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Abstract——Incretins are gut hormones that are se-
creted from enteroendocrine cells into the blood within
minutes after eating. One of their many physiological
roles is to regulate the amount of insulin that is secreted
after eating. In this manner, as well as others to be de-
scribed in this review, their final common raison d’étre
is to aid in disposal of the products of digestion. There
are two incretins, known as glucose-dependent insuli-
notropic peptide (GIP) and glucagon-like peptide-1
(GLP-1), that share many common actions in the pan-
creas but have distinct actions outside of the pan-
creas. Both incretins are rapidly deactivated by an
enzyme called dipeptidyl peptidase 4 (DPP4). A lack of
secretion of incretins or an increase in their clearance
are not pathogenic factors in diabetes. However, in
type 2 diabetes (T2DM), GIP no longer modulates
glucose-dependent insulin secretion, even at supra-
physiological (pharmacological) plasma levels, and
therefore GIP incompetence is detrimental to B-cell
function, especially after eating. GLP-1, on the other

hand, is still insulinotropic in T2DM, and this has led
to the development of compounds that activate the
GLP-1 receptor with a view to improving insulin se-
cretion. Since 2005, two new classes of drugs based on
incretin action have been approved for lowering blood
glucose levels in T2DM: an incretin mimetic (ex-
enatide, which is a potent long-acting agonist of the
GLP-1 receptor) and an incretin enhancer (sitagliptin,
which is a DPP4 inhibitor). Exenatide is injected sub-
cutaneously twice daily and its use leads to lower
blood glucose and higher insulin levels, especially in
the fed state. There is glucose-dependency to its insu-
lin secretory capacity, making it unlikely to cause low
blood sugars (hypoglycemia). DPP4 inhibitors are
orally active and they increase endogenous blood lev-
els of active incretins, thus leading to prolonged incre-
tin action. The elevated levels of GLP-1 are thought to
be the mechanism underlying their blood glucose-low-
ering effects.

I. Background and Introduction

Incretins are hormones that are released from the gut
into the bloodstream in response to ingestion of food, and
they then modulate the insulin secretory response to the
products within the nutrients in the food. The insulin
secretory response of incretins, called the incretin effect,
accounts for at least 50% of the total insulin secreted
after oral glucose. Therefore, by definition, incretin hor-
mones are insulinotropic (i.e., they induce insulin secre-
tion) at usual physiological concentrations seen in the
plasma after ingestion. The concept of incretins is at
least a century old (Table 1). In 1902, Bayliss and Star-
ling published their landmark manuscript, “The Mech-
anism of Pancreatic Secretion.” The authors found that
acid infused into the digestive system caused pancreatic
secretion of juices through the pancreatic duct from the
pancreas, even after they cut the ennervation to the
intestine. Until that time, it was thought that nervous
system signals controlled secretion of pancreatic juices.
They carried out ground-breaking studies that led them

to conclude that the nature of the signal to the pancreas
was most likely a chemical stimulus: they removed ex-
tracts from the intestinal wall after it had been stimu-
lated by acid, injected the extracts into the bloodstream,
and once again they could see juices coming from the
pancreatic duct of the animal that had been injected.
Therefore, they proved that the extracts must have con-
tained a substance that must normally be secreted from
the intestinal wall into the bloodstream to stimulate the
flow of pancreatic juice. They called the substance “se-
cretin.” In his “Cronian Lectures,” Starling introduced
the word “hormone” (derived from the Greek word mean-
ing “impetus”) for clinical factors that are released from
one site and act on another (Starling, 1905). The exam-
ple of this was that the intestinal extracts contained
secretin, which induced obvious “exocrine” secretion of
pancreatic juices. Moore wrote in 1906 that Bayliss and
Starling considered the possibility that the duodenum
also supplied a chemical excitant for the “internal” se-
cretion of the pancreas. They wrote: “This line of argu-
ment seems to have occurred to the discoverers of secre-
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TABLE 1
Time-line to use of incretin-based therapies in the treatment of diabetes

Year

1869

The Development of Incretin-Based Therapies

Islets of Langerhans (nests of cells that appeared
different from the surrounding pancreatic
tissue) in the pancreas were described.

The role of islets of Langerhans (what ultimately
became known as an endocrine function) in
diabetes was described.

The role of a substance (called secretin) secreted
by gut cells that stimulates the digestive juices
for the pancreas (what ultimately became
known as exocrine function) was described.

This type of substance, a presumed “chemical
messenger,” was now called a “hormone.”

The role of a gut-derived hormone to treat
diabetes was first alluded to.

Extraction of insulin from pancreas and its
potential to treat type 1 diabetes was shown.
The term “incretin” was used for the first time to

refer to a substance derived from the gut,
presumably a hormone, that regulates insulin
secretion after eating.

Radioimmunoassay was developed for
measurement of plasma insulin levels.

Clinical proof that a gut-derived factor positively
modulated insulin secretion.

The first incretin, GIP, was isolated and
sequenced.

The second incretin, GLP-1, was described.
Studies show that exogenous GIP does not lower
blood glucose in T2DM, but exogenous GLP-1

does so.

Exendin-4, a GLP-1 receptor agonist extracted
from Gila monster lizard saliva, was shown to
powerfully stimulate insulin secretion in a
glucose-dependent manner in subjects with
and without T2DM.

Exenatide (synthetic exendin-4) came into
clinical use for T2DM.

Sitagliptin, an orally active dipeptidyl peptidase
4 inhibitor, came into use in T2DM.

1901

1902

1905

1906

1921-1922

1932

1960
1964-1967
1971
1985
1992-1994

2002

2005

2006

tin themselves, for Starling mentions a case of diabetes
which was tested by Spriggs by injections of secretin
solutions but with negative results.” Moore (1906) also
described experiments carried out on individual young
diabetic patients to whom he gave, by mouth, extracts
of intestinal mucosa. This is therefore the first attempt
at “incretin-based” therapies for treating diabetes, al-
though, of course, the investigator did not call it that. He
reported achieving some success, but his experiments
were essentially doomed, because we now know that the
chemical excitants are peptides that would have been
degraded when given orally. After World War I ended
and insulin was extracted from pancreatic islets by
Banting and Best in 1921, there was further work on the
possibility of food entering the gut leading to secretion of
an excitant into the bloodstream that would ultimately
lead to insulin secretion and lowering of blood glucose.
Different groups published various and often contradic-
tory results from experiments on the effects of extracts
of duodenal mucosa on fasting blood glucose and/or on
hyperglycemia induced by injection or ingestion of glu-
cose. In 1932, La Barre used the word “incretin” to refer
to an extract from upper gut mucosa that produces hy-
poglycemia but does not induce exocrine secretion, al-

though he did not prove incontrovertibly that incretins
existed. Progress on the incretin concept was rapidly
made once radioimmunoassays for insulin became avail-
able. Between 1964 and 1967, at least three groups
showed independently that glucose, given orally, in-
duced a greater insulin response (by radioimmunoassay)
than i.v. glucose injection even if the blood glucose levels
attained were higher because of the i.v. glucose (Elrick
et al., 1964; McIntyre et al., 1964; Perley and Kipnis,
1967). The three groups therefore knew that the oral
glucose was indeed inducing release of “incretins” into
the bloodstream that subsequently increased insulin se-
cretion, more than did glucose itself. In 1971, John C.
Brown isolated and deduced the amino acid structure of
a peptide he had isolated from intestinal mucosa (Brown
and Dryburgh, 1971). Exogenous administration of the
peptide inhibited gastric acid secretion in dogs, so he
called it gastric inhibitory polypeptide (GIP)* (Brown
and Dryburgh, 1971). Brown and colleagues subse-
quently found that it had insulinotropic properties and
suggested that it be called glucose-dependent insulino-
tropic peptide, retaining the acronym GIP (Dupre et al.,
1973). They not only demonstrated GIP to be insulino-
tropic but also demonstrated the glucose dependence of
the insulinotropic activity; i.e., plasma glucose must be
elevated in order for GIP to induce insulin secretion. GIP
was therefore the first incretin to be isolated and its
properties characterized.

1 Abbreviations: 8-pT-2'-O-Me-cAMP, 8-(4-chlorophenylthio)-2'-
O-methyladenosine-3',5'-cyclic monophosphate; AA, arachidonic acid,
AP, area postrema; AR231453, 2-fluoro-4-methanesulfonyl-phenyl)-
{6-[4-(3-isopropyl-[1,2,4]oxadiazol-5-yl)-piperidin-1-yl]-5-nitro-
pyrimidin-4-yl}-amine; BBB, blood-brain barrier; bp, base pair(s);
CNS, central nervous system; CRE, cAMP responsive element; CT,
COOH-terminal tail; DPP4, dipeptidyl peptidase 4; DUSP14, dual-
specificity phosphatase 14; EGFR, epidermal growth factor receptor;
ER, endoplasmic reticulum; Ex-4, exendin-4; FDA, Food and Drug
Administration; FPG, fasting plasma glucose; GI, gastrointestinal;
GIP, glucose-dependent insulinotropic peptide; GIPR, glucose-
dependent insulinotropic peptide receptor; GLP-1, glucagon-like
peptide-1; GLP-1R, glucagon-like peptide-1 receptor; GLP-2, gluca-
gon-like peptide-2; GLUTZ, glucose transporter2; GPCR, G protein-
coupled receptor; H89, N-[2-(4-bromocinnamylamino)ethyl]-5-iso-
quinoline; HbA,_, hemoglobin A, IP;R, inositol 1,4,5 triphosphate
receptor; kb, kilobase pair(s); LY294002, 2-(4-morpholinyl)-8-phenyl-
4H-1-benzopyran-4-one; MAPK, mitogen-activated protein kinase;
NEP, neutral endopeptidase; NFAT, nuclear factor of activated T
cells; NTS, nucleus of the solitary tract; PC, proconvertase; PDX-1,
pancreatic duodenal homeobox-1; PI-3K, phosphatidyl inositol-3 ki-
nase; PKA, protein kinase A; PKB, protein kinase B; PKC, protein
kinase C; PLA2, phospholipase A2; PPG, postprandial plasma glu-
cose; RyR, ryanodine receptor; STZ, streptozotocin; T2DM, type 2
diabetes; TCF7L2, T-cell factor-like 2; TNF, tumor necrosis factor;
TZD, thiazolidinedione; U0126, 1,4-diamino-2,3-dicyano-1,4-bis-
(methylthio)butadiene; ZDF, diabetic-fatty Zucker.
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As late as 1985, another peptide produced in gut,
glucagon-like peptide-1 (GLP-1) (7-36), was found to be a
fragment of the recently sequenced proglucagon mole-
cule and was shown to be a potent insulinotropic factor
(Schmidt et al., 1985). It was therefore the second and
final incretin to be characterized. As with GIP, glucose
dependence of its insulin-secreting capacity also applies
to GLP-1. GIP and GLP-1 together account for the full
incretin effect (Fig. 1). Subsequently, clinical investiga-
tors demonstrated that GLP-1 could increase insulin
secretion and normalize blood glucose in subjects with
type 2 diabetes mellitus (T2DM) when given intrave-
nously so as to raise plasma GLP-1 to supraphysiological
levels: supraphysiological levels of GIP did not do so, and
thus were sown the seeds of new therapies based on the
actions of GLP-1 for treating T2DM.

II. General Description of Incretins
A. Glucose-Dependent Insulinotropic Peptide

The first incretin hormone described, GIP, is a single
42-amino acid peptide derived from the post-transla-
tional processing of a 153-amino acid precursor encoded
by the gip gene (Takeda et al., 1987) (Fig. 2) and a
member of a family of structurally related hormones
that includes secretin, glucagon, and vasoactive intesti-
nal peptide. GIP was originally observed to inhibit gas-
tric acid secretion and gastrointestinal (GI) motility in
dogs, predominantly at supraphysiological dosages
(Brown et al., 1975). Other exciting studies uncovered
that GIP exerts glucose-dependent stimulatory effects
on insulin secretion, thereby ensuring prompt insulin-
mediated uptake of glucose into tissues. Furthermore,
this action occurred at physiological plasma levels of
GIP (Dupre et al., 1973). It is synthesized in and re-
leased in response to nutrients from enteroendocrine
cells (called K cells) primarily in the proximal small
intestine (duodenum and jejunum). In the fasted state,

. Food
ingestion

Intestine

Pancreatic
islet

nhibitol
Fi1G. 1. Schematic representation of incretin secretion and action. GIP
and GLP-1 are secreted after food ingestion, and they then stimulate
glucose-dependent insulin secretion. Once released, GIP and GLP-1 are
subject to degradation by DPP4 on lymphocytes and on endothelial cells
of blood vessels. The red cells in the islets are insulin-containing () cells
and the green cells are glucagon-containing () cells.

circulating levels of GIP are low relative to levels at-
tained after eating, and GIP release into the blood-
stream is then stimulated by food ingestion containing
glucose or fat (Dupre et al., 1973; Pederson et al., 1975;
Elliott et al., 1993). Oral fat alone (e.g., oral corn oil),
without any carbohydrate being present, induces GIP
secretion, but this is not sufficient to stimulate insulin
secretion at fasting glucose concentrations, indicating
that the effects of GIP on insulin release do not occur if
plasma levels of glucose are also not concurrently in-
creasing; i.e., GIP-mediated insulin secretion is glucose-
dependent (Ross and Dupre, 1978). GIP achieves its
insulinotropic effects by binding to its specific receptor
(GIPR), which is positively coupled to increases in intra-
cellular cAMP and Ca®* levels in B cells. In addition to
being insulinotropic, GIP is involved in fat metabolism
in adipocytes: it enhances insulin-stimulated incorpora-
tion of fatty acids into triglycerides, stimulates lipopro-
tein lipase activity, modulates fatty acid synthesis (Yip
and Wolfe, 2000), and promotes -cell proliferation and
cell survival (Trimper et al., 2001, 2002). GIP is de-
graded very quickly by dipeptidyl peptidase 4 (DPP4). In
T2DM, plasma concentrations are reported to be normal
or increased (Ross et al., 1977; Vilsbgll et al., 2001), but
the insulinotropic effect is deficient. Although the mech-
anisms underlying the reduced B-cell response to GIP
remain unclear, more recent studies suggest that hyper-
glycemia alters the physiological response as a result of
down-regulation of GIPR expression/activity (Lynn et
al., 2001; Zhou et al., 2007). Therefore, GIP/GIPRs have
not become targets for treating T2DM.

B. Glucagon-Like Peptide-1

GLP-1, deduced during cloning and characterization
of the proglucagon gene (Bell et al., 1983), is a post-
translational cleavage product of the proglucagon gene
by the prohormone convertase PC1/3 (Zhu et al., 2002;
Ugleholdt et al., 2004) (Fig. 2) and is a second peptide
with incretin activity that potently stimulates glucose-
dependent insulin secretion (Schmidt et al., 1985). In
addition to encoding glucagon, the proglucagon gene
encodes two glucagon-like peptides that have approxi-
mately 50% amino acid homology to glucagon; these are
designated GLP-1 and glucagon-like peptide-2 (GLP-2,
which is not insulinotropic, has no glucose-lowering
properties, and is therefore not an incretin). These two
peptides are mainly produced in enteroendocrine L cells
that are scattered among the enterocytes throughout the
small bowel and ascending colon, where they are se-
creted into the bloodstream in response to nutrient in-
gestion (Doyle and Egan, 2007; Jang et al., 2007). In
humans, GLP-1 exists in multiple forms. The majority
(at least 80%) of circulating biologically active GLP-1 in
humans is the COOH-terminally amidated form, GLP-1
(7-36) amide, with lesser amounts of the minor glycine
extended form, GLP-1 (7-37), also detectable (Orskov et
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FiG. 2. Schematic representation of proGIP and proglucagon. GIP is a single 42-amino acid peptide derived from the post-translational processing
of proGIP by PC1/3 in enteroendocrine K cells. It is the only functional proGIP product in all species examined to date, and there is a greater than
90% amino acid identity between human, rat, murine, porcine, and bovine sequences. GLP-1 is a post-translational cleavage product of the
proglucagon gene by PC1/3 in enteroendocrine L cells and GLP-1 (7-36) amide is a major form of circulating biologically active GLP-1 in humans. In
mammals, proglucagon is expressed in pancreas, enteroendocrine L cells, brain, and taste cells with an identical mRNA transcript in each tissue. Fish
and bird proglucagon mRNA in pancreas and liver, however, have different 3’-ends because of differential splicing upon pancreatic expression. The
Xenopus laevis proglucagon gene encodes three unique GLP-1-like peptides, each with insulinotropic properties that are capable of activating the
human GLP-1R, and one of which seems more potent than human GLP-1 (Irwin et al., 1997).

al., 1986). Like GIP, GLP-1 achieves its insulinotropic
effects by binding to its specific receptor (GLP-1R) that
is positively coupled to increases in intracellular cAMP
and Ca®" levels in B cells. In addition to its insulino-
tropic effects, it inhibits gastric emptying, decreases food
intake (Willms et al., 1996), inhibits glucagon secretion
(Komatsu et al., 1989), and slows the rate of endogenous
glucose production (Prigeon et al., 2003), all of which
should help to lower blood glucose in T2DM. It has also
been shown to protect B cells from apoptosis (Farilla et
al., 2002) and to stimulate B-cell proliferation by up-
regulation of the B-cell transcription factor pancreatic
duodenal homeobox-1 protein (PDX-1) (Perfetti et al.,
2000; Stoffers et al., 2000), which is known to augment
insulin gene transcription and up-regulate glucokinase
and glucose transporter2 (GLUT2) (Wang et al., 1999).
There is no evidence that defective secretion of GLP-1 is
a cause of T2DM (further discussed in depth in section
II1.C). Continuous GLP-1 treatment in T2DM can nor-
malize blood glucose, improve B-cell function, and re-
store first-phase insulin secretion and “glucose compe-
tence” to B cells (Holz et al., 1993; Zander et al., 2002);
hence, GLP-1/GLP-1Rs are therapeutic targets for treat-
ing T2DM. Continuous GLP-1 administration is re-
quired for maintenance of glucose homeostasis because
of its short half-life (1.5-2 min); similar to GIP, it is
degraded by DPP4. The following sections provide our
current understanding of the physiology, the therapeu-
tic potential, and the targets of incretin-based therapies.

