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Abstract
The Role of Incretin Hormones in Glucose Homeostasis
Doctor of Philosophy 2001
Laurie L. Baggio
Department of Laboratory Medicine and Pathobiology
University of Toronto

Incretins are hormones that are released from the gut in response to nutrient ingestion
and act to enhance glucose-stimulated insulin secretion. The two major peptides which have
been identified as incretin hormones are glucose-dependent insulinotropic polypeptide (GIP)
and glucagon-like peptide-1 (GLP-1). Previous glucoregulatory studies using receptor
knockout mice models suggest that the role of GIP is restricted to that of an incretin, whereas
GLP-1 also exhibits non-incretin effects. However, studies with genetically-modified mice
can be complicated by compensatory adaptive changes. To avoid this possibility, we
assessed the incretin and nonincretin actions of GIP and GLP-1 in wild-type mice using the
GLP-1 receptor antagonist exendin(9-39) and immunopurified anti-GIP receptor antisera to
antagonize GLP-1 and GIP action, respectively. Our results indicate that GLP-1, but not
GIP, plays an important role in regulating blood glucose levels in mice in a manner
independent of oral nutrient ingestion.

In addition to its role as an incretin, GLP-1 contributes to blood glucose lowering
through several different mechanisms and thus its therapeutic value as a treatment for
diabetes is currently under investigation. However, GLP-1 is rapidly catabolized by
dipeptidylpeptidase IV (DPP-IV) and therefore has a short plasma half-life, which may, in
turn, limit its therapeutic potential. Inhibition of DPP-IV activity could thus provide a means

to extend the half-life of GLP-1. However, DPP-IV may also act upon other substrates

important for glucoregulation. To investigate this possibility, we examined the effects of



DPP-IV inhibition in GLP-1 receptor knockout mice. Our results suggest that in addition to
GLP-1, other substrates are involved in the DPP-IV-mediated regulation of blood glucose
control.

Exendin-4 is a potent GLP-1 receptor agonist that was originally purified from lizard
venom and is currently being evaluated in clinical trials as a treatment for diabetes. Limited
information is available regarding the long-term effects of exendin-4 treatment in vivo. To
assess the physiological effects of chronic exendin-4 expression in vivo, we have generated
transgenic mice in which exendin-4 expression is under the control of an inducible promoter.
Our data indicate that sustained elevation of circulating exendin-4 has both predicted and

unanticipated effects on GLP-1 receptor-dependent physiological end points.
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Chapter 1. Introduction

The maintenance of normal glucose homeostasis is tightly regulated by the integrated
processes of hepatic glucose production, glucose uptake and utilization by peripheral tissues
and insulin secretion. Insulin, an important giucoregulatory hormone, is released in response
to elevated blood glucose levels and, among other functions, promotes glucose uptake from
the blood into adipocytes and muscle cells. Deficits in insulin secretion or action lead to
impaired glucose tolerance and the development of diabetes mellitus.

The primary regulator of insulin synthesis and secretion is the plasma glucose
concentration. In addition to glucose, insulin secretion is also modulated by the release of
peptide hormones from the gastrointestinal tract. The concept that factors released from the
gut in response to nutrient ingestion can stimulate secretion from the endocrine pancreas was
first proposed in the early 1900’s (1-4), and in 1929, the term “incretin” was introduced to
describe these putative gut factors (5). This connection between the gastrointestinal tract and
the endocrine pancreas was dubbed the “enteroinsular axis™ (6). The subsequent observation
by a number of investigators that oral glucose administration stimulates a greater increase in
insulin secretion from pancreatic B-cells than an isoglycemic intravenous infusion (7-11) has
been attributed to the action of incretins (3, 4). Thus, the term incretin refers to an agent that
is released from the gut in response to nutrient ingestion and acts to potentiate glucose-
stimulated insulin secretion (12).

The first incretin hormone to be identified was glucose-dependent insulinotropic
polypeptide (GIP) (13-17). In agreement with its role as an incretin, GIP is synthesized in
and released from intestinal K-cells, primarily in response to the ingestion of glucose or fat

(18, 19), and enhances glucose-stimulated insulin secretion (13, 14). However, it was



concluded that GIP alone cannot account fully for the incretin effect in vivo, based on the
following findings. (i) A portion of the incretin activity is preserved in rat gut extracts,
despite immunoneutralization of endogenous GIP activity (20, 21). (ii) Anti-GIP antiserum
depresses but does not eliminate insulin secretion in response to an oral glucose load in rats
(22). (iii) Surgical patients who have most of their ileum resected exhibit a much smaller
incretin effect relative to those who maintained a larger proportion of their ileum, despite
both groups of patients having similar plasma GIP levels (23).

The cloning and sequencing of mammalian genes and cDNAs encoding proglucagon
(24-26) led to the discovery of a second candidate incretin hormone, glucagon-like peptide |
(GLP-1). GLP-1, a post-translational proteolytic product of the proglucagon gene, is
released from intestinal L-cells into the circulation in response to the ingestion of glucose or
a mixed meal and potentiates glucose-stimulated insulin secretion (27-30). In addition to its
role as an incretin hormone, GLP-1 also lowers blood glucose by its ability to inhibit
glucagon secretion (31-35), food intake (36-41) and gastric emptying (42-46). GLP-1 also
confers glucose sensitivity to glucose resistant pancreatic 3-cells (47-49) and may also
promote glucose disposal in peripheral tissues (50-53). Recent studies have suggested that
GLP-1 may also have a role in B-cell neogenesis and proliferation (54-57).

To date, only GIP and GLP-1 have been identified as incretin hormones. These two
peptides augment glucose-stimulated insulin secretion in an additive manner and are thought
to account fully for the incretin effect (58, 59). Due to their ability to augment glucose-
stimulated insulin secretion, both GIP and GLP-1 represent potential therapeutic agents for
the treatment of diabetes. However, subsequent analysis of the insulinotropic activity of

these two peptides in type 2 (non insulin-dependent) diabetic patients revealed that the



incretin activity of GLP-1 was preserved in these patients but that of GIP was not (60). Thus,
clinical studies have focused on the use of GLP-1 for the treatment of diabetes. However, the
therapeutic potential of native GLP-1 may be limited as this peptide has a very short plasma
half-life (approx 90 sec) (61) due, in part, to its rapid inactivation by the peptidase
dipeptidylpeptidase IV (DPP-IV) (61-63).

The short half-life and potential therapeutic limitations of native GLP-1 prompted a
search for more suitable alternatives. Exendin-4, a naturally occurring, long-acting GLP-1
receptor agonist, was originally purified from the venom of a Heloderma suspectum lizard
(64) and subsequently found to elicit a variety of biological effects which mimic the actions
of GLP-1, including its abilities to: (i) enhance glucose-stimulated insulin secretion (65, 66);
(ii) regulate gastric emptying (67); (iii) act as a satiety factor (68-70), and (iv) promote
pancreatic endocrine cell differentiation and expansion of f-cell mass (55-57). In contrast to
GLP-1, exendin-4 is not a substrate for DPP-IV activity and thus has a much longer half-life
than GLP-1 (71). In addition, preliminary in vivo studies suggest that exendin-4 may be a
more potent insulinotropic agent than GLP-1 (68, 72). Currently exendin-4 is being
evaluated in clinical trials as a potential therapeutic agent for the treatment of diabetes
(Amylin Pharmaceuticals website; www.amylin.com).

The following sections summarize our current knowledge regarding the synthesis,
secretion and biological activities of GLP-1, GIP and exendin-4, as well as the molecular and

functional characteristics of DPP-IV and its role in glucose homeostasis.



1.1 Proglucagon and Proglucagon-Derived Peptides (PGDPs)
(a) Proglucagon Gene Expression

In mammals, the proglucagon gene consists of six exons and five introns and gives
rise to a single, identical mRNA transcript in the a-cells of the endocrine pancreas, the L-
cells of the intestine, and in hypothalamic nuclei and brainstem neuronal cell bodies in the
central nervous system (CNS; Fig. 1) (3, 73). In general, pancreatic proglucagon gene
expression is stimulated by fasting and hypoglycemia and inhibited by insulin (74, 75),
whereas in the intestine, proglucagon gene expression is up regulated by nutrients (76) and
possibly by peptides such as gastrin-releasing peptide (GRP) and GIP (77, 78). Agents
which activate the protein kinase A (PKA) pathway also up regulate proglucagon gene
expression in both the pancreas and intestine (79-81). Tissue specific expression of the
proglucagon gene is regulated by the interaction of a variety of transcription factors with
defined DNA regulatory sequences in the promoter and enhancer regions of the gene. Cell
transfection and transgenic mice studies have identified transcription factors and DNA
sequences that modulate proglucagon gene expression in the pancreas and intestine (Fig 2)
(4, 30, 82).

Several cis-acting sequences within the rat proglucagon gene promoter have been
identified as important control regions for gene expression. Gl is a promoter proximal
element which binds to the homeobox transcription factors Brn4, Pax6, cdx2/3 and isl-1 and
confers a-cell specific expression of the proglucagon gene (83-88). Recent studies have
indicated that Pax6 and cdx2/3, in association with a co-activator protein, p300, interact
synergistically to regulate proglucagon gene expression in islet cells (89). G2, and G3

represent proglucagon gene islet-cell specific enhancer-like elements (83). The G2 element
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Fig. 1. Proglucagon gene, mRNA and precursor protein structures. A: The
proglucagon gene is composed of six exons (E1-E6), which encode functional
domains of the proglucagon precursor protein, and S introns (IA-IE) and

gives rise to a single, identical mRNA transcript in the pancreas, brain and
intestine. M, translation start site; S, signal peptide; UTR, untranslated region.
The pairs of basic amino acids which serve as the sites for post-transiational
cleavage are indicated above the mRNA structure. Adapted from T.J. Kieffer
and J.F. Habener, Endocrine Reviews, 20(6): 876-913, 1999. B: Tissue specific
post-translational processing of proglucagon in the pancreas, intestine and brain.
The numbers above and below the structure pertain to amino acid positions in
proglucagon. For (A) and (B): GRPP, glicentin-related pancreatic polypeptide;
Gluc, glucagon; IP-1 and IP-2, intervening peptide 1 and 2; GLP-1 and GLP-2,
glucagon-like peptide-1 and -2; MPGF, major proglucagon fragment. Adapted
from D.J. Drucker, Diabetes, 47: 159-169, 1998.
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Fig. 2. DNA regulatory elements and their cognate transcription factors in
the 5’-flanking region of the rat proglucagon gene. GUE, glucagon upstream
enhancer; CRE, cAMP response element. G1 confers a-cell specific expression
to the proglucagon gene. G2, G3, and G4 are islet-specific enhancer elements
that confer pancreas-specific expression to the glucagon gene. TATA, TATA
box. The right angled arrow indicates the transcription start site.



binds different members of the hepatocyte nuclear factor 3 (HNF-3) family of transcription
factors to either enhance or repress proglucagon gene expression (90, 91). G2 also interacts
with members of the Ets family of transcription factors (92), and mediates protein kinase C
(PKC)-stimulated glucagon gene transcription in islets (93, 94). The G3 element interacts
with members of the HNF family of transcription factors (95), as well as the transcription
factor Pax6 (96). Recently, the transcription factor Pax2 has been detected in the endocrine
pancreas and shown to bind to the G1 and G3 elements of the proglucagon gene (97). Thus,
Pax2 may also be an important regulator of progiucagon gene expression. G3 also contains
an insulin response element believed to modulate insulin-mediated negative regulation of
proglucagon expression in a-cells (98). More recent studies have suggested that insulin
responsiveness is conferred to the proglucagon gene via synergistic interactions between
proximal promoter elements and more distal enhancer-like elements (99). G4 is a sub
element of G1 that binds the transcription factor Beta2/NeuroD (4, 100). The proglucagon
gene 5’-flanking sequences also contain a cAMP response element (CRE) which binds to a
cAMP response element binding protein (CREB), conferring cAMP responsivity to
proglucagon gene transcription in both the pancreas and intestine (79-81, 101). In addition to
cAMP, the rat proglucagon CRE is activated by membrane depolarization or influx of
calcium (102). CAP-binding sites (CBS) are located adjacent to the CRE, on either side, and
are binding sites for CREB-associated proteins (CAPs), which inhibit CREB-mediated
cAMP stimulation of proglucagon gene expression (103).

In contrast to proglucagon expression in the endocrine pancreas, very little is known
about the factors that specify proglucagon gene expression in the intestine and brain. Studies

in transgenic mice indicate that approximately [.3 kb of the rat proglucagon gene 5°-



flanking sequences are sufficient to direct gene expression to the pancreatic a-cells and brain
(104), whereas a larger (2.3 kb) proportion of the 5°-flanking sequences direct proglucagon
gene expression to the pancreas, brain and intestine (105), suggesting that the sequences
between —1300 and ~2300 in the rat proglucagon promoter are essential for specifying
intestinal proglucagon expression. The sequences upstream of —1300 in the rat proglucagon
gene have been designated the proglucagon upstream enhancer element (GUE) (106).
Transfection studies and electrophoretic mobility shift assays in enteroendocrine cell lines
indicate that the proglucagon gene GUE is comprised of multiple positive and negative cis-
acting DNA regulatory subdomains that contribute to the transcriptional control of
proglucagon gene expression in both islet and intestinal cells (106). A recent study indicates
that the transcription factor Pax6 is essential for proglucagon gene expression in the
enteroendocrine cells of the intestine (107). In transgenic mice studies, the human
proglucagon gene appears to utilize transcription factors and DNA sequences that are distinct
from those used by the rat to specify tissue-specific gene transcription (108). In transgenic
mice, approximately 1.6 kb of human proglucagon 5’-flanking sequences direct proglucagon
gene transcription to the brain and intestine, but not the pancreas (108). Cell transfection
studies using human proglucagon promoter reporter plasmids in rodent islet cell lines
indicate that sequences within the first 6 kb of the human proglucagon gene 5’-flanking
sequences are required for pancreatic expression (108).
(b) Proglucagon Post-Translational Processing and Biological Activities of the PGDPs
In all three tissues (islets, intestine and brain), the proglucagon mRNA is translated

into a single 160 amino acid precursor protein which undergoes tissue-specific post-



translational processing (73, 109) to liberate the proglucagon-derived peptides (PGDPs; Fig.
1B).

In the pancreatic a-cells, the predominant post-translational processing products of
proglucagon are glicentin-related pancreatic polypeptide (GRPP), glucagon, intervening
peptide-1 (IP-1), and the major proglucagon fragment (MPGF; Fig. 1B) (3, 4). Glucagon
elevates blood glucose levels, primarily by stimulating hepatic glycogenolysis and
gluconeogenesis (110) and thus, is essential for maintaining glucose homeostasis in the
fasting state. The functions, if any, of GRPP, IP-1 and MPGF are currently not known.

In the intestinal L-cells and brain, post-translational processing of proglucagon gives
rise primarily to glicentin, oxyntomodulin, glucagon-like peptide-1 (GLP-1), intervening
peptide-2 (IP-2), and glucagon-like peptide-2 (GLP-2; Fig. 1) (3, 4). Glicentin appears to
have trophic effects on the rat small-intestine (111) and oxyntomodulin has been shown to
inhibit gastric acid secretion in vivo (112, 113). In addition to its role as an important
incretin hormone, GLP-1 has a number of other biological functions which will be discussed
in detail in the next section. A biological function for IP-2 has not been identified thus far.
The major biological effect of GLP-2 appears to be that of an intestinal trophic factor (114-
116). GLP-2 mediates its trophic effects by mechanisms which involve induction of
intestinal crypt-cell proliferation and inhibition of apoptosis in both the intestinal crypt and
villus compartments (115, 117). GLP-2 has also been shown to up regulate intestinal glucose
transport (118, 119), inhibit gastric emptying (120) and gastric acid secretion (121), and
improve intestinal barrier function by reducing intestinal epithelial permeability (82, 122).
Very recent studies have identified GLP-2 as a specific neurotransmitter that inhibits food

intake in rats (123).
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The post-translational processing of proglucagon is carried out by the prohormone
convertase (PC) enzymes which are endoproteases that cleave C-terminal to paired basic
amino acid residues (124, 125). The PGDPs are flanked by pairs of basic amino acid
residues, the recognition sites for PC cleavage. PC1/3 and PC2 have been detected in
proglucagon-expressing cells (126, 127). PC1/3 has been localized to intestinal L-cells and
shown to be both necessary and sufficient for the post-translational processing of
proglucagon to its intestinal PGDPs (128-132). In contrast, PC2, but not PC1/3, has been
localized to the pancreatic a-cells (133) and is believed to be responsible, at least in part, for

the post-translational processing of proglucagon to glucagon in these cells (134-137).

1.2 Glucagon Like Peptide-1 (GLP-1)
(a) Biosynthesis and Secretion

GLP-1 secretion is controlled by a number of stimuli including nutrients and neural as
well as endocrine factors (3, 4, 29). GLP-1 is produced in the enteroendocrine L-cells, the
majority of which are found in the distal ileum and colon (138-141), and secretion from these
cells is mediated by the activation of a number of intracellular signals, including PKA, PKC
and calcium (78, 142-144). GLP-1 is released rapidly (within 10-15 min.) into the
circulation following oral ingestion of nutrients in both rodents and humans (145-148). Oral
administration of glucose in humans produces a bi-phasic increase in plasma GLP-1 levels,
whereas intravenous infusion of glucose has no effect on GLP-1 secretion (148). Since the
GLP-1-producing L-cells are located in the distal portion of the small intestine, it is likely
that the rapid increase in plasma GLP-1 levels observed following nutrient ingestion are not

due to a direct stimulatory effect of nutrients on the L-cell. Thus, the existence of a
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proximal-distal loop that transmits nutrient-induced stimulatory signals, via neural or
endocrine effectors, to the L-cells has been proposed (149). In support of this, in vitro and in
vivo studies in rats have shown that the more proximally-located duodenal hermone GIP and
the neurotransmitter acetylcholine can stimulate intestinal GLP-1 secretion (149-151).
However, GIP does not stimulate GLP-1 secretion in humans (28, 60). The neuropeptide
gastrin releasing peptide (GRP) stimulates GLP-1 secretion in both humans (152) and rodents
(153). Recent studies in the GRP receptor knock out mouse have shown that these mice
exhibit a reduction in the GLP-1 response to gastric glucose (154), indicating that a normal
GLP-1 response to enteral glucose requires intact GRP receptor signaling. In addition,
studies suggest that the stimulatory effects of GIP on GLP-1 secretion may be mediated
indirectly, via GRP (153). Additional studies have indicated that the vagus nerve also has a
role in mediating the rapid release of GLP-1 from the distal L-cells in response to ingested
nutrients (155). More recently, a role for the neuropeptide calcitonin gene-related peptide
(CGRP) in the regulation of GLP-1 release has been proposed (156). Thus, the biphasic
nature of GLP-1 release appears to be mediated through a proximal-distal loop consisting of
hormonal and neural factors which stimulate early (within 10-15 min) GLP-1 release, as well
as direct nutrient contact with the intestinal L-cell to promote the second phase (30-60 min)
of GLP-1 secretion (4).

Hormones such as insulin and somatostatin-28 (132, 157), as well as the neuropeptide
galanin (158), have been shown to inhibit GLP-1 secretion from the intestinal L-cell in both
in vitro and in vivo studies.

Multiple forms of GLP-1 are secreted from the L-cells, including GLP-1(1-37) and

GLP-1(1-36)NH_, which are biologically inactive (27, 31, 159), and GLP-1(7-37) and GLP-
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1(7-36)NH;, which are biologically active. GLP-1(7-37) and GLP-1(7-36)NH; are generated
from their full-length precursors by the action of PC1/3 (130), and both peptides have
equipotent insulin-stimulating activity (160). However, in humans, the majority of
circulating GLP-1 is in the form GLP-1(7-36)NH; (161).
(b) Physiological Actions

The primary physiological role of GLP-1 is that of an incretin hormone. GLP-1,
released from the gut in response to nutrient ingestion, is secreted into the circulation, and
acts to augment glucose-stimulated insulin secretion (28, 30, 162). GLP-1 binds to its
specific receptor on the pancreatic B-cell and stimulates both insulin secretion as well as
insulin gene transcription and biosynthesis (163, 164), thereby contributing to the
replenishment of B-cell insulin stores and preventing exhaustion of B-cell reserves. The
insulinotropic effects of GLP-1 are glucose dependent, thus, when blood glucose levels fall,
GLP-1 no longer stimulates insulin secretion, thereby preventing the possible development of
hypoglycemia (28, 60, 165-167). GLP-1 also confers glucose sensitivity to glucose-resistant
B-cells in both humans and rats, thereby improving the ability of the B-cell to sense and
respond to glucose (47-49). A number of recent studies also indicate that GLP-1 may
promote B-cell neogenesis and proliferation (54-57). In vitro experiments using a pancreatic
B-cell line demonstrated that GLP-1, together with glucose, was able to activate the
expression of immediate early genes that encode transcription factors regulating cell
proliferation and differentiation (168). In addition, GLP-1 treatment was able to reverse the
age-related decline in glucose tolerance in rats (169) and to convert nonendocrine AR42J

cells into cells which can produce and secrete insulin (55).
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GLP-1 inhibits glucagon secretion (31-35, 170, 171) and stimulates somatostatin
secretion (31, 172-174). The increase in somatostatin secretion is mediated directly via GLP-
1 receptors on the somatostatin-secreting pancreatic d-cells (175, 176), whereas the
inhibitory effect of GLP-1 on glucagon secretion may be indirect, through the stimulation of
insulin and somatostatin secretion, both of which inhibit glucagon secretion (177). However,
GLP-1 may also inhibit glucagon secretion directly, via interaction with GLP-1 receptors
which are present on pancreatic a-cells (178).

GLP-1 has also been shown to inhibit pentagastrin- and meal-induced gastric acid
secretion (42, 112, 179), as well as gastric emptying (43, 180-183). The inhibition of gastric
emptying by GLP-1 promotes attenuation of meal-associated increases in blood glucose
levels by slowing the transit of nutrients from the stomach to the small intestine.

GLP-1 receptors and GLP-!-immunoreactive nerve fibers are detected in brain
regions known to be involved in the regulation of a number of homeostatic functions,
including ingestive behavior (184-191). Central administration of GLP-1 has been shown to
inhibit short-term food and water intake in rodents (36-38, 41, 189, 192) and peripheral
administration of GLP-1 promotes satiety and suppresses energy intake in normal, diabetic
and obese humans (39, 40, 193-195). In rodents, this inhibitory effect on food intake may be
mediated by a direct interaction of GLP-1 with hypothalamic centers in the CNS which
modulate feeding behaviour or, alternatively, via induction of a conditioned taste aversion
(196-199).

GLP-1 has also been postulated to enhance glucose disposal directly (50, 51),
possibly through peripheral effects on liver, skeletal muscle and adipose tissues (53). GLP-1

was found to enhance insulin-stimulated glucose metabolism in both adipocyte cell cultures
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(52) and isolated rat adipocytes (200) and to increase glucose incorporation into glycogen in
both isolated rat hepatocytes (201, 202) and skeletal muscle (202, 203). However,
subsequent investigations were unable to confirm these reports (204, 205) and evidence for
the presence of GLP-1 receptors on these peripheral tissues is ambiguous (206-210). In
addition, although GLP-1 has been shown to enhance insulin sensitivity in depancreatized
dogs (211), studies in both normal (212) and type 2 (non-insulin-dependent) diabetic humans
(213, 214) do not support such a role for GLP-1. Thus, a role for GLP-1 in the mediation of
glucose disposal in peripheral tissues, independent of its effects on insulin and glucagon, is
controversial.

GLP-1 receptors are expressed on heart cells (210, 215) and in the nucleus of the
tractus solitarius in the CNS, a region which is involved in the central control of
cardiovascular function (190, 216). Consistent with these observations, GLP-1 treatment
increases systolic, diastolic and mean arterial blood pressure and heart rate in rats (217, 218)
and also increases heart rate in conscious calves (219).

GLP-1 may also modulate the hypothalamic-pituitary axis. GLP-1 receptors have
been detected on cells of the pituitary gland in the rat (190, 220) and GLP-1 was reported to
stimulate cAMP formation as well as thyroid-stimulating hormone (TSH) release from
cultured mouse pituitary thyrotrophs and isolated rat anterior pituitary cells (221). GLP-1
also stimulated luteinizing hormone-releasing hormone (LHRH) secretion in a rodent
hypothalamic neuronal cell line and central GLP-1 administration rapidly increased plasma
luteinizing hormone (LH) levels (222) and stimulated hypothalamic neuroendocrine neurons

(223) in rats.
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Due to its ability to lower blood glucose levels through a number of different
mechanisms, GLP-1 is currently being assessed in clinical trials as a potential therapeutic
agent for the treatment of diabetes. Additionally, meal-induced GLP-1 secretion was found
to be impaired in type 2 diabetic patients (224, 225), emphasizing the importance of GLP-1
replacement therapy in these patients. Although the suifonylurea drugs currently being used
to treat type 2 diabetes also stimulate insulin secretion, they do not stimulate insulin gene
expression and biosynthesis nor is their activity glucose dependent (4, 82). Thus,
sulfonylurea treatment does not replace depleted p-cell insulin stores and it has the additional
risk of potentially inducing hypoglycemia, a complication of sulfonylurea drug treatment
(226). A number of studies in humans and rodents with type 2 diabetes have shown that
GLP-1 treatment can enhance glucose-stimulated insulin secretion and lower fasting as well
as post-prandial blood glucose levels (49, 227-230). Furthermore, subcutaneous GLP-1
treatment for up to three weeks improved post-prandial glycemic control in diabetic patients
(231, 232), indicating that GLP-1 maintains its effects, despite prolonged treatment. In
addition, GLP-1 treatment was also found to decrease fasting and postprandial blood glucose
levels as well as the meal-related insulin requirement in type 1 (insulin-dependent) diabetic
patients (233-235), likely through inhibition of glucagon secretion and gastric emptying
(234). These findings suggest that GLP-1 therapy may be beneficial to both noninsulin- and
insulin-dependent diabetic patients. However, a potential drawback to GLP-1 is its very
short plasma half-life (less than 2min) (61), due to rapid inactivation by the ubiquitous
protease DPP-IV (see below) (61, 62, 236). These findings have prompted the development
of DPP-IV-resistant GLP-1 analogs (237-240) and specific DPP-IV inhibitors (241) as

potential anti-diabetic agents.
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(c) Metabolism and Clearance

As noted above, the half-life of circulating, biologically active GLP-1 is less than 2
min. This relatively short plasma half-life is attributed to the protease activity of DPP-IV,
which is present on the surface of white blood cells in the circulation and on the vascular
endothelium in the small intestine, adjacent to the sites of GLP-1 release (242-244). DPP-IV
catalyzes the cleavage of GLP-1, or its amidated derivative, at the position 2 Ala residue to
yield the biologically inactive peptides GLP-1(9-37) and GLP-1 (9-36)NH;, which may
function as competitive antagonists of the GLP-1 receptor in vivo (245, 246).

In vitro studies have shown that the neutral endopeptidase (NEP-24.11) has
endoproteolytic activity on GLP-1 and thus, may also be involved in the metabolism of GLP-
1 (247, 248).

The primary route of clearance of GLP-1 appears to be through the kidney (249, 250).
Uremic patients have elevated levels of circulating, immunoreactive GLP-1 relative to
control individuals (251) and bilateral nephrectomy or uretal ligation in rats is associated
with increases in the circulating half-life of GLP-1 (249). A role for tissues other than renal,
such as the liver and lung, in GLP-1 clearance, has not been clearly established (249).

(d) The GLP-1 Receptor

The GLP-1 receptor (GLP-1R) was originally cloned from a rat pancreatic islet
c¢DNA library via functional cloning (252). The receptor has subsequently been found to be
expressed in a number of different tissues including the brainstem, hypothalamus, pituitary,
lung, stomach, heart, intestine, a-, B- and 3-cells of the islets, and kidney (175, 178, 188,

190, 191, 208-210, 215, 253). The presence of GLP-1 receptors in peripheral tissues such as
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muscle, liver and fat is not conclusive (208, 210) and has prompted the suggestion that
structural variants or a second, closely related receptor may exist (4, 254).

The GLP-1R belongs to the seven transmembrane-spanning, heterotrimeric G protein-
coupled family of receptors (252), which includes the GIP receptor, among others (255).
Evidence to date indicates that GLP-1 mediates its effects via a single GLP-1R that appears
to be identical in all tissues examined (215). In vitro studies have indicated that signaling
through the GLP-1 receptor is coupled to both adenylate cylase and phospholipase C and
activation of the PKA and PKC pathways, respectively (163, 208, 252). GLP-1 binding to its
receptor is also associated with increases in intracellular calcium levels (256-258).

Structure/function studies have shown that the N-terminal histidine residue and the C-
terminal residues 34-37 of GLP-1 are essential for GLP-1R activation (259, 260). The N-
terminal extracellular domain of the GLP-1R is required for GLP-1 binding (261, 262),
whereas the third intracellular loop is necessary for efficient coupling of the GLP-IR to
adenylyl cyclase and subsequent activation of PKA (263, 264).

Little is known about the factors that regulate GLP-1R gene expression. Studies
examining GLP-1R mRNA regulation in vitro found that receptor mRNA levels are down-
regulated in response to GLP-1, activation of PKC, high glucose or dexamethasone (265-
268). Analysis of the cloned 5°-flanking sequences of the human GLP-1R gene suggests that
GLP-1R expression is positively regulated by the binding of Sp! and Sp3 transcription
factors to the promoter region (269), and cell- and tissue-specific GLP-1R gene expession is
negatively regulated by more distal elements (270). Recently, a distal cell-specific silencer
element (DCS) was identified in the 5’-flanking sequences of the GLP-1R gene (271). The

DCS was found to be responsible for repressing human GLP-1R gene expression in



18

fibroblast and pancreatic a-cells, but not in pancreatic B or 8 cells, indicating that the DCS
mediates suppression of tissue- and cell-specific GLP-1R expression (271).

In islet cell lines, the GLP-1R undergoes homologous and heterologous
desensitization (272-275) and internalization (275, 276), which are both correlated with
receptor phosphorylation (273-275). However, desensitization of the GLP-1R has not been
observed in studies performed in vivo (4).

An N-terminally truncated version of lizard exendin-4, exendin (9-39), can bind to the
GLP-1 receptor and function as a specific GLP-1 receptor antagonist (65, 66, 277, 278).
Exendin (9-39) is commonly used as a tool to examine the physiological consequences of
loss of GLP-1 R signaling in both in vitro and in vivo studies. The ability of exendin (9-39)
to significantly reduce postprandial insulin levels (279) and diminish glucose tolerance and
total insulin secretory response in normal rats (280) led to the conclusion that GLP-1 is a
physiologically important incretin in vivo. In humans, exendin (9-39) treatment increases
postprandial blood glucose levels (281) and blocks the insulinotropic and glucagonostatic
effects of physiological doses of GLP-1 (282), thus indicating that GLP-1 is important for the
maintenance of normal glucose homeostasis. Additional studies with exendin (9-39) in
humans (282) and fasted baboons (283) has provided evidence that GLP-1 may have a tonic
inhibitory effect on glucagon secretion. Exendin (9-39) also inhibits the extrapancreatic
effects of GLP-1 on gastric emptying (46, 284, 285), heart rate and blood pressure (218,
286), food intake (36, 37), and glucose metabolism in skeletal muscle and liver (287).

