the other
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hand, the dihydrochromanone moiety, which is present in both the alotaketals and ansellone A, is
likely the basic pharmacophore. Finally, compared to forskolin, ansellone A displays a similar ECs
value, but elicits a much weaker response in the HEK-pHTS-CRE bioassay (Figures 19A and 40B).
Thus, ansellone A is a novel sesterterpenoid related to the alotaketals that is able to induce the cCAMP
signalling pathway.
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Figure 40. Structure and Characterization of Ansellone A

(A) Ansellone A Structure. The structure of ansellone A was elucidated via mass spectrometry and
nuclear magnetic resonance techniques by Julie Daoust. (B) Ansellone A Standard Curve. HEK-
pHTS-CRE cells were induced with varying concentrations of ansellone A and light output
measured. The ECsy value was determined to be 14 uM. Relative light output was calculated by
dividing total light output by background light output. Data are expressed as means + SEM, n=3.

In order to determine if the acetyl moiety of ansellone A is important for function,
deacetylated ansellone A (structure not shown) was also tested in the HEK-pHTS-CRE bioassay.
Deacetylated ansellone A was produced by hydrolysing ansellone A with lithium hydroxide/water in
a 1:1 mixture of tetrahydrofuran:methanol (performed by Julie Daoust). As seen in Figure 41A,
deacetylated ansellone A was not active in the HEK-pHTS-CRE bioassay, suggesting that the acetyl
moiety of ansellone A is vital for bioactivity. Important to note, the ECs, value of ansellone A in this
assay was determined to be 38 pM, which is almost 3 fold higher than the previously reported ECsg
value (14 uM) for ansellone A (Figures 40B and 41A). This substantial difference between ECs
values can likely be accounted for by either the inaccuracy of weighing sub-milligram amounts of
compound or by incomplete dissolution when solvating the compound. Therefore, the inactivity of
deacetylated ansellone A in the HEK-pHTS-CRE bioassay suggests that the acetyl group of ansellone

A is essential for bioactivity.
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Figure 41. Characterization of Ansellone Derivatives in the Bioassay

(A) Ansellone A and Deacetylated Ansellone A Standard Curves. HEK-pHTS-CRE cells were
induced with varying concentrations of ansellone A and deacetylated ansellone A and light output
measured. The ECsy value was determined to be 38 uM for ansellone A and not determined for
deacetylated ansellone A. (B) Ansellones B, C, D and E Standard Curves. HEK-pHTS-CRE cells
were induced with varying concentrations of ansellones B, C, D and E and light output measured.
The ECsy values were not determined. Relative light output was calculated by dividing total light
output by background light output. Data are expressed as means + SEM, n=3.

The search for additional sesterterpenoids in Phorbas sp. resulted in the isolation of
ansellones B - E (structures not shown). As with the isolation of ansellone A, a sample of Phorbas
sp. was extracted to yield a methanolic extract (performed by Julie Daoust). The methanolic extract
was then chromatographed on a silica gel column with a 100% hexanes to 2:3 hexanes:ethyl acetate
gradient to yield ansellones A - E (performed by Julie Daoust). Ansellones B, C and D eluted at 4:1
hexanes:ethyl acetate while impure ansellone E eluted at 1:1 hexanes:ethyl acetate. The eluent
containing ansellones B, C and D was further fractionated using normal phase HPLC (7:3
hexanes:ethyl acetate) to yield pure ansellones B, C and D, while the eluent containing impure
ansellone E was subjected to HPLC (3:2 acetonitrile:water) to yield pure ansellone E (performed by
Julie Daoust). As seen in Figure 41B, ansellones B - E did not significantly stimulate cAMP
signalling or light output in the HEK-pHTS-CRE bioassay, but rather appeared to be cytotoxic.
Since ansellones B - E did not significantly stimulate light output in the HEK-pHTS-CRE bioassay,
their ECsy values were not determined (Figure 41B). The inactivity of ansellones B and C is likely
due to the absence of the dihydrochromanone moiety in both structures, while the inactivity of
ansellone D is likely due to the positioning of the oxygen on ring C. Mass spectrometry and NMR
techniques were used by Julie Daoust to elucidate the structures of ansellones B - D. The structure of
ansellone E remains to be determined. Thus, the marine sponge Phorbas sp. contains several inactive

sesterterpenoids in addition to biologically active ansellone A.
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5.2 Hits That Modulate the Incretin Receptors

As described in the introduction, the modulation of the incretin receptors is an important
avenue for the development of drugs to treat diabetes and/or obesity. GIP receptor antagonists have
demonstrated beneficial effects in animal models of diabetes and obesity. For example, studies
involving GIPR-/- mice, peptidyl and non-peptidyl GIP receptor antagonists, selective K-cell
destruction and vaccination against GIP have revealed that GIP receptor blockade results in weight
reduction and an improvement in insulin sensitivity. In addition, GLP-1 receptor agonists have been
extensively shown to cause weight loss and improve glucose homeostasis in human patients with
type 2 diabetes. Thus, the major aim of this thesis was to screen marine invertebrate and bacterial
extracts for compounds capable of antagonizing the GIP receptor and/or activating the GLP-1
receptor. After screening over 2000 extracts, extract RJA 03-486 was identified as a putative dual
GIP receptor antagonist and GLP-1 receptor agonist hit. The following sections describe the
identification, isolation and characterization of the active compound in extract RJA 03-486,

halistanol sulphate.

5.2.1 Halistanol Sulphate

5.2.1.1 Characterization of Halistanol Sulphate in the Bioassay

While screening Plate Series 1, extract RJA 03-486 was determined to be a putative GIP
receptor antagonist hit as it reduced light output in HEK-hGIPR-Luc cells (Figure 42A; hit extract
RJA 03-486 is identified with a # symbol). Extract RJA 03-486 was extracted exhaustively with
methanol from an unidentified marine sponge, which was collected by SCUBA in Papua New
Guinea by Dr. Andersen's laboratory. Before isolating the active compound in extract RJA 03-486,
concentration-response experiments were performed with the crude extract in both the GIP and GLP-
1 bioassays (Figures 42B and 42C). As seen in Figure 42B, extract RJA 03-486 (GIPR Antagonist
Hit 1, identified with a # symbol) significantly blocked GIP receptor signalling or light output at
concentrations of 1X and 5X compared to DMSO controls in the GIP bioassay in the presence of GIP
(an extract concentration of 1X corresponds to the concentration of extract used for screening and is
equivalent to 12 mg/L). In addition, extract RJA 03-486 inhibits GIP receptor signalling or light
output in a concentration-dependent manner and reduces GIP receptor signalling to near background
levels (Figure 42B). However, in the GLP-1 bioassay in the presence of GLP-1, extract RJA 03-486
(GIPR Antagonist Hit 1, identified with a # symbol) did not significantly reduce GLP-1 receptor
signalling or light output compared to DMSO controls (Figure 42C). These results demonstrated that
extract RJA 03-486 significantly inhibits GIP receptor signalling but not GLP-1 receptor signalling,
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Figure 42. GIP Receptor Antagonist Hit Identification and Characterization

(A) GIP Receptor Allosteric Modulator and Antagonist Screen. HEK-hGIPR-Luc cells were induced
with 200 nl of marine invertebrate extract in the presence of 1 nM GIP and light output measured.
Yellow bars represent DMSO control wells, green bars represent non-specific hits and red bars
represent specific hits. Relative light output was calculated by dividing total light output by
background light output. (B) GIP Receptor Antagonist Hits Response in HEK-hGIPR-Luc Cells.
HEK-hGIPR-Luc cells were induced with varying concentrations of GIP receptor antagonist hits (1-
10) in the presence of 1 nM GIP and light output measured. (C) GIP Receptor Antagonist Hits
Response in HEK-hGLP-1R-Luc Cells. HEK-hGLP-1R-Luc cells were induced with varying
concentrations of GIP receptor antagonist hits (1-10) in the presence of 10 pM GLP-1 and light
output measured. DMSO control wells (D) contained an equivalent concentration of DMSO to the
samples in the presence of peptide but absence of hit extract. Background wells (B) did not receive
peptide or hit extract. Hit extract RJA 03-486 is identified with a # symbol. * p < 0.05 compared to
an equivalent concentration of DMSO. Data are expressed as means + SEM, n=3.
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suggesting that extract RJA 03-486 contains a selective GIP receptor antagonist hit compound. The
other hit extracts (GIPR Antagonist Hits 2-10) shown in Figures 42B and 42C were eventually ruled
out as GIPR antagonist hits, as discussed in Chapter 4. Thus, extract RJA 03-486 was identified as a
putative GIP receptor antagonist hit and was of interest for further investigation.