II1. Synthesis, Secretion, and Degradation
of Incretins

A. Synthesis, Secretion, and Degradation of Glucose-
Dependent Insulinotropic Peptide

1. Pro-Glucose-Dependent Insulinotropic Peptide Gene
Structure, Expression and Post-Translational Process-
ing. As already stated, GIP is synthesized within and
secreted from K cells in the small intestine, the highest
density of K cells being in duodenum and jejunum; few,
if any, K cells are present in distal ileum (Buffa et al.,
1975; Buchan et al., 1978). Human GIP is a single 42-
amino acid peptide derived from the processing by PC1/3
of proGIP, a 153-amino acid precursor (Fig. 2) that is
encoded by a 459-bp open reading frame and whose gene
is localized to chromosome 17q. It is composed of six
exons, and the majority of GIP-encoding sequences are
in exon 3 (reviewed extensively in Fehmann et al., 1995).
This sequence includes a 51-amino acid N-terminal pep-
tide containing a signal peptide with a cleavage site at
glycine and a 60-amino acid C-terminal peptide flanking
the 42-amino acid GIP hormone, which presently seems
to be the only biologically active peptide derived from
proGIP (Fig. 2). The rat GIP ¢cDNA has a 432-bp open
reading frame encoding a 144-amino acid polypeptide,
and the figure is similar but not identical to the human
gene (Higashimoto et al., 1992). There is a >90% amino
acid homology of GIP between human, porcine, bovine,
mouse, and rat. Expression of the gip gene in the gut is
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regulated by nutrients (Tseng et al., 1994; Kieffer et al.,
1995). Glucose and lipid administrations into the rat GI
tract increase GIP mRNA levels (Higashimoto et al.,
1995). Likewise, Northern blot analysis and radioimmu-
noassays have shown that duodenal GIP mRNA, as well
as serum and tissue peptide levels, increase in strepto-
zotocin (STZ)-induced diabetic rats, suggesting that hy-
perglycemia can up-regulate gip gene expression; STZ,
which is a B-cell toxin often used to cause insulin-depen-
dent diabetes for research purposes and to screen for
compounds that might have protective effects on B-cell
apoptosis, produces a progressive increase in blood glu-
cose levels over time as S cells die. Studies of the rodent
gip promoter show that the first 193 bp upstream of the
transcription initiation site are sufficient to direct spe-
cific expression through the binding of transcription fac-
tors that include GATA-4, Isl-1, and PDX-1 (Boylan et
al., 1997; Jepeal et al., 2003, 2005, 2008). GATA-4 binds
to a consensus motif for the GATA family, located be-
tween bp —193 and —182, that is highly conserved
across rat, mouse, and human species and Isl-1 binds to
a second cis-regulatory region (between bp —156 and
—151) downstream of the GATA-4 binding site. Isl-1
seems to function in conjunction with GATA-4 to pro-
mote gip gene expression (Jepeal et al., 2003). The es-
sential B-cell transcription factor, PDX-1, also is essen-
tial to direct cell-specific expression of GIP within K
cells. In the embryo, PDX-1 is required for pancreatic
development and ultimately for development of the
cells within it. The pdx1 gene is first expressed in a well
delineated domain in the foregut that gives rise to the
pancreas; this is the same area that contains the GIP-
expressing cells (Offield et al., 1996). PDX-1 protein is
expressed in the nucleus of GIP-expressing K cells in
both embryos and adult mice, and PDX-1(—/—) mice
have a greater than 90% reduction in GIP-expressing
cells compared with wild-type mice in the foregut mu-
cosa at embryonal day 18.5 (Jepeal et al., 2005). The
number of some types of enteroendocrine cells, such as
gastrin-expressing cells, was also reported reduced in
PDX-1(—/—) newborn mice; however, GIP-expressing
cells were not specifically quantified, but presumably
because they were so severely reduced in the embryo,
they would also be reduced in the newborn (Larsson et
al., 1996; Offield et al., 1996). Other experiments per-
formed on transgenic mice also point to the necessity of
PDX-1 for the full complement of GIP-expressing cells
(Boyer et al., 2006), illustrating the importance of PDX-1
not only for its well known effects on pancreatic and
B-cell development, but also for K-cell development.
PDX-1 is capable of binding to the second cis-regulatory
element located between bp —156 and —151 of the gip
promoter, and overexpression of PDX-1 in transient trans-
fection assays leads to a specific increase in the activity of
gip/Luc reporter constructs (Jepeal et al., 2005). In ad-
dition, the human gip gene promoter contains potential
binding sites for a number of transcription factors: these

include Spl, activator proteins-1 and -2, and DNase I
footprinting with the recombinant cAMP responsive el-
ement (CRE) binding proteins. Mutation analyses actu-
ally show that this promoter contains two CREs that are
required for basal promoter activity (Someya et al.,
1993). Pax6 is another transcription factor that is essen-
tial for GIP expession as shown by the fact that its
deletion prevented K cell development as well as many
other classic gut hormones (Larsson et al., 1998). There
are reports in the literature that some enteroendocrine
cells contain both GIP and proglucagon gene products
(so called K/L cells) in rodents and humans (Mortensen
et al., 2003; Theodorakis et al., 2006) and in those cells
PDX-1 is also expressed. In a report by Fujita et al.
(2008), the investigators found that Pax6 and PDX-1 are
both expressed in K/L cells and they bind to the proximal
sequence (—184 to —145 bp) of the human gip promoter.
gip promoter activity was enhanced by exogeneous Pax6
or PDX-1 and diminished by inhibition of endogenous
Pax6 or PDX-1 by dominant-negative forms.

It is noteworthy that the rat salivary gland also ex-
presses the gip gene (Tseng et al., 1993); other species
have not been reported on. However, based on feeding
experiments in humans, there is indirect evidence that
GIP is produced in salivary glands and its secretion into
saliva is reduced after feeding, as opposed to small
bowel-derived GIP, whose secretion increases after feed-
ing (Messenger et al., 2003) (there is no evidence that
proglucagon or any of its usual products are produced in
salivary glands). Lens epithelial cells, again in rats, are
reported to contain the gip gene (Nakajima et al., 2002);
finally, a subpopulation of adult rat hippocampal cells
express both the gip gene and protein, where it may
have a role in proliferation of progenitor cell turnover
(Nyberg et al., 2005).

Proconvertases (PCs) are endoproteinases that cleave
prohormones to biologically active ones and studies us-
ing specific PC-null mice and cell lines using adenovirus-
mediated overexpression of PC enzymes indicate that
PC1/3 is both essential and sufficient for the cleavage of
proGIP to the biologically active 42-amino acid peptide;
it obviously colocalizes with GIP in K cells (Ugleholdt et
al., 2006).

2. Glucose-Dependent Insulinotropic Peptide Secretion
and Degradation. GIP secretion from the gut occurs in
a regulated manner; circulating levels of GIP are low in
the fasted state and rise within minutes of food inges-
tion. Amino acids are weak stimuli. Oral or intraduode-
nal infusion of glucose and/or fat increases GIP secretion
in a dose-dependent manner (Schirra et al., 1996). The
degree to which nutrients regulate GIP secretion is spe-
cies-dependent because fat is a more potent stimulator
of GIP secretion than carbohydrates in humans,
whereas, in the rodent and pig, carbohydrates are more
potent than fat (Baggio and Drucker, 2007). Sucrose,
galactose, and fructose also stimulate GIP secretion,
although mannose does not (Flatt et al., 1989). The
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postprandial level of circulating GIP is dependent on
meal size (Hampton et al., 1986; Vilsbgll et al., 2003c).
GIP secretion is reduced in patients with intestinal mal-
absorption (Besterman et al., 1978, 1979), presumably
as a result of insufficient K cells, as well as in chronic
pancreatitis (Ebert et al., 1976). GIP secretion coupling
pathways are poorly understood and have not been stud-
ied to the same extent as has secretion from L cells,
because GIP has not become a therapeutic target for
T2DM, but presumably elevation of intracellular Ca®*
levels is required. In addition, some K cells contain
sweet receptors, which are G protein-coupled (GPCRs),
and their activation by sugars and sweeteners may lead
to GIP secretion (Jang et al., 2007; Egan and Margols-
kee, 2008). Other GPCRs that are activated by fats and
may be responsible for initiating GIP secretion are being
described as mechanisms by which GLP-1 is secreted are
being studied, and these will be discussed below in sec-
tion III.B.2.

GIP secretion in response to oral glucose ingestion or
different test meals has been quantified in numerous
studies. In humans, fasting plasma GIP levels, assayed
from peripheral veins, are approximately 9 to 11 pM
(total GIP) and peak plasma concentrations of 50 to 120
pM are achieved after eating, depending on health sta-
tus of the subject and the amount and quality of the food
consumed (Vilsbgll et al., 2001).

Once released, GIP is subject to degradation by DPP4,
which is bound to lymphocytes (where it is called CD-26)
and endothelial cells of blood vessels of gut and liver as
well as being present in soluble form in the circulation.
The first two amino acids (Tyr Ala) at the N terminus of
full-length GIP (1-42) are cleaved in 1 to 2 min in ro-
dents and 5 to 7 min in humans by DPP4 and converted
to GIP (3-42), which has insignificant, if any, insulino-
tropic activity (Kieffer et al., 1995; Deacon et al., 2000).
It is then excreted by the kidney. The elimination rates
of GIP (1-42) and GIP (3-42) are similar in subjects with
T2DM and those without (Vilsbgll et al., 2006); hence,
more rapid degradation/elimination of GIP is unlikely to
be a factor in defective insulinotropic effects seen in
T2DM.

B. Synthesis, Secretion and Degradation of Glucagon-
Like Peptide-1

1. Proglucagon Gene Structure and Expression. The
human proglucagon gene located on the long arm of
chromosome 2 has six exons, of which exons 2 to 5
encode distinct functional domains (Bell, 1986), and five
introns. It spans approximately 9.4 kb (White and Saun-
ders, 1986). Just a single gene encodes the proglucagon
sequence in mammals and proglucagon, 180 amino acids
long, is very similar in all mammalian species (greater
than 90% amino acid sequence homology). Glucagon is
encoded in exon 3, and GLP-1 and -2 are encoded in
exons 4 and 5, respectively (White and Saunders, 1986).
A single size structurally identical mRNA transcript is

produced in all tissues that contain proglucagon (Novak
et al., 1987; Drucker and Asa, 1988). These tissues are
the L cells of the intestine, the « cells of islets of Lang-
erhans, some taste cells in the tongue, and some neurons
in the brainstem and hypothalamus (Drucker and Asa,
1988; Eissele et al., 1992; Fehmann et al., 1995; Shin et
al., 2008).

It seems that the 5'-flanking regions of human and rat
proglucagon genes are essential for their tissue-specific
expression in the pancreas, brain, and intestine (White
and Saunders, 1986; Lee et al., 1992; Jin and Drucker,
1995; Nian et al.,, 1999). Indeed, the DNA sequence
located between —1.3 and —2.3 kb of rat proglucagon
promoter, the proglucagon gene upstream enhancer el-
ement (GUE), contains multiple cis-acting positive and
negative transcriptional elements contributing to the
transcriptional control of proglucagon gene expression
in intestinal L cells (Jin and Drucker, 1995), and initial
studies of proglucagon gene expression using transgenie
mice have shown that —1.3 kb of 5’'-flanking sequences
are responsible for the pancreatic « cell- and brain-
specific expression of rat proglucagon gene (Efrat et al.,
1988). Further studies identified the first 300 bp of the
5'-flanking region of the proglucagon gene as containing
a minimum promoter region (G1) and four enhancer
elements (G2-G5) contributing to the pancreatic « cell
specificity of glucagon gene expression (Philippe et al.,
1988; Herzig et al., 2000), via the binding to these ele-
ments to a cocktail of transcription factors, including
Isl-1, Pax6, Cdx2/3, Brn4, Pbx, Foxal, and c-Maf. Study
of the human proglucagon gene transcription using
transfected reporter genes and cell lines in vitro and
transgenic mice in vivo has indicated that —1.6 kb of the
5'-flanking region of human proglucagon promoter is
required for proglucagon gene transcription in the brain
and intestine, but not in pancreatic islets, whereas —6
kb of human proglucagon promoter are required for ex-
pression in islet cell lines (Nian et al., 1999).

A typical CRE also exists in the 5’-flanking region of
the rat proglucagon gene (Philippe et al., 1988), and
increased levels of cAMP stimulate proglucagon gene
expression in both pancreatic « cells and intestinal L
cells via protein kinase A (PKA)- or Epac/MAPK-depen-
dent pathway (Knepel et al., 1990; Drucker et al., 1994;
Brubaker et al., 1998; Lotfi et al., 2006; Jin, 2008). In
humans, however, whether cAMP signaling is capable of
stimulating human proglucagon gene expression is un-
known. Pax6, a critical determinant of islet cell devel-
opment (Habener et al., 2005), as well as K cell devel-
opment, as described in section III.A.1, also activates
proglucagon gene transcription in the intestine and pan-
creas, via binding to the G1, G3, and G5 elements in the
proglucagon promoter (Jin, 2008). This is supported by
the following two observations: 1) the dominant-nega-
tive (SEY™**) form of Pax6 in mice leads to marked
reduction of proglucagon mRNA transcripts in the intes-
tine and pancreatic « cells (Sander et al., 1997), and
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neither GLP-1 nor GLP-2-immunopositive enteroendo-
crine cells are detected in the intestinal mucosa (Hill et
al., 1999); 2) adenoviral-expressed Pax6 activated both
proglucagon promoter-luciferase activity and expression
of the endogenous proglucagon gene in enteroendocrine
cell lines, and furthermore, increased levels of endoge-
nous proglucagon gene expression were observed in pri-
mary rat intestinal cell cultures in vitro, and in rat
colonic epithelium in vivo, after adenoviral-mediated
overexpression of Pax-6 (Trinh et al., 2003). Similar to «
cells in islets, L cells do not express PDX-1: only the K/L
cells require it, as well as Pax6 (Fujita et al., 2008).
Recent studies have indicated that the Wnt signaling
pathway via B-catenin/T-cell factor-4, the major effector
of the Wnt signaling pathway, is a potent mediator of
proglucagon gene expression and GLP-1 production in L
cells but not in islets (Ni et al., 2003; Yi et al., 2005). In
these studies, proglucagon gene expression and GLP-1
production were activated by inhibition of glycogen syn-
thase kinase-33, a major negative modulator of the Wnt
pathway, and by B-catenin overexpression in L cells but
not in islets, and this effect was mediated by binding of
the transcription factor TCF-4 to the proglucagon gene
promoter G2 enhancer that is abundantly expressed in
the gut but not in pancreatic islets. More recently, Yi et
al. (2008) suggested the existence of cross-talk between
the insulin and Wnt signaling pathways and the regu-
lation of proglucagon gene expression and GLP-1 pro-
duction by this cross-talk in the L cells. Insulin has been
shown to repress proglucagon gene transcription in the
pancreatic islets by regulation of binding of FoxO1 to the
G3 element of the proglucagon gene promoter (Philippe,
1989, 1991; McKinnon et al., 2006). It is noteworthy that
the opposite may be true in enteroendocrine cells of the
gut. Insulin was shown to actually activate proglucagon
gene expression and GLP-1 production in a murine L cell
line and in primary rat L cells as well as in the mouse
intestine in vivo, and this effect of insulin was thought to
be mediated by nuclear B-catenin accumulation and
binding of B-catenin/T-cell factor-4 to the proglucagon
gene promoter, suggesting a potential novel function for
insulin—namely up-regulation of GLP-1 (and GLP-2)
production, via cross-talk with Wnt signaling pathway
(Yi et al., 2008). This dichotomy of insulin effect has not
been looked for in humans. It also seems that different
downstream signaling pathways are in action in the L
cells and pancreatic « cells, because protein kinase B
(PKB) activity is involved in proglucagon gene expres-
sion in the « cells (Schinner et al., 2005), but not in the
L cell lines (Yi et al., 2008). In an « cell line, orexin-A, a
neuropeptide hormone that regulates food intake and
energy homeostasis, inhibits proglucagon gene expres-
sion via activation of the PKB/PI-3K/FoxO1-dependent
pathway, and also inhibits glucagon secretion via de-
creases of intracellular o cell cAMP and Ca®* concen-
tration (Goncz et al.,, 2008). However, the effect of
orexin-A, if any, in the L cells has not been determined.