(e) The GLP-1R-/- Mouse
To ascertain the relative physiological importance of GLP-1-mediated actions, mice

with a targeted disruption of the GLP-IR gene (GLP-1R-/-) were generated (288). These
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mice are viable, fertile and appear to develop normally (288). GLP-1R-/- mice exhibit a mild
fasting hyperglycemia and abnormal glycemic excursion in response to oral glucose, which is
associated with a reduction in glucose-stimulated insulin secretion (288), consistent with an
essential physiological role for GLP-1 in the regulation of glucose-stimulated insulin
secretion. The mild diabetic phenotype of GLP-1R-/- mice may reflect the compensatory
upregulation of glucose-dependent GIP secretion and insulinotropic action that is seen in
these mice (289). GLP-1R-/- mice also exhibit glucose intolerance in response to
intraperitoneal (i.p.) glucose administration (288), which bypasses the incretin and gastric-
emptying effects of GLP-1, suggesting that even basal GLP-1-mediated signaling is
important for handling a glucose load, irrespective of the site of glucose entry. In addition,
despite the observation that GLP-1 enhances B-cell responsivity to glucose, isolated islets
from GLP-1R-/- mice exhibit preserved glucose responsiveness (290). Although GLP-1 has
been shown to inhibit glucagon secretion and regulate peripheral glucose disposal, GLP-1R-
/- mice have normal basal and post absorptive glucagon levels (291), and display normal
whole-body glucose utilization (291). However, in vitro studies using isolated islets from
wild type and GLP-1R-/- mice suggest that the presence of the GLP-1R, even in the absence
of bound ligand, is essential for maintaining the glucose-dependent insulin secretory capacity
of the pancreatic B-cells (292). Although this study contradicts the observation of normal
glucose competence in GLP-1R-/- islets (290), subsequent studies have shown that the B-
cells of GLP-1R-/- mice have undergone compensatory changes in response to genetic
deletion of the GLP-1R (293). These changes include reduced basal, but enhanced GIP-

stimulated cAMP production, as well as abnormalities in both basal and glucose-stimulated
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cytosolic calcium oscillations, thus supporting an essential role for the GLP-1R in B-cell
signal transduction (293).

Although GLP-1 has been shown to be a potent inhibitor of food intake (36-38, 41,
189, 192), GLP-1R-/- mice exhibit normal body weight and feeding behaviour (288),
indicating that GLP-IR signaling is not essential for regulation of satiety and maintenance of
normal body weight. Moreover, GLP-1R-/- mice maintained on a high fat diet for 18 weeks
do not develop obesity (294).

[n light of the finding that central GLP-1 administration stimulates TSH, LH,
corticosterone, and vasopression secretion in rats (221-223), the neuroendocrine
consequences of disrupted GLP-1 signaling was assessed in GLP-1R-/- mice (295). Male
GLP-1R-/- mice have slight reductions in gonadal weight and females exhibit small delays in
pubertal onset (295). However, both males and females reproduce normally and respond
appropriately to fluid restriction (295). [n addition, despite a small but significant reduction
in adrenal weights in both male and female GLP-1R-/- mice, adrenal histology and basal
plasma levels of corticosterone were normal (295). The circulating levels of thyroid
hormone, testosterone, estradiol and progesterone were also normal in these mice (295).
However, GLP-1R-/- were found to have an exaggerated corticosterone response to stress,
relative to control mice (295). Taken together, these findings suggest that, although
generalized neuroendocrine function is normal in GLP-1R-/- mice, GLP-1 signaling appears

to be involved in the normal neuroendocrine response to stress.
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1.3 Glucose-Dependent Insulinotropic Polypeptide (GIP)
(a) Biosynthesis and Secretion

In rats the GIP gene is expressed in the K cells of the intestine and in the
submandibular salivary gland (296). In humans, GIP expression occurs in the intestinal K
cells (297, 298), and recent studies suggest that GIP is also expressed in rodent and human
stomach (299).

There is very little information regarding the factors that regulate GIP gene
expression. The promoter region of the human GIP gene contains binding sites for a number
of transcription factors including Spl, AP-1 and AP-2, and transient expression assays in an
insulinoma cell line indicate that GIP gene expression is regulated by two cAMP responsive
elements (300). In the rat, GIP gene promoter sequences between —193 and —182 contain a
functional GATA element and are responsible for regulating cell-specific gene expression
(301). In rats, a glucose meal (302) and intraduodenal infusion of fats (296) have been
shown to up regulate duodenal GIP mRNA levels.

Bioactive GIP (1-42) is synthesized and released from the K cells of the duodenum
and proximal jejunum primarily in response to the ingestion of glucose or fat (3, 18, 303),
although recent studies in rats indicate that peptones can also potently enhance GIP levels
(304). In both rats and humans, mature bioactive GIP is a 42 amino acid peptide that is
generated by proteolytic processing of a larger preprohormone precursor (18, 296, 305).
Studies indicate that the N-terminus of GIP is important for its biological activity (306).

GIP secretion is dependent on the rate of nutrient absorption, rather than the presence
of nutrients, in the small intestine (307). In vitro studies using cultured canine endocrine

cells indicate that GIP-producing cells are responsive to the activation of adenylyl cyclase,
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elevations in intracellular calcium, potassium-mediated depolarization, glucose, GRP and §-
adrenergic stimulation (308).
(b) Physiological Actions

In the endocrine pancreas GIP has a well-established role as an incretin hormone (13,
14, 309, 310). In response to nutrient ingestion, GIP is released from intestinal K cells into
the circulation and subsequently binds to its specific receptor on the pancreatic B-cell,
resulting in augmented glucose-stimulated insulin secretion and insulin gene expression
(311-313). This likely occurs via activation of PKA (314) or increases in intracellular
calcium (315). GIP appears to have no effect on glucagon secretion, but it can stimulate
somatostatin secretion (173).

Although GIP would appear to be a useful agent for the treatment of diabetes, studies
with type 2 diabetic patients indicate that they have normal or even elevated serum levels of
GIP (316-319), with the inactive truncated catabolite (GIP 3-42) as the predominant
molecular form (320). Moreover, GIP has very little insulinotropic or glucagon-lowering
activity in diabetic subjects (60, 321). These observations are consistent with reports that
indicate that GIP gene expression is enhanced in diabetic animals, and that elevated plasma
GIP levels promote chronic homologous desensitization of the GIP receptor (322). It has
been suggested that such a mechanism could contribute to the impaired insulin secretion that
is seen in type 2 diabetic patients (322).

In the stomach, GIP can inhibit gastric acid secretion, but only at supraphysiological
doses (323). GIP has also been shown to up regulate hexose transport in the intestine (118).
In the liver, GIP attenuates glucagon-stimulated hepatic glucose production (324, 325), likely

through an indirect mechanism as GIP receptors have not been detected in the liver (255). In



adipose tissue, GIP stimulates fatty acid synthesis (326), enhances insulin-stimulated
incorporation of fatty acids into triglycerides (327), and increases both the affinity of insulin
for its receptor and the sensitivity of insulin-stimulated glucose transport (328). The
signaling mechanism(s) by which GIP mediates its effects on adipocytes is currently not
known (18). However, functional GIP receptors are expressed on adipocytes (255, 329, 330),
and limited studies indicate that GIP binding promotes increases in the accumulation of
intracellular cAMP levels in adipocyte cultures (329, 330). GIP receptor mRNA and protein
are also found in normal bone and osteoblast-like cell lines (331). Treatment of osteoblast-
like cells with GIP stimulates dose-dependent increases in cAMP and intracellular calcium
levels and results in increased alkaline phosphatase activity and elevated collagen type [
mRNA levels (331). Additionally, despite the detection of GIP receptor mRNA in a number
of different tissues including the heart, adrenal cortex, testis, lung, intestine, and several
regions in the brain (18, 255), the effect, if any, of GIP in these tissues remains to be
determined.
(¢) Metabolism and Clearance

In humans the half-life of immunoreactive GIP was determined to be approximately
20 min (15, 332-334). However, this value does not reflect the half-life of biologically active
GIP, which has been estimated to be less than 2 min in rats (60) and approx 7 min and 5 min
in normal and type 2 diabetic human subjects, respectively (320). The main route of
clearance of GIP is through the kidney (335), and the liver appears to have no significant role
in GIP clearance (336, 337).

A role for DPP-IV in the degradation of GIP (1-42) to the biologically inactive

fragment GIP (3-42) has been established by in vitro studies using human serum (62).
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Additional studies in rats and normal and diabetic humans indicate that DPP-IV is likely the
primary GIP-inactivating enzyme in vivo (61, 320).
(d) The GIP Receptor

The GIP receptor (GIPR) was originally cloned from a rat cerebral cortex cDNA
library using the polymerase chain reaction (PCR) and degenerate oligonucleotide primers
corresponding to conserved amino acid residues in the transmembrane domains of members
of the secretin-VIP receptor family (255). Subsequently GIPR mRNA was found to be
present in the pancreas, stomach, small intestine, adipose tissue, adrenal gland, lung,
pituitary, heart, testis and several regions of the brain (255, 329). Similar to the GLP-1R, the
GIPR belongs to the seven-transmembrane domain, heterotrimeric G protein-coupled
receptor family (255).

To date, little is known about the factors which regulate GIPR mRNA expression.
Cloning and analysis of the rat GIPR gene revealed that the 5’-flanking sequences of the
gene contain a number of potential regulatory elements, including a cAMP response element,
an octamer binding site, three SP1 sites, as well as a transcription initiator element consensus
sequence (338). However, there are no TATA or CAAT box motifs upstream of the
transcription initiation site (338). In addition, cis-acting negative regulatory elements that
mediate cell-specific expression may be present in the distal 5’-flanking sequences of the rat
GIPR gene (338).

At the protein level, GIPR signaling is coupled to cAMP activation and increases in
intracellular calcium levels (208, 256, 315, 339-344). Studies have also suggested that, in
addition to cAMP, GIP may activate signal transduction via PI-3-kinase (345) or MAP kinase

(MAPK) (346).



In vitro structure/function studies indicate that the N-terminal domain and the first
extracellular loop of the GIPR are necessary for high-affinity binding of GIP, whereas the
distal part of the N-terminal domain and the first transmembrane domain are essential for
receptor activation and coupling to cAMP (347). In addition, a recent study has concluded
that most of the C-terminal tail of the GIPR is not required for intracellular signaling, but that
a minimum receptor length of approximately 405 amino acids is required for efficient
receptor transport and plasma membrane insertion (348).

The GIPR undergoes rapid and reversible homologous desensitization (3) and specific
serine residues in the C-terminal tail of the GIPR, especially serines 426 and 427, are
necessary for regulating the rate of receptor internalization (348).

(e) The GIPR-/- Mouse

To determine the role of GIP-mediated signaling in the enteroinsular axis, mice with a
targeted deletion of the GIPR gene (GIPR-/-) were generated (349). GIPR-/- mice exhibit
normal fasting glucose and glycemic excursion in response to an intraperitoneal glucose
challenge (349). However, in response to an oral glucose load, GIPR-/- display impaired
glucose tolerance, which is associated with a significant reduction in insulin secretion (349).
These results suggest that GIP has an important role as an incretin hormone, but GIP
signaling does not appear to be essential for handling a non-enteral glucose load.

In normal rodents which are placed on a high fat diet to induce insulin resistance,
meal-induced glycemic excursion remains normal, due to compensatory increases in insulin
secretion. However, in GIPR-/- mice maintained on a high fat diet, the meal-induced
glycemic excursion was abnormally elevated due to reduced compensatory enhancement of

insulin secretion (349). These results indicate that GIP signaling has a significant role in
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mediating the compensatory enhancement of insulin secretion under conditions of insulin

resistance.

1.4 Dipeptidyipeptidase IV (DPP-IV)/CD26

Dipeptidylpeptidase IV (DPP-IV), also known as CD26, is a ubiquitous
multifunctional glycoprotein that is expressed either on the surface of a number of different
cell types, or as a soluble form in plasma (242, 243). DPP-IV belongs to the proly!
oligopeptidase family and is a serine protease which specifically cleaves dipeptides from the
amino terminus of oligopeptides or proteins containing an alanine or proline residue in
position 2 (i.e. X-Ala/Pro), thereby rendering them inactive or modifying their activity (242,
243). In addition to its protease activity, DPP-IV can also bind to proteins including collagen
and adenosine deaminase (350, 351), and has been shown to have a role in both T-cell
costimulation and tumour suppression (352-354).

DPP-IV has a fairly widespread distribution, being found in a number of tissues
including kidney, lung, adrenal gland, intestine, liver, spleen, testis, pancreas and CNS, as
well as on the surface of endothelial cells of blood vessels and in plasma (242, 243). DPP-IV
is also expressed on activated T-helper lymphocytes and macrophages (355, 356).

GLP-1 and GIP contain an alanine residue in position two, and thus are both
substrates for DPP-IV enzymatic activity. A number of studies have indicated that DPP-IV-
mediated cleavage is the primary mechanism whereby GLP-1 and GIP are inactivated (61-
63). DPP-IV catabolizes GLP-1 to GLP-1(9-36)NH; and GLP-1(9-37), which can bind, with
low-affinity, to the GLP-1 receptor and may function as competitive antagonists of the GLP-

1 receptor in vivo (63, 245, 246, 357). In human studies with normal and type 2 diabetic
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patients, intravenous or subcutaneous GLP-1 was rapidly degraded (within 30 min) to GLP-
1(9-36)NH,, which accounted for more than 75% of the immunodetectable GLP-1 from these
patients (358). Cleavage of GIP by DPP-IV leads to the formation of GIP (3-42), which is
biologically inactive (62, 306). In in vivo studies with rats, greater than 50% of an
intravenous bolus of GIP or GLP-1 was metabolized to its N-terminal truncated form by
DPP-IV within two minutes of peptide administration (61). In contrast, N-terminal
truncation was absent when these peptides were infused into a strain of rats that is DPP-IV
deficient (61). Moreover, a number of studies indicate that pharmacological inhibition of
DPP-IV activity can prolong the half-lives of bioactive GIP and GLP-1 (61, 359-361).

In light of the short plasma half-live of biologically active GLP-1, due to its rapid
catabolism by DPP-IV, and the observation that the incretin effect of GLP-1 is preserved in
type 2 diabetic patients, the use of agents which inhibit DPP-IV activity has been proposed as
a potential treatment for type 2 diabetes (241, 358). In anesthetized pigs, pharmacological
inhibition of greater than 90% of the DPP-IV activity with valine-pyrrolidide resulted in an
increase in the levels of intact GLP-1 in both the basal (endogenous) state and following
GLP-1 infusion (359). Furthermore, this increase in the half-life of bioactive GLP-1 was
associated with enhancement of both the insulinotropic and glucagonostatic effects of GLP-1
(359). In rats, the DPP-IV inhibitor Ile-thiazolide increased the plasma half-life of intact,
endogenous GLP-1 released in response to intraduodenal glucose, which resulted in a
shortening of the time required to reach peak insulin levels and thus, a more rapid clearance
of blood glucose (360). In both lean and obese Zucker rats, oral administration of the DPP-
IV inhibitors I[le-thiazolide or NVP-DPP728 enhanced insulin secretion and improved

glucose tolerance (362, 363). Moreover, DPP-IV inhibition in both control and high-fat fed
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glucose intolerant mice increased the levels of endogenous GLP-1 and improved glucose
tolerance and insulin secretion (361). Taken together, these studies indicate that DPP-IV
inhibition could be a promising strategy for the treatment of diabetes.

However, DPP-IV also degrades certain cytokines and other important regulatory
peptides that contain an alanine or proline in the penultimate N-terminal position, including
neuropeptide Y (NPY), growth hormone releasing factor (GRF) and peptide YY (242).
Furthermore, in addition to its protease activity, DPP-IV has also been implicated in the
costimulation and activation of T-cells (352, 353). Thus, the use of DPP-IV inhibitors as a
therapeutic treatment for diabetes could result in undesirable side effects.

As an alternative therapeutic approach, a number of DPP-IV-resistant GLP-1
analogues have been synthesized and their metabolic stability, biological activity, potency
and duration of action have been assessed (237-240, 364-366). Promising results have been

obtained with GLP-1-Gly8 (365) and with fatty-acid-derivatized GLP-1 analogues (239).

1.5 Exendin-4
(a) Peptide Discovery and cDNA Cloning

Most members of the glucagon superfamily of peptides, including GLP-1, have a
highly conserved histidine residue at their amino terminus (His"), as well as a phenylalanine
residue at position six (367). Included in this family are two biologically active peptides,
helodermin and helospectin, which were purified from the venom of Helodermatidae lizards
(368-370). Thus, in an attempt to identify new bioactive peptides in lizard venom, amino-
terminal sequencing was used as a strategy to screen for novel His' peptides (371). Using

this technique, a 39-amino acid carboxy-terminal amidated peptide, designated exendin-4,
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was identified and purified from the verom of a Heloderma suspectum lizard (64). The
designation exendin-4 is derived from the observation that this peptide is found in an
exocrine secretion and has endocrine activity (see below) (371).

It was determined that exendin-4 shares a 53% amino acid sequence identity with
mammalian GLP-1 and subsequent studies have determined that exendin-4 is a GLP-1
receptor agonist (65, 66, 277, 278). Thus, exendin-4 can bind to the GLP-1 receptor and
mimic a number of the biological activities of GLP-1, including the abilities to increase
cAMP levels in guinea pig pancreatic acinar cell preparations (64) and stimulate cAMP-
dependent H” production in rat parietal cells (277). Exendin-4 also stimulates glucose-
dependent insulin secretion and increases cAMP levels and insulin gene expression in
isolated rat islets and cultured islet cell lines (65). Moreover, as mentioned previously in
section 1.2 (d), an exendin-4 fragment, exendin-(9-39), has been shown to be a specific GLP-
1 receptor antagonist. Exendin (9-39) can block the binding and biological activities of both
exendin-4 and GLP-1 (36, 37, 218, 246, 279-284, 287, 372, 373).

In light of the 53% sequence identity between GLP-1 and exendin-4, as well as the
ability of exendin-4 to function as a GLP-1 receptor agonist, it was originally believed that
exendin-4 may represent the reptilian GLP-1 homologue. However, the subsequent cloning
and sequencing of cDNAs for both lizard proglucagon and exendin-4 demonstrated that
exendin-4 is not the reptilian equivalent of GLP-1 (374). In the lizard two different
proglucagon cDNAs, lizard progiucagon I and I (LPI and LPII), with unique 3’-untranslated
regions were identified (374). LPI encodes glucagon and GLP-1 and its expression is

restricted to the lizard pancreas (374). In contrast, LPII encodes glucagon, GLP-1 and GLP-
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2 and is expressed in both the lizard pancreas and intestine (374). No mRNA transcripts
corresponding to lizard proglucagon could be detected in lizard salivary gland (374).

Lizard exendin-4 is encoded by a single RNA transcript of approximately 500 nt
which also encodes a 45 amino acid peptide N-terminal to the exendin sequence (designated
exendin N-terminal peptide; ENTP). ENTP is followed by a pair of basic amino acids
(characteristic of prohormone convertase cleavage sites), and the 40-amino acid long exendin
sequence (374) (Fig. 3). The function of ENTP is currently not known but the N-terminal
half of this peptide could represent a signal sequence. Lizard exendin-4 mRNA transcripts
are detected only in the lizard salivary gland, and not in the pancreas or intestine (374). In
addition to these studies, Southern blot analysis of lizard genomic DNA with exendin-4- and
GLP-1-specific cDNA probes confirmed that lizard exendin-4 and lizard GLP-1 are distinct
peptides encoded by unique lizard genes (374, 375).

The finding that proglucagon and exendin-4 are encoded by unique genes in the lizard
suggests that other species, including mammals, could possess an exendin-4 gene. However,
attempts by our laboratory (Baggio and Drucker, unpublished data; see Appendix 1) and
others (375) to clone a mammalian exendin-4 homologue have been unsuccessful.

(b) Physiological Activities

Exendin-4 is a GLP-1 receptor agonist and has been shown to mimic the biological
effects of GLP-1 in a number of different systems. Exendin-4 produces significant elevations
in systolic, diastolic and mean arterial blood pressure and heart rate in rats, but its effects are
more prolonged than those of GLP-1 (218), likely due to decreased degradation of exendin-4
(see below). Studies in rats have indicated that exendin-4 is approximately 90-fold more

potent than GLP-1 in its ability to slow gastric emptying (67). Like GLP-1, exendin-4
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Fig. 3. Lizard proexendin-4 cDNA structure. Lizard exendin-4 is

encoded by a single proexendin-4 RNA transcript of approx 500 bp.

The lizard proexendin-4 cDNA encodes a 45 amino acid N-terminal
peptide (ENTP), followed by 2 pair of basic amino acids (KR) and the
40 amino acid exendin-4 sequence (Ex-4). UTR indicates untransiated
region.

31
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increases glycogen synthase a activity and glucose incorporation into glycogen in both rat
hepatocytes and skeletal muscle (287). Exendin-4 can also stimulate exogenous glucose
uptake and metabolism in muscle (287). At the level of the pancreatic B-cell, exendin-4
binds to GLP-1 receptors and enhances glucose-stimulated insulin secretion both in vitro in
-isolated rat islets (65) and in vivo in rats (280). Exendin-4 also stimulates insulin gene
transcription in mouse insulinoma cells (65). Relative to GLP-1, exendin-4 has been shown
to be a more effective and more potent insulinotropic agent in vivo in rats (376) and to
stimulate greater elevations in cAMP levels in vitro in isolated rat islets (72). Thirteen weeks
of once-daily exendin-4 treatment (24 nmol/kg i.p.) significantly reduced fasting hemoglobin
A\ and blood glucose levels and increased fasting plasma insulin concentration in diabetic
db/db mice (72). [n diabetic db/db or ob/ob mice, acute exendin-4 treatment had a more
potent and prolonged glucose lowering effect than GLP-1 (68). Treatment of Zucker diabetic
fa/fa rats with i.p. exendin-4 twice-daily for 6 weeks led to significant dose-dependent
reductions in food intake, body weight and hemoglobin A, levels, as well as an
approximately 50% improvement in insulin sensitivity relative to saline-treated controls (68).
In contrast to previous studies demonstrating that acute central (intracerebroventricular;
ICV), but not peripheral (i.p.), GLP-1 treatment can inhibit food intake in normal rats (37),
long-term subcutaneous or i.p. exendin-4 administration produced significant and sustained
reductions in food intake and body weight in both normal and diabetic rats (68, 69). More
recent studies have also demonstrated that, similar to GLP-1, exendin-4 stimulates p-cell
neogenesis and proliferation in rats (56) and can convert AR42]J cells, which have exocrine
and neuroendocrine properties but lack islet hormone expression, into pancreatic endocrine

cells (55).
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As indicated above, a number of studies have demonstrated that exendin-4 is more
potent and that its physiological effects are more prolonged relative to GLP-1. This is likely
due, in part, to the longer plasma half-life of exendin-4 (18-41 min. following i.v. bolus in
rats) (71), compared to GLP-1 (less than 2 min. following i.v. bolus in rats) (61). GLP-1
contains an alanine residue in position two and thus, is rapidly catabolized by DPP-[V. In
addition, GLP-1 is also a potential target for the endoproteolytic activity of NEP-24.11 (247).
In contrast, exendin-4 contains a glycine residue in position two and is not a substrate for
DPP-IV-mediated catabolism. As well, exendin-4 has been shown to be a very poor
substrate for NEP-24.11 (247). The greater potency and extended plasma half-life of
exendin-4 suggest that it may be more useful than GLP-1 as a therapeutic agent for the
treatment of diabetes. In light of these findings, exendin-4 is currently being evaluated in

clinical trials to assess its potential as an antidiabetic agent.

1.6 Rationale, Hypotheses and Specific Goals of this Research

Do GLP-1 and GIP have distinct roles in glucose homeostasis? Incretins, the gut-
derived factors that augment glucose-stimulated insulin secretion, have been shown to be
essential mediators of normal glucose homeostasis. In fact, the incretin effect has been
shown to account for as much as 50% of the insulin secretory response to oral glucose (8). In
addition, the incretin effect is reduced or lost in type 2 diabetic patients (377), again
emphasizing the importance of incretin action for glycemic control.

Thus far only two endogenous mammalian peptide hormones, GIP and GLP-1,
possess the necessary activities to fulfill the requirements of an incretin hormone, and thus

represent potential therapeutic agents for the treatment of diabetes. To this end,
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administration of GLP-1 to type 2 diabetic patients was insulinotropic, whereas GIP was not,
indicating that the incretin effect of GLP-1 is preserved in diabetic individuals.

Although GIP and GLP-1 have both been shown to augment glucose-stimulated
insulin secretion, in addition to its role as an incretin, GLP-1 also contributes to the lowering
of blood glucose by its additional pleiotropic effects on glucagon secretion, gastric emptying,
food intake and peripheral glucose disposal. GLP-1 also has a glucose-sensitizing effect on
glucose-resistant 3-cells and may play a role in islet differentiation and B-cell mass
expansion. The importance of these “non-incretin” effects of GLP-1 are further illustrated by
studies in mice with a targeted disruption of the GLP-1 receptor gene (GLP-1R -/-). These
mice exhibit mild fasting hyperglycemia and impaired glucose tolerance in response to either
oral or intraperitoneal glucose challenge.

The principle action of GIP appears to be that of an incretin hormone. The biological
importance of the incretin function of GIP has been supported by studies in GIP receptor -/-
(GIPR-/-) mice which exhibit impaired glucose tolerance following oral glucose loading, but
fasting glucose and the glycemic response to an intraperitoneal glucose challenge is normal.

Taken together, studies in the GLP-1R -/- mouse suggest that, in addition to its role as
an incretin, GLP-1 may also have non-incretin effects that are required for glucoregulation.
In contrast, studies with the GIP R -/- mouse indicate that the role of GIP in glucose
homeostasis is restricted to that of an incretin. Thus, these observations in receptor knock
out mice indicate that GIP and GLP-1 have differential roles in glucose homeostasis.
However, a potential drawback to studying receptor knock out mice is that they may not
accurately reflect normal physiology due to adaptive compensatory changes in regulatory

systems. This is supported by the observation that although GLP-1 has been shown to inhibit
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food intake in rodents and humans, GLP-1 R -/- mice display normal body weight and
feeding behaviour. Moreover, GLP-1R-/- mice demonstrate upregulation of GIP secretion
and action in response to oral glucose.

To avoid potential confounding adaptive changes in glucoregulation that may occur
with studies in genetically modified mice, in this study we have used specific antagonists of
GIP and GLP-1 action in both wild type and GLP-1R -/- mice to assess the relative
contribution of these peptides to glycemic control in vivo and to verify our hypothesis that
GIP and GLP-1 have distinct roles in glucose homeostasis.

Is the improved glucose tolerance in mice treated with pharmacological inhibitors
of DPP-IV activity due to potentiation of GLP-1 action? GLP-1 is currently being
evaluated in clinical trials as a potential therapeutic agent for the treatment of diabetes.
However, the therapeutic potential of GLP-1 may be limited by its very short plasma half-life
due, in part, to its rapid inactivation by the peptidase dipeptidylpeptidase IV (DPP-IV).
Active GLP-1 is hydrolyzed by DPP-IV to yield GLP-1 (9-37/36)NH3, which is inactive or
weakly antagonistic.

DPP-IV, also known as CD?26, is a serine protease belonging to the DPP-IV-like gene
family. DPP-IV specifically cleaves N-terminal dipeptides from proteins containing proline
or alanine in position 2. Both GLP-1 and GIP are substrates for the proteolytic activity of
DPP-IV, which leads to the formation of inactive truncated versions of these peptides. A
number of studies have demonstrated that pharmacological inhibition of DPP-IV activity
results in elevated levels of circulating GLP-1 and improved glucose tolerance and enhanced
insulin secretion in both normal and diabetic animals. These studies suggest that treatment

with agents that inhibit DPP-IV activity, either alone or in conjunction with GLP-1 therapy,
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may be useful for treating diabetes. However, a number of enzymes exhibit DPP-IV-like
proteolytic activity (378-380), making it difficult to identify the exact targets of DPP-IV
inhibitors.

Recently, a transgenic mouse line containing a targeted disruption of the CD26 gene
was generated (381). CD26 -/- mice clear an oral glucose load more rapidly than wild type
controtl littermates and they exhibit increased glucose-stimulated insulin secretion in
association with increased levels of intact, biologically active GLP-1 (381).

To examine our hypothesis that the improved glucose tolerance in (a) CD26-/- mice
and (b) mice treated with pharmacological inhibitors of DPP-IV activity, is largely due to
potentiation of GLP-1 action, we studied glucose homeostasis in wild type and GLP-1R-/-
mice treated with valine-pyrrolidide, a specific DPP-IV inhibitor.

Does long term treatment with exendin-4 lead to undesirable physiological effects?
An alternative antidiabetic therapeutic approach to the use of agents which inhibit DPP-IV
activity is the use of DPP-IV-resistant GLP-1 analogs. One such naturally occurring GLP-1
receptor agonist is exendin-4. As mentioned above, exendin-4 binds to the GLP-1 receptor
and elicits a variety of biological effects which mimic the actions of GLP-1, including its
abilities to enhance glucose-stimulated insulin secretion, regulate gastric emptying, actas a
satiety factor and promote pancreatic endocrine cell differentiation and expansion of -cell
mass. As well, in vivo studies indicate that the insulin secretory effect of exendin-4 is more
potent than that of GLP-1.

Exendin-4 is currently being evaluated in clinical trials as a potential therapeutic
agent for the treatment of diabetes. However, the long term consequences of expression of

exendin-4, a lizard-derived peptide, in mammalian systems remains unknown. Therefore, in
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order to assess the physiological effects of chronic expression of lizard exendin-4 in vivo, we
have generated a transgenic mouse line in which proexendin 4 expression can be regulated by
induction of the mouse metallothionein I promoter.

In summary, this thesis addresses several unanswered questions regarding incretin
action, including (i) the relative roles of the known incretin hormones, GIP and GLP-1, in
glucose homeostasis, (ii) the potential existence of other agents, in addition to GIP and GLP-
1, which can contribute to glucose homeostasis, and (iii) the physiological effects of

prolonged incretin activity.
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Chapter 2. Differential Roles for GIP and GLP-1 in the Control of Glucose
Homeostasis
2.1 Introduction

The observation that oral glucose administration stimulates a greater increase in
insulin secretion from pancreatic 8-cells than an isoglycemic intravenous infusion has
stimulated considerable interest in the identity of gut-derived molecules that enhance insulin
secretion. The term incretin has been ascribed to factors released from the gut in response to
nutrient ingestion that potentiate glucose-stimulated insulin secretion (6). To date, the two
principal peptides that exhibit incretin-like activity are glucose-dependent insulinotropic
polypeptide (GIP) and glucagon-like peptide-1 (GLP-1). Together these two peptides are
thought to account for most, if not all of the incretin effect (3, 4, 382).

GIP is a 42-amino acid peptide that is synthesized in intestinal K-cells in the proximal
jejunum and secreted primarily in response to the ingestion of glucose or fat (3, 4). In
contrast, GLP-1, a post-translational product of the proglucagon gene (73), is released from
more distally located intestinal L-cells in response to ingestion of glucose or a mixed meal (4,
29, 146, 383). Under conditions of elevated blood glucose concentrations, both GIP and
GLP-1 stimulate insulin secretion and proinsulin gene transcription via specific receptors
expressed on islet B-cells (163, 164, 311, 312).

The principle action of GIP appears to be the stimulation of glucose-dependent
insulin secretion following enteral nutrient ingestion. Consistent with this hypothesis, GIP
immunoneutralizing antisera or a GIP receptor peptide antagonist reduced insulin secretion
following oral glucose challenge in rats (20, 384). The biological importance of GIP as an

incretin is further illustrated by GIP receptor -/~ mice that exhibit defective glucose clearance
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following oral glucose loading, but normal fasting glucose and glycemic excursion after
intraperitoneal glucose challenge (349). In contrast, GLP-1 R-/- mice exhibit fasting
hyperglycemia and abnormal glycemic excursion in response to both oral and intraperitoneal
glucose challenge (288).