As extract RJA 03-486 was a crude extract containing many compounds, the next step was to
isolate and identify the compound acting as a GIP receptor antagonist in the extract. A candidate
compound highly abundant in extract RJA 03-486 that had been previously isolated by the Andersen
lab, halistanol sulphate (Figure 43), was a candidate for the active compound. The isolation of
halistanol sulphate involved partitioning crude extract RJIA 03-486 between water and ethyl acetate,
followed by n-butanol, and evaporating the fractions to dryness (performed by David Williams,
University of British Columbia). The n-butanol fraction was then subjected to Sephadex LH20
chromatography with 4:1 methanol:dichloromethane as the eluent to yield pure halistanol sulphate
(performed by David Williams) (Figure 43). The structure of halistanol sulphate was determined by
the Andersen laboratory using mass spectrometry and NMR techniques. As seen in Figure 44A, both
halistanol sulphate and crude extract RJA 03-486 significantly inhibited GIP receptor signalling or
light output in a concentration-dependent manner compared to DMSO controls in the GIP bioassay in
the presence of GIP. In addition, the highest concentration of halistanol sulphate tested (10X) was
able to completely block GIP receptor signalling or light output to background levels (Figure 44A).
However, in the absence of GIP, neither halistanol sulphate nor crude extract RJA 03-486
significantly inhibited GIP receptor signalling or light output in the GIP bioassay (Figure 44B). The
inability of halistanol sulphate to block GIP receptor signalling or light output in the absence of GIP

Figure 43. Structure of Halistanol Sulphate
Halistanol Sulphate Structure. The structure of halistanol sulphate was elucidated via mass
spectrometry and nuclear magnetic resonance techniques by David Williams.
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Figure 44. Characterization of Halistanol Sulphate in the Bioassay

(A, B) Halistanol Sulphate Response in HEK-hGIPR-Luc Cells. HEK-hGIPR-Luc cells were
induced with varying concentrations of halistanol sulphate (HS, 1X = 16 uM) and crude extract RJA
03-486 (CR) in the presence (A) or absence (B) of 1 nM GIP and light output measured. (C)
Halistanol Sulphate Response in HEK-hGLP-1R-Luc Cells. HEK-hGLP-1R-Luc cells were induced
with varying concentrations of halistanol sulphate and crude extract in the presence of 10 pM GLP-1
and light output measured. DMSO control wells contained an equivalent concentration of DMSO to
the samples in the absence of hit extract and presence (A, C) or absence (B) of peptide. Background
wells (B) did not receive hit extract or peptide. * p < 0.05 compared to equivalent concentration of
DMSO. Data are expressed as means = SEM, n=3.
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suggests that halistanol sulphate is indeed an antagonist of the GIP receptor rather than a cytotoxic
compound. Furthermore, in the presence of GLP-1 in the GLP-1 bioassay, neither halistanol sulphate
nor crude extract RJA 03-486 significantly reduced GLP-1 receptor signalling or light output
compared to DMSO controls (Figure 44C). Interestingly, intermediate concentrations of halistanol
sulphate significantly stimulated GLP-1 receptor signalling or light output in the GLP-1 bioassay
(Figure 44C), suggesting that halistanol sulphate is acting as a dual GIP receptor antagonist/GLP-1
receptor activator. However, high concentrations of halistanol sulphate (5X and 8X) had no effect on
GLP-1 receptor signalling (Figure 44C); this finding is yet to be explained and thus requires further
investigation. Interestingly, extract RJA 03-486 did not significantly increase light output in the
GLP-1 bioassay when originally characterized (Figure 42C), but did significantly increase light
output in the GLP-1 bioassay at a concentration of 5X upon subsequent testing (Figure 44C). A
possible explanation for this inconsistency is that the composition of compounds in the fresh extract
sample was different than the composition of compounds in the extract after multiple freeze/thaw
cycles. Finally, the opposing actions of halistanol sulphate on the GIP and GLP-1 receptors provides
support that halistanol sulphate is indeed acting on these receptors rather than through a common
pathway in the cell lines to alter cellular signalling. Therefore, halistanol sulphate was determined to
be the active compound in extract RJA 03-486 and acts as a dual GIP receptor antagonist/GLP-1
receptor agonist in the bioassay.

5.2.1.2  Characterization of Halistanol Sulphate in the Receptor Binding Assay

In order to determine if halistanol sulphate affects the binding of GIP, GLP-1 or GCG to their
respective receptors, receptor binding assays were performed. In contrast to the bioassay, which
directly measures light output and indirectly measures receptor signalling, the receptor binding assay
directly measures the ability of a ligand to bind to a receptor. The ability of halistanol sulphate to
block GIP binding to the GIP receptor was first investigated. As seen in Figure 45A, halistanol
sulphate displaced [***1]GIP(1-42) binding to the GIP receptor in a concentration-dependent manner.
The 1Cso value for halistanol sulphate in the GIP receptor binding assay was determined to be 590
nM, while the 1Csy value for GIP was determined to be 3.1 nM (Figure 45A). The dynamic range of
halistanol sulphate in the GIP receptor binding assay was determined to be between 10 and 10* M,
compared to between 10 and 10° M for GIP (Figure 45A). Thus, halistanol sulphate displays a
broad range of activity in the GIP receptor binding assay, and is only ~200 fold less active at the GIP
receptor than GIP itself. The ability of halistanol sulphate to displace [***1]JGLP-1(7-36) amide
binding to the GLP-1 receptor was then investigated in the GLP-1 receptor binding assay. In contrast
to the activity of halistanol sulphate in the GIP receptor binding assay, halistanol sulphate only
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Figure 45. Characterization of Halistanol Sulphate in the Receptor Binding Assays

(A) Characterization of Halistanol Sulphate Binding to the GIP Receptor. Competition of *°I-GIP
binding was examined with cold GIP and halistanol sulphate (HS) in HEK-hGIPR-Luc cells. The
ICso values were determined to be 3.1 nM for GIP and 590 nM for halistanol sulphate (HS). (B)
Characterization of Halistanol Sulphate Binding to the GLP-1 Receptor. Competition of **°I-GLP-1
binding was examined with GLP-1 and halistanol sulphate in HEK-hGLP-1R-Luc cells. The ICso
values were determined to be 1.1 nM for GLP-1 and 68 uM for halistanol sulphate. (C)
Characterization of Halistanol Sulphate Binding to the GCG Receptor. Competition of *I-GCG
binding was examined with GCG and halistanol sulphate in HEK-hGCGR-Luc cells. The ICs
values were determined to be 48 nM for GCG and 53 puM for halistanol sulphate. Values are
expressed as a percentage of maximum specific binding and are means + SEM, n=3.
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blocked [**1]GLP-1(7-36) amide binding to the GLP-1 receptor at very high concentrations (10° and
10 M) (Figure 45B). The ICs, value for halistanol sulphate in the GLP-1 receptor binding assay
was determined to be 68 uM, which is ~60,000 fold higher than the 1Csy value for GLP-1 (1.1 nM)
(Figure 45B). In addition, the dynamic range of halistanol sulphate in the GLP-1 receptor binding
assay was determined to be between 10 and 10 M, compared to between 10™ and 10° M for