(The players in the regulation of proglucagon expression
in brain and taste cells are also virtually unknown.)

2. Tissue-Specific Post-Translational Processing of Pro-
glucagon, Product Secretion, and Degradation. Peptide
products with different physiological properties in tissues
arise as a consequence of tissue-specific, differential, post-
translational processing of proglucagon, and this allows
one protein to serve a variety of functions (Mojsov et al.,
1986; Orskov et al., 1986). Seven PCs have been identified
(von Eggelkraut-Gottanka and Beck-Sickinger, 2004); two,
PC1/3 and PC2, seem localized to only neuroendocrine
cells, whereas a third, furin, is found in both neuroendo-
crine and nonendocrine cells. Recent findings have shown
that the expression level of PC2 is high in the pancreatic «
cells and absent in the gut, whereas PC1/3 is definitely
expressed in gut endocrine cells (Rouillé et al., 1994; Scopsi
et al., 1995). The activity of the specific PC ultimately
determines entirely different peptide products. It seems
that of all the PCs, only PC1/3 and PC2 are essential for
proglucagon processing (Rothenberg et al., 1995; Rouillé et
al., 1995). PC2, in conjunction with 7B2, a chaperone pro-
tein that is responsible for maturation of PC2 as well as its
enzymatic activity, is responsible for the pancreatic « cell-
specific processing of proglucagon to glucagon (Rouillé et
al., 1995). Consistent with this, mice lacking active PC2
exhibit multiple endocrine disorders, have severely im-
paired processing of proglucagon to glucagon, and conse-
quently become severely hypoglycemic (Furuta et al.,
1997). The proglucagon-derived peptides from the pancre-
atic « cells include glucagon, glicentin-related pancreatic
peptide, intervening peptide-1, and the major proglucagon
fragment (Fig. 3). In addition to being present in K cells,
where, as stated above, it is required for the cleavage of
proGIP, PC1/3 is also present in intestinal L cells and is
responsible for the processing of proglucagon to GLP-1
(and GLP-2) (Rothenberg et al., 1995; Rouillé et al., 1995)
(Fig. 2). In agreement with this, mice with a targeted
deletion of the PC1/3 gene cannot process proglucagon to
GLP-1 and GLP-2 (Zhu et al., 2002; Ugleholdt et al., 2004).

GRPP | Glucagon ]IP-1' GLP-1 'IP-Z' GLP-2 |
Glicentin MPGF
GRPP Oxyntomodulin
GRPP Glucagon [IP-1 GLP-1 IP-2 GLP-2

|:| L cell (PC1/3) |:| o cell (PC2, 7B2)

FiG. 3. Schematic representation of tissue-specific post-translational
processing of proglucagon in the intestinal L cell and the pancreatic «
cell. PC1/3 is responsible for the processing of proglucagon in the L cell to
release GLP-1 (and GLP-2), and PC2, in conjunction with 7B2, is respon-
sible for the pancreatic « cell-specific processing of proglucagon. Process-
ing of proglucagon also occurs in brain. In taste cells of the tongue, both
PC1/3 and PC2 (as well as 7B2) are present, and consequently GLP-1,
GLP-2, and glucagon are all present.
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In a human case of PC1/3 deficiency, however (of which
there are just three cases described in the literature), the
patient suffered from a plethora of endocrinopathies and
had some mature GLP-1 in her plasma, indicating a lack of
absolute dependence for PC1/3 in humans (Jackson et al.,
2003). It is noteworthy that Wideman et al. (2006) recently
demonstrated that up-regulation of PC1/3 expression us-
ing adenovirus system in pancreatic a cells leads to in-
crease of islet GLP-1 secretion, resulting in improved glu-
cose-stimulated insulin secretion and enhanced survival of
islets in response to cytokine treatment. Similar effects
have been observed also in PC1/3-expressing « cells de-
rived from mice lacking active PC2 (Wideman et al., 2007).
Moreover, this ability of PC1/3-expressing « cells was at-
tenuated in GLP-1R(—/-) mice and transplantation of
PC1/3-expressing « cells prevented STZ-induced hypergly-
cemia by preserving B-cell area and islet morphology via
increased B-cell proliferation (Wideman et al., 2007). Be-
sides GLP-1 and GLP-2, the other proglucagon-derived
peptides from the L cells include glicentin, oxyntomodulin,
and intervening peptide-2 (Fig. 3). Although proglucagon
exists in the brain and processing of proglucagon also oc-
curs (Drucker and Asa, 1988), the PC enzymes have not
been specifically studied in brain. In taste cells of the
tongue, however, both PC1/3 and PC2 (as well as 7B2) are
present; consequently, GLP-1, GLP-2, and glucagon are all
present (Shin et al., 2008).

The primary physiological stimuli for the secretion of
GLP-1 are fat- and carbohydrate-rich meals, but mixed
meals or individual nutrients, including glucose and
other sugars, sweeteners, fatty acids, amino acids, and
dietary fiber, also can stimulate GLP-1 secretion (Baggio
and Drucker, 2007). Although functional GLP-1 has
been found in taste buds and brain, the majority if not
all of the GLP-1 measured in peripheral blood is synthe-
sized in L cells, stored in granules, and released after
eating from the L cells that are distributed throughout
the small and large intestine (Eissele et al., 1992). More
L cells are located in the distal ileum and colon than in
the duodenum and jejunum, in contrast to GIP-secreting
K cells. K/L cells seem most abundant in terminal ileum
(Fujita et al., 2008). Plasma levels of GLP-1 increase
rapidly within just a few minutes after oral glucose in
rodents and humans. Meal ingestion results in a bipha-
sic pattern of GLP-1 secretion, with an early phase be-
ginning within 5 to 15 min and a prolonged second phase
following within 30 to 60 min (Herrmann et al., 1995).
Thus, the early phase and the prolonged second phase of
GLP-1 secretion may be due to both direct nutrient
contact with the L cells and K/L cells in upper small
intestine and by nutrient (most likely fat, as nutrient-
derived carbohydrate should have been absorbed before
arriving in the ileum), neural, and other gut-derived
(and even non—gut-derived) endocrine factors activating
L cells in the distal bowel (Roberge and Brubaker, 1991;
Rocca and Brubaker, 1999; De Leon et al., 2006). It now
seems probable that the mechanism by which the early

phase of GLP-1 secretion occurs is that sugars activate
sweet taste receptors on L and or K/L cells (Theodorakis
et al., 2006; Jang et al., 2007). The L cell (as well as the
K cell) is an open-type intestinal epithelial endocrine cell
that is in direct contact with nutrients (Eissele et al.,
1992) through its microvilli on the luminal surface, in
contact with the enteric nervous system as well as the
central nervous system (CNS) via the vagus, and in
contact with the microvasculature through its basolat-
eral membrane (Hansen et al., 1999; Anini et al., 2002).
This allows GLP-1 secretion from L cells, as well as GIP
from K cells, to be regulated by a variety of nutrient,
neural, and endocrine signals. Indeed, several studies
have postulated that GLP-1 secretion from the L cells is
regulated by a complex proximal-distal loop that in-
volves both endocrine and neural factors with the vagus
nerves having an essential role in this loop (Balks et al.,
1997; Rocca and Brubaker, 1999; Anini and Brubaker,
2003a). In this loop also, GIP, acetylcholine, and gastrin-
releasing peptide act as mediators: the afferent vagus
nerve is activated by GIP, which subsequently stimu-
lates GLP-1 secretion through the efferent vagus nerve
and enteric neurons that release acetylcholine and gas-
trin-releasing peptide (Roberge et al., 1996; Rocca and
Brubaker, 1999; Persson et al., 2000; Anini et al., 2002;
Anini and Brubaker, 2003a). It seems that GLP-1
secretion is also affected by other neurotransmitters
and peptides, including GABA and calcitonin gene-
related peptide (Brubaker, 1991; Gameiro et al., 2005).
Furthermore, non-nutrient factors, including leptin
(Anini and Brubaker, 2003b) and insulin (Lim and
Brubaker, 2006), have also been identified as stimula-
tors of GLP-1 secretion. Conversely, somatostatin,
which is produced from the intestinal enteroendocrine D
cells (as well as from & cells in islets of Langerhans) and
whose secretion is increased by GLP-1, has been identi-
fied as the inhibitor of GLP-1 secretion, implicating the
existence of a negative local feedback loop in the gut
(Brubaker, 1991; Hansen et al., 2000; Chisholm and
Greenberg, 2002).

Recent studies have uncovered some of the intracellu-
lar signaling pathways that mediate nutrient-induced
GLP-1 secretion from L cells, which is then most likely
modified by the neural and endocrine factors mentioned
above. Several studies show that specific GPCRs present
on L cells are necessary for GLP-1 secretion. In partic-
ular, long-chain free fatty acids and lipids stimulate
GLP-1 secretion through interaction with GPCRs, in-
cluding GPR120 (Hirasawa et al., 2005), GPR119 (Chu
et al., 2008), and GPR40 (Edfalk et al., 2008). GPR120 is
highly expressed in the intestine and the stimulation of
GPR120 by free fatty acids promotes the secretion of
GLP-1 via increase of intracellular Ca®" levels and ac-
tivation of p42/44 MAPK (Hirasawa et al., 2005).
GPR119 mRNA is found in intestinal subregions of hu-
mans and mouse and in cultured L cell lines, and in situ
hybridization studies also show that most GLP-1-pro-
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ducing cells express GPR119 mRNA. The engagement of
GPR119 by phospholipids and fatty acid amides stimu-
lates GLP-1 secretion (Chu et al., 2008). AR231453, a
potent GPR119 agonist, stimulated intracellular cAMP
accumulation and GLP-1 release from the GLUTag L
cell line and, when given by oral gavage before oral
glucose, plasma levels of GLP-1 were higher than in
those animals not given AR231453. It also increased
plasma levels of GIP even though GPR119 was unde-
tectable by in situ hybridization in K cells. Furthermore,
the effects of AR231453 on incretin secretion were ab-
sent in GPR119-deficient mice (Chu et al., 2008). More
recently, Edfalk et al. (2008) suggested that GPR40
modulated FFA-stimulated insulin secretion from g cells
not only directly but also indirectly via regulation of
incretin secretion. In that study, GPR40 expression was
uncovered in endocrine cells of the GI tract as well as in
B cells, and PDX-1 was required for its expression in 8
cells, stomach, and duodenum. However, in distal GI,
such as ileum, where PDX-1 is not expressed and where
the greatest number of L cells reside, GPR40 expression
was also present, indicating that PDX-1 expression is
not absolutely necessary for its expression. Secretion of
GLP-1 and GIP were both diminished, though not ab-
sent, in GPR40-null mutant mice in response to a fat
diet (Edfalk et al., 2008). Therefore, it seems likely that
many different GPRs present on both K and L cells
complement one another to bring about fatty acid-medi-
ated incretin secretion. It is also likely that different
GPRs reside in the various parts of the bowel so that fat,
in various stages of digestion as it moves though the
bowel, can continue to bring about enteroendocrine hor-
mone secretion.

With regard to glucose stimulation of GLP-1 secretion,
and analogous to 3 cells, expression of glucokinase, the
glucose sensor in B cells, has been found in the mouse
intestinal L cells (Jetton et al., 1994), and GLUTZ2, the
most abundant glucose transporter in 3 cells, seems to
be required for GLP-1 secretion (Cani et al., 2007). In
addition, it is likely that both GIPR and GLP-1R are
required for the full regulation of oral glucose-induced
GLP-1 and GIP secretion (Cani et al., 2007). The regu-
lation of glucose-induced GLP-1 secretion by taste trans-
duction elements was identified by our recent studies.
Jang et al. (2007) demonstrated that glucose (and the
sucrose analog, sucralose, commonly used as a nonca-
loric sweetener) led to secretion from L cells via a sig-
naling pathway quite similar to that used by taste cells
in the tongue. The human L cell line NCI-H716 and
duodenal L cells expressed taste transduction elements,
including sweet taste receptors, the taste G protein gust-
ducin, and several other signaling elements. Ingestion of
glucose by a-gustducin-null mice revealed deficiencies in
secretion of GLP-1 and isolated small bowel and intes-
tinal villi from these mice showed markedly defective
GLP-1 secretion in response to glucose. Furthermore,
GLP-1 release from NCI-H716 cells was promoted by the

sugar sucralose and blocked by the sweet receptor an-
tagonist lactisole. Down-regulation of a-gustducin ex-
pression by small interfering RNA also lessened glucose-
induced GLP-1 secretion. In conclusion, the L cells of the
gut “taste” glucose through the same mechanisms used
by taste cells of the tongue, and this has an essential role
in glucose-induced GLP-1 secretion (Jang et al., 2007).

Typical basal (fasting) levels of bioactive GLP-1, mea-
sured from peripheral veins, are in the range of 5 to 10
pM and increase by 2- to 3-fold after meal ingestion,
depending on the size and composition of meal (Elliott et
al., 1993). The first two N-terminal amino acids (His
Ala) of native GLP-1 are rapidly cleaved by DPP4, and
the resulting GLP-1 (9-36) fragment is not insulinotropic
(Hansen et al., 1999). GLP-1 is also degraded by neutral
endopeptidase 24.11 (NEP-24.11) (Plamboeck et al.,
2005), which is a membrane-bound zinc metallopepti-
dase (Turner et al., 2001), and six potential cleavage
sites in GLP-1 have been identified (Hupe-Sodmann et
al., 1995). High levels of this enzyme are found in the
kidney and GLP-1, and its metabolites are rapidly
cleared through the kidneys (Ruiz-Grande et al., 1993),
implying the involvement of NEP-24.11 in renal clear-
ance of GLP-1. Therefore, many modifications have been
made to synthetic GLP-1 so as to increase its biological
half-life and consequently its efficacy in vivo, and ther-
apeutic strategies based on modulating GLP-1 levels
and GLP-1 activity through administration of GLP-1
and its analogs or by inhibiting its degradation have
been tested and/or are under development for treating
T2DM. The elimination rates of GLP-1 are similar in
T2DM and nondiabetic subjects, and, as with GIP, more
rapid degradation of GLP-1 is unlikely to be a contribu-
tory cause for glucose-responsiveness in T2DM (Vilsbgll
et al., 2003a).

Exenatide, a synthetic form of exendin-4 (Ex-4, a
GLP-1R agonist that is naturally synthesized in the
salivary glands of the Gila monster lizard and does not
possess a DPP4 recognition site), and sitagliptin, a small,
orally active DPP4 inhibitor, are now FDA-approved and
are being used for lowering blood glucose in T2DM. For
example, in the ACCORD study, 12.1% of the intensively
treated subjects with diabetes received exenatide (Ger-
stein et al., 2008).

C. Incretin Secretion in Type 2 Diabetes

T2DM is characterized by a severely impaired or ab-
sent GIP insulinotropic effect (Nauck et al., 1986) (to be
further discussed in section V) that most likely results in
worsening insulin secretion. However, T2DM seems un-
likely to result from deficient incretin secretion. One of
the reasons frequently given for using exenatide or DPP4
inhibitors is that they lead to “normalization” of incretin
levels that are supposedly reduced compared with nondi-
abetic subjects (Drucker and Nauck, 2006). However, on
closer analysis of all the data in print, it is far from certain
that incretin secretion is reduced in this condition. For
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GIP, the data seem to actually favor the opposite conclu-
sion. Based on results obtained in the course of oral glucose
tolerance testing and during meal testing, GIP secretion
and fasting levels seem to be actually increased, in both the
impaired and diabetic state (Theodorakis et al., 2004;
Vollmer et al., 2008) (Fig. 4), whereas the insulinotropic
effect is almost totally lost in T2DM. Although different
radioimmunoassays have been used over the years, most
studies seem to agree that the secretion of GIP is normal or
even higher in patients with T2DM compared with healthy
control subjects (Crockett et al., 1976; Ross et al., 1977;
Ebert and Creutzfeldt, 1980; Jones et al., 1989; Vilsbgll et
al., 2001).