Although results of studies in knockout mice may be used to infer specific
physiological actions of GIP and GLP-1 for control of glucose homeostasis, disruption of
incretin receptor signaling from birth may be associated with subtle developmental and
adaptive changes that could modify the interpretation of physiological studies. For example,
GLP-1R-/- mice exhibit abnormalities in the hypothalamic-pituitary-adrenal axis (295) and
up regulation of glucose-dependent GIP secretion and enhanced sensitivity to GIP action
(289), complicating the interpretation of results ascribed simply to interruption of GLP-IR
signaling in vivo. Accordingly, to control for potential confounding developmental or
adaptive changes in incretin action observed in genetically modified mice, we have assessed
the importance of GIP and GLP-1 for glycemic control in wild-type, as well as GLP-1R-/-,

mice using antagonists of GLP-1 and GIP action in vivo.

2.2 Methods
2.2.1 Animals

GLP-1 receptor -/- (288) and age-matched (6- to 8-week-old males) wild-type CD1
mice (Charles River Laboratories, Inc. Montreal, Quebec) were housed under a 12 h light, 12
h dark cycle in the Toronto General Hospital animal facility with free access to food
(standard rodent chow) and water, except where noted. All wild-type mice used for these

studies were acclimatized to the animal facility for several weeks prior to analysis. All
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procedures were conducted according to protocols and guidelines approved by the Toronto

Hospital Animal Care Committee.
2.2.2 Glucose Tolerance Tests and Measurement of Plasma Insulin Levels

Oral (OGTT) or intraperitoneal (IPGTT) glucose tolerance tests were carried out
following an overnight fast (16-18 h). The GLP-1 receptor antagonist exendin (9-39)NH, (5
pug; California Peptide Research Inc., Napa , CA) or phosphate-buffered saline (PBS) was
administered intraperitoneally 20 min prior to glucose administration, after a fasting blood
glucose measurement had been obtained. Anti-GIP R antiserum (provided by Dr. Timothy
Kieffer, University of Alberta, Edmonton, Canada) was raised in rabbits against a synthetic
peptide containing an extracellular epitope of the GIP receptor (Gly-Glin-Thr-Thr-Gly-Glu-
Leu-Tyr-Gln-Arg-Trp-Glu-Arg-Tyr-Gly-Trp-Glu-Cys) coupled to KLH (385).
Immunopurified GIPR antibody (GIPR Ab) blocks GIP-mediated increases in intracellular
cAMP and specifically displaces '*I-GIP binding with half-maximal displacement at
approximately 1 pg/ml (385). In the rat, plasma levels of GIPR Ab peak approximately 4h
after i.p. injection and remain at this level for 2 days (385). When GIPR Ab is delivered at a
dose of 1 pg/g body weight, the insulinotropic action of an exogenous bolus of GIP is
completely abolished in rats (385). Immunopurified GIPR Ab (1 ug/g body weight) or a
rabbit y-globulin control (1ug/g body weight; Jackson Immuno Research Laboratories,
Inc.,West Grove, PA) was given intraperitoneally at the onset of fasting, 16-18 hr prior to the
glucose tolerance tests. For glucose tolerance tests, mice were given 1.5 mg glucose/g body
weight orally through a gavage tube (OGTT) or via injection into the peritoneal cavity
(IPGTT). Blood was drawn from a tail vein at 0, 10, 20, 30, 60, 90 and 120 minutes

following glucose administration, and blood glucose levels were measured by the glucose
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oxidase method using a One Touch Basic Glucometer (Lifescan Ltd., Burnaby, BC). Blood
samples (100 pl) for measurement of insulin secretion were removed from tail veins during
the 10- to 20-minute time period following oral or intraperitoneal glucose administration and
immediately mixed with a 10% vol of a chilled solution containing 5000 KIU/ml Trasylol
(Miles Canada, Etobicoke, Canada), 32 mM EDTA, and 0.1 nM Diprotin A (Sigma Chemical
Co., St. Louis, MO). Plasma was separated by centrifugation at 4°C and stored at -80°C until
assayed. Plasma samples were assayed for insulin content using a rat insulin ELISA kit
(Crystal Chem Inc., Chicago, Illinois) with mouse insulin as a standard.
2.2.3 Prolonged Exposure to Incretin Antagonists

For more protracted studies, all mice were given free access to standard rodent chow
and water during the course of the experiments. Wild-type CD1 and GLP-1 receptor -/- mice
were given intraperitoneal injections of either PBS or 5 ug of exendin (9-39)NH; in 8%
gelatin. Injections were commenced at 0500 h, and each animal was given an intraperitoneal
injection of the appropriate test substance every 4 h, with the last injection given 3 h prior to
sacrifice, for a total of 15 h of treatment. Blood glucose levels were measured, animals were
euthanized and blood was obtained by cardiac puncture. Plasma was collected from the
blood samples for analysis of insulin levels (as described above). The pancreas was removed
from each animal and a portion was used for RNA isolation and Northern blot analysis. The
remaining portion of the pancreas was homogenized twice in 5 ml of extraction medium [1 N
HCI containing 5% (vol/vol) formic acid, 1% (vol/vol) trifluoroacetic acid, and 1% (wt/vol)
NaCl] at 4°C. Peptides and small proteins were adsorbed from extracts by passage through a
C18 silica cartridge (Waters Associates, Milford, MA). Adsorbed peptides were eluted with

4 ml of 80% (vol/vol) isopropanol containing 0.1% (vol/vol) trifluoroacetic acid. Pancreatic
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insulin levels were measured using a rat insulin ELISA kit (Crystal Chem Inc., Chicago,
Illinois) with mouse insulin as a standard. Total protein levels in extracts were determined
using the Bradford method (386) with Bio-Rad dye reagent (Bio-Rad Laboratories, Hercules,
CA). For longer term studies with GIPR Ab, wild-type CD1 and GLP-1 receptor -/- mice
were given intraperitoneal injections of either rabbit y-globulin or 1pg/g body weight of
purified GIPR Ab. Only a single injection of GIPR Ab was required, because the antibody
is stable in plasma for several days (385). At 18 h following administration of GIPR Ab or y-
globulin control, mice were euthanized with CO; and exsanguinated by cardiac puncture.
Blood glucose, plasma insulin and pancreatic insulin content were determined as described
above.
2.2.4 RNA Isolation & Northern Blot Analysis

Following prolonged exposure to PBS, exendin (9-39), rabbit y-globulin or GIPR Ab,
mice were euthanized with CO,, and pancreases were removed immediately for RNA
extraction by the acid-guanidinium isothiocyanate method (387). Total RNA (10 pg) was
electrophoresed in a 1% (wt/vol) formaldehyde-agarose gel and transferred to a nylon
membrane (Nytran Plus; Schleicher and Schuell, Keene, New Hampshire). For Northern blot
analysis, the blot was hybridized to 32p_jabeled random-primed cDNA probes corresponding
to rat proglucagon, rat insulin or 18S rRNA.
2.2.5 Statistics

Results are expressed as means + SEM. Statistical significance was calculated by
ANOVA and Student’s #-test using INSTAT 1.12 (Graph-Pad Software, Inc., San Diego,

CA). A p value < 0.05 was considered to be statistically significant.
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2.3 Results
2.3.1 Effects of Exendin (9-39) on Blood Glucose and Plasma Insulin

To assess the effects of acute blockade of GLP-1R signaling in vivo, we used the
GLP-1 receptor antagonist exendin (9-39), a truncated lizard GLP-1-related peptide that
binds to and antagonizes mammalian GLP-1 receptors (65). Treatment of wild-type mice
with exendin (9-39) immediately prior to oral glucose challenge produced a statistically
significant increase in blood glucose excursion during the 10- to 30-minute time period
following glucose administration (Fig. 4A; p<0.05 for saline- vs. exendin (9-39)-treated
mice). Surprisingly, plasma insulin levels were not significantly different, following oral
glucose loading, in saline- vs. exendin (9-39)-treated mice (Fig. 4B).

Because GLP-1R -/- mice exhibit abnormal glycemic excursion following both oral
and intraperitoneal glucose challenge, these findings suggest that GLP-1-mediated signaling
events are important for B-cell function and glucose disposal, independent of the site of
glucose entry (288). Consistent with the importance of non-incretin actions of GLP-1 for
glucoregulation, exendin (9-39) increased significantly the glucose excursion following
intraperitoneal glucose challenge (p<0.05, saline- vs. exendin (9-39)-treated mice, from 30-
120 min; Fig. 5A). Furthermore, the levels of glucose-stimulated circulating insulin were
reduced significantly in exendin (9-39)-treated mice (Fig. 5B; p<0.05; 0.58 + 0.02 vs. 0.47 +
0.02 ng/ml in saline- vs. exendin (9-39)-treated mice, respectively).

Although exendin (9-39) is generally viewed as a specific GLP-1 receptor antagonist,
several reports suggest that exendin (9-39) may also bind to the GIP receptor and potentially
antagonize the actions of GIP (314, 315). To verify that exendin (9-39) is a specific

antagonist of murine GLP-1 receptor signaling in vivo, we assessed the effect of exendin (9-
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39) on glycemic excursion in mice with targeted genetic disruption of the GLP-1 receptor
(288). Treatment of GLP-1 R -/- mice with exendin (9-39) had no statistically significant
effect on the glycemic excursion following oral or intraperitoneal glucose loading (Figs. 6A
and B), demonstrating the specificity of exendin (9-39) for GLP-1R receptor-mediated
glucose clearance at the dose employed here in vivo.
2.3.2 Effects of Anti-GIP Receptor (GIPR) Antiserum (GIPR Ab) on Blood Glucose
and Plasma Insulin

To ascertain the contribution of GIP action to glucose disposal following glucose
loading in mice, we initially used the peptides GIP (6-30)NH> and GIP (7-30)NH, which had
previously been shown to antagonize GIPR function in vitro and in vivo in rats, respectively
(384, 388, 389). However, we found that these GIPR peptide antagonists had no consistent
effect on glucose excursion or levels of plasma insulin in wild-type or GLP-1R-/- mice (data
not shown). As an alternative, we used an immunoneutralizing antisera directed against the
GIP receptor (GIPR Ab). Administration of GIPR Ab to wild-type mice prior to oral glucose
challenge led to no change in fasting blood glucose levels, but a significant increase in blood
glucose was detected at the 10- min time point of an OGTT (Fig. 7A; 13.1 £ 0.6 vs. 10.8 £
0.5 mM in GIPR Ab- vs. control-treated wild-type mice, respectively, p<0.05). The increase
in blood glucose was associated with a small but non-significant increase in plasma insulin
concentration (Fig. 7B). [n contrast, treatment of GLP-1R-/- mice with GIPR Ab also
produced a significant increase in blood glucose (Fig. 8A; 10.4 +0.8 vs. 8.3 £0.5 mM in
GIPR Ab- vs. control-treated mice, p<0.05) but additionally caused a significant reduction in
levels of glucose-stimulated insulin (Fig. 8B; 0.31 + 0.03 vs. 0.46 + 0.05 ng/ml for mice

receiving GIPR Ab vs. rabbit y-globulin, respectively, p<0.05).
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In contrast to the significant increase in blood glucose observed after intraperitoneal
glucose loading and treatment with exendin (9-39) (see Fig. 5A), administration of GIPR Ab
had no effect on blood glucose or plasma insulin levels after intraperitoneal glucose loading
in wild-type or GLP-IR -/- mice (data not shown).

2.3.3 Prolonged Antagonism of Incretin Action

The results of these experiments demonstrated that acute antagonism of GLP-1 or
GIP action produces differential effects on glycemic excursion following oral vs.
intraperitoneal glucose loading. As both GLP-1 and GIP have been postulated to regulate
glycemia, in part through effects on insulin biosynthesis at the level of insulin gene
transcription (163, 164, 311, 312), we examined the effects of administering either exendin
(9-39) or GIPR Ab on glucose control, over a more prolonged 18 h time period. Repeated
administration of exendin (9-39) to wild-type mice produced a significant elevation in blood
glucose (Fig. 9A, 7.1 £ 0.4 mM vs. 8.8 + 0.4 mM for saline- vs. exendin (9-39)-treated mice,
p<0.05) and a significant reduction in the levels of plasma insulin (Fig. 9B, 2.4 £ 0.1 vs. .7
+0.2 ng/ml for saline- vs. exendin (9-39)- treated mice, p<0.05). Comparable treatment of
GLP-1R-/- mice with repeated injections of exendin (9-39) had no effect on either blood
glucose or plasma insulin (Figs. 9C and D). In contrast to changes in glucose and insulin in
mice treated with repeated administration of exendin (9-39), no significant perturbation of
blood glucose or plasma insulin levels was observed following analysis of either wild-type or
GLP-1R-/- mice, 18 h subsequent to administration of GIPR Ab (Fig. 10, A-D).

Despite the postulated importance of GLP-1R signaling for insulin gene transcription,
no significant alterations in the levels of insulin (or proglucagon) mRNA transcripts (Figs.

11A and C) or pancreatic insulin content (Fig 12A) were detected, following repeated
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treatment with exendin (9-39), in either wild-type or GLP-1R -/- mice. Similarly, no
significant changes in the levels of insulin mRNA or insulin content were detected in the

pancreas of mice treated with GIPR Ab (Figs. 1 1B,C and 12B).

2.4 Discussion

Although originally identified as an incretin, GLP-1 has subsequently been shown to
exhibit multiple nonincretin actions including inhibition of both glucagon secretion (31, 35)
and gastric emptying (42, 181). GLP-1 also confers glucose sensitivity to glucose-resistant
B-cells (47) and may also increase insulin-independent glucose disposal in peripheral tissues
(51). Taken together with effects on reduction of food intake (39, 40), it appears that GLP-1
exerts both incretin- and nonincretin- mediated actions that contribute to glucose-lowering in
vivo.

The importance of nonincretin effects of GLP-1 are further exemplified by
experiments in mice with genetic disruption of GLP-1R signaling. Studies of islet function
demonstrate defects in basal islet cAMP and glucose-stimulated calcium signaling in GLP-1
R -/- islets (293). The importance of basal GLP-1R signaling for B-cell function may partly
explain why GLP-1R-/- mice also exhibit mild fasting hyperglycemia and abnormal glucose
excursion following intraperitoneal glucose challenge (288), conditions that would not be
associated with increases in levels of circulating GLP-1. Although the phenotype of
impaired glucose tolerance in GLP-1R-/- can be mild and variable, analysis of large numbers
of GLP-1R-/- mice of different ages demonstrates statistically significant impairment of
glucose homeostasis in the fasting state and after oral and intraperitoneal glucose challenge

(288, 291, 294).
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Interpretation of the modest impairment of glucose tolerance after genetic disruption
of the GLP-IR is complicated by the observation that GIP secretion and GIP-stimulated
insulin secretion are up-regulated in GLP-1R-/- mice, suggesting that compensatory
enhancement of GIP action partially modifies the phenotype of GLP-1 deficiency in vivo
(289). Furthermore, it remains possible that potential developmental effects of GLP-1R
deficiency might also modify islet and p-cell development and responsivity, hence the
abnormalities in B-cell function and glucoregulation detected in GLP-1R-/- mice may not
necessarily be directly correlated with acute disruption of GLP-1 action in vivo.

Accordingly, to eliminate confounding variables introduced by the potential
contribution of developmental and adaptive changes in physiological regulatory systems, we
re-examined the importance of GLP-1 and GIP action for both incretin- and nonincretin-
mediated control of glycemia in wild-type mice. Our data clearly show that inhibition of
GLP-1 activity during intraperitoneal glucose challenge produces abnormal glycemic
excursion in wild-type mice, associated with a significant reduction in plasma insulin.
Because non-enteral glucose challenge would not be expected to stimulate GLP-1 secretion,
our findings strongly suggest that basal levelis of circulating GLP-1 are essential for glycemic
control, both in the fasting state and following glucose challenge, independent of the mode of
glucose entry.

Further evidence supporting the importance of basal GLP-1 signaling for
glucoregulation derives from studies using exendin (9-39) in both humans and baboons.
Administration of exendin (9-39) produced significant elevations in fasting levels of both
glucose and glucagon, suggesting that even basal GLP-1 signaling during the fasting state

exerts a tonic inhibitory effect on glucagon secretion (281-283). The finding that glucagon
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secretion is under tonic inhibitory control by GLP-1 signaling is consistent with our
observation that glucose levels rise in exendin (9-39)-treated mice, without an obligatory
increase in the levels of circulating insulin. Additional evidence for the importance of basal
GLP-1 signaling derives from studies demonstrating that exendin (9-39) is an inverse agonist
of the B-cell GLP-1 receptor and that constitutive activity of the GLP-1 receptor, even in the
absence of bound ligand, is important for maintaining basal levels of cAMP and for
sustaining pancreatic B-cells in a glucose competent state (292, 293).

In contrast to the importance of GLP-1 for glucose regulation and B-cell function in
the fasting state, our current data strongly suggests that the role of GIP in glucose control is
considerably more restricted, principally functioning as an incretin in the post-absorptive
state. Disruption of GIP action during oral glucose challenge produced a significant increase
in glycemic excursion in both wild-type and GLP-1R-/- mice, in association with a
diminution of glucose-stimulated insulin secretion. In contrast, administration of GIPR Ab
had no effect on fasting glucose or glycemic excursion after intraperitoneal glucose loading,
not even in mice with loss of GLP-1 function.

Although the incretin function of GIP is well established (3, 4, 20), a role for GIP in
the control of B-cell function in the fasting state is less clearly defined. Infusion of GIP
produced a dose-dependent increase in plasma insulin, in fasting rats, that was attenuated by
co-infusion of ANTGIP, a GIP receptor peptide antagonist (389). However, no change in
fasting plasma insulin concentration was detected in rats 30 min. following subcutaneous
administration of ANTGIP (389). Although treatment with ANTGIP diminished glucose-
stimulated insulin secretion in rats, the effect of ANTGIP on blood glucose or insulin

secretion following an intraperitoneal glucose challenge or on fasting blood glucose levels
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was not reported (384, 389). Although we cannot be absolutely certain that the limitations of
the immunoneutralizing GIPR Ab may affect our experimental results, the finding that GIP is
primarily important for glucose clearance after enteral, but not intraperitoneal, glucose
loading, is consistent with data from GIPR-/- mice. These mice exhibit normal fasting
glucose, and the glycemic response to intraperitoneal glucose challenge is comparable and
normal in the presence or absence of GIPR signaling (349). These findings are entirely
consistent with our data showing no effect of GIPR Ab on fasting glucose or intraperitoneal
glucose clearance in mice in vivo. Taken together, the cumulative evidence strongly suggests
that the glucoregulatory actions of GIP on the p-cell are restricted to the potentiation of
glucose-stimulated insulin secretion following enteral nutrient absorption.

The results of several studies have suggested an important role for GLP-1 in the
regulation of insulin gene expression and insulin biosynthesis. Incubation of islet cell lines
with GLP-1 increases proinsulin mRNA via activation of insulin gene transcription (163,
164). Similarly GIP increases insulin mRNA and insulin content in islet cells, via induction
of insulin promoter activity and insulin gene expression (311, 312). Despite the putative
importance of GLP-1 and GIP for insulin gene expression and insulin biosynthesis, we were
unable to detect changes in pancreatic insulin content or insulin mRNA in wild-type mice
treated with either exendin (9-39) or GIPR Ab. Furthermore, we found minimal to no
changes in pancreatic insulin mRNA and insulin content in GLP-1R-/- mice (289-291).
These findings, taken together with our data using exendin (9-39) or GIPR Ab, strongly
suggest that GLP-1 and GIP are not essential for insulin gene expression and insulin

biosynthesis in mice in vivo.
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In summary, these studies demonstrate that GLP-1 is essential for normal glucose-
stimulated insulin secretion in mice, independent of the mode of glucose entry. Although
several investigators have suggested that the predominant effect of GLP-1 on glucose control
resides at the level of gastric emptying (43, 390}, our data clearly indicate an essential role
for GLP-1 in glucoregulation independent of nutrient entry via the gastrointestinal tract. In
contrast, GIP plays a more limited role in glucose homeostasis, with GIP actions restricted to
the classical incretin function of potentiating nutrient-stimulated insulin secretion. The wider
spectrum of GLP-1 actions on gastric emptying, B-cell function, glucagon secretion, food
intake and islet growth suggest that GLP-1 is likely to exhibit more potential, compared to

GIP, as a therapeutic agent for the treatment of diabetes.
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Chapter 3. Inhibition of DPP-IV Activity Improves Glucose Tolerance and Insulin
Secretion in GLP-1R-/- Mice

3.1 Introduction

Dipeptidyl peptidase IV (DPP-1V), also known as CD26, is a multifunctional,
ubiquitously expressed glycoprotein that can be found either anchored to cell surfaces, oras a
soluble protein in plasma (242, 243). In humans and rodents the DPP-IV cDNA encodes a
polypeptide of approx. 766 amino acids (242, 391) and the solubilized glycoprotein consists
of two identical subunits of approx. 120 kDa each (242, 392). The 6 N-terminal amino acids
of DPP-IV/CD26 comprise its very short cytoplasmic tail, with the majority of the protein,
including the C-terminal catalytic domain, located extracellularly (242, 243, 392). The
soluble form of DPP-IV/CD26 lacks the cytoplasmic tail and transmembrane domains (243).

[n the rat, the most abundant levels of DPP-IV/CD26 activity are found in the kidney
(393) and brush-border membranes of intestinal enterocytes (242). High levels of DPP-
IV/CD26 activity are also found in the lung, adrenal glands, liver, parotid gland, spleen and
testis (242). More recently, DPP-IV/CD26 activity has also been detected in the secretory
granules of a-cells in the pancreatic islets (394). Additionally, DPP-[V/CD26 is aiso located
on the endothelial cells of blood vessels (395), activated T-helper lymphocytes (355), subsets
of macrophages (356), and on mammary, skin and synovial fibroblasts (396-398). In the
rodent CNS, DPP-IV/CD26 has been detected in the choroid plexus (399), in the median
eminence (400), on astrocytes in the cerebellum and spinal cord, and in nerve perineurium
(401, 402). However, whether the DPP-IV/CD?26 found in the CNS is catalytically active
remains to be determined (403-405). Soluble DPP-IV/CD26 activity is found at high levels

in seminal fluid, with lower levels detected in plasma and cerebrospinal fluid (243).
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DPP-IV/CD26 appears to be involved in a number of biological processes. It can act
as a binding protein for adenosine deaminase (351), as well as for collagen and fibronectin
and thus, may be important for cell-matrix interactions (243, 350). DPP-IV/CD26 has also
been shown to be involved in T-cell activation and proliferation and consequently, appears to
play a role in immune regulation (353). In addition, DPP-IV/CD26 is a serine protease that
preferentially cleaves dipeptides from the N-terminus of polypeptides which contain either a
proline or alanine residue in position 2 (i.e. X-Pro/Ala, where X is any amino acid) (406,
407). Significantly, DPP-IV/CD26-mediated hydrolysis has been shown to alter the
biological specificity or receptor selectivity of a number of mammalian regulatory peptides
including substance P, NPY, peptide YY, growth hormone releasing hormone (GRH), as well
as certain chemokines (62, 408-413).

The two most widely recognized incretin hormones, GLP-1 and GIP, are also
substrates for the proteolytic activity of DPP-IV/CD26 (61, 62). DPP-IV/CD26-mediated
hydrolysis of biologically active GIP and GLP-1 yields, respectively, GIP (3-42), which is
inactive (306, 310), and GLP-1 (9-36)NH,, which is inactive and may also function as a
competitive antagonist of the GLP-1R in vivo (34, 245, 260, 357, 414). Furthermore, it has
been suggested that DPP-IV/CD26 may be the primary enzyme responsible for the
degradation and short plasma half-life of GLP-1 and GIP in vivo (61, 62, 236). Recent in
vivo studies in the pig have shown that intact GLP-1 newly secreted from the intestine is
rapidly degraded to GLP-1 (9-37/36)NH: as it enters the DPP-IV/CD26-containing blood
vessels which drain the intestinal mucosa (244).

While both GIP and GLP-1 are potential therapeutic agents for the treatment of

diabetes, only GLP-1 has been shown to retain its incretin effect in diabetic patients (60).
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However, due to the short metabolic half-life of GLP-1, therapeutic efforts have focused on
the development of DPP-IV-resistant GLP-1 analogues or, alternatively, the development of
specific DPP-IV inhibitors. Such reagents would simultaneously prolong the biological
activity of GLP-1 and minimize the accumulation of the antagonistic metabolite GLP-1 (9-
37/36)NH,.

Pharmacological inhibition of DPP-IV/CD26 activity has been shown to increase both
endogenous and exogenous levels of biologically active GLP-1 and to improve glucose
tolerance and enhance insulin secretion in a number of normal and type 2 diabetic animal
models (359-363). However, although DPP-IV/CD26 is presumed to be the major enzyme
responsible for the degradation of GLP-1 and GIP in vivo (61, 62, 236), additional enzymes
which exhibit DPP-IV/CD26-like activity have been identified (378-380). Thus, the specific
molecular targets of DPP-IV/CD26 inhibitors are not clear.

In order to elucidate the physiological function of DPP-IV/CD26 and determine its
role in glucoregulation, mice harboring a targeted inactivation of the DPP-IV/CD26 gene
were generated (CD26-/-) (381). These mice, which are fertile and appear to develop
normally, exhibit normal fasting blood glucose levels. However, they are able to clear an
oral glucose load more rapidly than wild-type littermates and exhibit significant increases in
glucose-stimulated insulin levels in association with increased levels of intact biologically
active GLP-1 (381). In addition, intact biologically active GLP-1 or GIP was completely
resistant to N-terminal degradation when incubated in plasma derived from CD26-/- mice
(381). Moreover, treatment with valine-pyrrolidide, a pharmacological inhibitor of DPP-
IV/CD26 enzymatic activity, resulted in improved glucose tolerance in wild-type mice but no

effect in CD26-/- mice, indicating that valine-pyrrolidide mediates glucose clearance
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specifically via suppression of DPP-IV/CD26 activity (381). Taken together, the studies
performed with the CD26-/- mouse suggest that the proteolytic activity of DPP-IV/CD26 has
an essential role in glucoregulation.

The precise mechanism by which DPP-IV/CD26 activity modulates blood glucose
levels is unknown, but likely involves regulation of the activity of GLP-1, and possibly GIP
or other substrates as well. Thus, in order to determine whether DPP-IV inhibitors lower
blood glucose exclusively through GLP-1-dependent mechanisms, we examined the effects
of DPP-IV/CD26 inhibition in GLP-1R-/- mice using the pharmacological inhibitor valine-
pyrrolidide. GLP-1R-/- mice are glucose intolerant due to a lack of GLP-1 signaling which
results in insufficient levels of glucose-stimulated insulin secretion (288). It was
hypothesized that, if GLP-1 alone is responsible for the observed improvements in glucose
tolerance and insulin secretion in CD26-/- mice, pharmacological inhibition of DPP-
[V/CD26 activity in GLP-1R-/- mice would have no effect on glucose tolerance or insulin

secretion.

3.2 Methods
3.2.1 DPP-1V Inhibition

Valine-pyrrolidide (val-pyr) was provided by Dr. Nicolai Wagtmann (Novo Nordisk,
Denmark). It is a stable and highly selective competitive inhibitor of DPP-IV activity (244,
359), that is essentially inactive against other proteolytic enzymes (359). Lyophilized val-pyr
was freshly dissolved at 4.12 mg/ml in water and injected i.p. into mice at a dose of 20.6

mg/kg, 30 min prior to initiation of glucose tolerance tests.



3.2.2 Mice

GLP-1 receptor -/- and age-matched (6- to 8-week-old males) wild-type CD1 mice
(Charles River Laboratories, Inc. Montreal, Quebec) were housed undera 12 h light, 12 h
dark cycle in the Toronto General Hospital animal facility with free access to food (standard
rodent chow) and water, except where noted. All wild type mice used for these studies were
acclimatized to the animal facility for several weeks prior to analysis. All procedures were
conducted according to protocols and guidelines approved by the Toronto Hospital Animal
Care Committee.
3.2.3 Glucose Tolerance Tests and Measurement of Plasma Insulin Levels

Oral (OGTT) or intraperitoneal (IPGTT) glucose tolerance tests were carried out
following an overnight fast (18 h). The DPP-IV inhibitor val-pyr (20 mg/kg of a 4.12 mg/ml
stock solution) or vehicle (water) was administered intraperitoneally 30 min prior to glucose
administration, after a fasting blood glucose measurement had been obtained. For glucose
tolerance tests, mice were given 2.0 g glucose/kg body weight orally through a gavage tube
(OGTT) or via injection into the peritoneal cavity (IPGTT). Blood was drawn from a tail
vein at 0, 30, 60, 120 and 180 minutes following glucose administration, and blood glucose
levels were measured by the glucose oxidase method using a One Touch Basic Glucometer
(Lifescan Ltd., Burnaby, BC). Blood samples (100 pl) for measurement of plasma insulin
levels were removed from tail veins during the 10- to 20-minute time period following oral
or intraperitoneal glucose administration and immediately mixed with a 10% vol of a chilled
solution containing 5000 KIU/ml Trasylol (Miles Canada, Etobicoke, Canada), 32 mM
EDTA, and 0.1 nM Diprotin A (Sigma Chemical Co., St. Louis, MO). Plasma was separated

by centrifugation at 4°C and stored at -80°C until assayed. Plasma samples were assayed for
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insulin content using a rat insulin ELISA kit (Crystal Chem Inc., Chicago, Illinois) with
mouse insulin as a standard.
3.2.4 Statistics

All results are expressed as means + SEM. Statistical significance was calculated by
ANOVA and Student’s ¢-test using INSTAT 1.12 (Graph-Pad Software, Inc., San Diego,

CA). A p value <0.05 was considered to be statistically significant.

3.3 Results
3.3.1 Effects of DPP-IV/CD26 Inhibition on Oral Glucose Tolerance

In CD26-/- mice an oral glucose load is cleared more rapidly than in wild type control
mice (381). This accelerated glucose clearance is associated with increased levels of intact,
biologically active GLP-1 and enhanced insulin secretion (381). To determine whether the
improved oral glucose tolerance observed in CD26-/- mice is mediated entirely by GLP-1-
dependent mechanisms, we treated wild-type and GLP-1R-/- mice with the pharmacological
DPP-IV/CD26 inhibitor val-pyr, prior to an oral glucose tolerance test. Surprisingly,
inhibition of DPP-IV/CD26 activity during an oral glucose challenge had no effect on the
rate of glucose clearance in wild-type mice (Fig. 13A), but it did produce a notable, although
not statistically significant, increase in the plasma insulin concentration (Fig. 13B).
However, in GLP-1R~/- mice, inhibition of DPP-IV/CD26 activity with val-pyr resulted in a
significant improvement in oral glucose clearance (p<0.05 for vehicle- vs. val-pyr-treated

GLP-1R-/- mice at 30 and 60 min following oral glucose; Fig. 14A), which was associated
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with enhanced insulin secretion (0.29+0.02 ng/ml in vehicle-treated vs. 0.74+0.08 ng/ml in
val-pyr-treated GLP-1R-/- mice; p<0.05; Fig. 14B). The observed improvement in oral
glucose tolerance and insulin secretion in GLP-1R-/- mice following val-pyr treatment,
despite lack of GLP-IR signaling, suggests that DPP-IV/CD26 does not mediate its effects
on blood glucose levels exclusively through GLP-1-dependent mechanisms.
3.3.2 Effects of DPP-IV/CD26 Inhibition on Intraperitoneal Glucose Tolerance

[n addition to its role as an incretin hormone, GLP-1 has also been shown to be
essential for clearing an intraperitoneal glucose load (288). Administration of glucose into
the peritoneal cavity bypasses the incretin effect, as well as any effects on gastric emptying.
Thus, GLP-1 is important for handling a glucose load, independent of the site of glucose
entry (288). To determine if DPP-IV/CD26-mediated glucoregulation also involves
nonincretin substrates, including and/or in addition to GLP-1, wild-type and GLP-1R-/- mice
were treated with val-pyr prior to an intraperitoneal glucose tolerance test. Treatment with
val-pyr prior to an intraperitoneal glucose challenge had no effect on glucose tolerance or
plasma insulin concentration in wild-type mice (Figs. I5A and B). However, inhibition of
DPP-IV/CD26 activity in GLP-1R-/- mice significantly decreased the glycemic excursion
following the intraperitoneal glucose load (p<0.05 for vehicle- vs. val-pyr-treated GLP-IR-/-
mice at 30 and 60 min following intraperitoneal glucose; Fig. 16A). Moreover, the plasma
insulin concentration was significantly increased in the val-pyr-treated GLP-1R-/- mice
(0.33+0.02 ng/ml in vehicle-treated vs. 0.44+0.02 ng/ml in val-pyr-treated GLP-1R-/- mice;
p<0.05; Fig. 16B). These results suggest that DPP-IV/CD26-mediated regulation of blood

glucose is likely independent of effects on gastric emptying and involves additional
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mechanisms, and not simply inhibition of endogenous GLP-1 degradation. Hence, these
results indicate that the effects of substrates other than GLP-1 play an important role in

mediating DPP-IV/CD26-regulated glucose control.