GLP- 1 (Figure 45B). Finally, a GCG receptor binding assay was also performed in order to evaluate
the ability of halistanol sulphate to displace [**I]GCG(1-29) binding to the GCG receptor. Similar to
the GLP-1 binding assay, halistanol sulphate was only able to displace [**1]JGCG(1-29) binding to
the GCG receptor at very high concentrations (10 and 10 M) (Figure 45C). As such, the dynamic
range of halistanol sulphate in the GCG receptor binding assay was only between 10° and 10 M,
compared to between 10" and 10° M for GCG (Figure 45C). In addition, the ICs, value for
halistanol sulphate in the GCG receptor binding assay was determined to be 53 puM, while the 1Cs
value for GCG was determined to be 48 nM (Figure 45C). Thus, halistanol sulphate displays a very
narrow range of activity in the GCG receptor binding assay, and is ~1100 fold less active at the GCG
receptor than GCG itself. These results are complimentary to the bioassay results, and demonstrate
that halistanol sulphate binds strongly to the GIP receptor, but also weakly to the GLP-1 and GCG
receptors. Furthermore, the bioassay results demonstrate that halistanol sulphate also modulates both
GIP and GLP-1 receptor activity and downstream signalling. Nonetheless, the ability of halistanol
sulphate to modulate GCG receptor signalling in the GCG bioassay has not yet been evaluated.
Important to note, the active concentrations of halistanol sulphate in the bioassay are very similar to
the active concentrations in the receptor binding assay, providing validation for the two techniques.
However, the dynamic range for halistanol sulphate in the GIP receptor binding assay (10 to 10 M)
is much larger than in the GIP bioassay (107 to 10 M). In addition, halistanol sulphate completely
blocks GIP receptor signalling in the GIP bioassay, but does not completely block [**I]GIP(1-42)
binding in the GIP receptor binding assay. A potential explanation for this discrepancy is that
halistanol sulphate is binding to the GIP receptor at a site other than the orthosteric site, inhibiting
receptor signalling but only partially blocking [***I]GIP(1-42) binding (likely via a conformational
change in the active site). Thus, the receptor binding assay results demonstrate that halistanol
sulphate binds predominantly to the GIPR but also to a lesser extent to the GLP-1R and GCGR.

5.2.1.3  Characterization of Halistanol Sulphate via Perifusion

After examining the cell signalling and receptor binding activity of halistanol sulphate, the
ability of halistanol sulphate to modulate insulin secretion from perifused mouse islets was next
investigated. The perifusion experiment was performed with technical assistance by Betty Hu. As
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outlined in Figure 46, the perifusion experiment was designed to evaluate the actions of GIP and
halistanol sulphate on insulin secretion. The control perifusion protocol was set up to determine the
effects of GIP on insulin secretion in the absence of halistanol sulphate (Figure 46A), while the
experimental perifusion protocol was designed to evaluate the effect of halistanol sulphate on GIP
induced insulin secretion (Figure 46B). Since halistnaol sulphate has been demonstrated (via
bioassays and receptor binding assays) to display antagonistic activity at the GIP receptor, it was
expected to inhibit GIP-stimulated insulin secretion but have no effect on insulin secretion in the
absence of GIP. Thus, the perifusion experiment was used to supplement the in vitro assays and give

insight into the ability of halistanol sulphate to modulate physiological activity in an in vitro system.
A

10 mM Glucose m

Halistanol Sulphate (10 uM)
10 mM Glucose m

Figure 46. Protocol for Perifusion of Mouse Pancreatic Islets

(A) Control Perifusion Protocol. The control perifusion protocol was designed as a control to reveal
the actions of GIP on insulin secretion in the absence of halistanol sulphate. (B) Experimental
Perifusion Protocol. The experimental perifusion protocol was designed to reveal any modulating
actions of halistanol sulphate on GIP-induced insulin secretion. Each protocol lasted 135 minutes,
with samples collected every 3 minutes. The perifusion experiment was performed with technical
assistance by Betty Hu.

The control perifusion protocol (Figure 46A) was first performed in order to determine the
effects of glucose and GIP on insulin secretion from perifused mouse islets in the absence of
halistanol sulphate. As seen in Figures 47A and 47C, there was an insignificant trend towards an
increase in insulin secretion when the islets were perifused with 10 mM glucose compared to 3 mM
glucose. The 10 mM glucose concentration was chosen for the experiment in order to only
moderately stimulate insulin secretion and allow for further stimulation with GIP; however, a higher
concentration of glucose would be required to significantly stimulate insulin secretion. After
stimulating the islets with 10 mM glucose, 10 nM GIP was added to the infusion solution in order to
determine the effect of GIP on insulin secretion. As seen in Figures 47A and 47C, GIP significantly
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increased insulin secretion from mouse islets in the presence of 10 mM glucose, validating the
perifusion system and the quality of the islets. However, after removing GIP from the perifusate,
insulin secretion did not significantly decrease, likely due to the lingering effects of GIP (remaining
GIP bound to the GIP receptor and the perifusion tubing) (Figures 47A and 47C). The perifusate was
then switched from 10 mM glucose to 3 mM glucose, with a large but insignificant decrease in
insulin secretion (Figures 47A and 47C). Finally, the islets were stimulated with 30 mM KCI to
ensure that the islets were still alive and responsive to stimuli (Figures 47A and 47C). As seen in
Figure 47C, KCI did not significantly stimulate insulin secretion, but did display a trend towards an
increase in insulin secretion. A larger number of replicates would likely result in a significant
increase in insulin secretion. Thus, the control perifusion protocol served to validate the perifusion
setup and the responsiveness of the islets, and confirmed that 10 nM GIP significantly stimulates
insulin secretion from perifused mouse islets in the absence of halistanol sulphate.

The experimental perifusion protocol (Figure 46B) was then performed in order to evaluate
the ability of halistanol sulphate to modulate GIP induced insulin secretion from mouse islets.
Similar to the control protocol, there was an insignificant increase in insulin secretion when inducing
the islets with 10 mM glucose compared to 3 mM glucose (Figures 47B and 47C). Halistanol
sulphate (10 uM) was then tested in the perifusion experiment in the absence of GIP and, as
expected, did not significantly alter insulin secretion in the presence of 10 mM glucose (Figures 47B
and 47C). After perifusing the islets with 10 uM halistanol sulphate and 10 mM glucose for several
minutes, 10 nM GIP was added to the perifusate. The addition of GIP to the perifusate (already
containing 10 uM halistanol sulphate and 10 mM glucose) resulted in a significant increase in insulin
secretion (Figures 47B and 47C). However, the presence of halistanol sulphate resulted in a
significant reduction in GIP induced insulin secretion, as evidenced by the statistically significant
difference in insulin release between the experimental perifusion experiment (10 mM glucose, 10 uM
halistanol sulphate and 10 nM GIP) and the control perifusion experiment (10 mM glucose and 10
nM GIP) (Figure 47C). As demonstrated in Figure 47C, the GIP stimulated increase in insulin
secretion was significantly weaker in the presence of halistanol sulphate (experimental perifusion)
compared to in the absence of halistanol sulphate (control perifusion). Furthermore, the removal of
10 uM halistanol sulphate from the perifusate did not result in a significant increase in insulin
secretion, likely due to the lingering effects of halistanol sulphate (remaining halistanol sulphate
bound to the GIP receptor and the perifusion tubing) (Figures 47B and 47C). As such, the glucose
and GIP induced insulin release following the removal of halistanol sulphate from the perifusate
(experimental perifusion) was significantly lower than the insulin release from islets never treated

with halistanol sulphate (control perifusion) (Figure 47C). This result fits with the previously

105



l 10 mM Glucose
_ [ ionmcr |
T
34
s
5
3 H[ m H
£
o Tunﬁﬂﬂ”
0 15 30 45 60 75 9 105 120 135
Time (min)
61 70 M Glucose | RCl
=
- 10 nM GIP
.E Al 0nM G
(=]
=
£
2 21
=
04
0 15 30 45 60 75 90 105 120 135
Time (min)
C . -

*

J

T 3 Control
Hl Experimental

g
(=]
1

* *

Average [Insulin] (ng/mL)
2 &

[ H
1—F
=

NN P Ny o¢6:¢6§c§%¢ Ny
L pr,gs L
%&

Figure 47. The Effect of Halistanol Sulphate on GIP-Stimulated Insulin Release From
Perifused Mouse Islets

(A) Control Perifusion Results. (B) Experimental Perifusion Results. (C) Summary of the Effect of
Halistanol Sulphate on GIP Induced Insulin Secretion. Isolated mouse islets were infused with low
glucose (LG, 3 mM), high glucose (HG, 10 mM), halistanol sulphate (HS, 10 uM), GIP (10 nM)
and/or potassium chloride (KCI, 30 mM) and the insulin content in the effluent determined with an
insulin RIA. For 30 minutes prior to infusion, the first 18 minutes of sample collection and the last
27 minutes of sample collection, islets were infused with 3 mM glucose. * p < 0.05. Data are
expressed as means + SEM, n=3.
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observed lag period that results after the removal of a drug from the perifusion system (Figure 47A).
In contrast to the control perifusion experiment, the switch from high glucose to low glucose in the
experimental perifusion resulted in a significant decrease in insulin secretion, while stimulation of the
islets with KCI resulted in a significant increase in insulin secretion (Figure 47C). Since the same
trend exists in the control perifusion experiment (Figure 47C), a larger number of replicates would
likely correct these discrepancies. Thus, these results demonstrate that halistanol sulphate
significantly blocks GIP induced insulin secretion but does not affect insulin secretion in the absence
of GIP, providing further support for the hypothesis that halistanol sulphate is a GIP receptor
antagonist.  In conclusion, halistanol sulphate displays physiologically relevant activity in

mammalian islets in addition to its previously described in vitro activity in tumour-derived cell lines.