For GLP-1 secretion in T2DM, the data has been con-
fusing, especially those from earlier studies, although a
consensus is finally emerging thanks to studies per-
formed in newly diagnosed subjects and subjects with
impaired glucose tolerance before receiving any treat-
ment for glucose control (Vollmer et al., 2008) (Fig. 4). In
addition, better assays are now available and better
methodologies, such as proper storage of samples and
not repeated assaying of plasma samples that have been
thawed and refrozen (this leads to degradation of incre-
tins), have lead to more reliable quantification. In gen-
eral, GLP-1 levels reach maximum secretion 17 to 20
min after oral glucose administration, followed by a slow
decline toward fasting levels; unfortunately, many older
studies began sampling 30 min after oral glucose,
thereby missing peak secretion. In contrast, peak secre-
tion occurs 60 to 90 min after a mixed meal. Data from
the Baltimore Longitudinal Study of Aging shows that
GLP-1 secretion is not deficient in either the fasting
state or after oral glucose in glucose-impaired or diabetic
subjects not taking any drugs affecting glucose ho-

—A— Normal (BMI: 22.4+0.5)

300

—o— Impaired (BMI: 30.0+0.7)

meostasis (Fig. 4). Vollmer et al. (2008) actually found a
trend toward higher plasma GLP-1 levels in 17 well
controlled subjects with T2DM [mean hemoglobin A,
(HbA,,) level of 6.8%] after a mixed meal (Vollmer et al.,
2008). HbA,. is a measure used in clinical practice to
monitor long-term blood glucose control in diabetes
management. Levels of <7% indicate good control.
Therefore, it is evident that T2DM develops in the set-
ting of normal incretin secretion and reduced secretion
cannot be evoked as causing the disease. Older studies,
using patients with worse metabolic control, on multiple
drugs and suffering from diabetes for longer times, have
found impairments in GLP-1 secretion (Toft-Nielsen et
al., 2001; Vilsbgll et al., 2001) and so chronic hypergly-
cemia and its metabolic consequences may be the cause
of the slightly impaired GLP-1 secretion seen in those
earlier studies. In addition, in T2DM, insulin secretion
is typically reduced just after ingestion of glucose or a
meal (this is called defective early-phase insulin secre-
tion), but studies showing deficient GLP-1 secretion
found reductions in secretion at 60 to 150 min, which is
well after early-phase insulin secretion has occurred and
at a time where there is actually exaggerated insulin
secretion; therefore, defective insulin secretion did not
coincide in time with defective GLP-1 secretion, so one
cannot postulate cause and effect (Vilsbgll et al., 2001).
It seems fair therefore to conclude that abnormalities of
incretin secretion are unlikely to be a primary patho-
genic factor in the development of T2DM and are instead
a consequence of the diabetic state (Vaag et al., 1996;
Meier et al., 2005; Knop et al., 2007). In addition, it is
clear that the incretin effect of GLP-1 in T2DM is better
preserved, in contrast to that of GIP (Nauck et al.,
1993a), because an infusion of GLP-1 in T2DM so as to
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Fic. 4. Hormone responses to oral glucose (75 g) in nondiabetic (green), glucose intolerant (blue), and newly diagnosed type 2 diabetic (red, T2DM)
subjects within Baltimore Longitudinal Study of Aging: the impaired and diabetes subjects were matched for body mass index. These subjects were
not taking any glucose-lowering medications. It is evident that glucose-mediated incretin secretion (GIP and GLP-1) is not deficient in newly diagnosed

T2DM.
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reach pharmacologic concentrations in plasma can nor-
malize fasting (Nauck et al., 1993b; Gutniak et al., 1997;
Rachman et al., 1997) and postprandial (Gutniak et al.,
1997; Rachman et al., 1997; Meier et al., 2003a) glucose
concentrations, resulting from increase of glucose-stim-
ulated insulin secretion, decrease of glucagon secretion
and slowing of gastric emptying (Gutniak et al., 1992;
Nauck et al., 1993b; Holst and Gromada, 2004). Contin-
uous i.v. infusion of GLP-1 also lowers postprandial
plasma glucose (PPG) levels in subjects with type 1
diabetes by delaying gastric emptying (Gutniak et al.,
1992). These effects of GLP-1 have been consistently
shown in a number of human studies (Nathan et al.,
1992; Nauck et al., 1993a,b; Elahi et al., 1994). In par-
ticular, continuous subcutaneous infusion (4.8 pmol/kg/
min) of GLP-1 for 6 weeks in T2DM subjects was asso-
ciated with significant reductions in both fasting plasma
glucose (FPG) and PPG as well as HbA,, with a slight
decrease of body weight (Zander et al., 2002). Prolonging
the GLP-1 infusion (3.2 pmol/kg/min) for 3 months in
patients with T2DM resulted in a restoration of first-
phase insulin secretion as well as an improvement of
late-phase secretion during a glucose clamp, but no sig-
nificant changes in body weight and plasma glucagon
levels were noted (Meneilly et al., 2003). In another
study, repeated i.v. infusion (1~1.2 pmol/kg/min) of
GLP-1 also normalized FPG in patients with T2DM
(Nauck et al., 1997). Thus, there has been considerable
interest in an incretin-based therapeutic approach for
treating T2DM. However, continuous GLP-1 infusion or
repeated GLP-1 injections are impractical and expensive
ways to lower blood glucose and so the strategies men-
tioned above have been developed.

IV. Incretin Receptors
A. Glucose-Dependent Insulinotropic Peptide Receptor

The presence of GIPRs was first demonstrated in a
transplantable hamster insulinoma (Maletti et al., 1984)
and an insulin-secreting hamster B-cell line Inlll
(Amiranoff et al., 1984, 1985), followed by cloning from
rat cerebral cortex cDNA library (Usdin et al., 1993),
and subsequently hamster (Yasuda et al., 1994) and
human GIPRs (Yamada et al., 1995) were cloned. The
gene encoding rat and mouse GIPRs contains 15 exons
(Boylan et al., 1999). The human gipr gene comprises 14
exons that span approximately 14 kb (Yamada et al.,
1995) and is localized to chromosome 19, band q13.3. Its
protein exists as two isoforms of 466 and 493 amino
acids. Northern blot, reverse transcription/polymerase
chain reaction, and in situ hybridization studies have
shown that the gipr gene is expressed in both « and
cells in pancreatic islets (Moens et al., 1996), GI tract,
adipose tissue, adrenal cortex, pituitary, heart, testis,
endothelium of major blood vessels, bone, trachea,
spleen, thymus, lung, kidney, thyroid, and several brain
areas (Usdin et al., 1993; Yasuda et al., 1994; McIntosh

et al., 1996; Yip et al., 1998). Both GIP (1-42) and several
GIP fragments, truncated at the N and C termini, bind
to the GIPR with high affinity, but none of the related
peptides from the glucagon family do so (Wheeler et al.,
1995). The GIPR is a glycoprotein belonging to the class
II G protein-coupled receptor superfamily that includes
receptors for glucagon, GLP-1, secretin, vasoactive in-
testinal polypeptide, and pituitary adenylyl cyclase-ac-
tivating protein. As with other GPCRs of this class,
GIPR comprises an N-terminal extracellular domain
that is essential for high-affinity GIP binding and recep-
tor activation; a central transmembrane domain (the
first transmembrane domain of which is important for
receptor activation and cAMP coupling); and a C-termi-
nal cytoplasmic domain that mediates intracellular sig-
naling by physical association with G, protein (Usdin et
al., 1993; Gelling et al., 1997; Wheeler et al., 1999).
Although the majority of the cytoplasmic domain of the
GIPR mediates intracellular signal transduction, a min-
imum length of approximately 405 amino acids is re-
quired for efficient transport and plasma membrane in-
sertion (Baggio and Drucker, 2007). Ligand binding to
the GIPR activates a heterotrimeric G, protein that in
turn activates adenylate cyclase, elevates intracellular
cAMP and Ca?* levels, and activates PKA, as well as a
host of other signaling pathways, including PI-3K, PKB,
MAPK, and phospholipase A2, which result in a cascade
of intracellular events that mediate the potentiation of
glucose- and depolarization-stimulated exocytosis of in-
sulin-containing granules.

The regulators of GIPR expression are not all known.
Rat gipr gene contains a TATA-less promoter, and the
first 100 bp of this promoter directed high levels of gene
expression (Boylan et al., 1999). The 5'-flanking region
of the gipr gene is sufficient to direct transcription in a
rat insulinoma cell line 2 (RIN38), and this region con-
tains negative regulatory sequences distal to the tran-
scription start site controlling the cell-specific expres-
sion of the gipr gene (Boylan et al., 1999). In addition,
the 5’-flanking region of gipr gene contains the binding
sites for Oct-1, Spl, and Sp3 transcription factors; bind-
ing of these transcription factors is critical not only for
high levels of gipr transcription but also for cell-specific
expression of the GIPR (Boylan et al., 2006).

B. Glucagon-Like Peptide-1 Receptor

GLP-1R is in the same class of receptors as GIPR.
Although, as stated above, GLP-1, GLP-2, and glucagon
result from post-translational modifications of the pro-
glucagon molecule encoded by one gene, ligand binding
of the three hormones to their unique receptors is highly
specific with no relevant cross-reactivity to receptors for
the other two peptides. Glucagon, for example, binds
GLP-1R with 100- to 1000-fold less affinity than does
GLP-1 (Thorens, 1992; Fehmann et al., 1994; Doyle and
Egan, 2007). Ex-4 and its N-terminally truncated pep-
tide exendin (9-39) (Ex-9-39) bind GLP-1R and act as
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potent and specific GLP-1R agonists and antagonists,
respectively (Goke et al., 1993). Thus Ex-9-39 is also
used as an investigational tool to uncover the physiolog-
ical effects of GLP-1 signaling. The glp-1r gene was first
cloned from rat pancreatic islets cDNA library in 1992
(Thorens, 1992), and the highly homologous human re-
ceptor was next cloned from a human pancreatic insuli-
noma (Dillon et al., 1993; Thorens et al., 1993) and a gut
tumor cell line (Graziano et al., 1993). The human gip-Ir
gene is located on chromosome 6p21.1 (Stoffel et al.,
1993). The rat and human GLP-1Rs are 463 amino acids
in length and are 90% identical (Thorens, 1992; Thorens
et al.,, 1993), differing at 42 amino acid positions
(Tibaduiza et al., 2001). Although alternate splicing re-
sults in two different transcripts for GLP-1R in rat and
human (Thorens, 1992; Dillon et al., 1993), and numer-
ous attempts have been made to identify alternative
GLP-1R, only one structurally and functionally identical
GLP-1R has been described. Ex-4 is also a ligand for the
known GLP-1R and yet the lizard also synthesizes
GLP-1 in its gut, but it does not have a unique Ex-4
receptor. GLP-1R has, over the years, been reported to
be expressed in a variety of tissues: pancreatic ducts,
many cell types within pancreatic islets, thyroid C cells,
kidney, lung, heart, gastrointestinal track, skin, pitu-
itary, and multiple regions of the peripheral and central
nervous system, including hypothalamus, hippocampus
and cortex. In islets, it is clear that GLP-1Rs are ex-
pressed in all B cells, whereas much contradictory infor-
mation has been published with regard to their presence
in the other islet cell types (Fehmann and Habener,
1991; Heller and Aponte, 1995; Heller et al., 1997). A
recent study using in situ hybridization and double and
triple fluorescence microscopy in mouse, rat, and human
pancreas seems to have cleared the waters regarding
which islet cell types express GLP-1Rs (Tornehave et al.,
2008). Judging from those data, GLP-1R may be almost
exclusively restricted to the B cells, because it was not
observed in « cells and was rarely observed in & (soma-
tostatin-secreting) cells, and is present in cells lining the
pancreatic ducts. Therefore, additional studies are re-
quired to determine whether GLP-1R actually exists in §
cells [The presence of GLP-1Rs (or GIPRs for that mat-
ter) on pancreatic polypeptide- or ghrelin-expressing
cells in islets was not investigated.] It is noteworthy that
functional GLP-1Rs are also detected on intragemmal
nerve fibers of taste buds of rodent and monkey (Shin et
al., 2008). There is considerable controversy with respect
to the presence of functional GLP-1Rs in human and
rodent muscle, adipose tissue, and liver, although
GLP-1R expression was detected in muscle and adipose
tissue of dog (Sandhu et al., 1999) and in muscle, liver,
and fat of rodents (Campos et al., 1994; Egan et al.,
1994). GLP-1R mRNA transcripts have also been de-
tected in spleen, thymus, and lymph nodes from nondi-
abetic and diabetic mice (Hadjiyanni et al., 2008). In
brain, activated GLP-1Rs are involved in regulation of

satiety and food intake, memory and learning, and, sim-
ilar to GIP, hippocampal cell turnover.

Like other GIPRs in its superfamily, GLP-1R com-
prises an N-terminal extracellular region that is impor-
tant for GLP-1 recognition and binding, seven a-helical
transmembrane domains (the second and fourth trans-
membrane domains is also important for GLP-1 bind-
ing), and a C-terminal, cytoplasmic region that contains
the major determinants required for specific G protein
coupling. GLP-1R is capable of signaling through Ga,
subunit as well as additional G protein subunits such as
Ga,, Ga,, and Geo; (Montrose-Rafizadeh et al., 1999;
Héallbrink et al., 2001). Under physiological conditions
studied to date, however, it seems that GLP-1R activa-
tion leads to increased intracellular cAMP and Ca®"
concentrations and activation of downstream pathways,
including PKA, PKC, PI-3K, Epac2, and MAPK signal-
ing pathway (Drucker et al., 1987; Thorens, 1992;
Wheeler et al., 1993; Holz et al., 1995; Montrose-Rafiza-
deh et al., 1999). Distinct domains within the third in-
tracellular loop of GLP-1R are responsible for the acti-
vation of the different G proteins (Héllbrink et al., 2001).
However, the coupling of additional G proteins to
GLP-1R in vivo remains to be clarified, although the
coupling of the receptor to specific G proteins could be
explained by the existence of subtypes of GLP-1R (to be
discussed in section VII.B.3) (which have not been
shown to be present in humans), or could result from a
consequence of tissue-specific distribution of G proteins
(Hallbrink et al., 2001). It is likely that glycosylation of
GLP-1R also regulates and optimizes its function by
facilitating its correct insertion into the cell membrane.
Treatment with tunicamycin, which prevents glycosyla-
tion, resulted in a decrease in the number of GLP-1
binding sites in the membrane of rat insulinoma
RINmS5F cells without an inhibition of transcription of
mRNA but a reduction in cAMP production occurred in
response to GLP-1 stimulation (Goke et al., 1994). The
signal transduction activity of GLP-1R is also regulated
by palmitoylation at the cysteine 438 residue (Vazquez
et al., 2005b). However, the significance of these effects
in vivo is unknown.

V. The Incretin Effect

A. The Incretin Effect of Glucose-Dependent
Insulinotropic Peptide and Its Impact in Type 2
Diabetes

The incretin function of GIP has been identified in
studies using GIP antagonists (Tseng et al., 1996b;
Lewis et al., 2000) and GIPR antisera (“immunoneutral-
ization studies”) (Ebert and Creutzfeldt, 1982). Treat-
ment of animals with these compounds caused a reduc-
tion in the insulin response to oral glucose that resulted
in impaired glucose tolerance. In vitro studies of treat-
ment of isolated islets or perfused pancreas with GIP
indicate that it increases insulin secretion (Dupre et al.,
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1973; Schauder et al., 1975). Other studies demonstrate
that the elevated GIP concentrations elicited by oral
glucose can almost completely account for the added
insulin secretory response seen in oral versus intrave-
nous glucose administration (Nauck et al., 1989). Stud-
ies using the specific GIPR antagonist (Pro3)GIP in
Lep®®/Lep®® mice (mice with defective leptin that become
obese) show that daily administration of (Pro3)GIP re-
duced pancreatic insulin content (Gault et al., 2005) and
that GIP might be responsible for as much as 80% of the
incretin effect seen after oral ingestion (Gault et al.,
2002, 2003). This seems to confirm the pre-eminence of
GIP as an incretin. GIPR(—/—) mice have fasting blood
glucose levels comparable with those of wild-type mice,
and after intraperitoneal glucose challenge, glucose-
stimulated insulin secretion also seems comparable with
that of wild-type mice. In addition, glucose-stimulated
insulin secretion from isolated islets is preserved in
GIPR(—/—) mice (Miyawaki et al., 1999). However, in
response to oral glucose administration, GIPR(—/-)
mice have impaired glucose tolerance as a result of a
50% reduction in insulin secretion compared with wild-
type animals. These results demonstrate that GIP’s pri-
mary role is that of an incretin and that insulin secretion
from B cells is regulated not only by glucose but also by
GIP, especially in the postprandial state (Miyawaki et
al.,, 1999). It is noteworthy that isolated islets from
GIPR(—/—) mice show increased responsivity to GLP-1,
although serum GLP-1 levels in GIPR(—/—) mice are
unaltered (Pamir et al., 2003). Furthermore, these mice
exhibit a decrease in intrapancreatic insulin content and
insulin gene expression (Pamir et al., 2003). Although it
has been reported that intracerebroventricular admin-
istration of GIP does not affect food intake (Woods et al.,
1981) and there was no significant difference in food
intake between WT and GIPR(—/—) mice, GIPR(—/—)
mice fed a high-fat diet do not become obese or insulin-
resistant. Moreover, GIPR(—/—) mice with defective lep-
tin [GIPR(—/-), Lep°®/Lep°®] are protected from diet-
induced obesity and its associated complications that
occur with defective leptin signaling, including T2DM
and fatty liver (Miyawaki et al., 2002).

The incretin effect of GIP in stimulating insulin secre-
tion is almost lost in T2DM (Nauck et al., 1993a; Vilsbgll
et al., 2002), and many studies indicate the existence of
a specific defect in GIP action in these patients. It has
been speculated that this loss of insulinotropic action of
GIP may occur as a result of either chronic desensitiza-
tion of GIPRs (Tseng et al., 1996a) or a reduction in the
expression of GIPRs on pancreatic 3 cells (Holst et al.,
1997; Lynn et al., 2001; Xu et al., 2007; Zhou et al.,
2007). Several studies have examined the expression of
GIPR in experimental models of diabetes. Indeed, it has
been shown that the expressions of both GIPR mRNA
and protein are decreased in S cells of diabetic-fatty
Zucker (ZDF) rats containing a leptin receptor missense
mutation (Lynn et al., 2001; Piteau et al., 2007). Another

study suggested a role for circulating free fatty acids in
down-regulation of GIPR expression (Lynn et al., 2003).
Zhou et al. (2007) suggested that ubiquitination may
also be critical for the hyperglycemia-associated down-
regulation of GIPR expression. Hyperglycemia triggered
the association of GIPR and ubiquitin ligase complexes,
resulting in reduction of GIPR protein levels on B-cell
membranes (but not GLP-1R) and down-regulation of
GIP action.