3.4 Discussion

Recent studies have shown that mice with a targeted inactivation of the DPP-
IV/CD26 gene are able to clear a glucose load more rapidly than their wild-type littermates
and that this improved glucose tolerance is associated with increased plasma insulin levels.
These resuits indicate that the proteolytic activity of DPP-IV/CD26 plays an important role in
the regulation of blood glucose levels (381). However, the exact mechanism by which DPP-
[V/CD26 modulates glucoregulation is uncertain. A number of studies in pigs and both
normal and diabetic rodents have shown that DPP-IV/CD26 inhibition results in increased
levels of intact, biologically active endogenous GLP-1 (359-361, 363). Moreover, in CD26-
/- mice, the improved glucose tolerance and increased insulin secretion were associated with
increased levels of intact, biologically active GLP-1 (381). Thus, DPP-IV/CD26 likely
mediates its effects on blood glucose levels by regulating the activity of GLP-1, although
other substrates, including GIP, could also be involved.

In this study, wild type and GLP-1R-/- mice were treated with val-pyr, a specific
DPP-IV/CD26 inhibitor, to determine if GLP-1-dependent mechanisms were entirely
responsible for mediating the effects of DPP-IV/CD26 on blood glucose regulation.

Surprisingly, val-pyr treatment had no effect on blood glucose levels in wild-type
mice. Similarly, in studies performed on anesthetized pigs, inhibition of DPP-IV/CD26

activity with val-pyr produced a significant increase in plasma insulin concentration, but had
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no effect on blood glucose levels (359). Moreover, treatment of wild-type C57BL/6J mice
with val-pyr, or administration of the DPP-IV inhibitor NVP-DPP728 in lean Zucker rats,
prior to oral glucose tolerance tests, produced only mild improvements in glucose tolerance,
despite marked increases in plasma insulin levels (361, 363). Since recent studies have
suggested that glucagon may also be a substrate for DPP-IV/CD26’s proteolytic activity
(415), the lack of improved glucose tolerance in response to DPP-IV/CD26 inhibition could
be due to increased levels of endogenous biologcally active glucagon.

Inhibition of DPP-IV/CD26 activity in GLP-1R-/- mice resulted in improved glucose
tolerance and increased plasma insulin levels in response to either an oral or i.p. glucose
challenge. These results indicate that the improved glucose tolerance and elevated insulin
levels in CD26-/- mice may not be mediated exclusively through GLP-1 activity, and that
DPP-IV/CD26-mediated regulation of other insulinotropic substrates is important for
controlling blood glucose levels. One substrate that is likely involved in the non-GLP-1-
mediated effects of val-pyr is GIP. GIPR-/- mice display impaired glucose tolerance and
significant reductions in glucose-stimulated insulin secretion in response to an oral glucose
challenge (349), indicating that GIP plays an essential role in glucose homeostasis following
enteral glucose challenge. In addition, DPP-IV/CD26 has been shown to be the primary
enzyme responsible for GIP degradation in vivo (61) and intact GIP was completely resistant
to N-terminal cleavage when incubated in plasma obtained from CD26-/- mice (381).
Furthermore, GLP-1R-/- mice exhibit upregulation of glucose-dependent GIP secretion and
insulinotropic action (289) and, thus, may be hypersensitive to the increased levels of intact
GIP that result from DPP-IV/CD26 inhibition. Enhanced sensitivity to GIP action could also

explain why val-pyr treatment resulted in improved glucose tolerance and increased insulin
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secretion in GLP-1R-/- mice in response to an i.p. glucose load. Although studies performed
with both GIPR-/- and wild-type mice treated with a GIPR antagonist suggest that GIP
activity is not essential for clearing an i.p. glucose load (349, 416), it is plausible that
elevated levels of intact GIP in val-pyr-treated GLP-1R-/- mice could unmask additional GIP
effects, including non-incretin-like actions. However, in order to accurately assess the
involvement of GIP in DPP-IV/CD26-mediated glucoregulation, the levels of glucose-
stimulated endogenous intact GIP must be measured in the GLP-1R-/- mice, in the presence
and absence of val-pyr. Additionally, administration of a GIPR antagonist to GLP-1R-/-
mice, in conjunction with val-pyr treatment, would allow us to evaluate the relative
contribution of GIP to the improved glucose tolerance and enhanced insulin secretion that
was observed in these mice.

From our current studies it is clear that the DPP-IV/CD26-regulated pathway of blood
glucose control involves substrates other than GLP-1. As GIP is the most likely candidate
peptide to be involved in the GLP-1-independent, DPP-IV/CD26-mediated regulation of
blood glucose, studies aimed at evaluating the effects of val-pyr treatment on glucose
homeostasis in GIPR-/- mice are warranted.

Since DPP-IV/CD26 activity inactivates a number of biologically important peptides,
it is also feasible that other DPP-IV/CD26 substrates, in addition to GLP-1 and possibly GIP,
contribute to the improved glucose tolerance and elevated insulin levels seen with val-pyr
treatment. With respect to blood glucose regulation, peptide histidine isoleucine (PHI) has
been shown to stimulate insulin secretion in mice (417, 418) and is a target for DPP-
IV/CD26-mediated proteolytic cleavage (242). Moreover, pituitary adenylate cyclase-

activating polypeptide (PACAP), a neuropeptide, has been shown to be a potent in vivo
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stimulator of glucose-induced insulin secretion in both mice (419) and humans (420).
Although the PACAP amino acid sequence contains N-terminal His-Ser, and thus does not
conform to the consensus X-Pro or X-Ala motif recognized by DPP-IV/CD26 (62), studies
have also shown that, despite its relatively restricted substrate specificity, DPP-IV/CD26 will
cleave certain peptides that contain residues other than Pro or Ala in position 2, albeit at
much slower rates (408, 421). In addition, others have shown that glucagon, a polypeptide
which contains His-Ser at its N-terminus, can be degraded by DPP-IV/CD26 proteolytic
activity (415). The relative contribution of insulin secretagogues such as PHI and PACAP, if
any, to the improved glucose tolerance and increased insulin secretion in val-pyr treated mice
remains to be determined.

Inhibition of DPP-IV/CD26 activity has been shown to improve glucose tolerance
and augment glucose-stimulated insulin secretion in a number of rodent models of type 2
diabetes (361-363) and, thus, has been proposed as a relevant therapy for the treatment of
type 2 diabetes (241). However, given the variety of substrates that are cleaved by DPP-
IV/CD26, its role as an immune modulator, and the existence of other enzymes which exhibit
DPP-IV/CD26-like activity, the use of pharmacological agents that inhibit DPP-IV/CD26
activity in humans may be associated with undesirable side effects. Nonetheless, CD26-/-
mice appear healthy, are fertile, and tolerate complete loss of DPP-IV/CD26 activity without
any reported side effects, other than the observed effects on glucose metabolism (381). Also,
mice with a targeted disruption of the fibroblast activation protein (FAP) gene, which
encodes an enzyme that possesses DPP-IV/CD26-like activity, are fertile and show no

evidence of developmental defects (422). In addition, a strain of DPP-IV/CD26-deficient



75

Fischer rats that arose as a result of a spontaneous mutation in the CD26 gene, is
phenotypically normal (423).

In conclusion, the current study demonstrates that DPP-IV/CD26 inhibition improves
glucose tolerance and enhances insulin secretion in the glucose intolerant GLP-1R-/- mouse.
Although additional studies are required to assess the consequences of long-term inhibition
of DPP-IV/CD26 activity in vivo, the results of this study and others indicate that DPP-

[V/CD26 inhibitors may be practical and valuable agents for the treatment of type 2 diabetes.
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Chapter 4. Sustained Expression of Exendin-4 does not Perturb Glucose Homeostasis,
B-cell mass or Food Intake in Metallothionein-Exendin-4 Transgenic Mice
4.1 Introduction

Glucagon-like peptide-1 (GLP-1), a product of the proglucagon gene is released from
gut endocrine cells and potentiates glucose-dependent insulin secretion (29). GLP-1 also
regulates gastric emptying, food intake, glucagon secretion and islet proliferation, and hence
is currently under investigation as a therapeutic agent for the treatment of diabetes (29).
However, a significant limitation to GLP-1 therapy in diabetic subjects is the short biological
half-life of this peptide (61, 63, 358), limiting its ability to control blood glucose for an
extended period of time. These considerations have prompted the investigation of strategies
designed to prolong the duration of GLP-1 action in vivo (237, 241).

Exendin-4, a peptide structurally related to but distinct from GLP-1 (374), was
originally purified from the venom of a Heloderma suspectum lizard (64, 424). Subsequent
characterization of exendin-4 activity demonstrated that the lizard peptide was a potent
agonist for the mammalian GLP-1 receptor (GLP-1R) (64, 65, 68, 277, 424). Exendin-4
exhibits a much longer in vivo half-life and prolonged duration of action (68), rendering it
more potent for protracted stimulation of GLP-1 receptor signaling and sustained
improvement in glucose homeostasis in vivo. Despite the structural homology of lizard
exendin-4 and mammalian GLP-1, 2 mammalian exendin-4 gene has not yet been identified
(374, 375).

The finding that exendin-4 represents a potent GLP-1-like analogue has prompted
studies of exendin-4 activity in normal and diabetic rodents. Exendin-4 potentiates glucose-

stimulated insulin secretion and lowers blood glucose in both rats and mice (56, 57, 68, 69,
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treatment may decrease satiety and promote weight loss in vivo (68, 69). Furthermore, recent
studies demonstrate that exendin-4 administration leads to induction of pancreatic endocrine
cell differentiation, islet proliferation, and expansion of B-cell mass (55-57).

Although the biological activities of exendin-4 and GLP-1 have been examined in
numerous short term studies, limited information is available regarding the physiological
actions of these peptides in experimental paradigms characterized by prolonged exposure to
increased levels of GLP-1R agonists. To assess the physiological effects of chronic
expression of lizard exendin-4 in vivo, we have generated transgenic mice in which lizard
exendin-4 expression is under the control of the inducible mouse metallothionein-I (MT-I)
promoter. The physiological characterization and metabolic effects of sustained exendin-4

expression in mice in vivo are reported in the following sections.

4.2 Methods
4.2.1 MT-Exendin Transgene Construction and Generation of Transgenic Mice

To generate the MT-Exendin transgene, a 492 bp cDNA encoding lizard proexendin-
4 (374) (see Fig. 3) was cloned into the Bgl II site of the pEV 142 expression vector (425),
under the control of an inducible mouse MT-I promoter. A 1.9 Kb Eco RI fragment
containing the MT-Exendin transgene was electro-eluted from a 1% (wt/vol) agarose gel and
further purified on an Elutip-d column (Schleicher and Schuell, Keene, NH). Transgenic
mice were generated by Chrysalis, DNX Transgenic Sciences, Princeton, N.J. on a C57BL/6
x SJL genetic background. All mice used in these studies were 1620 weeks old. Control

animals were age- and sex-matched transgene-negative mice from the same litter or family.
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For induction of MT-I promoter activity, drinking water was supplemented with 25 mM
ZnSO, for a minimum of 72 h. All procedures were conducted according to protocols and
guidelines approved by the Toronto Hospital Animal Care Committee.
4.2.2 Plasma Extraction

Blood samples were obtained by cardiac puncture and mixed with 10% (vol/vol) TED
(500 KIU/ml Trasylol, 1.2 mg/ml EDTA and 0.1 mM Diprotin A). Plasma was collected by
centrifugation at 4°C and mixed with two volumes of 1% (vol/vol) trifluoroacetic acid, pH
2.5. Peptides and small proteins were adsorbed from plasma extracts by passage through a
C18silica cartridge (Waters Associates, Milford, MA). Adsorbed peptides were eluted with
4 ml of 80% (vol/vol) isopropanol containing 0.1% (vol/vol) trifluoroacetic acid. Total
protein levels in plasma extracts were determined using the modified Bradford method (386)
with Bio-Rad dye reagent (Bio-Rad Laboratories, Hercules, CA) and bovine y-globulin as a
standard.
4.2.3 High Pressure Liquid Chromatography (HPLC) and Radioimmunoassay (RIA)

HPLC was performed on a Waters system using a C18 uBondapak column.
Radioimmunoassay for exendin-4-like immunoreactivity was carried out using a rabbit anti-
exendin-4 antiserum (Cocalico Biologicals Inc., Reamstown, PA), synthetic exendin-4
(California Peptide Research Inc., Napa, CA) as standard, and '*I-exendin-4, prepared by the
chloramine T method (130, 426).
4.2.4 Glucose Tolerance Tests and Measurement of Plasma Insulin Levels

Oral (OGTT) or intraperitoneal (IPGTT) glucose tolerance tests were carried out
following an overnight fast (16-18 h). Glucose (1.5 mg /g body weight) was administered

orally through a gavage tube (OGTT) or via injection into the peritoneal cavity (IPGTT).
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Blood was drawn from a tail vein at 0, 10, 20, 30, 60, 90 and 120 minutes following glucose
administration and blood glucose levels were measured by the glucose oxidase method using
a One Touch Basic Glucometer (Lifescan Ltd., Canada). Blood samples (100 ul) for
measurement of insulin secretion were removed from tail veins during the 10- to 20-minute
time period following oral or intraperitoneal glucose administration and immediately mixed
with a 10% vol of a chilled solution containing 5000 KIU/ml Trasylol (Miles Canada,
Etobicoke, Canada), 32 mM EDTA, and 0.1 nM Diprotin A (Sigma Chemical Co., St. Louis,
MO). Plasma was separated by centrifugation at 4°C and stored at -80°C until assayed for
insulin content using a rat insulin ELISA kit (Crystal Chem Inc., Chicago, [llinois), with
mouse insulin as a standard.
4.2.5 Measurement of Food and Water Intake

For feeding studies, mice were fasted for 18 h and then placed into individual cages
containing preweighed rodent chow, with free access to water. At the indicated time points,
the chow was re-weighed and total food intake (g/g body wt) was calculated. Food intake
was monitored for a total of 24 h. For drinking studies, mice were water deprived for 13 h
and then placed into individual cages containing preweighed water bottles, with free access
to food. At0.5, I, 2 and 24 h the water bottles were re-weighed and water intake (ml) was
determined.
4.2.6 Histology and Immunohistochemistry

The pancreas was removed, fixed overnight in either 10% buffered formalin or 4%
paraformaldehyde and embedded in paraffin. Sections were obtained and stained with
hematoxylin and eosin using standard protocols. Immunostaining for insulin and glucagon

was carried out as previously described (81, 107, 427).
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4.2.7 Estimation of B-Cell Mass

The entire pancreas was removed, weighed, fixed in acidic formalin and paraffin
embedded. Paraffin blocks were sectioned and a set of 69 sections from each pancreas was
sampled by systematic uniform random sampling (SURS). The sampled sections were
immunostained for insulin using guinea-pig anti-insulin (Dako, Denmark) as primary
antibody (1:100 dilution) and rabbit anti-guinea-pig immunoglobulin (Dako, Denmark) as
secondary antibody (1:50 dilution). Antibody binding was visualized by 3,3-
diaminobenzidine and sections were counterstained by Meyers hematoxylin. The volume
fraction of B-cells within tissue blocks was estimated according to the principle of Delesse
(428). The sections were examined using an Olympus BH-2 microscope equipped with a
video camera and connected to a computer with C.A.S.T.-grid software (Olympus, USA).
Sampling within sections was also performed by SURS. A coherent double-lattice grid was
used for point counting. Sampling and grid density was calibrated such that approximately

100-200 points hitting B-cells and approximately the same number of points hitting pancreas

were counted per pancreas (429). All estimates of B-cell mass were determined in a blinded
manner.
4.2.8 Streptozotocin (STZ) Studies

Six-week-old CS7BL/6 male mice were used for these studies. Streptozotocin (STZ;
Sigma Chemical Co., St. Louis, MO) was freshly dissolved at 10 mg/ml in 0.1M sodium
citrate buffer (pH 5.5). On each day of the experiment all mice were fasted for 3 h (8:30 am-
11:30 am) and then their blood glucose levels were measured from a tail vein sample using
the glucose oxidase method and a One Touch Basic Glucometer (Lifescan Ltd., Canada). On

day 0, following the 3 h fast and measurement of blood glucose, half of the mice were treated
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with a single intraperitoneal dose of STZ (200 mg/kg), while the other half served as controls
and were given 0.IM sodium citrate alone. On days 2-11, following the 3 h fast and
measurement of blood glucose, control and STZ-treated mice received a single i.p. dose of
either saline or 24 nmol/kg exendin-4 (California Peptide Research Inc., Napa, CA). On the
last day of the experiment (day 11), following a final blood glucose measurement, the mice
were euthanized and exsanguinated by cardiac puncture. Plasma was collected from the
blood samples for measurement of insulin levels (as described above). The pancreas was
removed from each animal and homogenized twice in 5 ml of extraction medium {1 N HC!
containing 5% (vol/vol) formic acid, 1% (vol/vol) trifluoroacetic acid, and 1% (wt/vol) NaCl]
at 4°C. Peptides and small proteins were adsorbed from extracts by passage through a C18
silica cartridge (Waters Associates, Milford, MA). Adsorbed peptides were eluted with 4 ml
of 80% (vol/vol) isopropanol containing 0.1% (vol/vol) trifluoroacetic acid. Pancreatic
insulin levels were measured using a rat insulin ELISA kit (Crystal Chem Inc., Chicago,
Illinois) with mouse insulin as a standard. Total protein levels in extracts were determined
using the Bradford method (386) with Bio-Rad dye reagent (Bio-Rad Laboratories, Hercules,
CA).
4.2.9 Statistics

Results are expressed as means + SEM. Statistical significance was calculated by
ANOVA and Student’s ¢-test using INSTAT 1.12 (Graph-Pad Software, Inc., San Diego,

CA). A p value <0.05 was considered to be statistically significant.
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4.3 Results
4.3.1 Generation of MT-Exendin Transgenic Mice and Transgene Expression

A 1.9 Kb fragment (Fig. 17A) containing: (i) 770 bp of the mouse MT-I promoter,
including 5’-flanking and exon 1 sequences (430, 431); (ii) the 492 bp lizard proexendin-4
cDNA (374); and (iii) 625 bp of the human growth hormone gene containing the
polyadenylation signal and 3’-flanking sequences (432) was used for the generation of MT-
Exendin (MT-Ex) mice. Transgenic mice were identified by Southern blot analysis (Fig.
17B). Male and female MT-Ex transgenic mice were viable, fertile and appeared to develop
normally.

Northern blot analysis detected transgene RNA expression in several tissues including
heart, duodenum, jejunum, ileum, colon, stomach, brain, pancreas, and adipose tissue (Fig.
18 and data not shown). Tissue and plasma extracts from MT-Ex mice were prepared and
analyzed by radioimmunoassay for exendin-4-like immunoreactivity (Ex 4-IR) using
exendin-4 antiserum (performed by Feisal Adatia in Dr. Patricia Brubaker’s laboratory in the
Department of Physiology at the University of Toronto). The exendin-4 antiserum used for
these studies does not cross-react with glucagon, glicentin, oxyntomodulin, gastric inhibitory
polypeptide (GIP), vasoactive intestinal polypeptide (VIP), or glucagon like peptides 1 and 2
(GLP-1 and GLP-2), nor does it require a free N-terminus for binding (Dr. Patricia Brubaker,
personal communication). In wild-type non-transgenic mice, basal levels of Ex 4-IR were
less than 27 pg/ml (Fig. 19A). In contrast, basal plasma levels of Ex 4-IR were 434 + 39 and
330+84 pg/ml in male and female transgenic mice, respectively (Fig [9A), and induction of
transgene expression with zinc treatment resulted in a further ~ 2.5-fold increase in the

circulating levels of Ex 4-like IR in both male and female inice (Fig. 19A).



—770 bp—+492 bp+—625 bp—]

probe
Eco Rl yyng 11400 bg—Sact EcoRI

C - ===+ +=-%=-=-% 4+ -+

Fig. 17. Structure of the MT-Exendin transgene and Southern blot
analysis of genomic DNA from transgenic mice. A: The Heloderma
suspectum proexendin-4 cDNA was cloned into the pEV 142 expression
vector, downstream of an inducible mouse metallothionein-I promoter
(MT-I) and upstream of 3’-flanking sequences from the human growth
hormone (hGH) gene. The 1.9 Kb Eco RI fragment containing the MT-
Exendin transgene was purified and used to generate transgenic mice.

The portion of the transgene that was used as a probe to identify transgenic
mice is indicated by the cross-hatched bar. B: Transgenic mice were
identified by Southern blot analysis of genomic DNA digested with Hind III
and Sac I by using a fragment derived from the MT-Exendin transgene as a
probe. Transgene-negative mice are indicated by (-) and MT-Exendin
transgene-positive mice are indicated by (+). In the first lane (C), the DNA

fragment corresponding to the probe sequence was separated in the gel and
served as a positive control.
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Fig. 18. MT-Exendin transgene expression in adult mouse tissues.
Northern blot analysis of total RNA (10 pg) isolated from male (M) and
female (F) wild-type control (-) or MT-Exendin transgenic (+) mouse tissues.
In the last lane (C), mRNA (25 ng) isolated from lizard salivary gland

was separated in the gel and served as a positive control. The blot was
hybridized with a 3?P-labeled cDNA fragment corresponding to the lizard
proexendin-4 cDNA.
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Fig. 19. Detection of exendin-4-like inmunoreactivity in the plasma of
MT-Exendin transgenic mice. A: RIA for detection of exendin-4-like
immunoreactivity (Exendin IR) in plasma from wild-type control litter-
mates (non-TG) and transgenic male (MT-Ex M) or female (MT-Ex F)
mice. Mice were given either standard drinking water (-Zn, open bar) or
water supplemented with 25 mM ZnSO, (+Zn, solid bar) to up-regulate
transgene expression. Zinc supplementation was for a period of 72 hr.
Values are expressed as means + SE. *p<0.05, transgenic vs. control.

B: HPLC elution profile of exendin-4-like immunoreactivity (Ex-4-IR)
extracted from the plasma of a 4-month-old zinc-treated MT-Exendin male
mouse. The elution position of synthetic exendin-4 is indicated by the arrow.
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To determine whether proexendin was both processed appropriately and secreted into
the circulation, HPLC and radioimmunoassay analyses were carried out to characterize the
molecular forms of circulating exendin-4-IR (performed by Feisal Adatia in Dr. Patricia
Brubaker’s laboratory). The major exendin-immunoreactive peptide detected in plasma
extracts from MT-exendin-4 transgenic mice eluted at the same position as synthetic
exendin-4 (Fig. 19B). Significant amounts of exendin-4-immunoreactivity eluting in the
same position as synthetic exendin-4 were also detected in the testes and adrenal glands of
transgenic mice (data not shown).

4.3.2 In Vivo Effects of Exendin-4 on GLP-1 Receptor-Dependent Physiological
Endpoints

Although the biological properties of exendin-4 have been examined in acute
administration studies and following once daily administration regimens in rodents (56, 57,
72), the long term consequences of increased circulating exendin-4 on GLP-1 receptor-
dependent actions has not been examined.

As GLP-1 receptor signaling is essential for control of fasting blood glucose, glucose
clearance and glucose-stimulated insulin secretion (29), we examined these parameters in
control and MT-Ex transgenic mice. Fasting blood glucose levels were normal in MT-Ex
mice under conditions of either basal or induced transgene expression (Figs. 20 and 21).
Despite clearly detectable levels of circulating exendin-4 immunoreactivity, blood glucose
excursion and glucose-stimulated insulin was comparable in wild-type control and MT-Ex
transgenic mice following either oral (Fig. 20A) or intraperitoneal glucose challenge (Fig.

21A). In contrast, induction of transgene expression with zinc treatment resulted in a
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Fig. 20. Oral glucose tolerance and plasma insulin levels in control and
MT-Exendin transgenic female mice. Values are expressed as means # SEM,
n = 8-12 mice/group. *p<0.05, transgenic vs. control mice. A: Oral glucose
tolerance in control (open circles) and MT-Exendin (solid squares) mice.
Plasma insulin concentrations (inset) following oral glucose in control (open
bar) and MT-Exendin (solid bar) mice were measured in plasma obtained at the
10-20 min time point following oral glucose. B: Oral glucose tolerance in
control (open circles) and MT-Exendin (solid squares) mice following treatment
with 25 mM ZnSO, to up-regulate transgene expression. Plasma insulin con-
centrations (inset) in control (open bar) and MT-Exendin (hatched bar) mice
were obtained at the 10-20 min time point following oral glucose.
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Fig. 21. Intraperitoneal glucose tolerance and plasma insulin levels in control
and MT-Exendin transgenic female mice. Values are expressed as means + SEM,
n = 8-10 mice/group. *p<0.05, transgenic vs. control mice. A: Intraperitoneal (i.p)
glucose tolerance in control (open circles) and MT-Exendin (solid squares) mice.
Plasma insulin concentrations (inset) following i.p. glucose in control (open bar)

and MT-Exendin (solid bar) mice were measured in plasma obtained at the 10-20
min time point following i.p. glucose. B: Intraperitoneal (i.p.) glucose tolerance

in control (open circles) and MT-Exendin (solid squares) mice following treatment
with 25 mM ZnSO, to up-regulate transgene expression. Plasma insulin concentrations
(inset) in control (open bar) and MT-Exendin (hatched bar) mice were obtained at the
10-20min time point following i.p. glucose.
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significant reduction in the glycemic excursion in response to oral (Fig. 20B) and
intraperitoneal (Fig. 21B) glucose loading. The reduced glycemic excursion was associated
with a significant increase in plasma levels of glucose-stimulated insulin after oral but not
intraperitoneal glucose challenge (0.38 + 0.04 ng/ml vs. 0.21+0.02 ng/ml, for insulin in MT-
Ex transgenic vs. control mice respectively; p<0.05; Fig. 20B inset).

The physiological importance of GLP-1 receptor signaling for CNS control of food
intake and body weight remains unclear. Administration of intracerebroventricular (ICV)
GLP-1 or exendin-4 inhibits short term feeding, while repeated administration of the GLP-1R
antagonist exendin (9-39) increases food intake and promotes weight gain in rats (36, 41). In
contrast, mice with complete disruption of GLP-1R signaling do not exhibit defects in
feeding control or body weight homeostasis (288, 294). Basal levels of exendin-4 expression
had no effect on short (2 hr) or long (24 hr) term food intake (Fig. 22A and B) in MT-Ex
mice. However, up regulation of transgene expression following zinc treatment lead to a
small, but significant reduction in short term (2hr) food intake (0.026£0.003 g/g body weight
in MT-Ex transgenic vs. 0.034:+0.001 g/g body weight in control mice; p<0.05; Fig. 22C and
D). Basal levels of transgene expression were also associated with a significant reduction in
short term (up to 2hr) water intake (Fig. 23A and B). In contrast to recent studies
demonstrating weight loss in exendin-4-treated rats (69), no significant differences in body
weight, relative to non-transgenic littermates, were observed in MT-Ex mice at 4-8, 16 or 20
weeks of age (data not shown).

Increasing evidence suggests that both GLP-1 and exendin-4 stimulate B-cell
replication and neogenesis, enhance islet size, and promote differentiation of pancreatic

precursor cells into islet cells (54-57). To examine the effects of transgene expression on
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Fig. 22. Food intake in control and MT-Exendin mice. Following an
overnight fast, food intake was monitored during specific time intervals
(A) and (C), as well as cumulatively (B) and (D), for a total period of

24 hr in control (open bar) and MT-Exendin (solid or hatched bars) mice.
+Zn denotes mice treated with zinc supplementation as described in
section 4.2.5. Values are expressed as means + SEM; n = 6 mice/group.
*p<0.05, transgenic vs. control mice.
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Fig. 23. Water intake in control and MT-Exendin mice. Following a 13 h period of
water deprivation, water intake was monitored during specific time intervals (A) and
(C), as well as cumulatively (B) and (D), for a total period of 24 h in control (open bars)
and MT-Exendin transgenic (solid bars) mice. +Zn denotes mice treated with zinc
supplementation as described in section 4.2.5. Values are expressed as means + SEM;
n = 5-7 mice/group. *p<0.05, transgenic vs. control mice.
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islet growth, we examined pancreata from MT-Ex transgenic mice. Islet histology appeared
normal and comparable in transgenic and wild-type control mice, with no gross evidence of
islet neogenesis or abnormal distribution of endocrine cell types within the islets (Fig. 24A
and B). Furthermore, quantitative analysis demonstrated no differences in B-cell mass in
MT-Ex transgenic compared to wild-type control mice (carried out by Troels Bock at the
Bartholin Institute in Denmark) (Fig. 24C).

To determine whether hyperglycemia was required for exendin-4-mediated induction
of islet proliferation and enhanced B-cell mass, wild-type CS7BL/6 mice were rendered
hyperglycemic following administration of a single, large dose of streptozotocin and groups
of diabetic mice were treated daily with intraperitoneal injections of saline or exendin-4 (24
nmol/kg). Daily exendin-4 treatment resulted in a significant improvement in fasting blood
glucose levels in diabetic mice, but had no effect on fasting blood glucose in non-diabetic
animals (Fig. 25A). Levels of plasma or pancreatic insulin were not detectable in saline- or-
exendin-4-treated diabetic mice. In non-diabetic mice, exendin-4 treatment significantly
increased fasting plasma insulin levels (2.56+0.16 ng/ml in exendin-4-treated vs. 1.840.22
ng/ml in saline treated controls; p<0.05; Fig. 25B) but had no statistically significant effect
on pancreatic insulin content (Fig. 25C). Furthermore, evidence of increased islet size or
islet neogenesis was not detected in a non-quantitative histological assessment of pancreata

following exendin-4 treatment in diabetic mice (Fig. 26).
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Fig. 24. Normal islet morphology and $-cell mass in MT-Exendin transgenic
Mice. Hematoxylin and eosin (H/E) and immunohistochemical staining for

glucagon and insulin in the pancreatic islets of control (A) and MT-Exendin
transgenic (B) mice. Pancreata were obtained from control and transgenic animals
that were given either standard drinking water (Zn-), or water supplemented

with 25 mM ZnSO, (Zn+) for 5-7 days to up-regulate transgene expression.