5.2.1.4  Characterization of Halistanol Sulphate via Perfusion

After examining the effect of halistanol sulphate on insulin secretion in perifused mouse
islets, the next step was to evaluate the ability of halistanol sulphate to modulate insulin secretion ex
vivo from the perfused mouse pancreas. The surgical isolation of the mouse pancreas for perfusion
studies was performed by Gary Yang. As shown in Figure 48A, the perfusion experiment was
designed to investigate the actions of GIP and halistanol sulphate on insulin secretion. In particular,
the experimental perfusion protocol was designed to examine the effect of halistanol sulphate on GIP
induced insulin secretion. In contrast, the control perfusion experiment (Figure 48B) was used in
order to determine if halistanol sulphate had any effect on GLP-1 induced insulin secretion. As
halistanol sulphate acts predominantly as a GIP receptor antagonist (as demonstrated by the
bioassays and receptor binding assays), it was expected to reduce GIP-stimulated insulin secretion
but have no effect on insulin secretion in the absence of GIP in the experimental perfusion protocol.
In addition, as halistanol sulphate activated the GLP-1 receptor in the bioassay and weakly bound to
the GLP-1 receptor in the binding assay, it was expected that halistanol sulphate would augment
GLP-1 induced insulin secretion. Thus, the perfusion experiments were designed and performed in
order to supplement the in vitro studies and give insight into the ability of halistanol sulphate to
modulate incretin induced insulin secretion in a physiological system.

The experimental perfusion protocol (Figure 48A) was first performed in order to examine
the ability of halistanol sulphate to modulate GIP induced insulin secretion from the perfused mouse
pancreas. As seen in Figures 49A and 49C, 16.67 mM glucose significantly stimulated insulin
secretion compared to basal glucose (4.4 mM), validating the perfusion setup and the health of the
pancreata. After stimulating the pancreata for several minutes with 16.67 mM glucose, 10 uM

halistanol sulphate was added to the infusion solution in order to determine if halistanol sulphate
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Halistanol Sulphate (10 uM)
16.67 mM Glucose

Halistanol Sulphate (10 uM)
16.67 mM Glucose

Figure 48. Protocol for Perfusion of Isolated Mouse Pancreas

(A) Experimental Perfusion Protocol. The experimental perfusion protocol was designed to reveal
any modulating actions of halistanol sulphate on GIP-induced insulin secretion. (B) Control
Perfusion Protocol. The control perfusion protocol was designed as a control to reveal any
modulating actions of halistanol sulphate on GLP-1-induced insulin secretion. Each protocol lasted
81 minutes, with samples collected every 3 minutes. The surgical isolation of the mouse pancreas for
perfusion studies was performed by Gary Yang.

affected insulin secretion in the absence of GIP. Importantly, halistanol sulphate did not significantly
alter insulin secretion in the absence of GIP (Figures 49A and 49C). The pancreata were then
stimulated with 0.2 nM GIP in addition to 10 uM halistanol sulphate and 16.67 mM glucose. As
seen in Figures 49A and 49C, the addition of 0.2 nM GIP to the perfusion solution resulted in
significantly stimulated insulin secretion. Similarly, the infusion of 0.2 nM GIP, 10 uM halistanol
sulphate and 16.67 mM glucose to the pancreata significantly increased insulin secretion compared to
16.67 mM glucose alone (Figures 49A and 49C). In addition, there was no significant change in
insulin secretion once 10 uM halistanol sulphate was removed from the solution and only 0.2 nM
GIP and 16.67 mM glucose were infused (Figures 49A and 49C). These results demonstrate that GIP
significantly stimulates insulin secretion from the perfused mouse pancreas, validating the well
known role of GIP as an insulin secretagogue. Furthermore, halistanol sulphate did not significantly
alter GIP induced insulin secretion from the perfused mouse pancreas, suggesting that halistanol
sulphate, at the concentration tested, does not act as a GIP receptor antagonist in this model.
However, as seen in Figure 49A, there is a trend of increased insulin secretion after removing 10 uM
halistanol sulphate from the solution while still in the presence of 0.2 nM GIP and 16.67 mM

glucose. This finding suggests that halistanol sulphate may in fact be blocking insulin secretion from
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the perfused mouse pancreas in the presence of GIP (acting as a GIP receptor antagonist), but not at a
significant level. A potential reason why halistanol sulphate did not significantly alter GIP induced
insulin secretion in the perfused mouse pancreas is that the concentration of halistanol sulphate used
in the experiment was not high enough to function ex vivo. The concentration of halistanol sulphate
(10 pM) used for the perfusion was able to strongly block ?°I-GIP binding in the GIP receptor
binding assay (Figure 45A) and significantly block insulin secretion in the experimental perifusion
experiment (Figure 47C) but only moderately inhibit GIP receptor signalling in the bioassay (Figure
44A), and was chosen based on a limited supply of compound. Thus, further studies are warranted to
investigate the ability of halistanol sulphate to modulate GIP induced insulin secretion in a
physiological system.

Finally, the control perfusion protocol (Figure 48B) was executed in order to investigate the
ability of halistanol sulphate to alter GLP-1 induced insulin secretion from the perfused mouse
pancreas. Similar to the experimental protocol, the perfusion setup and health of the pancreata were
validated by the fact that 16.67 mM glucose significantly stimulated insulin secretion compared to
basal glucose (4.4 mM) (Figures 49B and 49D). Furthermore, 10 uM halistanol sulphate did not
significantly alter insulin secretion in the absence of GLP-1 (Figures 49B and 49D). In contrast to
the experimental protocol, the pancreata were then stimulated with 0.2 nM GLP-1 in the presence of
10 uM halistanol sulphate and 16.67 mM glucose. As seen in Figures 49B and 49D, insulin secretion
was significantly stimulated by the addition of 0.2 nM GLP-1 to the perfusion solution. In addition,
infusion with 0.2 nM GLP-1, 10 uM halistanol sulphate and 16.67 mM glucose resulted in
significantly increased insulin secretion compared to 16.67 mM glucose alone (Figures 49B and
49D). Furthermore, the removal of 10 uM halistanol sulphate from the infusion solution (also
containing 0.2 nM GLP-1 and 16.67 mM glucose) did not significantly alter insulin secretion
(Figures 49B and 49D). These results validate GLP-1 as an insulin secretagogue by demonstrating
that GLP-1 can significantly stimulate insulin secretion from the perfused mouse pancreas.
However, GLP-1 induced insulin secretion was not altered by halistanol sulphate in the perfused
mouse pancreas, suggesting that halistanol sulphate does not act as a GLP-1 receptor activator in this
model, at the concentration used. Nonetheless, there is a trend of decreased insulin secretion
following the removal of 10 uM halistanol sulphate from the solution (which still contains 0.2 nM
GLP-1 and 16.67 mM glucose) (Figure 49B). This trend suggests that halistanol sulphate may in fact
be augmenting insulin secretion from the perfused mouse pancreas in the presence of GLP-1 (acting
as a GLP-1 receptor agonist/allosteric modulator), but not to a significant level. As with the
experimental protocol, the inability of halistanol sulphate to significantly alter GLP-1 induced insulin

secretion may be due to the low concentration of halistanol sulphate used in the experiment. The
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Figure 49. The Effect of Halistanol Sulphate on Incretin-Stimulated Insulin Release From the
Perfused Mouse Pancreas