Receptor desensitization has been described for sev-
eral receptors, including glucagon, somatostatin, 3-ad-
renergic receptor, and GLP-1. The GIPR is susceptible to
very rapid and reversible homologous desensitization in
vitro (Jones et al., 1989; Tseng et al., 1996a; Wheeler et
al., 1999). This desensitization process has been shown
to be mediated by a number of separate mechanisms,
including receptor internalization, down-regulation, and
uncoupling from G proteins. Upon agonist stimulation,
GIPRs are phosphorylated by protein kinase, resulting
in their uncoupling from interaction with G protein (Pre-
mont et al., 1995), and regulators of G protein signaling
and G protein receptor kinase 2 proteins have been
demonstrated to mediate this desensitization mecha-
nism (Druey et al., 1996; Koelle and Horvitz, 1996; Neill
et al., 1997; Tseng and Zhang, 1998). Functional studies
on the role of the COOH-terminal tail (CT) of GPCRs
have been implicated in receptor desensitization and
endocytosis (Reneke et al., 1988; Hausdorff et al., 1990),
and the CTs of glucagon receptor (Buggy et al., 1997)
and GLP-1R (Widmann et al., 1997) have been shown to
be required for receptor desensitization. In the case of
GIPRs, CT deletion analyses demonstrate that the ma-
jority of the CT of GIPR is important for regulating the
rate of receptor internalization but not for GIPR expres-
sion and signaling (Wheeler et al., 1999). Specific serine
residues within the CT, particularly serines 426 and
427, play an important role in regulating the rate of
receptor internalization, whereas serines 406 and 411
are important for receptor desensitization (Wheeler et
al., 1999; Baggio and Drucker, 2007). In summary, the
incretin effect of GIP is deficient in T2DM; a unifying
consensus has not yet emerged, but increasing evidence
suggests that persistent hyperglycemia leads to reduced
GIPR protein levels. A recent study in ZDF animals
supports the role of hyperglycemia in GIPR down-regu-
lation. Piteau et al. (2007) treated ZDF rats with phlo-
rizin, bringing blood glucose levels down from 28 to 10
mM. Nontreated ZDF rats had GIPR mRNA levels that
were 94% less than those of lean rats, and insulin secre-
tion did not increase in response to exogenous GIP in the
ZDF animals. But after phlorizin treatment, mRNA lev-
els returned to those of lean rats. In addition, insulino-
tropic responsiveness to GIP was restored in the treated
rats. GIP also promotes insulin biosynthesis as well as
B-cell proliferation and survival, and whether these
pleiotropic effects (to be discussed in section VI.A and
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TABLE 2
Actions of GIP and GLP-1 that affect blood glucose levels

GIP GLP-1
Islets
Insulin secretion 1 0
Insulin synthesis 1 1
Insulin, glucokinase and GLUT2 expression 1 0
Glucagon secretion 1 l
(indirect)
Somatostatin secretion 1 0
(indirect)
B cell proliferation 1 1
B cell apoptosis | l
Sweet taste modulator — Yes
Gastrointestinal tract
Gastric emptying — l
Gastric acid secretion ! l
Motility — l
Central nervous system
Food intake — !
Satiety 1
Muscle
Glucose uptake — 1
Liver
Glucose production
(indirect)  (indirect)

1, increase; | , decrease; —, no effect or not reported.

Table 2) as well as the insulinotropic effects of GIP are
also deficient in humans with T2DM is not known.

B. The Incretin Effect of Glucagon-Like Peptide-1 and
Its Impact in Type 2 Diabetes

Blockade of endogenous GIP action by injection of its
antiserum resulted in partial preservation of incretin
activity. This observation led to suspicion of the exis-
tence of additional incretin hormones, and insulino-
tropic effects of GLP-1 were first described in rodent in
1985 (Schmidt et al., 1985). In humans, insulinotropic
effects of GLP-1 were first described in 1987 (Kreymann
et al., 1987). In that study, the ability of GLP-1 to en-
hance glucose-dependent insulin secretion was of such
magnitude that the authors believed that its effects, in
conjunction with those of GIP, were sufficient to account
for the total incretin effect. GLP-1 (7-37) and GLP-1
(7-36) amide seem to be equipotent insulinotropic fectors
(Orskov et al., 1986). Although GLP-1 is circulating in
much lower concentrations than GIP, GLP-1 is one of
the most potent insulinotropic factors that stimulate
insulin secretion in a glucose-dependent manner, far
exceeding GIP’s effects on a molar basis. In animals and
humans, it is essential for normal postprandial glucose
homeostasis and the complete early/first-phase insulin
response (Otonkoski and Hayek, 1995). Secretion of
GLP-1 highly correlates with glucose level and insulin
secretion, and its insulinotropic effects are observed at
increased circulating glucose concentrations, but disap-
pear once plasma glucose returns to normal (Nauck et
al., 2002).

Evidence for the functional importance of GLP-1 as a
physiologically relevant incretin derives from studies
that have inactivated GLP-1 signaling using immuno-
neutralizing antisera, or GLP-1R antagonists or knock-

out mice. A specific antibody to immunoneutralize cir-
culating GLP-1 and the GLP-1R antagonist Ex-9-39
have been used to demonstrate the essential physiolog-
ical role of endogenous GLP-1 in the control of glucose-
dependent insulin secretion and glucose homeostasis in
rodent and human subjects. Removal of GLP-1 action,
whether by Ex-9-39 or by its immunoneutralization,
causes increases in both fasting and postprandial glyce-
mia and reduces glucose-stimulated insulin release in
both animals and humans (Kolligs et al., 1995; Wang et
al., 1995; D’Alessio et al., 1996; Edwards et al., 1999;
Baggio et al., 2000). Administration of Ex-9-39 to ro-
dents or humans results in a suppression of the incretin
effect by 50 to 70% (Kolligs et al., 1995; Flamez et al.,
1999; Schirra et al., 2006). In agreement with these
results, GLP-1R(—/—) mice with a targeted deletion of
all GLP-1Rs have mild fasting hyperglycemia and ab-
normally high blood glucose levels after oral and intra-
peritoneal glucose challenges that are associated with
reduced circulating levels of glucose-stimulated insulin
secretion, whereas GLP-1R(—/—) mice have normal body
weight, food intake, and fasting and postprandial
plasma levels of glucagon (Scrocchi et al., 1996; Scrocchi
et al., 1998). However, GLP-1R signaling is not required
for actual glucose responsiveness of pancreatic 3 cells, as
demonstrated by the fact that isolated islets from GLP-
IR(—/—) mice still have a well preserved glucose re-
sponse in terms of insulin secretion, and both islet and
total pancreatic insulin content are not significantly
lower than in wild-type mice (Flamez et al., 1998). Pan-
creatic insulin mRNA transcripts are also similar in
wild-type and GLP-1R(—/—) mice (Scrocchi et al., 1998).
Moreover, GLP-1R(—/—) islets exhibit reduced basal but
enhanced GIP-stimulated cAMP production and abnor-
malities in basal and glucose-stimulated intracellular
Ca?" concentration (Flamez et al., 1998). In these mice,
the lack of GLP-1R signaling is compensated for, at least
in part, via increased GIP secretion and up-regulation of
the GIP-insulin axis on pancreatic islets (Pederson et al.,
1998). In addition, GIPR(—/—) mice exhibit an enhanced
GLP-1-mediated insulin secretory response in pancre-
atic islets (Pamir et al., 2003). Thus, disruption of single
incretin receptor genes in mice causes only modest glu-
cose intolerance, with a well preserved insulin-secretory
response to glucose that is partially modified as a result
of complementary up-regulation of the remaining intact
incretin hormone. However, double incretin receptor
knockout mice, which have disruption of both glp-1r and
gipr, surprisingly show only a modest and obviously
incomplete perturbation in glucose homeostasis, sug-
gesting that other mechanisms are capable of compen-
sating for the absence of the actions of GIP and GLP-1
(Hansotia et al., 2004; Preitner et al., 2004).

The GLP-1R is no exception to the susceptibility of
members of its subfamily to undergo desensitization, at
least in vitro. It undergoes rapid internalization, pri-
marily via mechanisms dependent on clathrin-coated

¥202 ‘€2 |11dy uo sfeudnor 134SY e Blo'sfeulno ladse: raawieyd wiod) papeo jumog


http://pharmrev.aspetjournals.org

Pharmrev Fast Forward. Published on 12 December 2008 as DOI 10.1124/pr.108.000604 This article

has not been copyedited and formatted. The final version may differ from this version.
0 KIM AND EGAN

pits (Widmann et al., 1995, 1997; Vazquez et al., 2005a)
and caveolin (Syme et al., 2006). This internalization is
mediated by phosphorylation of specific residues in the
GLP-1R C-terminal tail (Widmann et al., 1997) that
regulates receptor subcellular localization, trafficking,
and signaling. In addition, GLP-1R also undergoes ho-
mologous and heterologous desensitization in vitro,
which correlates with phosphorylation of GLP-1R C-
terminal tail (Widmann et al., 1996a,b, 1997; Baggio et
al., 2004c¢). Xu et al. (2007) suggested that protein levels
of GLP-1R are significantly decreased in 3 cells exposed
to high blood glucose concentrations in vivo and in vitro,
and insulin response to GLP-1 is reduced in this system.
But research in our laboratory (Zhou et al., 2007) did not
find this to be the case in human islets. Even after
long-term GLP-1R agonist administration, such as with
exenatide treatment, there does not seem to be any
attenuation of GLP-1R-dependent effects on glucose ho-
meostasis in vivo (Klonoff et al., 2008), and an elevated
steady state of plasma GLP-1 for 6 to 12 weeks in clinical
trials has resulted in effective reduction in blood glucose
levels without any loss of potency (Zander et al., 2002;
Meneilly et al., 2003). Therefore, no physiological signif-
icance for either the homologous or heterologous in vitro
desensitization has been established in vivo. In T2DM,
the insulinotropic properties of GLP-1 seem to be largely
intact (Nauck et al., 1993a). In addition, in support of
fully functional GLP-1Rs in T2DM, an acute infusion of
exenatide perfectly restores first-phase insulin secretion
in response to i.v. glucose in subjects with T2DM (Fehse
et al., 2005).

In addition to stimulating insulin secretion, GLP-1 also
promotes insulin biosynthesis as well as B-cell prolifera-
tion and survival, thereby augmenting supplies of insulin
for secretion. It should be noted that GLP-1, and not GIP,
also suppresses glucagon secretion in a glucose-dependent
manner, contributing to the glucose-lowering effect of
GLP-1. Deceleration of gastric emptying by GLP-1, but not
GIP (Meier et al., 2004), also adds to the glucose-lowering
effect of incretins after meal ingestion in humans. In ad-
dition, GLP-1 may enhance peripheral glucose disposal
and insulin sensitivity (Todd and Bloom, 2007).

GLP-1 and GIP in B-cell lines have additive effects on
insulin secretion but only at concentration that have
submaximal insulinotropic effects (Montrose-Rafizadeh
et al., 1994). Therefore, the final pathway to insulin
secretion is most likely a common one. But under usual
postprandial physiological conditions, they are most
likely each acting at submaximal concentrations. GLP-1
is at least 2 orders of magnitude more potent than GIP
as an insulinotropic agent. There is some evidence that
GLP-1 can recruit cells into a secretory mode in response
to glucose (i.e., make the cells glucose-competent),
whereas there is no such evidence for GIP (Holz et al.,
1993; Montrose-Rafizadeh et al., 1994). It is conceivable,
however, GLP-1 might prime the cells for GIP actions,

although this was found not to be the case in elderly
patients with T2DM (Meneilly and Elahi, 2006).

VI. The Pleiotropic Effect of Incretin in Pancreas

A. The Pleiotropic Effects of Glucose-Dependent
Insulinotropic Peptide in Pancreas

1. Effects on B Cells. GIP binding to its specific re-
ceptor on pancreatic 3 cells facilitates the secretion of
insulin in the presence of PPG concentration via activa-
tion of proximal signal transduction pathways, and the
ability of GIP to promote glucose-stimulated insulin se-
cretion in pancreatic 8 cells is attributed to GIPR acti-
vation leading to membrane depolarization and in-
creases in the intracellular Ca®?* concentration as well
as direct effects on insulin exocytosis (Fig. 5). Ligand
binding to GIPR activates several mechanisms, includ-
ing stimulation of the adenylyl cyclase/cAMP/PKA), in-
hibition of K rp channels, increases in intracellular
Ca?*, activation of phospholipase A2 (PLA2) (Ehses et
al., 2001), specific protein kinase signaling pathways,
including PKB (Trimper et al., 2001), mitogen-activated
protein kinases (Ehses et al., 2002), and stimulation of
exocytosis (Ding and Gromada, 1997). The rise in cAMP
significantly up-regulates activity of PKA, which leads
to a cascade in which phosphorylation of regulatory pro-
teins, including GLUT2 (a low K., glucose transporter),
SUR1 (subunits of the pancreatic B-cell K rp channel),
a-SNAP (a vesicle-associated protein), and other ion
channels (Ca2?" channels, for example), induces mem-
brane depolarization and subsequent exocytosis of insu-
lin, as well as phosphorylation of critical transcription
factors, which results in significant up-regulation of in-
sulin gene promoter activity (Doyle and Egan, 2003). A
PKA-independent mechanism is also involved in GIP-
mediated insulin secretion. The cAMP-binding protein
cAMP-GEFII (Epac2) mediates cAMP-dependent, PKA-
independent insulin secretion, and this effect of Epac2
on insulin secretion is mediated by Rim2 and depends on
intracellular Ca2" as well as on cAMP (Kashima et al.,
2001). GIP stimulation of insulin secretion from pancre-
atic B cells is also mediated by PLA2 (Ehses et al., 2001).
Metabolism of glucose has been shown to induce hydro-
lysis of membrane phospholipids, leading to the accumu-
lation of arachidonic acid (AA), which amplifies insulin
secretion (Turk et al., 1987; Turk et al., 1993). GIP
stimulates AA release from clonal B8 cells (BTC-3), and
coupling of GIPR to AA production in 3 cells is mediated
by cAMP and a Ca®*-independent PLA2 (Ehses et al.,
2001). Incretin- and glucose-stimulated insulin secretion
is also mediated via opening of voltage-dependent Ca®*
channels as well as activation of several species of K"
channels, including K rp channels, Ca®*-activated K*
(Kga) channels, and voltage-gated K* (Ky,) channels (for
review, see Doyle and Egan, 2003). Although all K*
channels are present in pancreatic 3 cells, most of the
studies have concentrated on studying K,rp and Kqy
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Fic. 5. A schematic representation of the main molecular events during incretin-induced insulin secretion from a p-cell. The binding of incretin
ligands or agonists to the incretin receptors results in production of cAMP via adenylyl cyclase (AC) activation and subsequent activation of PKA and
the Epac family of cAMP-regulated guanine nucleotide exchange factors (cAMP-GEFSs), which leads to elevation of intracellular Ca®* levels via a
depolarization of plasma membrane by inhibition of K, p and Ky, channels after ATP generation from glucose and consequent opening of voltage-gated
L-type Ca®" channels. Intracellular Ca®" levels are further increased via stimulation of IP,R and RyR on the ER. Long-term GLP-1 treatment also
stimulates the expression of GLUT2 transporter and glucokinase (the B-cell glucose sensor), which lead to increased mitochondrial ATP synthesis. In
addition, L-type Ca®* channels are phosphorylated by PKA, resulting in an increase of their open probability and thus facilitation of enhanced Ca®*
influx. The changes in intracellular Ca®* concentrations lead to fusion of insulin-containing vesicles to the plasma membrane and subsequent rapid
exocytosis of insulin from S cells. In addition, the exocytosis of insulin-containing vesicles is directly regulated by PKA and Epac2 via interaction with

the regulators of exocytosis and ATP.

channels, and less is known about the mechanisms in-
volved in insulin modulation by Ky, channels. However,
one study identified a potential role for GIP in the reg-
ulation of Ky , endocytosis and GIP-induced down-reg-
ulation of Ky, , via PKA-dependent phosphorylation and
endocytosis of the channel protein, resulting in the mod-
ulation of insulin secretion (Kim et al., 2005b).

In addition to potentiating the release of insulin from
B cells, GIP replenishes insulin in B cells by increasing
insulin gene transcription and biosynthesis, and en-
hances the glucose-sensing system by increasing the
expression of components of B-cell glucose sensors.
Acute treatment of GIP synergizes with glucose, causing
more insulin to be released from g cells both in vivo and
in vitro, and the amount of insulin released from g cells
is proportional to the rate of glucose metabolism (New-
gard, 1994), which is determined by the plasma mem-
brane glucose transporters, the enzymes responsible for
glucose metabolism and their activity (Matschinsky et
al., 1993). In the RIN 1046-38 rat insulinoma cell line,
extended exposure to GIP up-regulates the expression of
both GLUT1-mediated glucose uptake and hexokinases

catalyzing the initial phosphorylation of glucose, allow-
ing glycolysis to proceed (Wang et al., 1996). In addition,
GIPR(—/—) mice exhibit decreased insulin gene tran-
scription and protein biosynthesis (Pamir et al., 2003),
confirming the role of GIP in insulin biosynthesis. To-
gether, these results suggest that GIP confers long-term
beneficial effects on insulin secretion and cellular health
by replenishing insulin stores.