C: B-cell mass in control (open bars) and MT-Exendin transgenic (solid bars) mice.
Values are expressed as means + SEM; n = 3-8 mice/group. All mice were maintained
on water supplemented with 25 mM ZnSO, for 5-7 days to up-regulate transgene
expression.
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Fig. 25. Effects of exogenous exendin-4 on fasting blood glucose,

plasma insulin and pancreatic insulin content in diabetic and non-
diabetic CS7BL/6 mice. A: Fasting blood glucose levels in mice

treated with saline (solid circles), exendin-4 (open triangles), strepto-

zotocin (STZ) alone (open circles), or STZ plus exendin-4 (solid squares).
Values are mean = SEM; n = 5-7 mice/group. *p<0.05, STZ plus exendin-
4-treated vs. STZ-treated mice. Plasma insulin (B) and pancreatic insulin
content (C) on day 11 of exendin-4 treatment in saline (open bar) or exendin-
4-treated (hatched bar) non-diabetic mice. Detection Limits for insulin were
156 pg/ml in plasma and 39 pg/ml in pancreatic tissue samples.
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Fig. 26. Exendin-4 treatment has no effect on islet morphology in normal
or diabetic CS7BL/6 mice. Hematoxylin/eosin (H/E) and immunohisto-
chemical staining for glucagon and insulin in the pancreatic 1slets of C57BL/6

mice treated with either saline, exendin-4 (Ex 4), streptozotocin (STZ), or
streptozotocin plus exendin-4 (STZ/Ex 4).
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4.4 Discussion

The observation that GLP-1 exhibits a very short plasma half-life due to its rapid
degradation by dipeptidy! peptidase-IV (DPP-IV) (61, 63) has prompted a search for DPP -
[V-resistant GLP-1 analogues that exhibit longer durations of action and enhanced potency in
vivo. Several GLP-1 analogues have now been reported that exhibit improved potency in
both normal and diabetic rodents (237, 238, 240, 366). Furthermore, fatty acid derivatives of
GLP-1 may also result in enhanced albumin binding and more prolonged bioactivity in vivo
(239). The naturally occurring lizard exendin-4 peptide is not a substrate for DPP-IV, and
consequently exhibits a much longer half-life and greater potency in vivo (68, 72, 424).

GLP-1 and exendin-4 have been administered daily to humans and diabetic rodents
for periods of up to several weeks (57, 69, 72, 169, 231), however the long term
consequences of more prolonged exendin-4 administration have not been examined.
Although cell-based delivery systems for GLP-1 and exendin-4 have been proposed (433),
there is little information available on the viability or efficacy of this strategy in rodents in
vivo. The generation of mice expressing lizard proexendin-4 provides an opportunity to
assess the safety and feasibility of continuous exendin-4 delivery in mice in vivo. Even
though studies of the molecular determinants of proexendin-4 processing have not yet been
reported, the finding of detectable levels of circulating exendin-4 in MT-Ex transgenic mice
is consistent with the correct processing and secretion of the lizard proexendin precursor in
murine tissues in vivo. Furthermore, the levels of circulating bioactive exendin-4 detected in
MT-Ex mice are much higher than plasma levels of GLP-1 (29) and within the range or

higher than plasma levels of exendin-4 that were able to decrease blood glucose in diabetic
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db/db mice (68, 434). Hence, our current observations cannot simply be attributed to a
failure to achieve sufficient levels of bioactive exendin-4 in vivo.

Exogenous GLP-1/exendin-4 treatment has been shown to reduce both fasting and
postprandial blood glucose levels and enhance glucose-stimulated insulin secretion in both
human and rodent studies (4, 29, 72, 170, 227, 228, 376, 435, 436). In complementary
studies, mice with a targeted disruption of the GLP-1 receptor gene exhibit mild fasting
hyperglycemia (288) and immunoneutralization or blockade of GLP-1 action increases
fasting blood glucose in baboon, rodent and human studies (280, 282, 283). These findings
implicate an important role for basal GLP-1 signaling, even in the fasting state, for control of
glucose homeostasis. Although basal levels of circulating exendin-4 were clearly detectable
in MT-Ex mice, fasting blood glucose was normal, even upon further induction of transgene
expression with zinc treatment. Furthermore, hypoglycemia was not observed in MT-Ex
mice despite further induction of transgene expression with zinc. As exendin-4 has been
estimated to be up to at least S000 times more potent than GLP-1 with respect to glucose
lowering in vivo (68), our findings of normoglycemia in MT-Ex mice further emphasize the
glucose-dependence of GLP-1R signaling for glucoregulation in vivo (4, 29).

Although incretins such as GIP and GLP-1 have been proposed as possible treatments
for patients with diabetes, short term infusion of GIP has been associated with diminished
effectiveness in diabetic patients (437) and desensitization of the GIP receptor in diabetic rats
in vivo (322). Both homologous and heterologous desensitization of GLP-1 receptor
signaling has also been observed in islet cell lines in vitro (272, 274, 438). However, daily
administration of exendin-4 to diabetic mice for 13 weeks reduced levels of blood glucose

and glycosylated hemoglobin and increased plasma insulin (72), demonstrating that a single
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daily exendin-4 injection does not produce significant desensitization in vivo. The results of
our studies in MT-Ex transgenic mice extend these observations by demonstrating that,
despite continuous exposure to transgene-derived exendin-4 for several months, acute
induction of transgene expression in older mice led to enhanced glucose clearance and
significantly increased levels of glucose-stimulated insulin following oral glucose challenge.
These findings suggest that ongoing continuous exposure to exendin-4 is not associated with
significant impairment of GLP-1 receptor-dependent actions such as loss of the glucose-
lowering effects of exendin-4 in vivo. However, whether B-cell desensitization to GLP-1R
agonists will prove to be an issue in long term human studies cannot be inferred from our
current studies in MT-Ex mice.

The physiological importance of GLP-1 receptor signaling for control of food and
water intake remains unclear (439), however a large number of studies have demonstrated
that exogenous administration of GLP-1 or exendin-4 clearly reduces food intake. In
rodents, ICV administration of GLP-1 reduced short- but not long-term food and water intake
(36-38, 40), whereas peripheral GLP-1 administration inhibited water intake, but had no
effect on feeding (37). However, a recent study found that acute central (via ICV) or
peripheral (via sub-cutaneous) administration of GLP-1 or exendin-4 resulted in a reduction
in food intake (for at least 4 hr) in Zucker obese rats (440). Moreover, additional studies
have shown that daily i.p. exendin-4 treatment can reduce short-term, but not long-term, food
intake in rodents (69, 72). In both normal and type 2 diabetic humans, intravenous
administration of GLP-1 was found to promote satiety and reduce energy intake (39, 40).

Although chronic ICV administration of exendin (9-39) increased feeding and weight

gain in rats (41), we found no evidence for dysregulation of food intake or body weight in
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MT-Ex transgenic mice. The effects of exendin-4 on food intake may be related to the mode
of exendin-4 delivery and the relative changes in the levels of systemic exendin-4. Rats
treated with a single daily i.p. dose of exendin-4 exhibited no significant changes in food
intake or body weight after the first few days of exendin-4 administration, whereas twice
daily exendin-4 dosing led to a more sustained reduction in food intake and body weight
(69). In contrast, basal transgene expression of exendin-4 in MT-Ex mice was associated
with a significant reduction in short term water intake. However, only induced, but not basal
exendin-4 expression was associated with a significant reduction in short term food intake.
These findings have implications for future studies designed to deliver therapeutic levels of
exendin-4 that promote sustained reductions in food intake and body weight over a long term
treatment period.

Several experiments implicate a role for exogenous exendin-4 in the induction of -
cell neogenesis and proliferation. Treatment of pancreatic AR42J cells with exendin-4
induced differentiation into insulin-secreting islet cells (55), and exendin-4 stimulated B-cell
replication and neogenesis, enhanced ductal pdx-1 expression in the islets and improved
glucose control in rats and mice (56, 57). In contrast, we observed no differences in islet
morphology or B-cell mass in normoglycemic MT-Ex transgenic mice. The finding of
normal islet histology in MT-Ex transgenic mice may reflect the need for additional
metabolic conditions, such as hyperglycemia, to promote islet neogenesis following
activation of GLP-1R signaling. Alternatively, ductal and islet cells chronically exposed to
exendin-4 may compensate by downregulating the GLP-1R-dependent signaling pathways

leading to increased islet proliferation. Taken together, our data suggest that sustained
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exposure to circulating exendin-4 alone in normoglycemic transgenic mice is not sufficient
for induction of islet proliferation or neogenesis.

To address the possibility that hyperglycemia or a different mode of exendin-4
delivery is required for induction of islet cell proliferation, we examined glucose regulation,
pancreatic insulin content and islet histology in normal and diabetic mice treated with daily
administration of exogenous exendin-4. Although a small improvement in blood glucose
was observed in exendin-4-treated diabetic mice, we did not observe any changes in islet
histology after 10 days of exendin-4 administration. Hence, in contrast to the results of
recent studies (56, 57), our resuits from MT-Ex transgenic mice and exogenous exendin-4
administration to diabetic mice demonstrate that increased levels of exendin-4 alone are not
sufficient to stimulate meaningful changes in B-cell mass or islet neogenesis.

As exendin-4 and long acting GLP-1 analogues have generated considerable interest
as potential therapeutic agents for the treatment of diabetes, several questions about the
safety and efficacy of these molecules remain unanswered. Our analyses of MT-Ex mice
demonstrate that although bioactive exendin-4 is liberated following transgene expression,
sustained reductions in food intake or body weight, or induction of islet proliferation are not
invariable consequences of continual exendin-4 expression in the mouse. Given the central
importance of these biological actions for the potential treatment of diabetes, MT-Ex mice
represent a useful new model for analysis of the physiological consequences of long-term

activation of GLP-1 receptor signaling in vivo.
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Chapter S. Discussion and Future Directions

Incretin hormones have proven to be essential regulators of glucose homeostasis.
Studies utilizing GIPR-/- and GLP-1R-/- mice have indicated that the two most widely
recognized incretin hormones, GIP and GLP-1, contribute to glucose lowering via both
similar and distinct mechanisms. These findings are corroborated by our studies which
utilized specific receptor antagonists to inhibit GIP and GLP-1 action in vivo. Although our
studies were limited by the efficacy and tissue bioavailability of our receptor antagonists, the
results obtained with exendin (9-39) and GIPR Ab treatment support the observations in the
GLP-1R-/- and GIPR-/- mice, respectively, by an independent approach. Thus, in addition to
its role as an incretin, GLP-1 also has non-incretin effects that contribute to glucose lowering,
including glycemic control by basal levels of circulating GLP-1 that is independent of the site
of glucose entry. In contrast, the role of GIP in glucose homeostasis appears to be restricted
to its incretin function.

The non-incretin effects of GLP-1 on glucoregulation could be mediated by any one
or a combination of its abilities to suppress glucagon secretion or enhance peripheral glucose
disposal. Although previous studies have reported that GLP-1 has a direct, insulin-
independent effect on glucose disposal in both normal and diabetic humans (50, 51), more
recent studies do not support such a role for GLP-1 (441, 442). In addition, whole-body
glucose utilization was similar in wild-type and GLP-1R-/- mice, under both basal and
hyperinsulinemic conditions (291). Taken together, these studies indicate that GLP-1 likely
does not regulate blood glucose levels by enhancing glucose uptake in peripheral tissues.
Thus, the observed increase in the glucose excursion in response to exendin (9-39) treatment

in our studies is likely not due to an effect on glucose uptake in the periphery.
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Administration of exendin (9-39) to humans or baboons results in elevations in the
fasting levels of both glucose and glucagon, indicating that basal levels of GLP-1 have a
tonic inhibitory effect on glucagon secretion (282, 283). Although we did not examine the
effects of exendin (9-39) treatment on fasting glucose or glucagon levels, or on glucose-
stimulated glucagon secretion, it is possible that the increased glucose excursion that was
observed in mice treated with exendin (9-39) could be due to loss of the inhibitory effect of
GLP-1 on glucagon secretion. However, GLP-1R-/- are reported to have normal fasting and
postprandial glucagon levels (291). Our studies require the measurement of plasma glucagon
levels in order to determine whether elevations in glucagon were responsible for the
abnormal glucose excursion in response to exendin (9-39) treatment. One barrier to these
experiments is that concurrent measurements of blood glucose, insulin and glucagon levels
require considerable amounts of blood and therefore it would be difficult to simultaneously
measure all of these parameters in a small animal.

Despite a reported role for GIP and GLP-1 in the regulation of insulin gene
expression and insulin biosynthesis in vitro (163, 164, 311, 312), we found that inhibition of
GIP- or GLP-1 receptor signaling had no effect on insulin mRNA levels or insulin
biosynthesis. Although these results suggest that GIP and GLP-1 are not essential for insulin
gene expression and biosynthesis in mice, it is also possible that our treatment period of 18 h
was insufficient to induce such effects. Thus, in order for us to observe changes in insulin
gene expression and biosynthesis, a more protracted treatment with the receptor antagonists
may be required.

Since the results of our studies with the incretin receptor antagonists parallel the

findings in the GIPR-/- and GLP-1R-/- mice, future studies aimed at clarifying the necessity
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of GIP and GLP-1 for glucose homeostasis would utilize the GIPR/GLP-1R double knock-
out mouse, which is currently being generated by our laboratory. The levels of fasting blood
glucose, as well as the glucose excursion and plasma insulin levels in response to oral and
intraperitoneal glucose challenges would be measured to determine if loss of both GIP and
GLP-1 receptor signaling produces additional perturbations in glucose homeostasis.

A number of reports have shown that DPP-IV-mediated regulation of incretin
hormone activity has important consequences with respect to glucose homeostasis.
Consequently, new anti-diabetic therapeutic strategies are directed at the synthesis of DPP-
IV-resistant incretin analogues or the generation of compounds which inhibit DPP-IV
activity. It has been established that DPP-IV is the primary enzyme responsible for the
degradation and inactivation of GLP-1, and a number of in vivo studies have shown that
inhibition of DPP-IV activity is associated with increased levels of intact, biologically active
endogenous GLP-1. However, the improved oral glucose tolerance and increased plasma
insulin levels that we observed in GLP-1R-/- mice treated with val-pyr, a specific DPP-IV
inhibitor, indicate that DPP-IV regulation of glucose homeostasis can be mediated by GLP-1-
independent mechanisms. We suggested that the incretin hormone GIP, also a substrate for
DPP-IV proteolytic degradation, is likely involved in the non-GLP-1-mediated effects of
DPP-IV inhibition. However, we also observed improved glucose clearance and elevated
plasma insulin levels in val-pyr-treated GLP-1R-/- mice during an IPGTT. Since previous
studies have indicated that GIP activity is not essential for clearing a non-enteral glucose
load, it is quite possible that the activities of other DPP-IV substrates contribute to the
improved glucose tolerance and enhanced insulin levels in these mice. A number of insulin

secretagogues, including PHI, VIP and PACAP, have been shown to be (e.g. PHI) or are
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potential candidates (e.g. VIP, PACAP) for DPP-IV-mediated degradation. It is possible
that, like GIP, the levels and activities of these additional peptides are also up-regulated in
GLP-1R-/- mice. Thus, the improvements in glucose tolerance and insulin secretion in the
val-pyr-treated GLP-1R-/- mouse could be attributed to compensatory upregulation of other
insulin secretagogues and/or DPP-IV-mediated enhanced insulin secretagogue activity. Until
the levels of these other peptides are measured in val-pyr-treated GLP-1R-/- mice, these
inferences remain purely speculative. Future studies that would help to delineate the role of
GIP in the mediation of GLP-1-independent DPP-IV-regulated glucose control would include
an examination of the effects of DPP-IV inhibition in the GIPR/GLP-IR double knock-out
mouse. Alternatively, simultaneous treatment of CD26-/- mice with GIPR and GLP-1R
antagonists, prior to glucose tolerance tests, could provide insight as to the relative
importance of GIP activity for GLP-1-independent DPP-IV-mediated glucoregulation.

The use of DPP-IV inhibitors has been proposed as a treatment for type 2 diabetes.
However, given that the incretin hormones are not the only substrates for DPP-IV proteolytic
activity, and that, in addition to its role as a regulatory protease, DPP-IV functions as a
binding protein and immune modulator, the use of agents that inhibit DPP-IV activity may be
associated with adverse side effects in humans. Moreover, thus far, only short-term studies
have been used to examine the effects of DPP-IV inhibition. Although the apparent
healthiness of DPP-IV/CD26-/- mice and rats indicates that long-term disruption of DPP-IV
activity is not associated with severe adverse effects, these animals may have undergone
compensatory or adaptive changes in response to the loss of DPP-IV activity during
development. For example, DPP-IV-deficient Fisher rats have been shown to have an

unexpectedly normal glucose excursion and insulin response to oral glucose, which could be
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attributed to the observed compensatory reductions in GIP secretion and pancreatic
desensitization to the effects of GIP in these animals (423). Thus, additional studies are
warranted to assess the effects of long-term inhibition of DPP-IV activity in vivo. For more
protracted studies, the DPP-IV inhibitor pro-pro-diphenyl-phosphonate, which has a half-life
of approx 8 days in rabbits (443), would likely be a useful reagent for evaluating the long-
term effects (beneficial or adverse) of DPP-IV inhibition in vivo.

As an alternative strategy to the use of DPP-IV inhibitors, DPP-IV-resistant GLP-1
analogues are being developed as anti-diabetic therapeutics. To this end, exendin-4, a very
potent and naturally occurring GLP-1 receptor agonist is currently being evaluated in clinical
trials as a potential therapeutic agent for the treatment of type 2 diabetes. The long-term
consequences of expression of a non-mammalian peptide was evaluated using our exendin-4-
expressing transgenic mouse (MT-Ex). Induction of proexendin transgene expression in MT-
Ex mice resulted in a significant reduction in the glucose excursion in response to both oral
and intraperitoneal glucose challenges, thus mimicking the effects of GLP-1 treatment.
Similar to results obtained with GLP-1 treatment in rodents, transgene induction resulted in a
significant reduction in short-term, but not long-term food intake in MT-Ex mice. However,
recent studies examining the effects of daily peripheral injections of exendin-4 in rats have
found that, although single daily doses of exendin-4 had no significant effect on food intake
after the first few days of treatment, doubling the dose of exendin-4 by administering the
peptide twice a day resulted in sustained reductions in food intake and body weight. As MT-
Ex transgene expression was induced only for a period of 72 h prior to our food intake
analysis, it is possible that this amount of time was not sufficienily long to elevate exendin-4

to levels that would affect feeding behavior.
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In a recent study by Greig et al., once daily injections of exendin-4 to diabetic mice
for a period of 13 weeks was able to achieve long-term improvements in blood glucose and
plasma insulin levels, however there were no long-lasting effects on food intake or body
weight (72). Similarly, we found no significant differences in body weight in MT-Ex
transgenic mice, relative to control littermates, even up to 20 wks of age. These findings are
in contrast to the weight reduction observed in rats treated twice daily with exendin-4. Since
the MT-Ex mice are not continuously maintained on drinking water supplemented with zinc,
it is possible that continuous up-regulation of MT-Ex transgene expression is required to
produce the levels of exendin-4 that are necessary to promote weight reduction.

Although recent studies have shown that exendin-4 can induce B-cell neogenesis and
proliferation in rats and mice (56, 57), we observed no differences in islet morphology or B-
cell mass in MT-Ex mice, despite more prolonged (5-7 days) induction of transgene
expression. Although the levels of circulating exendin-4 detected in MT-Ex mice were
similar to levels of exogenous exendin-4 that were shown to reduce blood glucose levels in
diabetic db/db mice (434), they are still lower than the amounts that were used in the above
mentioned studies in mice and rats. Thus, it is possible that the circulating levels of exendin-
4 in MT-Ex mice were not sufficient to promote pB-cell neogenesis and proliferation.
Alternatively, the lack of effect of long-term exposure to exendin-4 on islet morphology and
B-cell mass in MT-Ex mice could be due to compensatory changes in pancreatic islets and
ducts as a result of continuous exposure to exendin-4 during development.

We also speculated that hyperglycemia may be required in order for exendin-4 to
stimulate significant changes in B-cell mass or islet proliferation. Nonetheless, we did not

observe any changes in islet histology following 10 days of exogenous exendin-4 treatment
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in diabetic CS7BL/6 mice. For these studies we used a single high dose of streptozotocin
which effectively eliminated virtually all of the B-cells in these mice. Thus, the diabetic
mouse model used in our studies differs from the partial pancreatectomy rat model of type 2
diabetes, in which 5-10% of the pancreas remains intact and exendin-4 treatment stimulates
pancreas regeneration and B-cell neogenesis and proliferation (56). An alternative approach
would be to examine the effects of exogenous exendin-4 treatment on mice treated with a
lower dose of streptozotocin, which should induce a milder form of diabetes and prevent
complete loss of B-cells.

Future studies using the MT-Ex transgenic mouse model would include examination
of the effects of in vivo exendin-4 expression, at both basal and induced levels, on other
GLP-1-dependent parameters. Exogenous treatment with either GLP-1 or exendin-4 has
been shown to increase blood pressure and heart rate in rats, with the effects of exendin-4
being more prolonged (218). If exendin-4 is going to be used to clinically treat diabetes, it
would be crucial to establish whether prolonged exposure to this peptide is associated with
elevations in heart rate and blood pressure. Also, GLP-1 signaling appears to be important
for the neuroendocrine response to stress. Thus, it would be of interest to evaluate the effects
of long-term exendin-4 activity on the hypothalamic-pituitary-adrenal axis. In addition,
GLP-1 has been shown to stimulate insulin gene transcription and biosynthesis in vitro, and
exendin-4 treatment was found to enhance pancreatic expression of the transcription factor
IDX-1 (56). IDX-I is required for early pancreatic development and also interacts with the
insulin gene promoter to augment glucose-stimulated insulin gene transcription (444).

Hence, an observed upregulation of insulin and/or IDX-1 mRNA levels in our MT-Ex mice
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would implicate an important role for exendin-4 in the regulation of insulin gene
transcription in vivo.

In conclusion, incretin hormones are potential therapeutic agents for the treatment of
diabetes. Thus, it is essential to understand their precise physiological functions. Itis also
important to identify the factors that influence their degradation, so that more effective
strategies can be developed to prolong their therapeutic activities. Additionally, because of
potential toxic or adverse reactions, the effects of prolonged incretin exposure/treatment must
be evaluated. In our studies we have shown that the incretin hormones GIP and GLP-1 have
differential roles in glucoregulation. Our results also raise the possibility that peptides other
than GIP and GLP-1 may be important mediators of glucose homeostasis. Finally, using a
transgenic mouse model, we have shown that sustained GLP-1 receptor signaling, mediated

by exendin-4 expression, is not associated with any apparent adverse effects.
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Appendix 1
Attempts to Identify a Mammalian Exendin-4 Homologue

Attempts to identify and clone a mammalian exendin-4 homologue included several

approaches:

1) Northern blot analysis using the entire lizard proexendin-4 cDNA sequence as a probe to
screen 5 pg of poly (A)" RNA from a number of different mouse tissues (liver, pancreas,

lung, hypothalamus, salivary gland, adrenal gland) under low stringency conditions failed to

detect any cross-hybridizing transcripts.

2) Several cDNA libraries (human and mouse heart, human skeletal muscle, human
pancreas, mouse spleen, mouse testis) were screened using the entire lizard proexendin-4
cDNA sequence as a probe under low stringency conditions. These tissues were suspected to
express an exendin-4-like transcript based on immunohistochemical analysis of mouse
embryos using an exendin-4 antiserum. Although several hybridizing plaques were
identified, subsequent purification and sequencing of these clones did not identify a

mammalian exendin-4 homologue.

3) The above mouse and human cDNA libraries were also screened by PCR and Southern
blot analyses using degenerate exendin-4 oligonucleotides as primers. Using this approach,

no mammalian exendin-4-like sequences could be identified.



10.

1.

12.

13.

14.

110

References

Bayliss WM, Starling EH 1902 On the causation of the so-called "peripheral reflex
secretion’ of the pancreas. Proceedings of the Royal Society of London[Biol] 69:352-
353

Moore B, Edie ES, Abram JH 1906 On the treatment of diabetes mellitus by acid
extract of duodenal mucous membrane. Biochem J 1:28-38

Fehmann H-C, Goke R, Goke B 1995 Cell and molecular biology of the incretin

hormones glucagon-like peptide | and glucose-dependent releasing polypeptide.
Endocr Rev 16:390-410

Kieffer TJ, Habener JF 1999 The glucagon-like peptides. Endocr Rev 20:876-913
Zunz E, LaBarre J 1929 Contributions a l'etude des variations physiologiques de la
secretion interne du pancreas: realations entre les secretions extern et interne du
pancreas. Arch Int Phsiol Biochim 31:20-44

Unger RH, Eisentraut AM 1969 Entero-insular axis. Arch Int Med 123:261-266

Elrick H, Stimmler L, Hlad Jr CJ, Arai Y 1964 Plasma insulin response to oral and
intravenous glucose administration. J Clin Invest 24:1076-1082

Perley MJ, Kipnis DM 1967 Plasma insulin responses to oral and intravenous
glucose:studies in normal and diabetic subjects. J Clin Invest 46:1954-1962

Meclntyre N, Holsworth DC, Turner DS 1964 New interpretation of oral glucose
tolerance. Lancet 2:20-21

Arnould Y, Bellens R, Franckson JRM, Conard V 1963 Insulin response and
glucose-C14 disappearance rate during the glucose tolerance test in the
unanesthetized dog. Metabolism 12:1122-1131

Dupre J, Beck JC 1966 Stimulation of release of insulin by an extract of intestinal
mucosa. Diabetes 15:555-559

Creutzfeld WO 1979 The incretin concept today. Diabetologia 16:75-85

Dupre J, Ross SA, Watson D, Brown JC 1973 Stimulation of insulin secretion by
gastric inhibitory polypeptide in man. J Clin Endocrinol Metab 37:826-828

Pederson RA, Schubert HE, Brown JC 1975 Gastric inhibitory polypeptide. Its
physiological release and insulinotropic action in the dog. Diabetes 24:1050-1056



15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

111

Elahi D, Andersen DK, Brown JC, Debas HT, Hershcopf RJ, Raizes GS, Tobin
JD, Andres R 1979 Pancreatic alpha- and beta-cell responses to GIP infusion in
normal man. Am J Physiol 237:E185-E191

Cleator IG, Gourlay RH 1975 Release of immunoreactive gastric inhibitory
polypeptide (IR-GIP) by oral ingestion of food substances. Am J Surg 130:128-135

Ross SA, Dupre J 1978 Effects of ingestion of triglyceride or galactose on secretion
of gastric inhibitory polypeptide and on responses to intravenous glucose in normal
and diabetic subjects. Diabetes 27:327-333

Yip RGC, Wolfe MM 2000 GIP biology and fat metabolism. Life Sciences 66:91-
103

Morgan LM 1996 The metabolic role of GIP: physiology and pathology. Biochem
Soc Trans 24:585-591

Ebert R, Creutzfeldt W 1982 Influence of gastric inhibitory polypeptide antiserum
on glucose- induced insulin secretion in rats. Endocrinology 111:1601-1606

Ebert R, Unger H, Creutzfeld W 1983 Preservation of incretin activity after
removal of gastric inhibitory polypeptide (GIP) from rat gut extracts by
immunoadsorption. Diabetologia 24:449-454

Lauritsen KB, Holst JJ, Moody AJ 1981 Depression of insulin release by anti-GIP
serum after oral glucose tolerance in rats. Scand J Gastroenterol 16:417-421

Lauritsen KB, Moody AJ, Christensen KC, Lindkaer Jensen S 1980 Gastric

inhibitory polypeptide (GIP) and insulin release after small-bowel resection in man.
Scand J Gastroenterol 15:833-840

Heinrich G, Gros P, Lund PK, Bentley RC, Habener JF 1984 Pre-proglucagon
messenger ribonucleic acid: Nucleotide and encoded amino acid sequences of the rat
pancreatic complementary deoxyribonucleic acid. Endocrinology 115:2176-2181

Bell GI, Santerre RF, Mullenbach GT 1983 Hamster preproglucagon contains the
sequence of glucagon and two related peptides. Nature 302:716-718

Lopez LC, Frazier ML, Su CJ, Kumar A, Saunders GF 1983 Mammalian

pancreatic preproglucagon contains three glucagon-related peptides. Proc Natl Acad
Sci USA 80:5485-5489

Schmidt WE, Siegel EG, Creutzfeldt W 1985 Glucagon-like peptide-1 but not

glucagon-like peptide-2 stimulates insulin release from isolated rat pancreatic islets.
Diabetologia 28:704-707



28.

29.

30.

31

32.

33.

34.

3s.

36.

37.

38.

39.

112

Kreymann B, Ghatei MA, Williams G, Bloom SR 1987 Glucagon-like peptide-1 7-
36: A physiological incretin in man. Lancet ii:1300-1304

Drucker DJ 1998 The glucagon-like peptides. Diabetes 47:159-169

Mojsov S, Weir GC, Habener JF 1987 Insulinotropin: Glucagon-like peptide I (7-
37) co-encoded in the glucagon gene is a potent stimulator of insulin release in the
perfused rat pancreas. J Clin Invest 79:616-619

Kawai K, Suzuki S, Ohashi S, Mukai H, Ohmori H, Murayama Y, Yamashita K
1989 Comparison of the effects of glucagon-like peptide-1-(1-37) and -(7-37) and
glucagon on islet hormone release from isolated perfused canine and rat pancreases.
Endocrinology 124:1768-1773

Fridolf T, Bottcher G, Sundler F, Ahren B 1991 GLP-1 and GLP-1(7-36)amide:
influences on basal and stimulated insulin and glucagon secretion in the mouse.
Pancreas 6:208-215

Orskov C, Holst JJ, Nielsen OV 1988 Effect of truncated glucagon-like peptide-1
[proglucagon-(78-107) amide] on endocrine secretion from pig pancreas, antrum, and
nonantral stomach. Endocrinology 123:2009-2013

Suzuki S, Kawai K, Ohashi S, Mukai H, Yamashita K 1989 Comparison of the
effects of various C-terminal and N-terminal fragment peptides of glucagon-like
peptide-1 on insulin and glucagon release from the isolated perfused rat pancreas.
Endocrinology 125:3109-3114

Komatsu R, Matsuyama T, Namba M, Watanabe N, Itoh H, Kono N, Tarui S
1989 Glucagonostatic and insulinotropic action of glucagonlike peptide [-(7-36)-
amide. Diabetes 38:902-905

Turton MD, O'Shea D, Gunn I, Beak SA, Edwards CMB, Meeran K, Choi SJ,
Taylor GM, Heath MM, Lambert PD, Wilding JPH, Smith DM, Ghatei MA,
Herbert J, Bloom SR 1996 A role for glucagon-like peptide-1 in the central
regulation of feeding. Nature 379:69-72

Tang-Christensen M, Larsen PJ, Goke R, Fink-Jensen A, Jessop DS, Moller M,
Sheikh SP 1996 Central administration of GLP-1(7-36) amide inhibits food and
water intake in rats. Am J Physiol 271:R848-R856

Donahey JCK, Van Dijk G, Woods SC, Seeley RJ 1998 Intraventricular GLP-1
reduces short- but not long-term food intake or body weight in lean and obese rats.
Brain Res 779:75-83

Flint A, Raben A, Astrup A, Holst JJ 1998 Glucagon-like peptide 1 promotes
satiety and suppresses energy intake in humans. J Clin Invest 101:515-520



40.

41.

42,

43.

45.

46.

47.

48.

49.

50.