(A) The Effect of Halistanol Sulphate on GIP-Induced Insulin Secretion. (B) The Effect of
Halistanol Sulphate on GLP-1-Induced Insulin Secretion. (C) Summary of the Effect of Halistanol
Sulphate on GIP Induced Insulin Secretion. (D) Summary of the Effect of Halistanol Sulphate on
GLP-1 Induced Insulin Secretion. Isolated mouse pancreata were infused with low glucose (LG, 4.4
mM), high glucose (HG, 16.67 mM), halistanol sulphate (HS, 10 uM), GIP (0.2 nM) and/or GLP-1
(0.2 nM) and the insulin content in the effluent determined with an insulin RIA. For 30 minutes prior
to infusion and for the first 9 minutes of sample collection, pancreata were equilibrated with 4.4 mM
glucose. Relative [insulin] was calculated by subtracting basal insulin levels (in the presence of 4.4
mM glucose) from total insulin levels. * p < 0.05. Data are expressed as means = SEM, n=8.

concentration of halistanol sulphate (10 uM) used for the perfusion was only able to modestly block

125|_GLP-1 binding in the GLP-1 receptor binding assay (Figure 45B) and moderately stimulate GLP-
1 receptor signalling in the bioassay (Figure 44B). Thus, the trends in the modulation of insulin
secretion by halistanol sulphate match our hypothesis that halistanol sulphate acts as both a GIPR
antagonist and a GLP-1 receptor activator; nonetheless, subsequent studies are required to further

investigate this possibility.
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6 Chapter: Conclusions

6.1 Advantages and Limitations of the Bioassay and the Screening System

In order to screen marine invertebrate and bacterial extracts, several reporter cell lines were
developed. As described extensively in Chapters 2 and 3, the reporter cell lines, HEK-hGIPR-Luc,
HEK-hGLP-1R-Luc and HEK-hGCGR-Luc, express a receptor of interest (the GIP, GLP-1 or
glucagon receptor, respectively) as well as a luciferase gene driven by a cCAMP responsive element
(Figure 8). As these receptors are all GPCRs that feed into the CAMP signalling pathway, receptor
activation leads to an increase in CAMP levels and the production of luciferase (Figure 12). The
HEK-pHTS-CRE cell line, which has not been transfected with a receptor plasmid, acts as a negative
control cell line as it measures CAMP signalling in the absence of a receptor. Using these reporter
cell lines, a functional bioassay was developed. The bioassay involves incubating the reporter cells
in the presence of antigen or marine invertebrate/bacterial extract and then adding luciferase substrate
and measuring light output. Thus, the bioassay facilitates the detection of GIP, GLP-1 or glucagon
receptor activity via the measurement of light output.

The developed bioassay poses many advantages over the typical antigen quantification
systems such as the enzyme-linked immunosorbent assay (ELISA) or RIA. One of the major
differences of the bioassay compared to other antigen measurement systems is that the bioassay
measures biological activity rather than immunoreactivity. While an ELISA or RIA can be tailored
to only measure active forms of an antigen (for example, the Millipore GLP-1 (active) ELISA,
catalogue number EGLP-35K), it is important to recognize that antigen immunoreactivity does not
necessarily correspond with bioactivity. Furthermore, while both the ELISA and RIA are capable of
measuring the amount of antigen in a sample, they are not capable of measuring receptor activity via
activation by unknown compounds. Moreover, the ELISA and RIA are much more expensive than
the bioassay; the cost to run one 96-well plate through the bioassay is under $25, far less than the
$200 - $500 cost of testing the equivalent number of samples in an ELISA or RIA. Thus, the
bioassay is a cost-effective technique amenable to high-throughput screening, and is far superior to
the ELISA and RIA for this purpose. In addition, compared to other reporter systems, such as a
green fluorescent protein reporter, the bioassay allows for signal amplification, leading to increased
sensitivity and a lower limit of detection. Finally, the reporter system uses a simple output
parameter, light output, which can easily and rapidly be measured using a luminometer. Thus, the
bioassay possesses many beneficial characteristics that make it an excellent research tool to screen
for incretin receptor modulators.

The advantages of using a bioassay to screen for modulators of the GIP, GLP-1 or glucagon

receptors have also been recognized by others. Indeed, several other groups have also developed
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similar bioassays. Compared to the GLP-1 bioassays developed by Chen et al. and Knudsen et al.,
which display ECs, values of 68 pM and 23 pM, respectively (Chen et al., 2007; Knudsen et al.,
2007), our GLP-1 bioassay is more sensitive, with an ECsg value of 2.8 pM. Furthermore, our GLP-1
bioassay is much more sensitive than the calcium flux assay described by Multispan, which displays
an ECs value of 160 nM (Multispan, 2005b). In addition, commercial GIP and glucagon bioassays
are also available from Multispan (Multispan, 2005a; Multispan, 2005c). Compared to the GIP
bioassay produced by Multispan, which displays an ECs, value of 160 pM (Multispan, 2005a), our
GIP bioassay is only slightly less sensitive (displays an ECs, value of 560 pM). However, the
glucagon bioassay described by Multispan displays an ECsy value of 48 pM (Multispan, 2005c),
which is less sensitive than our glucagon bioassay (displays an ECsy value of 2.5 pM). Finally, the
bioassays are not without limitations; the bioassay procedure is time-consuming (2-day procedure)
and requires the use of live cells (which require resources and time to maintain in culture, and are
susceptible to ills such as contamination and temperature/pH shifts). Another limitation of the
bioassay is that it does not distinguish between cytotoxic compounds and compounds that decrease
light output by altering cellular signalling. In order to distinguish between these possibilities, a dual
luciferase reporter system could be used to normalize light output values; this might involve
transfecting the reporter cell lines with a renilla luciferase plasmid driven by a constitutively active
promoter in order to control for differences in cell viability. Nonetheless, the bioassays developed in
the Kieffer laboratory are valuable research tools that display equal or superior sensitivity to similar
bioassays developed by other groups.

As described in Chapter 4, over 2000 extracts (14 marine invertebrate extract 96-well plates
and 10 bacterial extract 96-well plates) were tested in each of four screens: the GIP receptor agonist
screen, the GIP receptor allosteric modulator and antagonist screen, the GLP-1 receptor agonist
screen and the GLP-1 receptor allosteric modulator screen. In these screens, multiple non-specific
hits, or compounds that modulate the cAMP signalling pathway independent of the incretin receptors,
were identified, while only one specific hit, or compound that modulates the incretin receptors, was
identified. In comparable screens, Knudsen et al. screened 250,000 small molecule compounds
before identifying a GLP-1 receptor modulator (Knudsen et al., 2007), while Chen et al. screened
48,160 synthetic and natural compounds in order to identify two GLP-1 receptor modulators (Chen et
al., 2007). Thus, compared to other high throughput screening projects, our screens have yielded an
impressive hit to non-hit ratio. One potential explanation for why our screens yielded a much higher
hit to non-hit ratio is that the extracts we screened contained mixtures of several different
compounds, effectively allowing us to screen more individual compounds more quickly. However,

screening mixtures of multiple compounds also poses a disadvantage; compounds that act as incretin
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receptor modulators could be overlooked if they are present in the same extract as a cytotoxic
compound or another incretin receptor modulator with an opposing effect. Another explanation for
why our screens yielded a higher hit to non-hit ratio is that the extracts that we screened contained a
high percentage of biologically active compounds. As described in the introduction, and as
demonstrated in the screening results, marine invertebrate extracts generally contain a wide array of
biologically active compounds (Cordier et al., 2008). However, our screens revealed that the
bacterial extracts were much less active than the marine invertebrate extracts. This difference in
activity could be due to inherent differences in biological activity between compounds isolated from
marine invertebrates and bacteria, or could be due to the use of a sub-optimal concentration of
bacterial extract in the screens. As the hit rate typically rises as the concentration increases and falls
as the concentration decreases (due to toxicity of the compounds), an optimal extract concentration is
required in order to identify hits without harming the cells. Since cytotoxic effects were not evident
in the majority of the wells incubated with bacterial extracts, the bacterial extract concentration used
for screening was probably too low rather than too high. Thus, if we were to perform additional
screens with bacterial extracts, we would use a higher concentration of bacterial extract in the new
screens. In conclusion, our screens for incretin receptor modulators in marine invertebrate and
bacterial extract libraries resulted in a good hit to non-hit ratio and led to the identification of an
incretin receptor modulator.