Some evidence indicates that GIP acts synergistically
with glucose as a growth- and antiapoptotic factor for 8
cells, providing another mechanism by which GIP pro-
motes long-term accommodation of B-cell function to
changing nutritional status. GIP potentiates glucose-
induced B-cell proliferation and protects 8 cells from cell
death induced by various stimuli, including exposure to
wortmannin, STZ, glucolipotoxicity, or serum or glucose
deprivation (Ehses et al., 2003; Kim et al., 2005¢). More-
over, overexpression of a dominant-negative human
GIPR in murine B cells results in diminished islet size
(Herbach et al., 2005), and GIP reduces glucolipotoxic-
ity-induced cell death in islets from wild-type but not
GIPR(—/—) mice (Kim et al., 2005¢). Recent studies have
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begun to unravel the molecular signaling pathways that
mediate the proliferative and antiapoptotic actions of
GIP in the B-cell, and it is clear that growth and anti-
apoptotic pathways rely on similar pathways, including
activation of cAMP/PKA, PKA/CREB, MAPK, and PI-
3K-dependent activation of PKB (Triimper et al., 2001,
2002; Ehses et al., 2002, 2003; Kim et al., 2005¢) (Fig. 6).
These signaling modules are dependent on glucose me-
tabolism and Ca®?" influx, and cAMP-PKA-Rabl-extra-
cellular signal-regulated kinase 1/2 pathway may also
be one way in which GIP regulates B-cell proliferation
(Ehses et al., 2002). In particular, GIP phosphorylates
several transcription factors such as FoxO1 and p70°°~,
crucial regulators of translation known to be involved in
glucose-induced B-cell mitogenesis, suggesting possible
mediators of GIP-mediated B-cell growth (Ehses et al.,
2002). FoxO1 has been shown to play a critical role in
GIP-mediated B-cell survival and apoptosis. GIP im-
proved cell survival in INS-1 (clone 832/13) cells and
murine islets via GIP-induced phosphorylation of
FoxO1, resulting in inactivation of the pro-apoptotic bax
gene (Kim et al., 2005¢). In addition, a 2-week infusion of
GIP into diabetic (ZDF) rats was shown to significantly
reduce B-cell apoptosis because of down-regulation of the
bax gene and up-regulation of the antiapoptotic bcl-2
gene: these effects were mediated by activation of PI-3K/
PKB, and subsequent phosphorylation and nuclear ex-

clusion of FoxO1l (Kim et al., 2005¢). The protective
effects of GIP on B-cell apoptosis in the diabetic state are
very intriguing to us. It is clear from many studies that
GIP is not insulinotropic in T2DM and that in animal
models, such as the ZDF rat discussed above (section
V.A), GIP does not stimulate insulin secretion, and its
receptor is severely down-regulated (94% reduction com-
pared with lean nondiabetic rats) (Piteau et al., 2007).
So, if the GIP receptor is so severely down-regulated in
the ZDF rats, how did 2 weeks of GIP infusion have its
antiapoptotic effects? Unlike the more recent work, in
which the authors found that reduction in hyperglyemia
by phlorizin treatment reversed GIPR down-regulation
(Piteau et al., 2007), Kim et al. (2005¢) did not first lower
hyperglycemia before giving exogenous GIP. Is there a
case to be made that the antiapoptotic effect, in vivo, is
not through the known GIPR on  cells? Could this mean
that by not developing GIPR agonists to treat T2DM, we
are missing the other potential effect of GIPR stimula-
tion? Is there a case to be made that GLP-1R and GIPR
stimulation, together, might be beneficial in T2DM? In
B-cell lines at least, a direct antiapoptotic effect of GIP
seems to hold up, because another study from the same
research group corroborated that GIP has antiapoptotic
properties and that the antiapoptotic effect of GIP is, at
the very least, partially due to GIP-stimulated increases
in bcl-2 gene expression (Kim et al.,, 2008b). In that

GLP-1 or Exenatide (or GIP)

GLP-1R (or GIPR)' ) f a0 aic
ADAM 1A U _. ‘ ‘ Y
VY T CAMP
/ /c-Src ®
S / ................. ATP PﬁA \Epac Insulin
© BTC ra exocytosis
EGFRN} & CHOF"_}TM \ l Anti-apoptosis
| i Grb2 —P|-3K Gadd34 Ca2+
nsulin or ab1 \ L a
I(iF—1 1 pelF2a—>elF2a
# PKD PKCC ppx-1 MAPK Calcineurin/
Caspase NFAT
:2;2 - RS-2 activation = PKB /

NF-«kB «PKB
FoxO1P  IAP/Bcl-2
S~ FoxO1-P «——FoxO1
1 Y

FovaE'

=¥ CREB — IB1—1c-Jun

| Bcl-2
Bcl-XL

Proliferation
Differentiation

PDX-1 i Insulin production
B-cell specific genes IRS-2

— Cyclin D1<— B-catenin
PKA [TCF

Proliferation and

NFAT Insulin production
B-cell regulatory genes

Fic. 6. Schema outlining the incretin downstream signal transduction pathways in a 8 cell. GLP-1R activation (and GIPR activation, to some

extent, but this has not been as well studied as GLP-1R activation) recruits signaling mechanisms that considerably overlap, leading to promotion of

B-cell proliferation and prevention of B-cell apoptosis. Dashed line indicates mechanism that is not fully delineated.
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study, stimulation of INS-1 (clone 832/13) cells with GIP
resulted in enhanced expression of bcl-2, and this was
mediated by a pathway involving AMP-activated protein
kinase, cAMP-responsive CREB activator 2, and CREB.
GIP treatment also reduces caspase 3 activation via
cAMP and MAPK regulation (Ehses et al., 2003; Kim et
al., 2008b), and there is a possibility that GIP improves
B-cell survival by reducing ER stress (Yusta et al., 2006).

2. Effects on Glucagon Secretion. Several studies
have suggested that GIPR seems to be also present in
pancreatic « cells (Moens et al., 1996) and compatible
with this observation, exposure of « cells to GIP in-
creases cAMP content to levels that are required for
nutrient-induced glucagon secretion (Pipeleers et al.,
1985; Moens et al., 1996), and GIP stimulates CaZ*-
induced exocytosis in isolated rat « cells by a PKA-
mediated mechanism (Ding and Gromada, 1997). How-
ever, several lines of evidence indicate that GIP
stimulates glucagon secretion in human and animal
models but only under certain circumstances. For exam-
ple, a glucagonostatic GIP effect has been observed in
patients with liver cirrhosis and basal hyperglucagone-
mia (Dupre et al.,, 1991) and in human and animal
models during euglycemic conditions (Pederson and
Brown, 1978; Meier et al., 2003b), but in healthy persons
under hyperglycemic conditions or in T2DM, no GIP
effects on glucagon secretion were reported (Nauck et
al., 1993a; Meier et al., 2001; Vilsbgll et al., 2003b). Most
experiments in the literature were carried out under
hyperglycemic conditions to increase GIP-mediated in-
sulin secretion, suggesting that an absence of GIP effect
on glucagon secretion in those studies may be due to
increased glucose concentrations and insulin-mediated
counteraction of effects to stimulate glucagon secretion.

B. Pleiotropic Effects of Glucagon-Like Peptide-1 in
Pancreas

1. Effects on B Cells. GLP-1 is one of the most potent
substances known to stimulate glucose-dependent insu-
lin secretion from islet B cells and, like GIP, its stimu-
latory activity is exerted via binding to its receptor on 3
cells. This binding results in activation of adenylyl cy-
clase with consequent production of cAMP and subse-
quent activation of PKA and the Epac family, which led
to inhibition of K,rp channels, elevation of intracellular
Ca?" levels, increases in mitochondrial ATP synthesis,
and enhanced exocytosis of insulin from insulin-secre-
tory vesicles (Fig. 5).

PKA, a key component in the regulation of insulin
secretion by cAMP, mediates many of the phosphoryla-
tion reactions required for insulin secretion including
K,rp channels, the L-type Ca®* channels on the ER and
GLUTZ2 glucose transporters. GLP-1-mediated activa-
tion of PKA results in phosphorylation of S1448 on the
SUR1 K,pp channel subunit via an ADP-dependent
mechanism, facilitating its closure (Light et al., 2002).
This is followed by membrane depolarization and trig-

gering of the insulin secretory pathway. Treatment with
the PKA inhibitor 8-bromoadenosine-3’,5'-cyclic mono-
phosphorothioate, Rp-isomer (Gromada et al., 1998) or
H89 (Light et al., 2002) abolishes GLP-1-induced inhi-
bition of the K,rp channels and SUR1(—/-) islets lack
an insulin secretory response but exhibit a normal rise
in cAMP to GLP-1 and GIP, implicating cAMP-depen-
dent PKA-independent signal transduction pathway by
which incretins exert their effects (Nakazaki et al., 2002;
Shiota et al., 2002). It is now evident that the action of
cAMP produced by GLP-1 signaling is mediated not just
by PKA, but also by Epac2 (de Rooij et al., 1998; Ka-
wasaki et al., 1998), and Epac2 also inhibits the function
of Kyrp channels in rodent and human g cells via inter-
action with SUR1 (Shibasaki et al., 2004; Kang et al.,
2006a). A recent study has also demonstrated that the
scaffold protein B-arrestin-1 facilitates GLP-1-stimu-
lated cAMP production via interaction with GLP-1Rs
(Sonoda et al., 2008).

GLP-1 signaling also antagonizes voltage-dependent
K" (K,) channels via cAMP/PKA-dependent pathway in
B cells, which prevents B-cell repolarization by reducing
Ky currents (MacDonald et al., 2002, 2003). However, K,
currents are not antagonized by treatment with cAMP
analog or the constitutively active PKA catalytic sub-
unit, and the Epac-selective activator 8-pT-2'-O-Me-
cAMP, implying a role for additional signaling pathways
required for antagonism of the K, current (MacDonald
et al., 2003). This study has identified a role of PI-3K
with subsequent activation of PKC{ in the antagonism of
the K, current by GLP-1 and that this occurs via epider-
mal growth factor receptor (EGFR) transactivation, not
via the G protein-regulated isoform p110y (MacDonald
et al., 2003).

L-type Ca?"* channels are also phosphorylated by PKA,
leading to increase of their open probability and enhance-
ment of Ca®" influx (Lester et al., 1997; Fraser et al., 1998;
Hulme et al.,, 2003). As well as effects on Ca®" influx,
activation of GLP-1R increases intracellular Ca?* through
two intracellular Ca®*-releasing receptors in the endoplas-
mic reticulum (ER): the inositol 1,4,5 triphosphate recep-
tors (IP;R) activated by PKA and the ryanodine receptors
(RyR) activated by Epac2 (Kang et al., 2003; Tsuboi et al.,
2003; Doyle and Egan, 2007). Phosphorylation of IP;R by
PKA alters Ca®" release properties of IP;Rs (Bugrim,
1999), contributing to increasing intracellular Ca®* con-
centrations. Pretreatment of 3 cells with ryanodine, and
not with Xestospongin C, an IP;R inhibitor (Kang et al.,
2001), blocked Ca®" release from ER in response to 8-pT-
2'-0-Me-cAMP (Kang et al., 2003), suggesting that Epac2
increases the release of Ca®" from ER into cytosol through
RyR. A recent study has indicated that GLP-1 elevates
intracellular Ca®* concentration via stimulation of the nic-
otinic acid adenine dinucleotide phosphate and cyclic ADP-
ribose production (Kim et al., 2008a), catalyzed by cyclic
ADP-ribose cyclases, that stimulates glucose-induced Ca®*
mobilization followed by insulin secretion (Kato et al.,
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1995, 1999). GLP-1-induced increase in intracellular CaZ*
concentrations is a key trigger for fusion of insulin-contain-
ing vesicles to the plasma membrane, and exocytosis of
insulin from B cells rapidly follows.

Direct effects of GLP-1 signaling on insulin-laden ves-
icles have also been described. PKA and Epac2 directly
regulate exocytosis of insulin-containing vesicles via in-
teraction with the regulators of exocytosis. Lester et al.
(2001) proposed a mechanism by which changes in insu-
lin secretion are associated with phosphorylation of the
vesicle-associated protein synapsin-1, a protein that is
also a key regulator of neuronal exocytosis, by PKA
followed by dephosphorylation by calcineurin (Lester et
al., 2001). PKA may also regulate the vesicle priming
through the phosphorylation of RIM proteins (Lonart et
al., 2003). It is known that RIM proteins bind Rab3a,
which serves to tether the vesicle to the plasma mem-
brane (Wang et al., 1997b) and also bind Munc13-1 to
create a link between synaptic vesicle tethering and
priming (Betz et al.,, 2001). RIM proteins also bind
Epac2, and this binding participates in the regulation of
docking and fusion of insulin-containing vesicles to the
plasma membrane (Ozaki et al., 2000). Islet B cells iso-
lated from haplodeficient Munc13-1(+/—) mice exhibit
impaired first- and second-phase insulin secretion mim-
icking T2DM, with defects in priming and refilling of a
releasable pool of insulin-containing vesicles (Kang et
al., 2006b; Kwan et al., 2006). GLP-1 stimulation nor-
malizes the defects caused by Muncl13-1 deficiency via
cAMP-dependent activation of PKA and Epac, and the
rescue requires RIM2-Muncl3-1 interaction (Kwan et
al., 2007). In addition, Epac2 interacts with Picollo, a
RIM2-interacting protein on insulin-containing vesicles,
and it forms both homodimers and heterodimers with
RIM2 in a Ca®'-dependent manner (Fujimoto et al.,
2002). In that study, treatment of pancreatic islets with
antisense oligodeoxynucleotides against Piccolo inhib-
ited 8-pT-2'-O-Me-cAMP- and glucose-induced insulin
secretion. GLP-1 has been shown to counteract abnor-
malities, including decreased insulin secretion and in-
creased glucagon secretion, caused by excessive islet NO
generation in a rat model of T2DM through a cAMP/
PKA-dependent mechanism (Salehi et al., 2008) and to
augment islet adaptation to high fat diet-induced insulin
resistance (Winzell and Ahrén, 2008).

Glucose, entering via GLUT2 transporters, is rapidly
phosphorylated to glucose 6-phosphate by glucokinase
and is subsequently metabolized in mitochondria, lead-
ing to ATP formation, changes in the ATP/ADP ratio,
and closure of the K,rp channels, as described above.
ATP has other roles in B cells; it seems to be a major
factor in movement of insulin-containing vesicles toward
the plasma membrane and in priming of exocytosis (Eli-
asson et al., 1997). Because GLP-1 also stimulates the
expression of GLUT2 transporters and glucokinase,
which determine the rate of glycolysis, it helps to confer
glucose sensitivity to B cells and thereby increase the

efficacy (maximal effect) and potency (threshold concen-
tration) of glucose as a stimulus for insulin secretion
(Holz et al., 1993; Holz and Chepurny, 2005).

GLP-1 replenishes B-cell insulin stores and prevents
exhaustion of B-cell reserves via increased insulin
mRNA stability, gene transcription, and biosynthesis. It
stabilizes mRNA encoding insulin via stimulation of cy-
toplasmic translocation of polypyrimidine tract binding
protein by cAMP/PKA-dependent phosphorylation, in
which polypyrimidine tract binding protein binds to the
3’-untranslated region of insulin mRNA, thereby stabi-
lizing and up-regulating its expression (Tillmar et al.,
2002; Knoch et al., 2004, 2006). GLP-1 also increases
insulin gene transcription and biosynthesis via activa-
tion of PKA-dependent and -independent signaling path-
ways (Fig. 6). Ca®"/calcineurin/nuclear factor of acti-
vated T cells (NFAT) is a mediator of these pathways on
insulin gene transcription as well as B-cell growth and
function (Lawrence et al., 2002; Heit et al., 2006). Intra-
cellular Ca®" elevations activate calcineurin, leading to
dephosphorylation and subsequent nuclear localization
of NFATc proteins. Through direct binding to cis-regu-
latory sequences in target genes in cooperation with
partner transcription factors (NFATn), NFATc proteins
activate transcription of genes involved in insulin pro-
duction and B-cell growth. PDX-1, the most extensively
studied insulin transcription factor and, as described
above, necessary for development of the pancreas and K
cells, is a key effector for the GLP-1R signaling pathway
on insulin gene transcription and biosynthesis, as well
as differentiation, proliferation, and survival of the
B-cell (Fig. 6). GLP-1 has been shown, both in vitro and
in vivo, to be involved in regulation of PDX-1 by increas-
ing its total protein levels, and its translocation to the
nucleus, followed by its binding to and resultant in-
crease in activity of the insulin gene promoter in 8 cells
(Buteau et al., 1999; Wang et al., 1999, 2001; Stoffers et
al., 2000). PDX-1 directly binds to the A-box element and
the GG2 element of the rat and human insulin promot-
ers, which is apparently critical for the activation of the
insulin gene (Ohlsson et al., 1993; Le Lay and Stein,
2006). The regulation of PDX-1 by GLP-1 mainly occurs
via cAMP/PKA-dependent signaling pathway (Wang et
al., 2001). In addition to PKA-dependent pathway influ-
encing PDX-1, GLP-1-induced expression and nuclear
localization of PDX-1 involves the phosphorylation of
FoxO1 via transactivation of the EGFR and PI-3K/PKB
pathway, resulting in deactivation and nuclear exclu-
sion of FoxO1l and consequent disinhibition of Foxa2-
dependent pdx-1 gene promoter activity (Kitamura et
al., 2002; Buteau et al., 2006). In addition, FoxO1 and
PDX-1 mutually exclude each other from the nucleus of
the B-cell (Kitamura et al., 2002). The GLP-1R signaling
pathway also mediates insulin gene transcription via
basic region-leucine zipper transcription factors that are
related structurally but are not identical to the tran-
scription factor CREB, and these directly bind to CRE
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sites on the insulin gene promoter; this effect is inde-
pendent of G,a, cAMP/PKA, and PKC and may be me-
diated by the 90-kDa ribosomal S6 kinase and mitogen-
and stress-activated protein kinase family of CREB
kinases (Skoglund et al., 2000; Chepurny et al., 2002). In
addition, treatment with p38 MAPK inhibitor leads to
an increase in insulin transcription in the presence of
either GLP-1 or Ex-4 and this effect is mediated via the
CRE site (Kemp and Habener, 2001).