113

Gutzwiller JP, Drewe J, Goke B, Schmidt H, Rohrer B, Lareida J, Beglinger C
1999 Glucagon-like peptide-1 promotes satiety and reduces food intake in patients
with diabetes mellitus type 2. Am J Physiol 276:R1541-1544

Meeran K, O'Shea D, Edwards CM, Turton MD, Heath MM, Gunn I, Abusnana
S, Rossi M, Small CJ, Goldstone AP, Taylor GM, Sunter D, Steere J, Choi SJ,
Ghatei MA, Bloom SR 1999 Repeated intracerebroventricular administration of
glucagon-like peptide-1-(7-36) amide or exendin-(9-39) alters body weight in the rat.
Endocrinology 140:244-250

Wettergren A, Schjoldager B, Mortensen PE, Myhre J, Christiansen J, Holst JJ
1993 Truncated GLP-1 (proglucagon 78-107-amide) inhibits gastric and pancreatic
functions in man. Dig Dis Sci 38:665-673

Nauck MA, Niedereichholz U, Ettler R, Holst JJ, Orskov C, Ritzel R, Schmiegel
WH 1997 Glucagon-like peptide 1 inhibition of gastric emptying outweighs its
insulinotropic effects in healthy humans. Am J Physiol. 273:E981-E988

Anvari M, Paterson CA, Daniel EE, McDonald TJ 1998 Effects of GLP-1 on
gastric emptying, antropyloric motility, and transpyloric flow in response to a
nonnutrient liquid. Dig Dis Sci 43:1133-1140

Tolessa T, Gutniak M, Holst JJ, Efendic S, Hellstrom PM 1998 Glucagon-like
peptide-1 retards gastric emptying and small bowel transit in the rat. Dige Dis Sci
43:2284-2290

Tolessa T, Gutniak M, Holst JJ, Efendic S, Hellstrom PM 1998 Inhibitory effect
of glucagon-like peptide-1 on small bowel motility. J Clin Invest 102:764-774

Holz GG, Kuhtreiber WM, Habener JF 1993 Pancreatic beta-cells are rendered
glucose-competent by the insulinotropic hormone glucagon-like peptide-1(7-37).
Nature 361:362-365

Byrne MM, Gliem K, Wank U, Arnold R, Katschinski M, Polonsky KS, Goke B
1998 Glucagon-like peptide-1 improves the ability of the beta-cell to sense and

respond to glucose in subjects with impaired glucose tolerance. Diabetes 47:1259-
1265

Dachicourt N, Serradas P, Bailbe D, Kergoat M, Doare L, Portha B 1997
Glucagon-like peptide-1(7-36)-amide confers glucose sensitivity to previously
glucose-incompetent beta-cells in diabetic rats: in vivo and in vitro studies. J
Endocrinol 155:369-376

D'alessio DA, Kahn SE, Leusner CR, Ensinck JW 1994 Glucagon-like peptide 1
enhances glucose tolerance both by stimulation of insulin release and by increasing
insulin-independent glucose disposal. J Clin Invest 93:2263-2266



51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

114

D'alessio DA, Prigeon RL, Ensinck JW 1995 Enteral enhancement of glucose
disposition by both insulin-dependent and insulin-independent processes - A
physiological role of glucagon-like peptide I. Diabetes 44:1433-1437

Egan JM, Montrose-Rafizadeh C, Wang Y, Bernier M, Roth J 1994 Glucagon-
like peptide-1(7-36) amide (GLP-1) enhances insulin-stimulated glucose metabolism
in 3T3-L1 adipocytes: One of several potential extrapancreatic sites of GLP-1 action.
Endocrinology 135:2070-2075

Valverde I, Villanueva-Penacarrillo ML 1996 In vitro insulinomimetric effects of
GLP-1 in liver, muscle and fat. Acta Physiol Scand 157:359-360

Edvell A, Lindstrom P 1999 Initiation of increased pancreatic islet growth in young
normoglycemic mice (Umea +/?). Endocrinology 140:778-783

Zhou J, Wang X, Pineyro MA, Egan JM 1999 Glucagon-like peptide 1 and
exendin-4 convert pancreatic AR42J cells into glucagon- and insulin-producing cells.
Diabetes 48:2358-2366

Xu G, Stoffers DA, Habener JF, Bonner-Weir S 1999 Exendin-4 stimulates both
beta-cell replication and neogenesis, resulting in increased beta-cell mass and
improved glucose tolerance in diabetic rats. Diabetes 48:2270-2276

Stoffers DA, Kieffer TJ, Hussain MA, Drucker DJ, Egan JM, Bonner-Weir S,
Habener JF 2000 Insulinotropic glucagon-like peptide-1 agonists stimulate

expression of homeodomain protein IDX-1 and increase B-cell mass in mouse
pancreas. Diabetes 49:741-748

Nauck MA, Bartels E, Orskov C, Ebert R, Creutzfeldt W 1993 Additive
insulinotropic effects of exogenous synthetic human gastric inhibitory polypeptide
and glucagon-like peptide-1-(7-36) amide infused at near-physiological insulinotropic
hormone and glucose concentrations. J Clin Endocrinol Metab 76:912-917

Fehmann HC, Goke B, Goke R, Trautmann ME, Arnold R 1989 Synergistic
stimulatory effect of glucagon-like peptide-1 (7-36) amide and glucose-dependent
insulin-releasing polypeptide on the endocrine pancreas. FEBS Lett 252:109-112

Nauck MA, Heimesaat MM, Orskov C, Holst JJ, Ebert R, Creutzfeldt W 1993
Preserved incretin activity of glucagon-like peptide 1 [7-36 amide] but not of
synthetic human gastric inhibitory polypeptide in patients with type-2 diabetes
mellitus. J Clin Invest 91:301-307

Kieffer TJ, McIntosh CHS, Pederson RA 1995 Degradation of glucose-dependent
insulinotropic polypeptide and truncated glucagon-like peptide I in vitro and in vivo
by dipeptidyl peptidase IV. Endocrinology 136:3585-3596



62.

63.

65.

66.

67.

68.

69.

70.

71.

L5

Mentlein R, Gallwitz B, Schmidt WE 1993 Dipeptidyl-peptidase [V hydrolyses
gastric inhibitory polypeptide, glucagon-like peptide-1(7-36)amide, peptide histidine
methionine and is responsible for their degradation in human serum. Eur J Biochem
214:829-835

Deacon CF, Johnsen AH, Holst JJ 1995 Degradation of glucagon-like peptide-1 by
human plasma in vitro yields an N-terminally truncated peptide that is a major
endogenous metabolite in vivo. J Clin Endocrinol Metab 80:952-957

Eng J, Kleinman WA, Singh L, Singh G, Raufman JP 1992 Isolation and
characterization of exendin 4, an exendin 3 analogue from Heloderma suspectum
venom. J Biol Chem 267:7402-7405

Goke R, Fehmann H-C, Linn T, Schmidt H, Krause M, Eng J, Goke B 1993
Exendin-4 is a high potency agonist and truncated exendin-(9-39)-amide an
antagonist at the glucagon-like peptide 1-(7-36)-amide receptor of insulin-secreting
B-cells. J Biol Chem 268:19650-19655

Thorens B, Porret A, Buhler L, Deng S-P, Morel P, Widmann C 1993 Cloning
and functional expression of the human islet GLP-1 receptor: Demonstration that

exendin-4 is an agonist and exendin-(9-39) an antagonist of the receptor. Diabetes
42:1678-1682

Jodka C, Gedulin B, Young A 1998 Exendin-4 potently regulates gastric emptying
in rats (Abstract). Diabetes 47:403A

Young AA, Gedulin BR, Bhavsar S, Bodkin N, Jodka C, Hansen B, Denaro M
1999 Glucose-lowering and insulin-sensitizing actions of exendin-4: studies in obese
diabetic (ob/ob, db/db) mice, diabetic fatty Zucker rats, and diabetic rhesus monkeys
(Macaca mulatta). Diabetes 48:1026-1034

Szayna M, Doyle ME, Betkey JA, Holloway HW, Spencer RG, Greig NH, Egan
JM 2000 Exendin-4 decelerates food intake, weight gain, and fat deposition in
Zucker rats. Endocrinology 141:1936-1941

Al-Barazanji KA, Arch JRS, Buckingham RE, Tadayyon M 2000 Central
exendin-4 infusion reduces body weight without altering plasma leptin in (fa/fa)
Zucker rats. Obesity Research 8:317-323

Parkes DG, Young AA, Petrella E, Hiles R 1999 Pharmacokinetics of exendin-4 in
the rat following intravenous, subcutaneous and intraperitoneal administration
(Abstract). In Program and Abstracts: 81st Annual Meeting of the Endocrine Society.
Bethesda, MD



72.

73.

74.

75.

76.

77.

718.

79.

80.

81.

82.

83.

116

Greig NH, Holloway HW, De Ore KA, Jani D, Wang Y, Zhou J, Garant MJ,
Egan JM 1999 Once daily injection of exendin-4 to diabetic mice achieves long-term
beneficial effects on blood glucose concentrations. Diabetologia 42:45-50

Mojsov S, Heinrich G, Wilson IB, Ravazzola M, Orci L, Habener JF 1986
Preproglucagon gene expression in pancreas and intestine diversifies at the level of
post-translational processing. J Biol Chem 261:11880-11889

Chen L, Komiya I, Inman L, McCorkle K, Alam T, Unger RH 1989 Molecular
and cellular responses of islets during perturbations of glucose homeostasis
determined by in situ hybridization histochemistry. Proc Natl Acad Sci USA 86:1367-
1371

Chen L, Komiyo I, Inman L, O'Neill J, Appel M, Alam T, Unger RH 1989
Effects of hypoglycemia and protonged fasting on insulin and glucagon gene
expression. J Clin Invest 84:711-714

Rountree DB, Ulshen MH, Selub S, Fuller CR, Bloom SR, Ghatei MA, Lund PK
1992 Nutrient-independent increases in proglucagon and ornithine decarboxylase
messenger RNAs after jejunoileal resection. Gastroenterology 103:462-468

Lu F, Jin T, Drucker DJ 1996 Activation of proglucagon gene expression by
gastrin-releasing peptide in a2 mouse enteroendocrine cell line. Endocrinology
137:3710-3716

Huang THJ, Brubaker PL 1995 Synthesis and secretion of glucagon-like peptide-1
by fetal rat intestinal cells in culture. Endocrine 3:499-503

Drucker DJ, Brubaker PL 1989 Proglucagon gene expression is regulated by a
cyclic AMP-dependent pathway in rat intestine. Proc Natl Acad Sci 86:3953-3957

Drucker DJ, Campos R, Reynolds R, Stobie K, Brubaker PL 1991 The rat
glucagon gene is regulated by a cyclic AMP-dependent pathway in pancreatic islet
cells. Endocrinology 128:394-400

Drucker DJ, Jin T, Asa SL, Young TA, Brubaker PL 1994 Activation of
proglucagon gene transcription by protein kinase A in a novel mouse enteroendocrine
cell line. Mol Endocrinol 8:1646-1655

Lovshin J, Drucker DJ 2000 Synthesis, secretion and biological actions of the
glucagon-like peptides. Pediatric Diabetes 1:49-57

Philippe J, Drucker DJ, Knepel W, Jepeal L, Misulovin Z, Habener JF 19388
Alpha-cell-specific expression of the glucagon gene is conferred to the glucagon
promoter element by the interactions of DNA-binding proteins. Mol Cell Biol 8:4877-
4888



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

9.

9s.

117

Hussain MA, Lee J, Miller CP, Habener JF 1997 POU domain transcription factor
brain 4 confers pancreatic a-cell-specific expression of the proglucagon gene through
interaction with a novel proximal promoter G1 element. Mol Cell Biol 17:7186-7194

Ritz-Laser B, Estreicher A, Klages N, Saule S, Philippe J 1999 Pax-6 and Cdx-2/3
interact to activate glucagon gene expression on the G1 control element. J Biol Chem
274:4124-4132

Jin T, Drucker DJ 1996 Activation of proglucagon gene transcription through a
novel promoter element by the caudal-related homeodomain protein cdx-2/3. Mol
Cell Biol 16:19-28

Wang M, Drucker DJ 1995 The LIM domain homeobox gene isl-1 is a positive
regulator of islet cell-specific proglucagon gene transcription. J Biol Chem
270:12646-12652

Morel C, Cordier-Bussat M, Philippe J 1995 The upstream promoter element of the

glucagon gene, G1, confers pancreatic alpha cell-specific expression. J Biol Chem
270:3046-3055

Hussain MA, Habener JF 1999 Glucagon gene transcription activation mediated by
synergistic interactions of pax-6 and cdx-2 with the p300 co-activator. J Biol Chem
274:28950-28957

Philippe J 1995 Hepatocyte-nuclear factor 3 gene transcripts generate protein
isoforms with different transactivation properties on the glucagon gene. Mol
Endocrinol 9:368-374

Philippe J, Morel C, Prezioso VR 1994 Glucagon gene expression is negatively
regulated by hepatocyte nuclear factor 3p. Mol Cell Biol 14:3514-3523

Philippe J, Morel C, Cordier-Bussat M 1995 Islet-specific proteins interact with
the insulin-response element of the glucagon gene. J Biol Chem 270:3039-3045

Philippe J, Drucker DJ, Habener JF 1987 Glucagon gene transcription in an islet

cell line is regulated via a protein kinase C-activated pathway. J Biol Chem 262:1823-
1828

Furstenau U, Schwaninger M, Blume R, Kennerknecht I, Knepel W 1997
Characterization of a novel protein kinase C response element in the glucagon gene.
Mol Cell Biol 17:1805-1816

Diedrich T, Furstenau U, Knepel W 1997 Glucagon gene G3 enhancer: Evidence
that activity depends on combination of an islet-specific factor and a winged helix
protein. Biol Chem 378:89-98



118

96. St-Onge L, Sosa-Pineda B, Chowdhury K, Mansouri A, Gruss P 1997 Pax6 is
required for differentiation of glucagon-producing a-cells in mouse pancreas. Nature
387:406-409

97.  Ritz-Laser B, Estreicher A, Gauthier B, Philippe J 2000 The paired homeodomain
transcription factor pax-2 is expressed in the endocrine pancreas and transactivates
the glucagon gene promoter. J Biol Chem 275:32708-32715

98.  Philippe J 1991 Insulin regulation of the glucagon gene is mediated by an insulin-
responsive DNA element. Proc Natl Acad Sci USA 88:7224-7227

99. Grzeskowiak R, Amin J, Oetjen E, Knepel W 2000 Insulin responsiveness of the
glucagon gene conferred by interactions between proximal promoter and more distal

enhancer-like elements involving the paired-domain transcription factor pax6. J Biol
Chem 275:30037-30045

100. Cordier-Bussat M, Morel C, Philippe J 1995 Homologous DNA sequences and

cellular factors are implicated in the control of glucagon and insulin gene expression.
Mol Cell Biol 15:3904-3916

101. Knepel W, Chafitz J, Habener JF 1990 Transcriptional activation of the rat

glucagon gene by the cyclic AMP-responsive element in pancreatic islet cells. Mol
Cell Biol 10:6799-6804

102. Schwaninger M, Lux G, Blume R, Oetjen E, Hidaka H, Knepel W 1993
Membrane depolarization and calcium influx induce glucagon gene transcription in
pancreatic islet cells through the cyclic AMP-responsive element. J Biol Chem.
268:5168-5177

103. Miller CP, Lin JC, Habener JF 1993 Transcription of the rat glucagon gene by the
cyclic AMP response element-binding protein CREB is modulated by adjacent
CREB-associated proteins. Mol Cell Biol 13:7080-7090

104. EfratS, Teitelman G, Anwar M, Ruggiero D, Hanahan D 1988 Glucagon gene

regulatory region directs oncoprotein expression to neurons and pancreatic alpha
cells. Neuron 1:605-613

105. Lee YC, Asa SL, Drucker DJ 1992 Glucagon gene 5'-flanking sequences direct
expression of SV40 large T antigen to the intestine producing carcinoma of the large
bowel in transgenic mice. J Biol Chem 267:10705-10708

106. Jin T, Drucker DJ 1995 The proglucagon gene upstream enhancer contains positive
and negative domains important for tissue-specific proglucagon gene transcription.
Mol Endocrinol 9:1306-1320



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

119

Hill MF, Asa SL, Drucker DJ 1999 Essential requirement for Pax6 in control of
enteroendocrine proglucagon gene transcription. Mol Endocrinol 13:1474-1486

Nian M, Drucker DJ, Irwin D 1999 Divergent regulation of human and rat
proglucagon gene promoters in vivo. Am J Physiol 277:G829-G837

Drucker DJ, Mojsov S, Habener JF 1986 Cell-specific post-translational processing
of preproglucagon expressed from a metallothionein-glucagon fusion gene. J Biol
Chem 261:9637-9643

Lefebvre PJ 1995 Glucagon and its family revisited. Diabetes Care 18:715-730

Myojo S, Tsujikawa T, Sasaki M, Fujiyama Y, Bamba T 1997 Trophic effects of
glicentin on rat small-intestinal mucosa in vivo and in vitro. J Gastroenterol 32:300-
305

Schjoldager BTG, Mortensen PE, Christiansen J, Orskov C, Holst JJ 1989 GLP-
I (glucagon-like peptide 1) and truncated GLP-1, fragments of human proglucagon,
inhibit gastric acid secretion in humans. Dig Dis Sci 34:703-708

Veyrac M, Ribard D, Daures JP, Mion H, Lequellec A, Martinez J, Bataille D,
Michel H 1989 Inhibitory effect of the C-terminal octapeptide of oxyntomodulin on

pentagastrin-stimulated gastric acid secretion in man. Scand J Gastroenterol 24:1238-
1242

Drucker DJ, Ehrlich P, Asa SL, Brubaker PL 1996 Induction of intestinal

epithelial proliferation by glucagon-like peptide 2. Proc Natl Acad Sci USA 93:7911-
7916

Tsai C-H, Hill M, Asa SL, Brubaker PL, Drucker DJ 1997 Intestinal growth-
promoting properties of glucagon-like peptide 2 in mice. Am J Physiol 273:E77-E84

Drucker DJ 1997 Intestinal growth factors. Am J Physiol 273:G3-G6

Tsai C-H, Hill M, Drucker DJ 1997 Biological determinants of intestinotrophic
properties of GLP-2 in vivo. Am J Physiol 272:G662-G668

Cheeseman CI, Tsang R 1996 The effect of gastric inhibitory polypeptide and
glucagon like peptides on intestinal hexose transport. Am J Physiol Gastrointest Liver
Physiol 271:G477-G482

Cheeseman CI 1997 Upregulation of SGLT-1 transport activity in rat jejunum
induced by GLP-2 infusion in vivo. Am J Physiol 273:R1965-R1971



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

120

Wojdemann M, Wettergren A, Hartmann B, Holst JJ 1998 Glucagon-like
peptide-2 inhibits centrally induced antral motility in pigs. Scand. J. Gastroenterol.
33:828-832

Wojdemann M, Wettergren A, Hartmann B, Hilsted L, Holst JJ 1999 Inhibition
of sham feeding-stimulated human gastric acid secretion by glucagon-like peptide-2.
J Clin Endocrinol Metab 84:2513-2517

Boushey RP, Yusta B, Drucker DJ 1999 Glucagon-like peptide 2 decreases

mortality and reduces the severity of indomethacin-induced murine enteritis. Am J
Physiot 277:E937-E947

Tang-Christensen M, Larsen PJ, Thulesen J, Romer J, Vrang N 2000 The
proglucagon-derived peptide, glucagon-like peptide-2, is a neurotransmitter involved
in the regulation of food intake. Nat Med 6:802-807

Seidah NG, Chretien M 1999 Proprotein and prohormone convertases: a family of
subtilases generating diverse bioactive polypeptides. Brain Research 848:45-62

Canaff L, Bennett HPJ, Hendy GN 1999 Peptide hormone precursor processing:
getting sorted? Mol Cell Endocrinol 156:1-6

Tanaka S, Kurabuchi S, Mochida H, Kato T, Takahashi S, Watanabe T,
Nakayama K 1996 Immunocytochemical localization of prohormone convertases
PCI1/PC2 in rat pancreatic islets. Arch Histol Cytol 59:261-271

Scopsi L, Gullo M, Rilke F, Martin S, Steiner DF 1995 Proprotein convertases
(PC1/PC3 and PC2) in normal and neoplastic human tissues: their use as markers of
neuroendocrine differentiation. J Clin Endocrinol Metab 80:294-301

Rothenberg ME, Eilertson CD, Klein K, Zhou Y, Lindberg I, McDonald JK,
Mackin RB, Noe BD 1995 Processing of mouse proglucagon by recombinant

prohormone convertase | and immunopurified prohormone convertase 2 in vitro. J
Biol Chem 270:10136-10146

Rothenberg ME, Eilertson CD, Klein K, Mackin RB, Noe BD 1996 Evidence for
redundancy in propeptide/prohormone convertase activities in processing
proglucagon: An antisense study. Mol Endocrinol 10:331-341

Dhanvantari S, Seidah NG, Brubaker PL 1996 Role of prohormone convertases in
the tissue-specific processing of proglucagon. Mol Endocrinol 10:342-355

Rouille Y, Kantengwa S, Irminger JC, Halban PA 1997 Role of the prohormone
convertase PC3 in the processing of proglucagon to glucagon-like peptide-1. J Biol
Chem 272:32810-32816



132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

121

Brubaker PL, Drucker DJ 1998 Intestinal proglucagon-derived peptides. In:
Greeley, G.H., Jr. editor. Gastrointestinal Endocrinology. Totowa, NJ: Humana Press.
493-514

Marcinkiewicz M, Ramla D, Seidah NG, Cretien M 1994 Developmental
expression of the prohormone convertases PC1 and PC2 in mouse pancreatic islets.
Endocrinology 135:1651-1660

Rouille Y, Westermark G, Martin SK, Steiner DF 1994 Proglucagon is processed
to glucagon by prohormone convertase PC2 in aTC1-6 cells. Proc Natl Acad Sci USA
91:3242-3246

Rouille Y, Martin S, Steiner DF 1995 Differential processing of proglucagon by the
subtilisin-like prohormone convertases PC2 and PC3 to generate either glucagon or
glucagon-like peptide. J Biol Chem 270:26488-26496

Furuta M, Yano H, Zhou A, Rouille Y, Holst JJ, Carroll R, Ravazolla M, Orci L,
Furuta H, Steiner DF 1999 Defective prohormone processing and altered pancreatic
islet morphology in mice lacking active SPC2. Proc Natl Acad Sci USA 94:6646-
6651

Dhanvantari S, Brubaker PL 1998 Proglucagon processing in an islet cell line:
effects of PC1 overexpression and PC2 depletion. Endocrinology 139:1630-1637

Moody AJ 1980 Gut glucagon-like immunoreactivity. Clin Gastroenterol 9:699-709

Bryant MG, Bloom SR, Polak JM 1983 Measurement of gut hormonal peptides in
biopsies from human stomach and proximal intestine. Gut 24:114-119

Sjolund K, Sanden G, Hakanson R, Sundler F 1983 Endocrine cells in human
intestine: An immunocytochemical study. Gastroenterology 85:1120-1130

Eissele R, Goke R, Willemer S, Harthus H-P, Vermeer H, Arnold R, Goke B
1992 Glucagon-like peptide 1 cells in the gastrointestinal tract and pancreas of rat,
pig, and man. Eur J Clin Invest. 22:283-291

Buchan AMJ, Barber DL, Gregor M, Soll AH 1987 Morphologic and physiologic
studies of canine ileal enteroglucagon-containing cells in short-term culture.
Gastroenterology 93:791-800

Brubaker P 1988 Control of glucagon-like immunoreactive peptide secretion from
fetal rat intestinal cultures. Endocrinology 123:220-226

Brubaker PL, Schloos J, Drucker DJ 1998 Regulation of glucagon-like peptide-1

synthesis and secretion in the GLUTag enteroendocrine cell line. Endocrinology
139:4108-4114



145.

146.

147.

148.

149.

150.

I151.

152.

153.

154.

155.

156.

122

Roberge JN, Brubaker PL 1991 Secretion of proglucagon-derived peptides in
response to intestinal luminal nutrients. Endocrinology 128:3169-3174

Elliott RM, Morgan LM, Tredger JA, Deacon S, Wright J, Marks V 1993
Glucagon-like peptide-1(7-36)amide and glucose-dependent insulinotropic
polypeptide secretion in response to nutrient ingestion in man: Acute post-prandial
and 24-h secretion patterns. J Endocrinol. 138:159-166

D'Alessio D, Thirlby R, Laschansky E, Zebroski H, Ensinck J 1993 Response of
tGLP-1 to nutrients in humans. Digestion 54:377-379

Hermann C, Goke R, Richter G, Fehmann HC, Arnold R, Goke B 1995
Glucagon-like peptide-1 and glucose-dependent insulin-releasing polypeptide plasma
levels in response to nutrients. Digestion 56:117-126

Roberge JN, Brubaker PL 1993 Regulation of intestinal proglucagon-derived
peptide secretion by glucose-dependent insulinotropic peptide in a novel
enteroendocrine loop. Endocrinology 133:233-240

Brubaker PL 1991 Regulation of intestinal proglucagon-derived peptide secretion by
intestinal regulatory peptides. Endocrinology 128:3175-3182

Herrmann-Rinke C, Voge A, Hess M, Goke B 1995 Regulation of glucagon-like
peptide-1 secretion from rat ileum by neurotransmitters and peptides. J Endocrinol
147:25-31

Bruzzone R, Tamburrano G, Lala A, Mauceri M, Annibale B, Severi C,
DeMagistris L, Leonetti F, DelleFave G 1983 Effect of bombesin on plasma
insulin, pancreatic glucagon, and gut glucagon in man. J Clin Endocrinol Metab
56:643-647

Roberge JN, Gronau KA, Brubaker PL 1996 Gastrin-releasing peptide is a novel
mediator of proximal nutrient-induced proglucagon-derived peptide secretion from
the distal gut. Endocrinology 137:2383-2388

Persson K, Gingerich RL, Nayak S, Wada K, Wada E, Ahren B 2000 Reduced
GLP-1 and insulin responses and glucose intolerance after gastric glucose in GRP
receptor-deleted mice. Am J Physiol Endocrinol Metab 279:E956-E962

Rocca AS, Brubaker PL 1999 Role of the vagus nerve in mediating proximal
nutrient-induced glucagon- like peptide-1 secretion. Endocrinology 140:1687-1694

Herrmann-Rinke C, McGregor GP, Goke B 2000 Calcitonin gene-related peptide
potently stimulates glucagon-like peptide-1 release in the isolated perfused rat ileum.
Peptides 21:431-437



157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

123

Hansen L, Hartmann B, Bisgaard T, Mineo H, Jorgensen PN, Holst JJ 2000
Somatostatin restrains the secretion of glucagon-like peptide-1 and -2 from isolated
perfused porcine ileum. Am J Physiol Endocrinol Metab 278:E1010-E1018

Herrmann-Rinke C, Horsch D, McGregor GP, Goke B 1996 Galanin is a potent
inhibitor of glucagon-like peptide-1 secretion from rat ileum. Peptides 17:571-576

Ghiglione M, Uttenthal LO, George SK, Bloom SR 1984 How glucagon-like is
glucagon-like peptide-1? Diabetologia 27:599-600

Orskov C, Wettergren A, Holst JJ 1993 Biological effects and metabolic rates of
glucagonlike peptide-1 7-36 amide and glucagonlike peptide-1 7-37 in healthy
subjects are indistinguishable. Diabetes 42:658-661

Orskov C, Rabenhoj L, Wettergren A, Kofod H, Holst JJ 1994 Tissue and plasma
concentrations of amidated and glycine-extended glucagon-like peptide I in humans.
Diabetes 43:535-539

Holst JJ, Orskov C, Nielsen OV, Schwartz TW 1987 Truncated glucagon-like
peptide I, an insulin-releasing hormone from the distal gut. FEBS Lett 211:169-174

Drucker DJ, Philippe J, Mojsov S, Chick WL, Habener JF 1987 Glucagon-like
peptide I stimulates insulin gene expression and increases cyclic AMP levels in a rat
islet cell line. Proc Natl Acad Sci USA 84:3434-3438

Fehmann H-C, Habener JF 1992 Insulinotropic hormone glucagon-like peptide-I(7-
37) stimulation of proinsulin gene expression and proinsulin biosynthesis in
insulinoma BTC-1 cells. Endocrinology 130:159-166

Weir GC, Mojsov S, Hendrick GK, Habener JF 1989 Glucagonlike peptide [ (7-
37) actions on endocrine pancreas. Diabetes 38:338-342

Goke R, Wagner B, Fehmann HC, Goke B 1993 Glucose-dependency of the
insulin stimulatory effect of glucagon-like peptide-1 (7-36) amide on the rat pancreas.
Res Exp Med 193:97-103

Qualmann C, Nauck MA, Holst JJ, Orskov C, Creutzfeldt W 1995 Insulinotropic
actions of intravenous glucagon-like peptide-1 (GLP-1) [7-36 amide] in the fasting
state in healthy subjects. Acta Diabetol 32:13-16

Susini S, Roche E, Prentki M, Schlegel W 1998 Glucose and glucoincretin peptides
synergize to induce c-fos, c-jun, junB, zif-268, and nur-77 gene expression in
pancreatic beta(INS-1) cells. FASEB J 12:1173-1182



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

124

Wang Y, Perfetti R, Greig NH, Holloway HW, DeOre KA, Montrose-Rafizadeh
C, Elahi D, Egan JM 1997 Glucagon-like peptide-1 can reverse the age-related
decline in glucose tolerance in rats. J Clin Invest 99:2883-2889

Creutzfeld WO, Kleine N, Willms B, Orskov C, Holst JJ, Nauck MA 1996
Glucagonostatic actions and reduction of fasting hyperglycemia by exogenous
glucagon-like peptide I(7-36) amide in type I diabetic patients. Diabetes Care 19:580-
586

Matsuyama T, Komatsu R, Namba M, Watanabe N, Itoh H, Tarui S 1988
Glucagon-like peptide-1 (7-36) amide: a potent glucagonostatic and insulinotropic
hormone. Diabetes Res Clin Pract 5:281-284

Heller RS, Aponte GW 1995 Intra-islet regulation of hormone secretion by
glucagon-like peptide-1-(7-36)amide. Am J Physiol 269:G852-G860

Schmid R, Schusdziarra V, Aulehner R, Weigert N, Classen M 1990 Comparison
of GLP-1 (7-36amide) and GIP on release of somatostatin-like immunoreactivity and
insulin from the isolated rat pancreas. Z Gastroenterol 28:280-284

D'alessio DA, Fujimoto WY, Ensinck JW 1989 Effects of glucagonlike peptide I(7-
36) on release of insulin, glucagon, and somatostatin by rat pancreatic islet cell
monolayer cultures. Diabetes 38:1534-1538

Fehmann HC, Habener JF 1991 Functional receptors for the insulinotropic
hormone glucagon-like peptide-I(7-37) on a somatostatin secreting cell line. FEBS
Lett 279:335-340

Orskov C, Poulsen SS 1991 Glucagonlike peptide-I-(7-36)-amide receptors only in
islets of Langerhans: Autoradiographic survey of extracerebral tissues in rats.
Diabetes 40:1292-1296

Samols E, Bonner-Weir S, Weir GC 1986 Intra-islet insulin-glucugon-somatostatin
relationships. Clin Endocrinol Metab 15:33-58

Heller RS, Kieffer TJ, Habener JF 1997 Insulinotropic glucagon-like peptide I
receptor expression in glucagon-producing alpha-cells of the rat endocrine pancreas.
Diabetes 46:785-791

O'Halloran DJ, Nikou GC, Kreymann B, Ghatei MA, Bloom SR 1990 Glucagon-
like peptide-1 (7-36)-NH2: a physiological inhibitor of gastric acid secretion in man.
J Endocrinol 126:169-173

Wettergren A, Schjoldager B, Mortensen PE, Petersen H, Orskov C, Holst JJ
1993 Effect of GLP-1 on gastric motility and gastric and pancreatic secretion in man.
Digestion 54:384-385



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

125

Willms B, Werner J, Holst JJ, Orskov C, Creutzfeldt W, Nauck MA 1996 Gastric
emptying, glucose responses, and insulin secretion after a liquid test meal: effects of
exogenous glucagon-like peptide-1 (GLP-1)-(7-36)amide in type 2 (non-insulin
dependent) diabetic patients. J Clin Endocrjnol Metab 81:327-332

Schirra J, Katschinski M, Weidmann C, Schafer T, Wank U, Arnold R, Goke B
1996 Gastric emptying and release of incretin hormones after glucose ingestion in
humans. J Clin Invest 97:92-103