As described in Chapter 4, several extracts were originally identified as hits during screening,
but were subsequently ruled out after further investigation. The most common reason why hits were
ruled out during subsequent testing was that the hits were shown to display activity in the negative
control cell line, HEK-pHTS-CRE, when tested at multiple concentrations. A potential explanation
for why the extracts did not display activity in the HEK-pHTS-CRE cell line when tested at a single
concentration, but displayed activity when tested over several concentrations, is that the cell lines
have different sensitivities to CAMP signalling. As such, an extract that was active in the HEK-
hGIPR-Luc cell line or the HEK-hGLP-1R-Luc cell line at a specific concentration may only be
active in the HEK-pHTS-CRE cell line at a concentration higher or lower than that. These findings
solidify the importance of testing hit extracts at multiple concentrations in the HEK-pHTS-CRE cell
line in order to eliminate hits that act in a non-specific manner to modulate cAMP signalling.
Another less common reason why hits were ruled out during subsequent testing was that fresh
aliquots of the hit extracts did not display reproducible activity in the cell line of interest. Possible
reasons why the fresh hit extracts did not display reproducible activity are that the concentration of
the active compound or of a counter-acting compound in the extract was altered in the original

sample due to multiple freeze/thaw cycles. Thus, the inability of the extract to display reproducible
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activity may be due to differences in the concentrations of active compounds and counter-acting
compounds between the fresh extract sample and the original extract sample. Nonetheless, the
majority of hit extracts were reproducible in the cell line of interest, validating that the criteria for
determining a hit were stringent enough to identify real hits. Thus, the screening techniques and hit

criteria used were able to accurately identify reproducible hits.

6.2 Compounds That Activate cAMP Signalling

As extensively described in Chapter 5, the alotaketals and ansellones were discovered as
novel compounds that activate the cAMP signalling pathway. Although these novel molecules are
not of interest as therapeutics to treat diabetes or obesity, they still hold value. For example, the
alotaketals and ansellones can be used as research tools. Similar to forskolin, the alotaketals and
ansellones can be used to stimulate cAMP signalling in cells in order to examine various aspects of
the pathway or can be used as tools to investigate other scientific questions. Furthermore, the
alotaketals and ansellones also contain unprecedented carbon skeletons that are of interest in organic
chemistry and other fields. These novel carbon skeletons can be structurally modified or can be the
source of inspiration for the development of novel drugs to treat various diseases. In addition, the
novel compounds can offer insight into the biology of the organisms that produce them, in this case,
marine sponges. Thus, the discovery of novel compounds involved in cAMP signalling is beneficial
to several different scientific disciplines.

Although the alotaketals and ansellones were determined to activate the cAMP signalling
pathway, the specific target of these molecules is still not known. As discussed in Chapter 5,
alotaketal B displays a trend towards concentration-dependently increasing CAMP concentrations in
HEK-pHTS-CRE cells, but this trend cannot be confirmed with statistical analysis since the number
of replicates was less than 3 (Figure 38B). In order to confirm these results, a CAMP assay with the
alotaketals would need to be repeated with a larger number of replicates. It would also be
worthwhile to test the ansellones in the cCAMP assay at the same time. Future experiments to
determine the mechanism of action of the alotaketals and ansellones include enzymatic assays of
adenylyl cyclase and phosphodiesterase and western blots to determine if protein levels of
phosphorylated CREB and PKA are altered. Furthermore, additional experiments with alotaketal and
ansellone derivatives could be performed in order to further investigate structure-activity
relationships, and to determine whether or not the alotaketals and ansellones act on the same target.
Therefore, further investigation is required in order to determine the specific target of the alotaketals

and ansellones, and to learn more about the structure-activity relationships of these compounds.
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6.3 Halistanol Sulphate

After screening over 2000 marine invertebrate and bacterial extracts, extract 03-486 was
determined to be a putative GIP receptor antagonist hit. Crude extract 04-486 displayed a
concentration-dependent decrease in light output in the GIP bioassay in the presence of GIP, but not
in GLP-1 bioassay in the presence of GLP-1 (Figure 42). Halistanol sulphate (Figure 43) was
isolated as the active compound from extract 03-486, and was shown to concentration-dependently
decrease light output in the GIP bioassay in the presence of GIP, but not in the absence of GIP
(Figures 44A and 44B). On the other hand, halistanol sulphate increased activity in the GLP-1
bioassay in the presence of GLP-1, suggesting that halistanol sulphate was also acting as a GLP-1
receptor allosteric modulator or ago-allosteric modulator (Figure 44C). Halistanol sulphate was then
evaluated in the binding assay, and was shown to displace [***I]GIP(1-42) binding from the GIP
receptor in a concentration-dependent manner (Figure 45A). Halistanol sulphate also displaced
[***1]GLP-1(7-36) amide binding to the GLP-1 receptor and [***1JGCG(1-29) binding to the GCG
receptor, but only at a very high concentration (100 uM) (Figures 45B and 45C). These in vitro
studies demonstrated that halistanol sulphate was acting as a GIP receptor antagonist, as well as a
GLP-1 receptor agonist/allosteric modulator and potentially as a GCG receptor modulator.

In order to complement the in vitro assays performed in the tumour-derived cell lines with
halistanol sulphate, perifusion and perfusion experiments were performed in mouse islets and mouse
pancreata, respectively. In mouse islets, halistanol sulphate significantly blocked GIP induced
insulin secretion but did not affect insulin secretion in the absence of GIP (Figure 47). Thus, the
perifusion studies provide further support that halistanol sulphate is a GIP receptor antagonist.
However, in mouse pancreata, halistanol sulphate did not significantly alter GIP induced insulin
secretion (Figure 49C). Nevertheless, there was a trend towards an increase in insulin secretion after
removing halistanol sulphate from the perfusate (which also contained GIP and high glucose)
(Figures 49A and 49C). Similarly, halistanol sulphate did not significantly alter GLP-1 induced
insulin secretion from mouse pancreata, but there was a trend towards decreasing insulin secretion
following the removal of halistanol sulphate from the perfusate (which also contained GLP-1 and
high glucose) (Figures 49B and 49D). Therefore, the perfusion studies suggest that halistanol may be
acting to block GIP-induced insulin secretion and augment GLP-1 induced insulin secretion from the
perfused mouse pancreas, but not to significant levels. As discussed in the results section, the
inability of halistanol sulphate to significantly modulate GIP or GLP-1 induced insulin secretion may
be due to the low concentration (10 pM) used in the experiment. Although halistanol sulphate was
active in the bioassay, the receptor binding assay and the perifusion experiment at a concentration of

10 uM, this concentration might have been too low to result in significant effects ex vivo in the
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mouse pancreas. Thus, further experiments are warranted to investigate the ability of halistanol
sulphate to modulate GIP and GLP-1 induced insulin secretion in a physiological system.