Studies in rodents and humans have continued to
illustrate that GLP-1R signaling plays a central role in
the homeostasis of pancreatic B-cell mass as well as
function through stimulation of B-cell proliferation and
neogenesis, and inhibition of B-cell apoptosis. Long-term
treatment of both normal and diabetic rodents with
GLP-1R agonists stimulates B-cell proliferation and neo-
genesis, and slows the rate of B-cell apoptosis, leading to
an expansion of B-cell mass. Furthermore, a transient
treatment of GLP-1 or Ex-4 in STZ-treated newborn
Wistar rats results in improved B-cell mass (Tourrel et
al., 2001) and a transient treatment of Ex-4 in the in-
trauterine growth retarded rat also leads to an increase
in B-cell number and prevents the development of dia-
betes (Stoffers et al., 2003). GLP-1 induced proliferation
in B cells of old glucose-intolerant rats, and it also im-
proved their glucose tolerance (Perfetti et al., 2000). It
has become clear that GLP-1 acts by means of G,a and
PI-3K/PKB to stimulate -cell proliferation and survival
(Fig. 6). A B-cell-specific G, deficiency in mice results in
insulin-deficient diabetes characterized by reduced in-
sulin secretion and B-cell mass with the primary defect
being in decreased B-cell proliferative capacity (Xie et
al., 2007b). GLP-1 activation of PI-3K/PKB facilitates
acute nuclear translocation of existing PDX-1 and the
expression of further PDX-1 via stimulation of FoxO1
phosphorylation and GLP-1 exerts at least some of its
stimulatory effects on B-cell proliferation and differenti-
ation through PDX-1. Indeed, mice with a B-cell-specific
inactivation of PDX-1 do not display a proliferative re-
sponse to Ex-4 treatment (Li et al., 2005). GLP-1 acti-
vation of PI-3K is mediated by transactivation of EGFRs
via GLP-1R-mediated activation of c-Src that in turn
activates a membrane-bound metalloproteinase, with
concomitant release of the soluble ligand betacellulin,
which is a ligand of EGFRs (Buteau et al., 2003). This is
also followed by activation and translocation to the nu-
cleus of PKC{, resulting in enhancement of the stimula-
tory effect of GLP-1 on B-cell proliferation (Buteau et al.,
2001). GLP-1 also exerts its stimulatory effects on B-cell
proliferation through CREB-mediated insulin receptor
substrate-2 (Irs2) gene expression, leading to activation
of PI-3K/PKB (Jhala et al., 2003). Indeed, Ex-4 did not
rescue Irs2(—/—) mice from a failure of B-cell prolifera-
tion (Park et al., 2006). As discussed above, the action of
GLP-1 to promote B-cell proliferation and function is
also likely to be mediated through Ca®*/calcineurin/
NFAT signaling pathways. Mice with a B-cell-specific

deletion of the calcineurin phosphatase regulatory sub-
unit, calcineurin bl (Cnb1l), exhibit age-dependent dia-
betes with reduced B-cell proliferation and mass, de-
creased pancreatic insulin content and hypoinsulinemia,
and expression of active NFAT_; in these mice rescues
these defects through promoting the expression of essen-
tial B-cell factors that regulate proliferation and insulin
production such as PDX-1, cyclin D1 and D2, c-Myc and
cyclin-dependent kinase 4 (Heit et al., 2006). In agree-
ment with this result, GLP-1R activation has been
shown to up-regulate the expression of cyclin D1
(Friedrichsen et al., 2006; Kim et al., 2006), and this
effect is likely to be mediated by PKA-dependent activa-
tion of CREB (Kim et al., 2006). GLP-1-mediated expres-
sion of cyclin D1 was also observed in human islets from
patients with type 2 diabetes (Lupi et al., 2008). Another
study shows that GLP-1R signaling via cAMP/PKA ac-
tivates B-catenin/T-cell factor-like 2 (TCF7L2)-depen-
dent Wnt signaling in isolated mouse islets and INS-1 3
cells and that Wnt signaling is involved in B-cell prolif-
eration through up-regulation of cyclin D1 (Liu and Ha-
bener, 2008). In addition, TCF7L2 seems to regulate
insulin gene expression and glucose- and incretin-medi-
ated insulin secretion in mature B cells (Loder et al.,
2008). This is very interesting from a clinical stand-
point because genetic studies have linked the risk for
T2DM to TCF7L2 polymorphisms (Lyssenko et al.,
2007).

GLP-1R activation reduces $-cell apoptosis in purified
rodent and human islets, and B-cell lines after exposure
to several proapoptotic agents, and this activation also
promotes preservation and expansion of B-cell mass in
type 1 and 2 diabetic rodent models through protecting 8
cells against the deleterious effects of the diabetic milieu
(i.e., increased cytokine toxicity, glucose toxicity, and
lipotoxicity). Ex-4 treatment of Lep®/Lep®® mice (these
mice have defective leptin receptors and, as a result,
become obese and develop diabetes accompanied by
B-cell failure and apoptosis) decreases activation of
caspase-3 and prevents B-cell apoptosis through PKB
and MAPK (Wang and Brubaker, 2002) and infusion
with GLP-1 drastically reduced the number of apoptotic
B cells in islets of Zucker diabetic rats (Farilla et al.,
2002). After STZ administration, GLP-1R(—/—) mice ex-
hibit increased B-cell apoptosis relative to the wild-type
STZ-treated and control mice; conversely, STZ-induced
apoptosis was significantly reduced by coadministration
of Ex-4 (Li et al., 2003). Ex-4 also reduces biochemical
markers of islet ER stress in vivo and ER stress-associ-
ated B-cell death in a PKA-dependent manner (Yusta et
al., 2006; Tsunekawa et al., 2007). In addition to these
studies, GLP-1 was shown to inhibit apoptosis in 8 cells
exposed to many cytotoxic agents, including reactive
oxygen species, glucose, free fatty acid, palmitate, cyto-
kines, tumor necrosis factor a« (TNF-«), immunosuppres-
sive reagents, and dexamethasone (for review, see Doyle
and Egan, 2007). Similar to GLP-1-induced B-cell prolif-
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eration, antiapoptotic effects of GLP-1 in B cells are
mediated by promotion of FoxO1 nuclear exclusion and
consequent up-regulation of PDX-1 and Foxa2 expres-
sion via EGFR- and PI-3K-dependent activation of PKB
and cAMP/PKA-dependent activation of CREB, leading
to up-regulation of Irs2 protein expression and activa-
tion of PKB (Fig. 6). Moreover, cAMP/PKA-dependent
activation of CREB can mediate antiapoptotic effects of
GLP-1 in B cells through up-regulation of Bcl-2 and
Bcl-xL expression (Farilla et al., 2003; Hui et al., 2003;
Ranta et al., 2006). This protective effect of GLP-1 on
B-cell glucolipotoxicity is also mediated by PKB activa-
tion and possibly its downstream target nuclear fac-
tor-kB (Buteau et al., 2004). In that study, GLP-1 en-
hanced nuclear factor-kB DNA binding activity via
activation of PKB and stimulated the expression of in-
hibitor of apoptosis protein-2 and Bcl-2. In addition,
recent studies suggest that GLP-1R agonists protect 8
cells from pro-inflammatory cytokine-induced apoptosis
by inhibiting the c-Jun NH,-terminal kinase pathway
via up-regulation of islet-brain 1, a potent blocker of the
c-Jun NH,-terminal kinase pathway (Ferdaoussi et al.,
2008), and activating the extracellular signal-regulated
kinase 1/2-dependent pathway (Blandino-Rosano et al.,
2008). In addition, combined treatment with GLP-1R
agonists and insulin analogs results in additive activity
to enhanced to protect against cytokine- and fatty acid-
induced apoptosis in INS-1 cells (Tews et al., 2008).

Klinger et al. (2008) shed light on cellular mecha-
nisms that limit the proliferative effect of GLP-1 in
cells. If GLP-1R agonists were to be used continuously to
treat T2DM, then uncontrolled B-cell proliferation would
become an issue unless there were brakes on the system.
As it happens, GLP-1 provides its own brakes because it
leads to the rapid and strong expression of four negative
regulators of intracellular signaling, which included reg-
ulator of G protein signaling 2, dual-specificity phospha-
tase 14 (DUSP14), also called mitogen-activated protein
kinase phosphatase, a negative feedback regulator of the
mitogen-activated protein kinase signaling cascade, and
inducible cAMP early repressor, cAMP responsive ele-
ment modulator «, and knockdown of cAMP responsive
element modulator @ or DUSP14 or expression of a dom-
inant-negative form of DUSP14 increased the prolifera-
tion of B-cell lines in an additive manner and of GLP-1-
treated primary B cells, suggesting that B cells have
evolved very tight, supremely elegant mechanisms for
limiting their own growth (after all, insulin is a death
molecule; too much circulating insulin leads to death
from neuroglycopenia), and that preventing the expres-
sion of these negative regulators may lead to a more
exuberant effect of GLP-1 on B-cell mass (Klinger et al.,
2008).

2. Effects on Glucagon Secretion. GLP-1 infusions
and exenatide treatment cause reductions in plasma
levels of glucagon in both healthy subjects as well as
subjects with type 1 and type 2 diabetes (Gutniak et al.,

1992). This effect of GLP-1 contributes to lowering
plasma glucose levels as a result of reduction in hepatic
glucose output. Indeed, exogenous GLP-1 in patients
with type 1 diabetes led to reductions even in fasting
hyperglycemia via its glucagonostatic action (Creutzfeldt
et al., 1996). Similar to the GLP-1 effects on insulin
secretion, this glucagonostatic action of GLP-1 depends
on glucose levels (Nauck et al., 2002). Its inhibitory
effect on glucagon secretion is lost below normal fasting
glucose levels, thereby reducing the risk for developing
hypoglycemia.

Unlike GIPRs, which have been shown to be present
on «a cells (Moens et al.,, 1996), there is controversy
concerning the presence of GLP-1Rs on «a cells, as dis-
cussed in section IV.B. Several older studies demon-
strated the presence of GLP-1Rs on at least some « cells
(Orskov and Poulsen, 1991; Thorens, 1992; Heller and
Aponte, 1995; Ding and Gromada, 1997; Heller et al.,
1997), whereas others were unable to detect them (Feh-
mann and Habener, 1991; Bullock et al., 1996; Moens et
al., 1996; Franklin et al., 2005). Tornehave et al. (2008)
were unable to identify GLP-1Rs on « cells of mice and
humans using a sensitive in situ hybridization protocol
for GLP-1R mRNA as well as double and triple fluores-
cence microscopy techniques and reached the conclusion
that GLP-1Rs were present only on S cells. It is note-
worthy that in glucagonoma cells (INR1-G9) transfected
with human GLP-1R, GLP-1 treatment led to glucagon
secretion via increases in intracellular cAMP concentra-
tion (Dillon et al., 2005). Therefore, if GLP-1Rs are en-
dogenously expressed on « cells, one would expect glu-
cagon secretion to result from GLP-1 stimulation, just as
it does with GIP stimulation.

The stimulatory effect of GLP-1 on somatostatin se-
cretion has been shown in both perfused rat pancreas
(Schmid et al., 1990) and isolated islets (Fehmann et al.,
1995), and this effect was thought to be mediated by
direct interaction with GLP-1Rs on pancreatic 6 cells
(Fehmann et al., 1995). Both somatostatin antibodies
and somatostatin receptor 2 antagonists abolished the
GLP-1-induced inhibition of glucagon secretion in the
perfused rat pancreas (Holst, 2007), leading to the con-
clusion that GLP-1 treatment, by inducing somatostatin
secretion, suppresses glucagon secretion. Once again,
however, the recent data from Tornehave et al. (2008)
cast fresh doubt on the direct effect of GLP-1 on soma-
tostatin secretion, because the presence of GLP-1Rs on 8
cells could not be demonstrated (Tornehave et al., 2008).
Therefore, the in vivo suppression of glucagon secretion
by GLP-1 leads us to conclude that it results from para-
crine effects via insulin and/or another B-cell-derived
mediator(s). Against this, the intact suppression of glu-
cagon secretion by GLP-1 seemed to be preserved in
patients with type 1 diabetes (Creutzfeldt et al., 1996),
as noted above, seeming to show the presence of an
B-cell-independent mechanism. But those subjects did
have some residual B-cell function, because C-peptide
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levels increased after GLP-1 treatment, so a $-cell me-
diator still cannot be totally ruled out as a cause of
glucagon suppression. In addition, B-cell-specific inacti-
vation of the pdx-1 gene led to loss of Ex-4-induced
inhibition of glucagon secretion (PDX-1 is not expressed
in « cells, as discussed above, and is not necessary for
their development in the embryo), which also favors the
conclusion that glucagon suppression requires a B-cell
product (Li et al., 2005).

3. Effects on Pancreatic Exocrine and Ductal Cells. Our
study using the AR42J acinar cell line derived from a rat
pancreatic tumor has shown that GLP-1Rs exist on these
cells and that treatment with GLP-1 and Ex-4 causes in-
creases in both intracellular cAMP and Ca®" levels (Zhou
et al.,, 1999a). GLP-1Rs were recently confirmed to be
present in pancreatic ducts in mouse, rat, and human by
the same group that found GLP-1Rs to be present in only
B cells within islets (Tornehave et al., 2008).

Activation of GLP-1R signaling either in ductal or
acinar cell lines or in vivo in rodents has resulted in
differentiation of a fraction of these cells toward an
islet-like phenotype, in association with activation of
PKC and MAPK, and transcription factors necessary for
an endocrine phenotype such as PDX-1, as well as the
glucose-sensing factors glucokinase and GLUT2 (Zhou
et al., 1999b, 2002; Hui et al., 2001). GLP-1R activation
of those cells also affects transforming growth factor-3
signaling pathways, resulting in reduced Smad activity
that is conducive to endocrine phenotypes (Yew et al.,
2004, 2005; Tei et al., 2005). AR42J cells, even without
GLP-1R activation, have the potential to be converted
into endocrine (Mashima et al., 1996) or exocrine cells
(Christophe, 1994) but are negative for islet hormones
and their transcripts under usual culture conditions
(Zhou et al., 1999b). When these cells were exposed to
GLP-1 or Ex-4, approximately 20% of the cells contained
insulin protein and were capable of releasing insulin in
a glucose-mediated fashion (Zhou et al., 1999b). This
GLP-1 effect was also observed in Capan-1 cell line
(Zhou et al., 2002) and rat ARIP and human PANC-1 cell
lines; similar to the AR42J cells, GLUT2 and glucoki-
nase transcripts were induced in these cell lines (Hui et
al., 2001). In particular, the differentiation-promoting
activity of GLP-1 requires the expression of PDX-1, be-
cause PANC-1 cells, which lack endogenous PDX-1, dif-
ferentiate only when transfected with PDX-1, whereas
rat ARIP cells that express PDX-1 are susceptible to
undergoing differentiation into insulin-secreting cells
(Hui et al., 2001). In the Capan-1 cell line, differentia-
tion to insulin-producing cells was also seen when they
were transfected with PDX-1, and PDX-1 antisense to-
tally inhibited such conversion (Zhou et al., 2002). More-
over, both nondiabetic and diabetic Lep®®/Lep® mice
treated with Ex-4 for 2 weeks show enhanced expression
of PDX-1 in the ducts (favoring the presence of GLP-1Rs
in ductal cells, as referenced above) and the exocrine
tissue (Stoffers et al., 2000), which means that GLP-1R

agonists aid in islet neogenesis, because ductal cells
have been thought to be the main source for endocrine
neogenesis (Egan et al., 2003).

VII. Extrapancreatic Effects of Incretins

A. Extrapancreatic Effects of Glucose-Dependent
Insulinotropic Peptide

Several studies have demonstrated that GIPRs are
present in the central nervous system, adipose tissues,
and osteoblasts, but GIP actions, unlike those of GLP-1
on extrapancreatic tissues, have not received much
attention.