Naslund E, Bogefors J, Skogar S, Gryback P, Jacobsson H, Holst JJ, Hellstrom
PM 1999 GLP-1 slows solid gastric emptying and inhibits insulin, glucagon, and
PYY release in humans. Am J Physiol 277:R910-R16

Shimizu I, Hirota M, Ohboshi C, Shima K 1987 Identification and localization of
glucagon-like peptide-1 and its receptor in rat brain. Endocrinology 121:1076-1082

Drucker DJ, Asa S 1988 Glucagon gene expression in vertebrate brain. J Biol Chem
263:13475-13478

Uttenthal LO, Toledano A, Blazquez E 1992 Autoradiographic localization of
receptors for glucagon-like peptide-1(7-36)amide in rat brain. Neuropept 21:143-146

Larsen PJ, Tang-Christensen M, Holst JJ, Orskov C 1997 Distribution of
glucagon-like peptide-1 and other preproglucagon-derived peptides in the rat
hypothalamus and brainstem. Neuroscience 77:257-270

Shughrue PJ, Lane MV, Merchenthaler I 1996 Glucagon-like peptide-1 receptor
(GLP1-R) mRNA in the rat hypothalamus. Endocrinology 137:5159-5162

Navarro M, Rodriguez de Fonseca F, Alvarez E, Chowen JA, Zueco JA, Gomez
R, Eng J, Blazquez E 1996 Colocalization of glucagon-like peptide-1(GLP-1)
receptors, glucose transporter GLUT-2, and glucokinase mRNAs in rat hypothalamic
cells:Evidence for a role of GLP-1 receptor agonists as an inhibitory signal for food
and water intake. J.Neurochem. 67:1982-1991

Alvarez E, Roncero I, Chowen JA, Thorens B, Blazquez E 1996 Expression of the
glucagon-like peptide-1 receptor gene in rat brain. J Neurochem 66:920-927

Merchenthaler I, Lane M, Shughrue P 1999 Distribution of pre-pro-glucagon and
glucagon-like peptide-1 receptor messenger RNAs in the rat central nervous system. J
Comp Neurol 403:261-280

McMahon LR, Wellman PJ 1998 PVN infusion of GLP-1-(7-36) amide suppresses
feeding but does not induce aversion or alter locomotion in rats. Am J Physiol
274:R23-R29



193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

126

Toft-Nielsen MB, Madsbad S, Holst JJ 1998 Continuous subcutaneous infusion of
glucagon-like peptide-1 lowers plasma glucose and reduces appetite in type 2 diabetic
patients. Diabetes Care 22:1137-1143

Gutzwiller J-P, Goke B, Drewe J, Hildebrand P, Ketterer S, Handschin D,
Winterhalder R, Conen D, Beglinger C 1999 Glucagon-like peptide-1: a potent
regulator of food intake in humans. Gut 44:81-86

Naslund E, Barkeling B, King N, Gutniak M, Blundell JE, Holst JJ, Rossner S,
Hellstrom PM 1999 Energy intake and appetite are suppressed by glucagon-like
peptide-1 (GLP-1) in obese men. Int J Obes Relat Metab Disord 23:304-311

Thiele TE, Van Dijk G, Campfield LA, Smith FJ, Burn P, Woods SC, Bernstein
H, Seeley RJ 1997 Central infusion of GLP-1, but not leptin, produces conditioned
taste aversion in rats. Am J Physiol 272:R726-R730

Thiele TE, Seeley RJ, D'Alessio D, Eng J, Bernstein IL, Woods SC, van Dijk G
1998 Central infusion of glucagon-like peptide-1-(7-36) amide (GLP-1) receptor
antagonist attenuates lithium chloride-induced c-Fos induction in rat brainstem. Brain
Res 801:164-170

Rinaman L 1999 A functional role for central glucagon-like peptide-1 receptors in
lithium chloride-induced anorexia. Am J Physiol 277:R1537-R1540

Seeley RJ, Blake K, Rushing PA, Benoit S, Eng J, Woods SC, D'Alessio D 2000
The role of CNS glucagon-like peptide-1 (7-36) amide receptors in mediating the
visceral illness effects of lithium chloride. J Neurosci 20:1616-1621

Miki H, Namba M, Nishimura T, Mineo I, Matsumura T, Miyagawa J,
Nakajima H, Kuwajima M, Hanafusa T, Matsuzawa Y 1996 Glucagon-like
peptide-1(7-36)amide enhances insulin-stimulated glucose uptake and decreases
intracellular cAMP content in isolated rat adipocytes. Biochim Biophys Acta
1312:132-136

Valverde I, Morales M, Clemente F, Lopez-Delgado MI, Delgado E, Perea A,
Villanueva-Penacarillo ML 1994 Glucagon-like peptide I: a potent glycogenic
hormone. FEBS Lett 349:313-316

Morales M, Lopez-Delgado MI, Alcantara A, Luque MA, Clemente F, Marquez
L, Puente J, Vinambres C, Malaisse WJ, Villanueva-Penacarrillo ML, Valverde
I 1997 Preserved GLP-1 effects on glycogen synthase a activity and glucose
metabolism in isolated hepatocytes and skeletal muscle from diabetic rats. Diabetes
46:1264-1269



203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

127

Villanueva-Penacarrillo ML, Alcantara Al, Clemente F, Delgado E, Valverde I
1994 Potent glycogenic effect of GLP-1(7-36)amide in rat skeletal muscle.
Diabetologia 37:1163-1166

Nakagawa Y, Kawai K, Suzuki H, Ohashi S, Yamashita K 1996 Glucagon-like
peptide-1(7-36)amide and glycogen synthesis in the liver. Diabetologia 39:1241-1242

Furnsinn C, Ebner K, Waldhausl W 1995 Failure of GLP-1 (7-36) amide to affect
glycogenesis in rat skeletal muscle. Diabetologia 38:864-867

Blackmore PF, Mojsov S, Exton JH, Habener JF 1991 Absence of insulinotropic

glucagon-like peptide-I(7-37) receptors on isolated rat liver hepatocytes. FEBS Lett.
283:7-10

Valverde I, Merida E, Delgado E, Trapote MA, Villanueva-Penacarillo ML 1993
Presence and characterization of glucagon-like peptide-1(7-36) amide receptors in
solubilized membranes of rat adipose tissue. Endocrinology 132:75-79

Wheeler MB, Lu M, Dillon JS, Leng X-H, Chen C, Boyd AE, III 1993 Functional
expression of the rat glucagon-like peptide-I receptor, evidence for coupling to both
adenylyl cyclase and phospholipase-C. Endocrinology 133:57-62

Campos RV, Lee YC, Drucker DJ 1994 Divergent tissue-specific and
developmental expression of receptors for glucagon and glucagon-like peptide-1 in
the mouse. Endocrinology 134:2156-2164

Bullock BP, Heller RS, Habener JF 1996 Tissue distribution of messenger
ribonucleic acid encoding the rat glucagon-like peptide 1 receptor. Endocrinology
137:2968-2978

Sandhu H, Wiesenthal SR, MacDonald PE, McCall RH, Tchipashvili V, Rashid
S, Satkunarajah M, Irwin DM, Shi ZQ, Brubaker PL, Wheeler MB, Vranic M,
Efendic S, Giacca A 1999 Glucagon-like peptide 1 increases insulin sensitivity in
depancreatized dogs. Diabetes 48:1045-1053

Orskov L, Holst JJ, Moller J, Orskov C, Moller N, Alberti KG, Schuiiiz O 1996
GLP-1 does not acutely affect insulin sensitivity in healthy man. Diabetologia
39:1227-1232

Ahren B, Larsson H, Holst JJ 1997 Effects of glucagon-like peptide-1 on islet
function and insulin sensitivity in noninsulin-dependent diabetes meilitus. J Clin
Endocrinol Metab 82:473-478

Vella A, Shah P, Basu R, Basu A, Holst JJ, Rizza RA 2000 Effect of glucagon-like
peptide 1(7-36) amide on glucose effectiveness and insulin action in people with type
2 diabetes. Diabetes 49:611-617



215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

28

Wei Y, Mojsov S 1995 Tissue-specific expression of the human receptor for
glucagon-like peptide 1: brain, heart and pancreatic forms have the same deduced
amino acid sequences. FEBS Lett 358:219-224

Cechetto DF 1987 Central representation of visceral function. Federation Proc 46:17-
23

Barragan JM, Rodriguez RE, Blazquez E 1994 Changes in arterial blood pressure
and heart rate induced by glucagon-like peptide-1-(7-36 amide) in rats. Am J Physiol
266:E459-E466

Barragan JM, Rodriguez RE, Eng J, Blazquez E, Defize LHK 1996 Interactions
of exendin-(9-39) with the effects of glucagon-like peptide-1-(7-36) amide and of
exendin-4 on arterial blood pressure and heart rate in rats. Regul Peptides 67:63-68

Edwards CM, Edwards AV, Bloom SR 1997 Cardiovascular and pancreatic
endocrine responses to glucagon-like peptide-1(7-36) amide in the conscious calf.
Exp Physiol 82:709-716

Goke R, Larsen PJ, Mikkelsen JD, Sheikh SP 1995 Distribution of GLP-1 binding
sites in the rat brain: evidence that exendin-4 is a ligand of brain GLP-1 binding sites.
Eur J Neurosci 7:2294-300

Beak SA, Small CJ, Ilovaiskaia I, Hurley JD, Ghatei MA, Bloom SR, Smith DM
1996 Glucagon-like peptide-1 (GLP-1) releases thyrotropin (TSH): characterization
of binding sites for GLP-1 on alpha-TSH cells. Endocrinology 137:4130-4138

Beak SA, Heath MM, Small CJ, Morgan DGA, Ghatei MA, Taylor AD,
Buckingham JC, Bloom SR, Smith DM 1998 Glucagon-like peptide-1 stimulates
luteinizing hormone releasing hormone secretion in a rodent hypothalamic neuronal
cell line (GT1-7). J Clin Invest 101:1334-1341

Larsen PJ, Tang-Christensen M, Jessop DS 1997 Central administration of

glucagon-like peptide-1 activates hypothalamic neuroendocrine neurons in the rat.
Endocrinology 138:4445-4455

Vaag AA, Holst JJ, Volund A, Beck-Nielsen HB 1996 Gut incretin hormones in
identical twins discordant for non-insulin- dependent diabetes mellitus (NIDDM)--
evidence for decreased glucagon- like peptide 1 secretion during oral glucose
ingestion in NIDDM twins. Eur J Endocrinol 135:425-432

Holst JJ 1999 Glucagon-like peptide 1 (GLP-1): An intestinal hormone, signaling
nutritional abundance, with an unusual therapeutic potential. Trends Endocrinol
Metab 10:229-235



226.

227.

228.

229.

230.

231

232.

233.

234.

235.

236.

129

Zhang BB 2000 New approaches in the treatment of type 2 diabetes. Current Opin
Chem Biol 4:461-467

Nauck MA, Kleine N, Orskov C, Holst JJ, Willms B, Creutzfeldt W 1993
Normalization of fasting hyperglycaemia by exogenous glucagon-like peptide 1 (7-36
amide) in Type 2 (non-insulin-dependent) diabetic patients. Diabetologia 36:741-744

Rachman J, Gribble FM, Barrow BA, Levy JC, Buchanan KD, Turner RC 1996
Normalization of insulin responses to glucose by overnight infusion of glucagon-like
peptide 1(7-36)amide in patients with NIDDM. Diabetes 45:1524-1530

Rachman J, Barrow BA, Levy JC, Turner RC 1997 Near normalization of diurnal
glucose concentrations by continuous administration of glucagon-like peptide |
(GLP-1) in subjects with NIDDM. Diabetologia 40:205-211

Gutniak MK, Linde B, Holst JJ, Efendic S 1994 Subcutaneous injection of the
incretin hormone glucagon-like peptide 1 abolishes postprandial glycemia in
NIDDM. Diabetes Care 17:1039-1044

Todd JF, Wilding JP, Edwards CM, Ghatei MA, Bloom SR 1997 Glucagon-like
peptide-1 (GLP-1): a trial of treatment in non-insulin-dependent diabetes mellitus.
Eur J Clin Invest 27:533-536

Todd JF, Edwards CM, Ghatei MA, Mather HM, Bloom SR 1998 Subcutaneous
glucagon-like peptide-1 improves postprandial glycaemic control over a 3-week
period in patients with early type 2 diabetes. Clin Sci (Colch) 95:32532-9

Gutniak M, Orskov C, Holst JJ, Ahren B, Efendic S 1992 Antidiabetogenic effect
of glucagon-like peptide-1 (7-36)amide in normal subjects and patients with diabetes
mellitus. N Engl J Med 326:1316-1322

Dupre J, Behme MT, Hramiak IM, McFarlane P, Williamson MP, Zabel P,
McDonald TJ 1995 Glucagon-like peptide I reduces postprandial glycemic
excursions in [DDM. Diabetes 44:626-630

Dupre J, Behme MT, Hramiak IM, McDonald TJ 1997 Subcutaneous glucagon-
like peptide I combined with insulin normalizes postcibal glycemic excursions in
IDDM. Diabetes Care 20:381-384

Pauly RP, Rosche F, Wermann M, McIntosh CH, Pederson RA, Demuth HU
1996 Investigation of glucose-dependent insulinotropic polypeptide-(1-42) and
glucagon-like peptide-1-(7-36) degradation in vitro by dipeptidyl peptidase [V using
matrix-assisted laser desorption/ionization-time of flight mass spectrometry. A novel
kinetic approach. J Biol Chem 271:23222-23229



237.

238.

239.

240.

241.

242,

243.

244,

245.

246.

247.

130

Deacon CF, Knudsen LB, Madsen K, Wiberg FC, Jacobsen O, Holst JJ 1998
Dipeptidyl peptidase IV resistant analogues of glucagon-like peptide-1 which have
extended metabolic stability and improved biological activity. Diabetologia 41:271-
278

Siegel EG, Gallwitz B, Scharf G, Mentlein R, Morys-Wortmann C, Folsch UR,
Schrezenmeir J, Drescher K, Schmidt WE 1999 Biological activity of GLP-1-
analogues with N-terminal modifications. Regul Pept 79:93-102

Knudsen LB, Nielsen PF, Huusfeldt PO, Johansen NL, Madsen K, Pedersen FZ,
Thogersen H, Wilken M, Agerso H 2000 Potent derivatives of glucagon-like
peptide-1 with pharmacokinetic properties suitable for once daily administration [In
Process Citation]. J Med Chem 43:1664-169

Gallwitz B, Ropeter T, Morys-Wortmann C, Mentlein R, Siegel EG, Schmidt
WE 2000 GLP-1 analogues resistant to degradation by dipeptidyl-peptidase [V in
vitro. Regul Pept 86:103-111

Holst JJ, Deacon CF 1998 Inhibition of the activity of dipeptidyl-peptidase [V as a
treatment for type 2 diabetes. Diabetes 47:1663-1670

Mentlein R 1999 Dipeptidyl-peptidase [V (CD26)--role in the inactivation of
regulatory peptides. Regul Pept 85:9-24

De Meester [, Korom S, Van Damme J, Scharpe S 1999 CD26, let it cut or cut it
down. Immunol Today 20:367-75

Hansen L, Deacon CF, Orskov C, Holst JJ 1999 Glucagon-like peptide-1-(7-
36)amide is transformed to glucagon-like peptide-1-(9-36)amide by dipeptidyl
peptidase IV in the capillaries supplying the L cells of the porcine intestine.
Endocrinology 140:5356-5363

Knudsen LB, Pridal L 1996 Glucagon-like peptide-1-(9-36) amide is a major
metabolite of glucagon-like peptide-1-(7-36)amide after in vivo administration to
dogs and it acts as an antagonist on the pancreatic receptor. Eur J Pharmacol 318:429-
435

Wettergren A, Wojdemann M, Holst JJ 1998 The inhibitory effect of glucagon-
like peptide-1 (7-36)amide on antral motility is antagonized by its N-terminally
truncated primary metabolite GLP-1 (9-36)amide. Peptides 19:877-882

Hupe-Sodmann K, McGregor GP, Bridenbaugh R, Rudiger G, Burkhard G,
Thole H, Zimmermann B, Voigt K 1995 Characterisation ci the processing by
human neutral endopeptidase 24.11 of GLP-1(7-36) amide and comparison of the
substrate specificity of the enzyme for other glucagon-like peptides. Regul Pept
58:149-156



248.

249.

250.

251,

252.

253.

254.

255.

256.

257.

258.

131

Hupe-Sodmann K, Goke R, Goke B, Thole HH, Zimmermann B, Voigt K,
McGregor GP 1997 Endoproteolysis of glucagon-like peptide (GLP)-1 (7-36) amide
by ectopeptidases in RINmSF cells. Peptides 18:625-632

Ruiz-Grande C, Alarcon C, Alcantara A, Castilla C, Lopez Novoa JM,
Villanueva-Penacarrillo ML, Valverde I 1993 Renal catabolism of truncated
glucagon-like peptide 1. Horm Metab Res 25:612-616

Deacon CF, Pridal L, Klarskov L, Olesen M, Holst JJ 1996 Glucagon-like peptide
I undergoes differential tissue-specific metabolism in the anesthetized pig. Am J
Physiol 271:E458-E464

Orskov C, Andreasen J, Holst JJ 1992 All products of proglucagon are elevated in
plasma from uremic patients. J Clin Endocrinol Metab 74:379-384

Thorens B 1992 Expression cloning of the pancreatic (3 cell receptor for the gluco-
incretin hormone glucagon-like peptide 1. Proc Natl Acad Sci USA 89:8641-8645

Dunphy JL, Taylor RG, Fuller PJ 1998 Tissue distribution of rat glucagon receptor
and GLP-1 receptor gene expression. Mol Cell Endocrinol 141:179-186

Yang H, Egan JM, Wang Y, Moyes CD, Roth J, Montrose MH, Montrose-
Rafizadeh C 1998 GLP-1 action in L6 myotubes is via a receptor different from the
pancreatic GLP-1 receptor. Am J Physiol 275:C675-C683

Usdin TB, Mezey E, Button DC, Brownstein MJ, Bonner TI 1993 Gastric
inhibitory polypeptide receptor, a member of the secretin- vasoactive intestinal
peptide receptor family, is widely distributed in peripheral organs and the brain.
Endocrinology 133:2861-2870

Lu M, Wheeler MB, Leng X-H, Boyd AE, ITI 1993 The role of the free cytoplasmic
calcium level in B-cell signal transduction by gastric inhibitory polypeptide and
glucagon-like peptide I(7-37). Endocrinology 132:94-100

Gromada J, Dissing S, Bokvist K, Renstrom E, Frokaer-Jensen J, Wulff BS,
Rorsman P 1995 Glucagon-like peptide I increases cytoplasmic calcium in insulin-
secreting bTC3-cells by enhancement of intracellular calcium mobilization. Diabetes
44:767-774

Holz GG, Leech CA, Heller RS, Castonguay M, Habener JF 1999 cAMP-
dependent mobilization of intracellular Ca2+ stores by activation of ryanodine
receptors in pancreatic beta-cells. A Ca2+ signaling system stimulated by the
insulinotropic hormone glucagon-like peptide-1- (7-37). J Biol Chem 274:14147-
14156



259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

132

Mojsov S 1992 Structural requirements for biological activity of glucagon-like
peptide-I. Int J Peptide Protein Res 40:333-343

Gefel D, Hendrick GK, Mojsov S, Habener J, Weir GC 1990 Glucagon-like
peptide-I analogs: Effects on insulin secretion and adenosine 3',5'-monophosphate
formation. Endocrinology 126:2164-2168

Wilmen A, Goke B, Goke R 1996 The isolated N-terminal extracellular domain of
the glucagon-like peptide-1 (GLP)-1 receptor has intrinsic binding activity. FEBS
Lett 398:43-47

Van Eyil B, Goke B, Wilmen A, Goke R 1996 Exchange of W39 by A within the N-
terminal extracellular domain of the GLP-1 receptor results in a loss of receptor
function. Peptides 17:565-570

Takhar S, Gyomorey S, Su RC, Mathi SK, Li X, Wheeler MB 1996 The third
cytoplasmic domain of the GLP-1[7-36 amide] receptor is required for coupling to the
adenylyl cyclase system. Endocrinology 137:2175-2178

Mathi SK, Chan Y, Li X, Wheeler MB 1997 Scanning of the glucagon-like peptide-
1 receptor localizes G protein- activating determinants primarily to the N terminus of
the third intracellular loop. Mol Endocrinol 11:424-432

Jiang J, Fehmann HC, Loth H, Goke R, Goke B 1994 Regulation of GLP-1
receptor mRNA levels and GLP-1 binding sites by forskolin, PMA and
dexamethasone in RINmSF cells. Exp Clin Endocrinol 102 [Suppl 1]:117

Abrahamsen N, Nishimura E 1995 Regulation of glucagon and glucagon-like
peptide-1 receptor messenger ribonucleic acid expression in cultured rat pancreatic
islets by glucose, cyclic adenosine 3',5'-monophosphate, and glucocorticoids.
Endocrinology 136:1572-1578

Fehmann HC, Jiang J, Pitt D, Schweinfurth J, Goke B 1996 Ligand-induced
regulation of glucagon-like peptide-I receptor function and expression in insulin-
secreting beta cells. Pancreas 13:273-282

Fehmann HC, Schweinfurth J, Jiang J, Goke B 1996 Regulation of glucagon-like
peptide-1 receptor expression and transcription by the protein kinase C pathway. Res
Exp Med 196:219-225

Wildhage I, Trusheim H, Goke B, Lankat-Buttgereit B 1999 Gene expression of
the human glucagon-like peptide-1 receptor is regulated by Spl and Sp3.
Endocrinology 140:624-631



270.

271.

272,

273.

274.

275.

276.

277.

278.

279.

280.

133

Galehshahi FS, Goke B, Lankat-Buttgereit B 1998 Contribution of a PS1-like

element to the tissue- and cell-specific expression of the human GLP-1 receptor gene.
FEBS Lett 436:163-168

Galehshahi FS, Goke B, Lankat-Buttgereit B 2000 A novel silencer element
repressing expression of the GLP-1 receptor gene in fibroblasts and pancreatic A-
cells, but not in pancreatic B- and D-cells. Peptides 21:1169-1176

Fehmann HC, Habener JF 1991 Homologous desensitization of the insulinotropic
glucagon-like peptide-I(7-37) receptor on insulinoma (HIT-T15) cells. Endocrinology
128:2880-2888

Widmann C, Dolci W, Thorens B 1996 Heterologous desensitization of the
glucagon-like peptide-1 receptor by phorbol esters requires phosphorylation of the
cytoplasmic tail at four different sites. J Biol Chem 271:19957-19963

Widmann C, Dolci W, Thorens B 1996 Desensitization and phosphorylation of the
glucagon-like peptide-1 (GLP-1) receptor by GLP-1 and 4-phorbol 12-myristate 13-
acetate. Mol Endocrinol 10:62-75

Widmann C, Dolci W, Thorens B 1997 Internalization and homologous
desensitization of the GLP-1 receptor depend on phosphorylation of the receptor
carboxyl tail at the same three sites. Mol Endocrinol 11:1094-10102

Widmann C, Dolci W, Thorens B 1995 Agonist-induced internalization and
recycling of the glucagon-like peptide-1 receptor in transfected fibroblasts and in
insulinomas. Biochem J 310:203-214

Schepp W, Schmidtler J, Riedel T, Dehne K, Schusdziarra V, Holst JJ, Eng J,
Raufman J-P, Classen M 1994 Exendin-4 and exendin-(9-39)NH2: Agonist and
antagonist, respectively, at the rat parietal cell receptor for glucagon-like peptide-1-
(7-36)NH2. Eur J Pharmacol Mol Pharmacol 269:183-191

Fehmann HC, Jiang J, Schweinfurth J, Wheeler MB, Boyd AE, III, Goke B 1994
Stable expression of the rat GLP-I receptor in CHO cells: Activation and binding
characteristics utilizing GLP-I(7-36)-amide, oxyntomodulin, exendin-4, and
exendin(9-39). Peptides 15:453-456

Wang Z, Wang RM, Owji AA, Smith DM, Ghatei MA, Bloom SR 1995
Glucagon-like peptide 1 is a physiological incretin in rat. J Clin Invest 95:417-421

Kolligs F, Fehmann H-C, Goke R, Goke B 1995 Reduction of the incretin effect in
rats by the glucagon-like peptide 1 receptor antagonist exendin (9-39) amide.
Diabetes 44:16-19



281.

282.

283.

284.

28S.

286.

287.

288.

289.

290.

291.

134

Edwards CM, Todd JF, Mahmoudi M, Wang Z, Wang RM, Ghatei MA, Bloom
SR 1999 Glucagon-like peptide 1 has a physiological role in the control of
postprandial glucose in humans: studies with the antagonist exendin 9- 39. Diabetes
48:86-93

Schirra J, Sturm K, Leicht P, Arnold R, Goke B, Katschinski M 1998 Exendin(9-
39)amide is an antagonist of glucagon-like peptide-1(7- 36)amide in humans. J Clin
Invest 101:1421-1430

D'alessio DA, Vogel R, Prigeon R, Laschansky E, Koerker D, Eng J, Ensinck JW
1996 Elimination of the action of glucagon-like peptide 1 causes an impairment of

glucose tolerance after nutrient ingestion by healthy baboons. J Clin Invest. 97:133-
138

Giralt M, Vergara P 1998 Sympathetic pathways mediate GLP-1 actions in the
gastrointestinal tract of the rat. Regul Pept 74:19-25

Giralt M, Vergara P 1999 Glucagonlike peptide-1 (GLP-1) participation in the ileal
brake induced by intraluminal peptones in rat. Dig Dis Sci 44:322-329

Barragan JM, Eng J, Rodriguez R, Blazquez E 1999 Neural contribution to the
effect of glucagon-like peptide-1-(7-36) amide on arterial blood pressure in rats. Am J
Physiol 277:E784-E791

Alcantara Al, Morales M, Delgado E, Lopez-Delgado MI, Clemente F, Luque
MA, Malaisse WJ, Valverde I 1997 Exendin-4 agonist and exendin(9-39)amide
antagonist of the GLP-1(7-36)amide effects in liver and muscle. Arch Biochem
Biophys 341:1-7

Scrocchi LA, Brown TJ, MacLusky N, Brubaker PL, Auerbach AB, Joyner AL,
Drucker DJ 1996 Glucose intolerance but normal satiety in mice with a null
mutation in the glucagon-like peptide receptor gene. Nature Med 2:1254-1258

Pederson RA, Satkunarajah M, MclIntosh CH, Scrocchi LA, Flamez D, Schuit F,
Drucker DJ, Wheeler MB 1998 Enhanced glucose-dependent insulinotropic
polypeptide secretion and insulinotropic action in glucagon-like peptide 1 receptor -/-
mice. Diabetes 47:1046-1052

Flamez D, Van Breuseghem A, Scrocchi LA, Quartier E, Pipeleers D, Drucker
DJ, Schuit F 1998 Mouse pancreatic beta cells exhibit preserved glucose competence
after disruption of the glucagon-like peptide 1 receptor gene. Diabetes 47:646-652

Scrocchi LA, Marshall BA, Cook SM, Brubaker PL, Drucker DJ 1998 Glucose
homeostasis in mice with disruption of GLP-1 receptor signaling. Diabetes 47:632-
639



292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

135

Serre V, Dolci W, Scrocchi LA, Drucker DJ, Efrat S, Thorens B 1998 Exendin-
(9-39) as an inverse agonist of the murine GLP-1 receptor. Implications for basal

intracellular cAMP levels and B cell glucose competence. Endocrinology 139:4448-
4454

Flamez D, Gilon P, Moens K, Van Breusegem A, Delmeire D, Scrocchi LA,
Henquin J-C, Drucker DJ, Schuit F 1999 Altered cAMP and Ca2+ signaling in
mouse pancreatic islets with GLP-1 receptor null phenotype. Diabetes 48:1979-1986

Scrocchi LA, Drucker DJ 1998 Effects of aging and a high fat diet on body weight
and glucose control in GLP-1R-/- mice. Endocrinology 139:3127-3132

MacLusky N, Cook S, Scrocchi L, Shin J, Kim J, Vaccarino F, Asa SL, Drucker
DJ 2000 Neuroendocrine function in mice with complete disruption of GLP-1
receptor signaling. Endocrinology 141:752-762

Tseng CC, Jarboe LA, Landau SB, Williams EK, Wolfe MM 1993 Glucose-
dependent insulinotropic peptide: structure of the precursor and tissue-specific
expression in rat. Proc Natl Acad Sci U S A 90:1992-1996

Buchan AM, Polak JM, Capella C, Solcia E, Pearse AGE 1978 Electron
immunochemical evidence for the K cell localization of gatric inhibitory polypeptide
(GIP) in man. Histochemistry 56:37-44

Takeda J, Seino Y, Tanaka K, Fukumoto H, Kayano T, Takahashi H, Mitani T,
Kurono M, Suzuki T, Tobe T, et al. 1987 Sequence of an intestinal cDNA encoding
human gastric inhibitory polypeptide precursor. Proc Natl Acad Sci U S A 84:7005-
7008

Yeung CM, Wong CK, Chung SK, Chung SS, Chow BK 1999 Glucose-dependent
insulinotropic polypeptide gene expression in the stomach: revealed by a transgenic
mouse study, in situ hybridization and immunohistochemical staining. Mol Cell
Endocrinol 154:161-170

Someya Y, Inagaki N, Maekawa T, Seino Y, Ishii S 1993 Two 3',5"-cyclic-
adenosine monophosphate response elements in the promoter region of the human
gastric inhibitory polypeptide gene. FEBS Lett 317:67-73

Boylan MO, Jepeal LI, Jarboe LA, Wolfe MM 1997 Cell-specific expression of the
glucose-dependent insulinotropic polypeptide gene in 2 mouse neuroendocrine tumor
cell line. J Biol Chem 272:17438-17443

Tseng CC, Jarboe LA, Wolfe MM 1994 Regulation of glucose-dependent
insulinotropic peptide gene expression by a glucose meal. Am J Physiol 266:G887-
G891



303.

304.

305.

306.

307.

308.

309.

310.

311

312,

313.

314.

136

Morgan LM, Hampton SM, Tredger JA, Cramb R, Marks V 1988 Modifications
of gastric inhibitory polypeptide (GIP) secretion in man by a high-fat diet. Br J Nutr
59:373-380

Wolfe MM, Zhao KB, Glazier KD, Jarboe LA, Tseng CC 2000 Regulation of
glucose-dependent insulinotropic polypeptide release by protein in the rat. Am J
Physiol Gastrointest Liver Physiol 279:G561-G566

Higashimoto Y, Simchock J, Liddle RA 1992 Molecular cloning of rat glucose-
dependent insulinotropic peptide (GIP). Biochim Biophys Acta 1132:72-74

Schmidt WE, Siegel EG, Kummel H, Gallwitz B, Creutzfeldt W 1987
Commercially available preparations of porcine glucose-dependent insulinotropic
polypeptide (GIP) contain a biologically inactive GIP- fragment and cholecystokinin-
33/-39. Endocrinology 120:835-837

Sykes S, Morgan LM, English J, Marks V 1980 Evidence for preferential
stimulation of gastric inhibitory polypeptide secretion in the rat by actively
transported carbohydrates and their analogues. J Endocrinol 85:201-207

Kieffer TJ, Buchan AMJ, Barker H, Brown JC, Pederson RA 1994 Release of
gastric inhibitory polypeptide from cultured canine endocrine cells. Am J Physiol
267:E489-E496

Sarson DL, Wood SM, Holder D, Bloom SR 1982 The effect of glucose-dependent
insulinotropic polypeptide infused at physiological concentrations on the release of
insulin in man. Diabetologia 22:33-36

Brown JC, Dahl M, Kwauk S, McIntosh CH, Otte SC, Pederson RA 1981
Actions of GIP. Peptides 2:241-245

Lu M, Wheeler MB, Leng XH, Boyd AEd 1993 Stimulation of insulin secretion and
insulin gene expression by gastric inhibitory polypeptide. Trans Assoc Am Physicians
106:42-53

Fehmann H-C, Goke B 1995 Characterization of GIP(1-30) and GIP(1-42) as
stimulators of proinsulin gene transcription. Peptides 16:1149-1152

Wang Y, Montrose-Rafizadeh C, Adams L, Raygada M, Nadiv O, Egan JM 1996
GIP regulates glucose transporters, hexokinases, and glucose-induced insulin
secretion in RIN 1046-38 cells. Mol Cell Endocrinol 116:81-87

Gremlich S, Porret A, Hani EH, Cherif D, Vionnet D, Froguel P, Thorens B 1995
Cloning, functional expression, and chromosomal localization of the human

pancreatic islet glucose-dependent insulinotropic polypeptide receptor . Diabetes
44:1202-1208



315.