Although the in vitro studies performed in this thesis strongly suggest that halistanol sulphate
is acting as a GIP receptor antagonist and a GLP-1 receptor activator, additional experiments would
be useful in order to learn more about the mechanism of action of halistanol sulphate. As described
above, halistanol sulphate was shown to significantly enhance light output in the GLP-1 bioassay in
the presence of GLP-1, suggesting that halistanol sulphate is capable of acting as a GLP-1 receptor
allosteric modulator. Interestingly, allosteric modulators of GPCRs have been suggested to act via
the stimulation of receptor dimerization (Bai, 2004; Jensen and Spalding, 2004). However, it is
unknown whether halistanol sulphate acts as a GLP-1 receptor allosteric modulator or ago-allosteric
modulator (functions as both an agonist and an allosteric modulator). In order to determine if
halistanol sulphate also displays agonistic activity at the GLP-1 receptor, a GLP-1 bioassay will be
performed with halistanol sulphate in the absence of GLP-1. If halistanol sulphate is able to
significantly increase light output in the GLP-1 bioassay in the absence of GLP-1, this would suggest
that halistanol sulphate is acting as a GLP-1 receptor ago-allosteric modulator. On the other hand, if
halistanol sulphate is not able to significantly enhance light output in the GLP-1 bioassay in the
absence of GLP-1, this would suggest that halistanol sulphate is acting solely as a GLP-1 receptor
allosteric modulator. In addition, the characterization of halistanol sulphate in the GCG receptor
bioassay is essential. Although halistanol sulphate was previously shown to block GCG binding to
the GCG receptor (Figure 45C), it is unknown whether or not halistanol sulphate modulates GCG
receptor signalling. In order to determine if halistanol sulphate modulates GCG receptor activity, and
if it acts as a GCG receptor agonist, allosteric modulator or antagonist, GCG bioassays with
halistanol sulphate (both in the presence and absence of GCG) will be performed. Furthermore, it is
unclear from the performed experiments whether halistanol sulphate mediates its effects by
sequestering GIP (so that it is unavailable to interact with the GIP receptor) or by physically binding
to the GIP receptor. In order to determine if halistanol sulphate mediates its effects by binding to the
GIP receptor, saturation transfer double-difference NMR experiments in the HEK-hGIPR-Luc cell
line will be performed. The Andersen laboratory has recently used this approach to show that
haplosamate A binds selectively to human cannabinoid receptors, and we will follow the same
protocol in our studies (Pereira et al., 2009). Therefore, additional experiments are warranted in
order to gain further insight into the mechanism of action of halistanol sulphate.

In order to further investigate the ability of halistanol sulphate to modulate GIP and GLP-1
induced insulin secretion, additional perifusion and perfusion studies need to be performed. In the

perifusion studies, the ability of halistanol sulphate to modulate GIP induced insulin secretion was
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investigated, but its effects on GLP-1 induced insulin secretion were not examined. Thus, additional
perifusion studies could be performed in order to evaluate the ability of halistanol sulphate to
modulate GLP-1 induced insulin secretion. Additional perfusion experiments are also warranted in
order to provide better insight into the significance of the perfusion data. As seen in Figure 49C,
halistanol sulphate did not significantly inhibit GIP induced insulin secretion in the perfusion
experiments, even though there was a trend towards an increase in insulin secretion following the
removal of halistanol sulphate from the system. However, due to the lack of a proper control
protocol, it is impossible to determine whether or not halistanol sulphate partially inhibited GIP
induced insulin secretion. Thus, a control perfusion experiment performed in the absence of
halistanol sulphate (but presence of the other stimuli) would serve as a better control to compare the
experimental perfusion data against. In addition, halistanol sulphate did not significantly enhance
GLP-1 induced insulin secretion in the perfusion experiments, even though there was a trend towards
a decrease in insulin secretion following the removal of halistanol sulphate from the system. A
similar control perfusion protocol performed in the absence of halistanol sulphate (but presence of
the other stimuli) could be used to compare the GLP-1 experimental perfusion data against.
Furthermore, islets and pancreata from GIPR-/- and GLP-1R-/- mice could be used in the perifusion
and perfusion experiments as additional controls to validate that the actions of halistanol sulphate are
dependent on the presence of these receptors. Finally, the ability of halistanol sulphate to modulate
glucagon secretion could also be investigated in both the perifusion and perfusion experiments.
Thus, additional perifusion and perfusion studies are warranted in order to obtain better insight into
the significance of the obtained data.

Before proceeding to in vivo studies, the next step in drug development is to alter the
structure of halistanol sulphate in order to develop a more potent modulator. In drug development, it
is important that the potential drug has a high affinity for the receptor(s) of interest, since
administering large quantities of a compound can be toxic and can cause unwanted side effects.
Thus, the higher the affinity of the molecule for the receptor(s) of interest, in this case the GIP, GLP-
1 and GCG receptors, the lower the concentration that needs to be administered and the lower the
probability of toxicity and side effects. As such, Chen et al. report that a major limitation of Boc5 (a
small molecule GLP-1 receptor agonist) is its relatively weak potency (the ECsy value of Boc5 is
2.73 uM and the ICsy value is 1.47 uM) (Chen et al., 2007). In addition, Knudsen et al. report that
Compound 2 (another small molecule GLP-1 receptor modulator) is not potent enough to use as a
drug (the ECs value of Compound 2 is 101 nM) (Knudsen et al., 2007). Similarly, Compound B (a
novel small molecule GLP-1 receptor agonist) displays an ECs, value of 660 nM and requires

structural optimization in order to improve its pharmacokinetic properties and clinical potential
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(Sloop et al., 2010). Thus, halistanol sulphate is also likely too weak to use as a therapeutic agent
(the 1Csp values of halistanol sulphate are 590 nM in the GIP binding assay, 68 uM in the GLP-1
binding assay and 53 uM in the GCG binding assay). In order to optimize the structure of halistanol
sulphate to develop a more potent drug, the binding mode of halistanol sulphate to the GIP, GLP-1
and GCG receptors will be determine via molecular docking studies (Moitessier et al., 2008).
Computer-aided structure-based drug design has aided in the development of many drugs that are
now in late-stage clinical trials or have reached the market (Borman, 2005). Once the binding mode
of halistanol sulphate is determined, informative structural modifications will be made in order to
attempt to develop a more potent modulator. The structural variants will then be tested for activity in
the GIP, GLP-1 and GCG bioassays and structure-activity relationships determined. This
information will then be used to develop the most potent structural analogue of halistanol sulphate
possible. In addition, the structure of halistanol sulphate can be altered in order to generate a
compound with an optimal balance of GIP, GLP-1 and GCG receptor activity to create a very potent
and highly efficacious triple receptor modulator. Thus, the structural modification of halistanol
sulphate to develop a more potent GIP, GLP-1 and GCG receptor modulator is an essential step in
drug development.

Ultimately, in vivo animal studies will constitute the most significant phase of evaluation of
halistanol sulphate. As GIP and GLP-1 modulate insulin and glucagon secretion, we will begin by
assessing the effect of halistanol sulphate on insulin, glucagon and glucose levels, both in overnight-
fasted and refed 10-12 week old male C57BL/6 mice. Halistanol sulphate will be injected into the
intraperitoneal cavity and insulin, glucagon and glucose levels measured in order to assess the effects
of halistanol sulphate on physiological levels of GIP and GLP-1. In order to assess the effect of
halistanol sulphate on pharmacological levels of GIP and GLP-1, halistanol sulphate will be injected
into the intraperitoneal cavity in addition to GIP and GLP-1 and insulin, glucagon and glucose levels
measured. Studies will also be performed to test for acute anorectic effects of GIP and GLP-1
receptor modulation by halistanol sulphate. Overnight-fasted C57BL/6 mice will be injected with
halistanol sulphate and cumulative food intake and body weight monitored for 24 hours. If effects on
food intake and/or body weight are observed, follow-up studies will be performed to more
thoroughly assess these parameters, as well as assess water intake, body temperature, energy
expenditure and activity levels with metabolic cages at the Centre for Disease Modeling at UBC.
Throughout these studies, the general health of all animals will be carefully monitored and the
toxicity and side-effect profile of compounds assessed.

In addition to acute studies, chronic studies will also be performed to investigate the

physiological effects of halistanol sulphate. As such, halistanol sulphate will be administered once a
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day by intraperitoneal injection to 10-12 week old db/db mice for 6 weeks. For the duration of the
study, including 1 week prior to the start of injections, body weight and blood glucose levels will be
measured and plasma samples collected from 6 hour fasted mice twice weekly. At the end of the
study, oral glucose tolerance and insulin tolerance tests will be performed on 6 hour fasted mice.
Treatments will then cease, but the twice weekly body weight and blood glucose level monitoring
and plasma sampling will continue for 6 weeks. Following the 6 week post-injection monitoring
period, the oral glucose tolerance and insulin tolerance tests will be repeated. Insulin and glucagon,
free fatty acid and triglyceride levels will then be measured from the plasma samples. Additional
studies could include measuring B-cell mass, lean to lipid mass ratios by NMR, or hepatic and
peripheral insulin sensitivity by hyperinsulinemic/euglycemic clamps.  Finally, the above
experiments would be repeated with oral administration of the hit compounds if positive results were
seen with intraperitoneal injections. If these in vivo studies demonstrate promising results, the Centre
for Drug Research and Development, a non-profit organization designed to bridge the gap between
potential drug discoveries in academia and the development of novel medicines to treat human
disease, will be used to aid in the development of halistanol sulphate into a novel therapeutic.

As described above, many additional studies are required in order to more accurately assess
the clinical potential of halistanol sulphate as an anti-diabetes/obesity drug. Nonetheless, we have
already shown that halistanol sulphate modulates GIP and GLP-1 receptor signalling, GIP, GLP-1
and GCG receptor binding and insulin secretion from mouse islets. In addition, the fact that
halistanol sulphate acts as a triple receptor modulator boasts great benefits in that it has the potential
to display additive therapeutic effects while counteracting undesirable effects. Furthermore, since
halistanol sulphate is a low molecular weight compound, there is a reasonable probability that it
could be administered orally, which would greatly improve patient satisfaction and quality of life.
However, there are some caveats for the potential use of halistanol sulphate as a diabetes and/or
obesity drug. Halistanol sulphate has been shown to exhibit many other biological effects, which
could result in a large side-effect profile. For example, halistanol sulphate has been shown to inhibit
the activity of pp60"*"®, an oncogenic protein tyrosine kinase (Slate et al., 1994). In addition,
halistanol sulphate inhibits the cytopathic effects of HIV-1 in human lymphoblastoid cells (McKee et
al., 1994) and demelanizes a pigmented human myeloma cell line (MM418) (Townsend et al., 1992).
Furthermore, halistanol sulphate has been shown to exhibit hemolytic activity (Moni et al., 1992) and
inhibit the P2Y 1, receptor, which is involved in platelet aggregation (Yang et al., 2003). Thus, these
studies demonstrate that halistanol sulphate displays a wide-range of in vitro effects, reducing the
clinical potential of halistanol sulphate as a diabetes and obesity drug. However, these studies may

not be relevant following the structural modification and optimization of halistanol sulphate to
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develop a compound with improved potency and specificity. Finally, since halistanol sulphate has
already been well characterized in the literature, it is not of interest to our organic chemistry
collaborators. Therefore, the clinical utility of halistanol sulphate may be limited due to its large
activity profile, but further studies are still required to determine if these in vitro effects are

significant in vivo.

6.4 GIP Receptor Antagonists vs. GIP Receptor Agonists

As described in detail in the introduction, there is sufficient evidence to suggest that both the
activation and inhibition of the GIP receptor are beneficial for the treatment of diabetes and/or
obesity. The beneficial outcomes of GIP receptor activation largely stems from the role of GIP in
glucose disposal (Kieffer, 2003). However, the therapeutic potential of GIP receptor agonists has
been criticized due to the attenuated insulinotropic actions of GIP in subjects with diabetes (Elahi et
al., 1994; Holst et al., 1997; Nauck et al., 1993a) and the role of GIP in obesity (Irwin and Flatt,
2009; Irwin et al., 2010; Kieffer, 2003). Nonetheless, the administration of D-Ala*>-GIP(1-42), a
DPP-4 resistant GIP analogue, resulted in an enhanced insulinotropic response and improved glucose
homeostasis in rodents with compromised GIP receptor expression (Hinke et al., 2002). In addition,
near-normalization of blood glucose levels in type 2 diabetic patients results in improved insulin
responses to GIP (Hojberg et al., 2009). Moreover, despite GIP being regarded as a pro-obesity
hormone, D-Ala?-GIP(1-30) enhanced insulin secretion and glycemic control in rodents without
affecting body weight (Widenmaier et al., 2010). Furthermore, D-Ala’>-GIP(1-30) displayed
markedly reduced effects on lipoprotein lipase activity in 3T3-L1 adipocytes compared to GIP(1-42),
despite exhibiting equivalent actions in vitro on B-cell function and survival (Widenmaier et al.,
2010). Thus, GIPR agonists that improve glucose homeostasis without increasing fat accumulation
may be beneficial for the treatment of diabetes. Nonetheless, further studies aimed at investigating
whether these GIP receptor agonists display comparable properties in humans remain to be
completed.

Although the studies described above, as well as other more recent studies, suggest that GIPR
agonism may be an effective strategy to treat diabetes (Hinke et al., 2002; Hojberg et al., 2009;
Renner et al., 2010; Saxena et al., 2010; Widenmaier et al., 2010), recent human data suggests that
this strategy is unlikely to be useful (Chia et al., 2009). The infusion of supraphysiological levels of
GIP into patients with type 2 diabetes resulted in worsened postprandial hyperglycemia, likely due to
the concomitant increase in glucagon and suppression of GLP-1 (Chia et al., 2009). Thus, GIP
receptor antagonism may actually be a more feasible strategy to treat human diabetes and obesity.

The evidence for beneficial GIP receptor antagonism is vast and revolves around the concept that
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GIP directly links chronic overnutrition to obesity (Miyawaki et al., 2002). For example, GIPR-/-
mice are protected from developing both obesity and insulin resistance when placed on a high fat diet
(Miyawaki et al., 2002). In addition, multiple studies with Pro®GIP, a putative GIPR antagonist,
suggest that GIPR antagonism reverses the obesity and insulin resistance induced in mice by the
prolonged consumption of a high-fat diet (Gault et al., 2007; Gault et al., 2005; Gault et al., 2002a;
Gault et al., 2003; Irwin et al., 2004; Irwin et al., 2007a; Irwin et al., 2007b; McClean et al., 2008a;
McClean et al., 2007; McClean et al., 2008b). Furthermore, selective K-cell destruction in mice
results in vastly decreased weight gain, reduced food intake, increased energy expenditure and
improved insulin sensitivity compared to wild-type littermates when placed on a high fat diet
(Althage et al., 2008). Finally, mice vaccinated with VLP-GIP displayed reduced fat accumulation
and weight gain when fed a high fat diet (Fulurija et al., 2008). Importantly, despite the incretin
action of GIP, VLP-GIP-treated mice did not show signs of glucose intolerance (Fulurija et al.,
2008). Thus, GIP receptor blockade does not appear to significantly impair insulin sensitivity or
glucose tolerance, providing further support for the use of GIP receptor antagonists to treat diabetes
and obesity. Furthermore, even though mild impairments in glucose homeostasis may result from
GIP receptor blockade in some cases (Lewis et al., 2000; Miyawaki et al., 1999), these impairments
will likely be outweighed by the anti-obesity benefits of GIP receptor blockade (Kieffer, 2003).
Therefore, these studies collectively support the concept that disrupting GIP signalling represents a
promising novel therapeutic strategy for the treatment of obesity. Moreover, the fact that a wide
range of unique approaches to impair GIP receptor signalling results in strikingly similar beneficial
effects strengthens this argument (Irwin and Flatt, 2009). Nonetheless, additional studies are
required in order to investigate the clinical potential of GIP receptor blockade in man (Irwin and
Flatt, 2009).

Although the evidence supporting GIP receptor antagonism is remarkably strong, there are
still some caveats to this approach. The inhibition of GIP receptor signalling interferes with the
proper deposition of triglycerides to adipose tissue, which could result in elevated plasma triglyceride
levels and an increased risk of coronary heart disease (Kieffer, 2003). Additional detrimental effects
of GIP receptor blockade include reduced bone mass and size, reduced B-cell mass and proliferation
and a diminished incretin response (Althage et al., 2008; Renner et al., 2010; Xie et al., 2005).
Furthermore, GIP receptor antagonism is susceptible to a wide range of side effects due to the broad
distribution of the GIP receptor (Kieffer, 2003). In addition, the effects of GIP receptor signalling
are not known for all of the tissues expressing the GIP receptor, making it impossible to accurately
predict the impact of GIP receptor blockade in these tissues (Kieffer, 2003). Nonetheless, GIPR-/-
mice are relatively healthy, supporting the safety of GIP receptor blockade (Miyawaki et al., 2002;
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Miyawaki et al., 1999). However, the relative health of GIPR-/- mice may not accurately predict the
health consequences of GIP receptor blockade later in life since some compensation to the life-long
absence of GIP receptor signalling likely occurred in these mice (Kieffer, 2003). Thus, future studies
aimed at evaluating the efficacy of GIP receptor blockade should also include careful side effect

profiling.
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