316.

317.

318.

319.

320.

321.

322,

323.

324.

325.

137

Wheeler MB, Gelling RW, McIntosh CHS, Georgiou J, Brown JC, Pederson RA
1995 Functional expression of the rat pancreatic islet glucose-dependent
insulinotropic polypeptide receptor: Ligand binding and intracellular signalling
properties. Endocrinology 136:4629-4639

Alam MJ, Kerr JI, Cormican K, Buchanan KD 1992 Gastric inhibitory

polypeptide (GIP) response in diabetes using a highly specific antiserum. Diabet Med
9:542-545

Bloom SR 1975 GIP in diabetes. Diabetologia 11:334

Ebert R, Creutzfeld WO 1980 Hypo- and hypersecretion of GIP in maturity-onset
diabetics. Diabetologia 19:271-272

May JM, Williams RH 1978 The effect of endogenous gastric inhibitory polypeptide
on glucose induced insulin secretion in mild diabetes. Diabetes 27:829-855

Deacon CF, Nauck MA, Meier J, Hucking K, Holst JJ 2000 Degradation of
endogenous and exogenous gastric inhibitory polypeptide in healthy and in type 2
diabetic subjects as revealed using a new assay for the intact peptide. J Clin
Endocrinol Metab 85:3575-3581

Elahi D, McAloon-Dyke M, Fukagawa NK, Meneilly GS, Sclater AL, Minaker
KL, Habener JF, Andersen DK 1994 The insulinotropic actions of glucose-
dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (7-37) in
normal and diabetic subjects. Regul Pept 51:63-74

Tseng CC, Boylan MO, Jarboe LA, Usdin TB, Wolfe MM 1996 Chronic
desensitization of the glucose-dependent insulinotropic polypeptide receptor in
diabetic rats. Am J Physiol 270:E661-E666

Nauck MA, Bartels E, Orskov C, Ebert R, Creutzfeldt W 1992 Lack of effect of
synthetic human gastric inhibitory polypeptide and glucagon-like peptide 1 [7-36
amide] infused at near-physiological concentrations on pentagastrin-stimulated
gastric acid secretion in normal human subjects. Digestion 52:214-221

Andersen DK, Putnam WS, Hanks JB, Wise JE, Lebovitz HE, Jones RS 1980
Gastric inhibitory polypeptide (GIP) suppression of hepatic glucose production.
Regul Pept 1:4-9

Hartmann H, Ebert R, Creutzfeld WO 1986 Insulin-dependent inhibition of
hepatic glycogenolysis by gastric inhibitory polypeptide (GIP) in perfused rat liver.
Diabetologia 29:112-114



326.

327.

328.

329.

330.

331

332

333.

334.

335.

336.

337.

338.

138

Oben J, Morgan L, Fletcher J, Marks V 1991 Effects of the enteropancreatic
hormones, gastric inhibitory polypeptide and glucagon-like peptide-1 (7-36)amide, on
fatty acid synthesis in explants of rat adipose tissue. J Endocrinol 130:267-272

Beck B 1989 Gastric inhibitory polypeptide: a gut hormone with anabolic functions. J
Mol Endocrinol 2:169-174

Starich GH, Bar RS, Mazzaferri EL 1985 GIP increases insulin receptor affinity
and cellular sensitivity in adipocytes. Am J Physiol 249:E603-E607

Yip RGC, Boylan MO, Kieffer TJ, Wolfe MM 1998 Functional GIP receptors are
present on adipocytes. Endocrinology 139:4004-4007

McIntosh CH, Bremsak I, Lynn FC, Gill R, Hinke SA, Gelling R, Nian C,
McKanight G, Jaspers S, Pederson RA 1999 Glucose-dependent insulinotropic
polypeptide stimulation of lipolysis in differentiated 3T3-L1 cells: wortmannin-
sensitive inhibition by insulin. Endocrinology 140:398-404

Bollag RJ, Zhong Q, Phillips P, Min L, Zhong L, Cameron R, Mulloy AL,
Rasmussen H, Qin F, Ding KH, Isales CM 2000 Osteoblast-derived cells express

functional glucose-dependent insulinotropic peptide receptors. Endocrinology
141:1228-1235

Brown JC, Dryburgh JR, Ross SA, Dupre J 1975 Identification and actions of
gastric inhibitory polypeptide. Recent Prog Horm Res 31:487-532

Sarson DL, Hayter RC, Bloom SR 1982 The pharmacokinetics of porcine glucose-
dependent insulinotropic polypeptide (GIP) in man. Eur J Clin Invest 12:457-461

Nauck MA, Schmidt WE, Ebert R, Strietzel J, Cantor P, Hoffman G, Creutzfeld
WO 1989 Insulinotropic properties of synthetic human gastric inhibitory polypeptide
in man: interactions with glucose, phenylalanine, and cholecystokinin-8. J Clin
Endocrinol Metab 69:654-662

O'Doriso TM, Sirinek KR, Mazzaferri EL, Cataland S 1977 Renal effects on
serum gastric inhibitory polypeptide (GIP). Metabolism 26:651-656

Hanks JB, Andersen DK, Wise JE, Putnam WS, Meyers WC, Jones RS 1984 The
hepatic extraction of gastric inhibitory polypeptide and insulin. Endocrinology
115:1011-1018

Chap Z, O'Doriso TM, Cataland S, Field JB 1987 Absence of hepatic extraction of
gastric inhibitory polypeptide in conscious dogs. Dig Dis Sci 32:280-284

Boylan MO, Jepeal LI, Wolfe MM 1999 Stucture of the rat glucose-dependent
insulinotropic polypeptide receptor gene. Peptides 20:219-228



339.

340.

341.

342.

343,

344,

34S.

346.

347.

348.

139

Gallwitz B, Witt M, FSlsch UR, Creutzfeldt W, Schmidt WE 1993 Binding
specificity and signal transduction of receptors for glucagon-like peptide-1(7-
36)amide and gastric inhibitory polypeptide on RINmSF insulinoma cells. J Mol
Endocrinol 10:259-268

Amiranoff B, Vauclin-Jacques N, Laburthe M 1984 Functional GIP receptors in a
hamster pancreatic beta cell line, In 111: specific binding and biological effects.
Biochem Biophys Res Commun 123:671-676

Wahl MA, Plehn RJ, Landsbeck EA, Verspohl EJ, Ammon HPT 1992 Are ionic
influxes of pancreatic beta-cells a target for gastric inhibitory polypeptide. Mol Cell
Endocrinol 90:117-123

Maletti M, Altman JJ, Hoa DH, Carlquist M, Rosselin G 1987 Evidence of
functional gastric inhibitory polypeptide (GIP) receptors in human insulinoma.
Binding of synthetic human GIP 1-31 and activation of adenylate cyclase. Diabetes
36:1336-1340

Siegel EG, Creutzfeldt TW 1985 Stimulation of insulin release in isolated islets by

GIP in physiological concentration and its relation to islet cyclic AMP content.
Diabetologia 28:857-861

Mclntosh CHS, Wheeler MB, Gelling RW, Brown JC, Pederson RA 1996 GIP
receptors and signal-transduction mechanisms. Acta Physiol Scand 157:361-365

Straub SG, Sharp GWG 1996 Glucose-dependent insulinotropic polypeptide
stimulates insulin secretion via increased cyclic AMP and [Ca2+]i and a wortmannin-
sensitive signalling pathway. Biochem Biophys Res Commun 224:369-374

Kubota A, Yamada Y, Yasuda K, Someya Y, [hara Y, Kagimoto S, Watanabe R,
Kuroe A, Ishida H, Seino Y 1997 Gastric inhibitory polypeptide activates MAP
kinase thrcugh the wortmannin-sensitive and -insensitive pathways. Biochem
Biophys Res Commun 235:171-175

Gelling RW, Wheeler MB, Xue J, Gyomorey S, Nian C, Pederson RA, MciIntosh
CH 1997 Localization of the domains involved in ligand binding and activation of the
glucose-dependent insulinotropic polypeptide receptor. Endocrinology 138:2640-
2643

Wheeler MB, Gelling RW, Hinke SA, Tu B, Pederson RA, Lynn F, Ehses J,
McIntosh CH 1999 Characterization of the carboxyl-terminal domain of the rat
glucose- dependent insulinotropic polypeptide (GIP) receptor. A role for serines 426
and 427 in regulating the rate of internalization. J Biol Chem 274:24593-601



349.

350.

351

352.

353.

354.

355.

356.

357.

358.

359.

140

Miyawaki K, Yamada Y, Yano H, Niwa H, Ban N, Ihara Y, Kubota A, Fujimoto
S, Kajikawa M, Kuroe A, Tsuda K, Hashimoto H, Yamashita T, Jomeori T,
Tashiro F, Miyazaki J, Seino Y 1999 Glucose intolerance caused by a defect in the
entero-insular axis: A study in gastric inhibitory polypeptide receptor knockout mice.
Proc Natl Acad Sci U S A 96:14843-14847

Loster K, Zeilinger K, Schuppan D, Reutter W 1995 The cysteine-rich region of
dipeptidyl peptidase IV (CD 26) is the collagen-binding site. Biochem Biophys Res
Commun 217:341-348

Morrison ME, Vijayasaradhi S, Engelstein D, Albino AP, Houghton AN 1993 A
marker for neoplastic progression of human melanocytes is a cell surface
ectopeptidase. J Exp Med 177:1135-1143

Morimoto C, Schlossman SF 1998 The structure and function of CD26 in the T-cell
immune response. [mmunol Rev 161:55-70

Fleischer B 1994 CD26: A surface protease involved in T-cell activation. Immunol
Today 15:180-184

Wesley UV, Albino AP, Tiwari S, Houghton AN 1999 A role for dipeptidyl

peptidase [V in suppressing the malignant phenotype of melanocytic cells. J Exp Med
190:311-322

Mentlein R, Heymann E, Scholz W, Feller AC, Flad HD 1984 Dipeptidyl
peptidase [V as a new surface marker for a subpopulation of human T-lymphocytes.
Cell Immunol 89:11-19

Jackman HL, Tan FL, Schraufnagel D, Dragovic T, Dezso B, Becker RP, Erdos
EG 1995 Plasma membrane-bound and lysosomal peptidases in human alveolar
macrophages. Am J Resp Cell Mol Biol 13:196-204

Grandt D, Sieburg B, Sievert J, Schimiczek M, Becker U, Holtmann B, Layer P,
Reeve JR, Eysselein VE, Goebeil H, Muller M 1994 [s GLP-1 (9-36)amide an
endogenous antagonist at GLP-1 receptors? (Abstract). Digestion 55:302A

Deacon CF, Nauck MA, Toft-Nielsen M, Pridal L, Willms B, Holst JJ 1995 Both
subcutaneously and intravenously administered glucagon-like peptide 1 are rapidly
degraded from the NH2-terminus in type I diabetic paticnts and in healthy subjects.
Diabetes 44:1126-1131

Deacon CF, Hughes TE, Holst JJ 1998 Dipeptidyl peptidase IV inhibition
potentiates the insulinotropic effect of glucagon-like peptide | in the anesthetized pig.
Diabetes 47:764-769



360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

141

Pauly RP, Demuth HU, Rosche F, Schmidt J, White HA, Lynn F, McIntosh CH,
Pederson RA 1999 Improved glucose tolerance in rats treated with the dipeptidyl
peptidase [V (CD26) inhibitor [le-thiazolidide. Metabolism 48:385-389

Ahren B, Holst JJ, Martensson H, Balkan B 2000 Improved glucose tolerance and
insulin secretion by inhibition of dipeptidyl peptidase IV in mice. Eur J Pharmacol
404:239-245

Pederson RA, White HA, Schlenzig D, Pauly RP, McIntosh CH, Demuth HU
1998 Improved glucose tolerance in Zucker fatty rats by oral administration of the
dipeptidyl peptidase IV inhibitor isoleucine thiazolidide. Diabetes 47:1253-1258

Balkan B, Kwasnik L, Miserendino R, Holst JJ, Li X 1999 Inhibition of dipeptidyl
peptidase IV with NVP-DPP728 increases plasma GLP-1 (7-36 amide)
concentrations and improves oral glucose tolerance in obese Zucker rats.
Diabetologia 42:1324-1331

Ritzel U, Leonhardt U, Ottleben M, Ruhmann A, Eckart K, Spiess J, Ramadori
G 1998 A synthetic glucagon-like peptide-1 analog with improved plasma stability. J
Endocrinol 159:93-102

Burcelin R, Dolci W, Thorens B 1999 Long-lasting antidiabetic effect of a
dipeptidyl peptidase [V-resistant analog of glucagon-like peptide-1. Metabolism
48:252-258

O'Harte FPM, Mooney MH, Lawlor A, Flatt PR 2000 N-terminally modified
glucagon-like peptide-1(7-36)amide exhibits resistance to enzymatic degradation
while maintaining its antihyperglycaemic activity in vivo. Biochimica et Biophysica
Acta 1474:13-22

Bell GI 1986 The glucagon superfamily: Precursor structure and gene organization.
Peptides 7:27-36

Parker DS, Raufman J-P, O'Donohue TL, Bledsoe M, Yoshida H, Pisano JJ
1984 Amino acid sequences of helospectins, new members of the glucagon
superfamily, found in gila monster venom. J Biol Chem 259:11751-11755

Hoshino M, Yanaihara C, Hong YM, Kishida S, Katsumaru Y, Vandermeers A,
Vandermeers-Piret MC, Robberecht P, Christophe J, Yanaihara N 1984 Primary
structure of helodermin, a VIP-secretin-like peptide isolated from Gila monster
venom. FEBS Lett 178:233-239

Vandermeers A, Vandermeers-Piret MC, Robberecht P, Waelbroeck M, Dehaye
JP, Winand J, Christophe J 1984 Purification of a novel pancreatic secretory factor
(PSF) and a novel peptide with VIP- and secretin-like properties (helodermin) from
Gila monster venom. FEBS Lett 166:273-276



371.

372.

373.

374.

37s.

376.

377.

378.

379.

380.

381.

142

Eng J, Andrews PC, Kleinman WA, Singh L, Raufman JP 1990 Purification and
structure of exendin-3, a new pancreatic secretagogue isolated from Heloderma
horridum venom. J Biol Chem 265:20259-20262

Gulpinar MA, Bozkurt A, Coskun T, Ulusoy NB, Yegen BC 2000 Glucagon-like
peptide (GLP-1) is involved in the central modulation of fecal output in rats. Am J
Physiol Gastrointest Liver Physiol 278:G924-G929

Ebinger M, Jehle DR, Fussgaenger RD, Fehmann HC, Jehle PM 2000 Glucagon-
like peptide-1 improves insulin and proinsulin binding on RINmSF cells and human
monocytes. Am J Physiol Endocrinol Metab 279:E88-E94

Chen YE, Drucker DJ 1997 Tissue-specific expression of unique mRNAs that
encode proglucagon-derived peptides or exendin 4 in the lizard. J Biol Chem
272:4108-4115

Pohl M, Wank SA 1998 Molecular cloning of the helodermin and exendin-4 cDNAs
in the lizard. Relationship to vasoactive intestinal polypeptide/pituitary adenylate
cyclase activating polypeptide and glucagon-like peptide | and evidence against the
existence of mammalian homologues. J Biol Chem 273:9778-9784

Parkes DG, Jodka L, Smith P, Young A 1999 Comparison of the insulinotropic
actions of exendin-4 and glucagon-like peptide-1 (GLP-1) during an intravenous
glucose challenge in rats (Abstract). Diabetes 48:A#0089

Nauck M, Stockmann F, Ebert R, Creutzfeldt W 1986 Reduced incretin effect in
type 2 (non-insulin-dependent) diabetes. Diabetologia 29:46-52

Jacotot E, Callebaut C, Blanco J, Krust B, Neubert K, Barth A, Hovanessian AG
1996 Dipeptidyl-peptidase [V-beta, a novel form of cell-surface-expressed protein
with dipeptidyl-pcptidase IV activity. Eur J Biochem 239:248-258

Goldstein LA, Ghersi G, Pineiro-Sanchez ML, Salamone M, Yeh Y, Flessate D,
Chen WT 1997 Molecular cloning of seprase: a serine integral membrane protease
from human melanoma. Biochim Biophys Acta 1361:11-19

Pangalos MN, Neefs JM, Somers M, Verhasselt P, Bekkers M, van der Helm L,
Fraiponts E, Ashton D, Gordon RD 1999 Isolation and expression of novel human
glutamate carboxypeptidases with N-acetylated alpha-linked acidic dipeptidase and
dipeptidyl peptidase IV activity. ] Biol Chem 274:8470-8483

Marguet D, Baggio L, Kobayashi T, Bernard AM, Pierres M, Nielsen PF, Ribel
U, Watanabe T, Drucker DJ, Wagtmann N 2000 Enhanced insulin secretion and
improved glucose tolerance in mice lacking CD26. Proc Natl Acad SciUS A
97.6874-6879



382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

143

Brown JC 1982 Gastric Inhibitory Polypeptide. Monographs in Endocrinology.
Springer-Verlag, Heidelberg

Orskov C, Jeppesen J, Madsbad S, Holst J 1991 Proglucagon products in plasma
of noninsulin-dependent diabetics and nondiabetic controls in the fasting state and
after oral glucose and intravenous arginine. J Clin Invest 87:415-423

Tseng CC, Zhang XY, Wolfe MM 1999 Effect of GIP and GLP-1 antagonists on
insulin release in the rat. Am J Physiol 276:E1049-E1054

Lewis JT, Dayanadan B, Habener JF, Kieffer TJ 2000 Glucose-dependent
insulinotropic polypeptide confers early phase insulin release to oral glucose in rats:
demonstration by a receptor antagonist. Endocrinology 141:3710-3716

Bradford MM 1976 A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein dye binding. Anal Chem
72:248-254

Chomczynski P, Sacchi N 1987 Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem 162:156-159

Gelling RW, Coy DH, Pederson RA, Wheeler MB, Hinke S, Kwan T, McIntosh
CH 1997 GIP(6-30amide) contains the high affinity binding region of GIP and is a
potent inhibitor of GIP1-42 action in vitro. Regul Peptides 69:151-154

Tseng CC, Kieffer TJ, Jarboe LA, Usdin TB, Wolfe MM 1996 Postprandial
stimulation of insulin release by glucose-dependent insulinotropic polypeptide (GIP).
Effect of a specific glucose-dependent insulinotropic polypeptide receptor antagonist
in the rat. J Clin Invest. 98:2440-2445

Nauck MA 1999 [s glucagon-like peptide | an incretin hormone? Diabetologia
42:373-379

Misumi Y, Hayashi Y, Arakawa F, Ikehara Y 1992 Molecular cloning and
sequence analysis of human dipeptidyl peptidase-IV, a serine proteinase on the cell
surface. Biochim Biophys Acta 1131:333-336

Puschel G, Mentlein R, Heymann E 1982 Isolation and characterization of
dipeptidy! peptidase [V from human placenta. Eur J Biochem 126:359-365

Kettmann U, Humbel B, Holzhausen HJ 1992 Ultrastructural localization of

dipeptidyl peptidase-IV in the glomerulum of the rat kidney. Acta Histochem 92:225-
227



394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

144

Grondin G, Hooper NM, LeBel D 1999 Specific localization of membrane
dipeptidase and dipeptidyl peptidase IV in secretion granules of two different
pancreatic islet cells. J Histochem Cytochem 47:489-498

Lojda Z 1979 Studies on dipeptidyl(amino)peptidase IV (glycyli-proline
naphthylamidase) I1 Blood vessels. Histochemistry 59:153-166

Atherton AJ, Monaghan P, Warburton MJ, Robertson D, Kenny AJ, Gusterson
BA 1992 Dipeptidyl peptidase-IV expression identifies a functional sub-population of
breast fibroblasts. Int J Cancer 50:15-19

Bathon JM, Proud D, Mizutani S, Ward PE 1992 Cultured human synovial
fibroblasts rapidly metabolize kinins and neuropeptides. J Clin Invest 90:981-991

Raynaud F, Bauvois B, Gerbaud P, Evainbrion D 1992 Characterization of
specific proteases associated with the surface of human skin fibroblasts, and their
modulation in pathology. J Cell Physiol 151:378-385

Mitro A, Lojda Z 1988 Histochemistry of proteases in ependyma, choroid plexus
and leptomeninges. Histochemistry 88:645-646

Nagy JI, Yamamoto T, Uemura H, Schrader WP 1996 Adenosine deaminase in
rodent median eminence: detection by antibody to the mouse enzyme and co-

localization with adenosine deaminase- complexing protein (CD26). Neuroscience
73:459-471

Haninec P, Grim M 1990 Localization of dipeptidyl peptidase [V and alkaline
phosphatase in the developing spinal cord meninges and peripheral nerve coverings
of the rat. Int J Devel Neurosci 8:175-180

Mentzel S, Dijkman HBPM, Van Son JPHF, Koene RAP, Assmann KJM 1996
Organ distribution of aminopeptidase A and dipeptidyl peptidase [V in normal mice. J
Histochem Cytochem 44:445-461

Hartel-Schenk S, Gossrau R, Reutter W 1990 Comparative immunohistochemistry
and histochemistry of dipeptidy! peptidase [V in rat organs during development.
Histochem J 22:567-578

Wada K, Yokotani N, Hunter C, Doi K, Wenthold RJ, Shimasaki S 1992
Differential expression of two distinct forms of mRNA encoding members of a
dipeptidyl aminopeptidase family. Proc Natl Acad Sci U S A 89:197-201

de Lecea L, Soriano E, Criado JR, Steffenen SC, Henriksen SJ, Sutcliffe JG 1994
Transcripts encoding a neural membrane CD26 peptidase-like protein are stimulated
by synaptic activity. Brain Res Mol Brain Res 25:286-296



406.

407.

408.

409.

410.

411.

412.

413.

414.

415.

416.

417.

145

Walter R, Simmons WH, Yoshimoto T 1980 Proline specific endo- and
exopeptidases. Mol Cell Biochem 30:111-126

Yaron A, Naider F 1993 Proline-dependent structural and biological properties of
peptides and proteins. Crit Rev Biochem Mol Biol 28:31-81

Bongers J, Lambros T, Ahmad M, Heimer EP 1992 Kinetics of dipeptidyl
peptidase IV proteolysis of growth hormone-releasing factor and analogs.
Biochim.Biophys.Acta 1122:147-153

Frohman LA, Downs TR, Heimer EP, Felix AM 1989 Dipeptidy! peptidase [V and
trypsin-like enzymatic degradation of human growth hormone-releasing hormone in
plasma. J Clin Invest 83:1533-1540

Proost P, De Meester I, Schols D, Struyf S, Lambeir AM, Wuyts A, Opdenakker
G, De Clercq E, Scharpe S, Van Damme J 1998 Amino-terminal truncation of
chemokines by CD26/dipeptidyl-peptidase [V. Conversion of RANTES into a potent
inhibitor of monocyte chemotaxis and HIV-1-infection. J Biol Chem 273:7222-7227

Ahmad S, Wang L, Ward PE 1992 Dipeptidyl(amino)peptidase [V and
aminopeptidase M metabolize circulating substance P in vivo. J Pharmacol Exp
Therapeut 260:1257-1261

Heymann E, Mentlein R 1978 Liver dipeptidyl aminopeptidase [V hydrolyzes
substance P. FEBS Lett 91:360-364

Oravecz T, Pall M, Rodriquez G, Gorrell MD, Ditto M, Nguyen NY, Boykins R,
Unsworth E, Norcross MA 1997 Regulation of the receptor specificity and function
of the chemokine RANTES (regulated on activation, normal T cell expressed and
secreted) by dipeptidyl peptidase [V. J Exp Med 186:1865-1872

Adelhorst K, Hedegaard BB, Knudsen LB, Kirk O 1994 Structure-activity studies
of glucagon-like peptide-1. J Biol Chem 269:6275-6278

Hinke SA, Pospisilik JA, Demuth HU, Mannhart S, Kuhn-Wache K, Hoffmann
T, Nishimura E, Pederson RA, MclIntosh CH 2000 Dipeptidyl peptidase IV
(DPIV/CD26) degradation of glucagon. Characterization of glucagon degradation
products and DPIV-resistant analogs. J Biol Chem 275:3827-3834

Baggio L, Kieffer TJ, Drucker DJ 2000 GLP-1 but not GIP regulates fasting and
non-enteral glucose clearance in mice. Endocrinology 141:3703-3709

Ahren B, Lundquist I 1988 Effects of peptide HI on basal and stimulated insulin and
glucagon secretion in the mouse. Neuropeptides 11:159-162



418.

419.

420.

421.

422.

423.

424,

425.

426.

427.

428.

429.

146

Ahren B 1999 Potentiators and inhibitors of insulin secretion. In: Howell, S.L. (Ed.),
Advances in Molecular and Cell Biology. The Biology of the Pancreatic B cell. JAI
Press, Greenwich, Ct. 29:175-197

Filipsson K, Pacini G, Scheurink AJW, Ahren B 1998 PACAP stimulates insulin
secretion but inhibits insulin sensitivity in mice. Am J Physiol Endocrinol Metab
275:E834-E842

Filipsson K, Tornoe K, Holst JJ, Ahren B 1997 Pituitary adenylate cyclase-
activating polypeptide stimulates insulin and glucagon secretion in humans. J Clin
Endocrinol Metab 82:3093-3098

Martin RA, Cleary DL, Guido DM, Zurcher-Neely HA, Kubiak TM 1993
Dipeptidyl peptidase [V (DPP-IV) from pig kidney cleaves analogs of bovine growth
hormone-releasing factor (bGRF) modified at position 2 with Ser, Thr or Val.
Extended DPP-IV substrate specificity? Biochim Biophys Acta 1164:252-260

Niedermeyer J, Kriz M, Hilberg F, Garin-Chesa P, Bamberger U, Lenter MC,
Park J, Viertel B, Puschner H, Mauz M, Rettig WJ, Schnapp A 2000 Targeted
disruption of mouse fibroblast activation protein. Mol Cell Biol 20:1089-1094

Pederson RA, Kieffer TJ, Pauly R, Kofod H, Kwong J, McIntosh CH 1996 The
enteroinsular axis in dipeptidy! peptidase [V-negative rats. Metabolism 45:1335-41

Raufman J-P 1996 Bioactive peptides from lizard venoms. Regul Peptides 61:1-18

Low MJ, Hammer RE, Goodman RH, Habener JF, Palmiter RD, Brinster RL
1985 Tissue-specific posttranslational processing of pre-prosomatostatin encoded by
a metallothionein-somatostatin fusion gene in transgenic mice. Cell 41:211-219

Brubaker PL, Lee YC, Drucker DJ 1992 Alterations in proglucagon processing and
inhibition of proglucagon gene expression in glucagon-SV40 T antigen transgenic
mice. J Biol Chem 267:20728-20733

Ehrlich P, Tucker D, Asa SL, Brubaker PL, Drucker DJ 1994 Inhibition of
pancreatic progiucagon gene expression in mice bearing subcutaneous endocrine
tumors. Am J Physiol Endocrinol Metab 267:E662-E671

Howard CV, Reed MG 1998 Estimation of component volume and volume fraciion.
In: Unbiased Stereology, BIOS 55-68

Gundersen HJG, Jensen EB 1987 The efficiency of systematic sampling and its
prediction. J Microsc 147:229-263



430.

431.

432,

433.

434,

435.

436.

437.

438.

439.

440.

147

Glanville N, Durnam DM, Palmiter RD 1981 Structure of mouse metallothionein-I
gene and its mRNA. Nature 292:267-269

Palmiter RD, Norstedt G, Gelinas RE, Hammer RE, Brinster RL 1983
Metallothionein-human GH fusion genes stimulate growth of mice. Science 222:809-
814

Seeburg PH 1982 The human growth hormone gene family: nucleotide sequences
show recent divergence and predict a new polypeptide hormone. Dna 1:239-249

Burcelin R, Rolland E, Dolci W, Germain S, Carrel V, Thorens B 1999
Encapsulated, genetically engineered cells, secreting glucagon-like peptide-1 for the
treatment of non-insulin-dependent diabetes mellitus. Ann N Y Acad Sci 875:277-
285

Bhavsar S, Lachappell R, Watkins J, Young A, 1998 Comparison of glucose
lowering effects of exendin-4 and GLP-1 in diabetic db/db mice (Abstract). Diabetes
47:A192

Hendrick GK, Gjinovci A, Baxter LA, Mojsov S, Wolheim CB, Habener JF,
Weir GC 1993 Glucagon-like peptide-1-(7-37) suppresses hyperglycemia in rats.
Metabolism 42:1-6

Nauck MA, Sauerwald A, Ritzel R, Holst JJ, Schmiegel W 1998 Influence of
glucagon-like peptide 1 on fasting glycemia in type 2 diabetic patients treated with
insulin after sulfonylurea secondary failure. Diabetes Care 21:1925-1931

Jones IR, Owens DR, Moody AJ, Luzio SD, Morris T, Hayes TM 1987 The
effects of glucose-dependent insulinotropic polypeptide infused at physiological
concentrations in normal subjects and type 2 (non-insulin- dependent) diabetic
patients on glucose tolerance and B-cell secretion. Diabetologia 30:707-712

Gromada J, Dissing S, Rorsman P 1996 Desensitization of the glucagon-like
peptide 1 receptors in insulin-secreting bTC3 cells: role of PKA-independent
mechanisms. British Journal of Pharmacology 118:769-775

Seeley RJ, Woods SC, D'Alessio D 2000 Targeted gene disruption in endocrine
research: The case of GLP-1 and neuroendocrine function. Endocrinology 141:473-
475

Rodriquez de Fonseca F, Navarro M, Alvarez E, Roncero I, Chowen JA,
Maestre O, Gomez R, Munoz RM, Eng J, Blazquez E 2000 Peripheral versus
central effects of glucagon-like peptide-1 receptor agonists on satiety and body
weight loss in Zucker obese rats. Metabolism 49:709-717



44].

442,

443,

148

Toft-Nielsen M, Madsbad S, Holst JJ 1996 The effect of glucagon-like peptide 1
(GLP-1) on glucose elimination in healthy subjects depends on the pancreatic
glucoregulatory hormones. Diabetes 45:552-556

Ryan AS, Egan JM, Habener JF, Elahi D 1998 Insulinotropic hormone glucagon-
like peptide-1-(7-37) appears not to augment insulin-mediated glucose uptake in
young men during euglycemia. J Clin Endocrinol Metab 83:2399-404

De Meester I, Belyaev A, Lambeir AM, De Meyer GR, Van Osselaer N, Haemers
A, Scharpe S 1997 In vivo inhibition of dipeptidy! peptidase IV activity by pro-pro-
diphenyl-phosphonate (Prodipine). Biochem Pharmacol 54:173-179

Stoffers DA, Zinkin NT, Stanojevic V, Clarke WL, Habener JF 1997 Pancreatic
agenesis attributable to a single nucleotide deletion in the human IPF1 gene coding
sequence. Nat Genet 15:106-110