1. Central Nervous System. GIPRs have been detected
in many areas of the brain, including the hippocampus and
hippocampal progenitor cells (Usdin et al., 1993; Kaplan
and Vigna, 1994; Nyberg et al., 2005). Although for years it
was assumed that GIP was expressed only in K cells and
salivary glands, GIP mRNA and protein are also expressed
in rat retina and the olfactory system (Cho et al., 2002;
Nyberg et al., 2005). Hippocampus, Purkinje cells, amyg-
dala, substantia nigra, striatum, and several areas of the
thalamus, hypothalamus and brainstem (Nyberg et al.,
2005, 2007; Sondhi et al., 2006) are all positive for GIP
mRNA and/or protein. Exogenous administration of GIP
increased hippocampal progenitor cell proliferation in vivo
and in vitro (Nyberg et al., 2005). Conversely, GIPR(—/—)
mice exhibit significantly reduced numbers of new prolif-
erating cells in the hippocampal dentate gyrus compared
with wild-type mice, implying a role for GIP in neurogen-
esis (Nyberg et al., 2005). Moreover, transgenic mice that
overexpress the GIPR display enhanced exploratory be-
havior in the open-field locomotor activity test and also
increased performance in some of the motor function tests
compared with wild-type mice, suggesting that GIPR plays
a role in the regulation of locomotor activity and explora-
tion (Ding et al., 2006). Thus, GIP and GIPR are indeed
expressed in the CNS and seem to play a role in neural
progenitor cell proliferation and behavior modification
(Nyberg et al., 2005, 2007; Ding et al., 2006). Whether this
is true for humans is unknown.

2. Gastrointestinal Tract. ”Gastric inhibitory polypep-
tide,” as already stated, was originally characterized for its
inhibition of gastric acid secretion (Brown and Dryburgh,
1971; Pederson and Brown, 1972). However, although its
inhibitory effect on gastric acid secretion is seen under
physiologic conditions in dogs (Wolfe et al., 1983), humans
require supraphysiologic plasma concentrations to bring
about gastric acid inhibition (Nauck et al., 1992). Upper
and lower GI motility is inhibited by GIP at supraphysi-
ologic plasma concentrations in healthy human subjects
(Thor et al., 1987), but the rate of gastric emptying is
unaffected by GIP, even at highly supraphysiologic plasma
levels (Meier et al., 2004).

3. Adipose Tissue. GIP seems to have effects on in-
sulin sensitivity of adipocytes as well as being involved
in fat metabolism and the development of obesity. Fat
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intake stimulates GIP secretion in humans, and plasma
GIP concentrations have been shown to be elevated in
obese persons (Falko et al.,, 1975; Creutzfeldt et al.,
1978; Ross and Dupre, 1978; Flatt et al., 1983). Func-
tional GIPRs are present on adipocytes, and their num-
bers increase when preadipocyte 3T3-L1 cells undergo
differentiation to adipocytes (Yip et al., 1998). Thus, GIP
possibly plays a role as an anabolic regulator of fat
metabolism (Yip and Wolfe, 2000). GIP also inhibits
glucagon-stimulated lipolysis and enhances lipoprotein
lipase activity. In isolated adipocytes or adipocyte cell
lines, GIP potentiates the effects of insulin by promoting
glucose and fatty acid uptake and fatty acid storage in
triglycerides. More recent work has confirmed earlier
findings and identified some GIP-stimulated signaling
pathways involved in increasing fat storage in adipo-
cytes (Kim et al., 2007b,c; Song et al., 2007). Kim et al.
(2007b,c) show that GIP increases lipoprotein lipase ac-
tivity and triglyceride accumulation through a pathway
involving increased PKB phosphorylation and decreases
in LKB1 and AMP-activated protein kinase phosphory-
lation in differentiated 3T3-L1, cultured subcutaneous
human adipocytes, and epidermal fat tissue of the VDF
Zucker rat (Kim et al., 2007b) and these effects of GIP
are mediated through the direct regulation of adipokine
resistin release (Kim et al., 2007c). Moreover, GIPR
expression is enhanced during the differentiation pro-
cess of adipocytes, similar to that described in 3T3-L1
cells (Yip et al., 1998), and activation of GIPR up-regu-
lates the expression of aP2, a fat cell marker, and en-
hances adipocyte glucose uptake through PKB activa-
tion and subsequent membrane translocation of GLUT4
(Song et al., 2007).

Of great interest to diabetes and obesity researchers
are data generated using GIPR(—/—) mice suggesting
that GIP is an obesity-promoting factor linking overnu-
trition to obesity (Miyawaki et al., 2002). In normal
mice, high-fat diet leads to increased adipocyte mass and
insulin resistance, whereas GIPR(—/—) mice fed high-fat
diets do not become obese or develop insulin resistance.
The mice seem to have a higher energy expenditure
rather than lower energy intake compared with wild-
type mice. Moreover, double homozygous [GIPR(—/-),
Lep®®/Lep°®] mice, as stated earlier, have a lower adipo-
cyte mass and do not become obese (Miyawaki et al.,
2002). Consistent with these results, daily administra-
tion of the GIPR antagonist (Pro®) GIP to Lep°®/Lep®®
mice improves glucose tolerance, prevents onset of insu-
lin resistance, and prevents abnormalities of islet struc-
ture and function, suggesting that antagonizing GIP’s
actions might serve as an effective means of controlling
body weight (Gault et al., 2005). In addition, normal
mice given a high-fat diet for 160 days and then given
(Pro®) GIP for an additional 50 days while being main-
tained on the high-fat diet demonstrate amelioration of
their insulin resistance accompanied by a drop in liver
and muscle levels of triglycerides, a drop in circulating

levels of triglycerides, and a significant drop in their
body weight, without a decrease in food intake (McClean
et al., 2007).

Some of these effects resulting from absence of GIPR
in adipose tissue are similar to what occurs with perox-
isome proliferator-activated receptor vy activation by
thiazolidinediones (TZDs). TZDs cause a decrease in
visceral fat, increased insulin sensitivity, increased tri-
glyceride storage in the subcutaneous space, and de-
creased plasma triglyceride levels (Rizos et al., 2008).
TZDs, however, lead to weight gain, most likely because
of increased subcutaneous fat and fluid retention. But it
is interesting to speculate that GIPR signaling influ-
ences the actions of adipose peroxisome proliferator-
activated receptors, and this area of interaction might be
interesting to study.

On assimilation all of the in vitro and in vivo work,
and to understand how GIPR blockage might lead to
increased energy expenditure, one can hypothesize that
when GIPRs are blocked in adipocytes, uptake and feed-
forward oxidation of fatty acids by liver and muscle is
favored, because these tissues, lacking GIPRs, are not
directly affected by the antagonist. However, one must
be aware of how whole-body glucose homeostasis may be
affected, because antagonism of GIP action also leads to
elevated blood glucose levels, as reported from several
animal studies (Tseng et al., 1996b; Miyawaki et al.,
1999) as a result of the inhibition of the insulinotropic
action of GIP in B cells. In addition, no direct link be-
tween obesity and GIP in humans has been reported,
and no studies of GIPR antagonism have been per-
formed in humans. Thus, additional studies are required
to fully delineate and characterize the biological signif-
icance and the complex nature of GIP or its analogs.

4. Bone. Functional GIPRs are present on bone cells,
including osteoblasts and osteocytes in bone proper as
well as in established osteoblast-like cell lines, and GIP
seems to have a function in these cells (Bollag et al.,
2000). GIPRs have also been detected in osteoclasts, and
administration of GIP inhibited bone resorption and the
resorptive activity of mature osteoclasts in an organ
culture system (Zhong et al., 2007). Addition of GIP to
osteoblast-like cells also leads to an increase in cAMP
content, intracellular Ca®*, collagen type I expression,
and alkaline phosphatase activity, all of which are asso-
ciated with bone formation (Bollag et al., 2000). Consis-
tent with an anabolic effect of GIP on bone, administra-
tion of GIP prevents bone loss in an ovariectomized rat
model (Bollag et al.,, 2001), and GIP-overexpressing
transgenic mice have a significant increase in bone
mass, decreased biochemical markers of bone resorption
and increased markers of bone formation, all once again
suggesting that GIP inhibits bone resorption and stim-
ulates bone formation (Xie et al., 2007a). Conversely,
absence of GIPR results in decreased bone size and
mass, increased bone breakdown, and reduced bone
turnover (Xie et al., 2005; Tsukiyama et al., 2006). In
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addition, GIPR(—/—) mice show increased plasma Ca?"
concentration after meal ingestion, suggesting that
when GIP is not present, efficient storage in bone of the
meal-derived Ca®?" does not occur (Tsukiyama et al.,
2006). However, these effects of GIP have not been de-
scribed in human studies.

B. Extrapancreatic Effects of Glucagon-Like Peptide-1

1. Central and Peripheral Nervous System Effects on
Food Intake and Glucose Homeostasis. A number of
studies have proposed the reciprocal systems, “the gut-
brain axis” (as opposed to brain-gut signaling), between
the GI tract and the CNS to regulate short- and long-
term energy homeostasis, such as the appetite, food
intake, and body weight, in which the GI tract senses the
presence of food and signals to the hypothalamus and
brainstem, key brain regions involved in feeding control,
via neural and endocrine mechanisms. It is clear that
GLP-1is a key regulator of the appetite, food intake, and
body weight in this axis. Rodent studies indicate that
GLP-1R agonists reduce short-term food intake when
injected either peripherally or into the CNS, and their
repeated injection significantly inhibits not only food
intake but also weight gain (Tang-Christensen et al.,
1996; Turton et al., 1996; Meeran et al., 1999; Baggio et
al., 2004a; Abbott et al., 2005), implying that both pe-
ripheral GLP-1 from the intestinal L cells and central
GLP-1 from neurons of the nucleus of the solitary tract
(NTS) in the brainstem (Jin et al., 1988) regulate food
intake and body weight. These effects of GLP-1 are ob-
served in lean and obese as well as diabetic humans
(Flint et al., 1998; Naslund et al., 1999; Verdich et al.,
2001; Zander et al., 2002). Conversely, antagonist of
GLP-1R, such as with Ex-9-39, inhibits the effect of
GLP-1 (Turton et al., 1996; Meeran et al., 1999) and
exenatide has no effect on feeding in GLP-1R(—/—) mice
(Baggio et al., 2004a). In addition, GLP-1R is present in
the nodose ganglion neurons of the vagus nerve and
several regions of CNS, including the NTS of brainstem
and hypothalamus (Goéke et al., 1995a; Larsen et al.,
1997; Nakagawa et al., 2004). Thus, these suggest that
GLP-1 has direct effects through GLP-1Rs in the brain.

Peripherally administered GLP-1 regulation of appe-
tite and food intake seems to involve both the brainstem-
vagus complex and the hypothalamus. As stated above,
GLP-1R is expressed in the nodose ganglion neurons of
the vagus nerve, brainstem, and hypothalamus. Like cen-
tral GLP-1, peripherally injected GLP-1 activates neural
c-Fos expression, a marker of neural activation (Sagar et
al., 1988), in the paraventricular nucleus (PVN) of the
hypothalamus (Baggio et al., 2004a; Dakin et al., 2004;
Abbott et al., 2005). Feeding inhibition of GLP-1 is abol-
ished by ablation of vagal-brainstem-hypothalamic path-
way through either subdiaphragmatic total truncal vagot-
omy or surgical transection of brainstem-hypothalamic
pathway in rodents (Abbott et al., 2005), and also by cap-
saicin, which causes selective degeneration of small diam-

eter unmyelinated sensory neurons, including the nodose
ganglion and the vagus nerve (Talsania et al., 2005). In
addition, recombinant GLP-1-albumin (albugon) (Baggio
et al., 2004b) and Ex-4-albumin (Baggio et al., 2008) fusion
proteins that are unable to cross the blood-brain barrier
(BBB) activate c-Fos expression in the multiple regions of
CNS, including the area postrema (AP), NTS, and PVN,
and inhibit food intake, gastric emptying, and weight gain
when peripherally administered. It has been also demon-
strated that circulating GLP-1 in the portal vein is con-
verted to neural information by the hepatic vagus, imply-
ing that this information may be conveyed to various parts
of the CNS so as to further distribute a variety of informa-
tion to target organs, including the pancreas (Nishizawa et
al., 1996). This is substantiated by the observation that
direct intraportal GLP-1 injections facilitate the activation
of the pancreatic vagal efferents in normal rats (Nakaba-
yashi et al., 1996). Consistent with these studies, and fur-
ther substantiating indirect effects of GLP-1 even on
cells, GLP-1-dependent insulin secretion was blocked by
the ganglionic blocker chlorisondamine (Balkan and Li,
2000) and by capsaicin (Ahrén, 2004). Central GLP-1 and
Ex-4 infusion, but not Ex-9-39, also promote glucose-stim-
ulated insulin secretion (Knauf'et al., 2005; Sandoval et al.,
2008). Moreover, GLP-1 injections into the portal vein
stimulate peripheral glucose disposal through activation of
the gut-glucose sensors, and this pathway is mediated by
central GLP-1R signaling because increased glucose clear-
ance after glucose infusion into the portal vein is abrogated
by coinfusion with Ex-9-39 and absent in GLP-1R(—/-)
mice (Burcelin et al., 2001). It is also possible that periph-
eral GLP-1 directly interacts with central GLP-1Rs, be-
cause GLP-1 is a small molecule that can cross the BBB.
Indeed, several regulatory peptides from the periphery
access the brain via diffusion (Larsen and Holst, 2005), and
circulating GLP-1 is accessible to GLP-1Rs in the subfor-
nical organ and the AP (Orskov et al., 1996). In addition,
ghrelin (Chelikani et al., 2006) and leptin (Goldstone et al.,
1997; Goldstone et al., 2000) may exert their effects on food
intake at least in part through attenuating or enhancing
the effects of GLP-1, respectively.

It is noteworthy that Knauf et al. (2005) have sug-
gested a novel function of central GLP-1 in the control of
whole-body and tissue-specific glucose homeostasis that
is distinct and independent from that of peripheral
GLP-1 and GLP-1Rs. They demonstrate that during hy-
perglycemia, blockade of the central GLP-1R by admin-
istration of Ex-9-39 into the CNS increased muscle gly-
cogen deposition independent of muscle insulin action,
whereas insulin secretion and hepatic glycogen levels
were reduced. Therefore, centrally acting GLP-1 favors
glucose uptake into liver at the expense of muscle up-
take. In addition, central exenatide infusion induced
muscle/adipose insulin resistance and increased insulin
secretion and liver glycogen storage. More recently, they
suggest that control of whole-body glucose utilization
and muscle glycogen synthesis are regulated by enteric
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glucose sensors and that the glucose sensors require
GLP-1R signaling in the brain. Low-rate intragastric
infusion of glucose leads to c-Fos activation in both
brainstem and hypothalamus in wild-type mice but not
in GLP-1R(—/—) mice (Knauf et al., 2008).

2. Gastrointestinal Tract and Gastric Emptying. Un-
like GIP, which does not affect to gastric emptying in
humans (Meier et al., 2004), GLP-1 has been identified
as a potent inhibitor of several gastrointestinal func-
tions, such as gastric acid secretion, gastric emptying,
and motility, thereby slowing the entry of nutrients into
the circulation and contributing to the normalization of
blood glucose levels. Given its inhibitory function of gas-
tric acid secretion and motility, GLP-1 is thought to be
an important mediator of “ileal brake effect”—the endo-
crine inhibition of upper gastrointestinal functions acti-
vated by the presence of nutrients in the ileum (Layer et
al., 1992; Holst, 1997; Wettergren et al., 1997a,b). De-
celeration of gastric emptying by GLP-1 is observed in
both rodents and humans (Wettergren et al., 1993;
Wishart et al., 1998; Chelikani et al., 2005), and this
effect is blocked by administration of the Ex-9-39
(Imerytuz et al., 1997). Moreover, inhibition of gastric
emptying also lowers blood glucose levels in patients
with type 1 or type 2 diabetes (Dupre et al., 1995; Willms
et al., 1996; Meier et al., 2003a).

The mechanism(s) whereby GLP-1R activation causes
slowing of gastric emptying is not fully worked out but
are most likely neurally mediated. Peripherally admin-
istered Albugon and Ex-4-albumin activate c-Fos ex-
pression in the multiple regions of CNS and inhibit
gastric emptying (Baggio et al., 2004b, 2008). In addi-
tion, Wettergren et al. (1994) have demonstrated that
GLP-1 in physiological concentrations inhibits vagally
stimulated acid secretion in humans during modified
sham feeding, and the inhibitory effect is impaired in
subjects that were vagotomized for duodenal ulcer dis-
ease (Wettergren et al., 1997b). Further studies also
show that vagal afferent denervation abolished the cen-
tral and peripheral action of GLP-1 on gastric emptying,
whereas intracerebroventricular administration of Ex-
9-39 was ineffective (Imeryiiz et al., 1997). Thus, the
mechanism by which GLP-1 inhibits gastric emptying is
thought to involve the gut-brain axis mediated by neural
mechanisms via vagal nerves dependent on GLP-1Rs.
However, after vagal deafferentation, GLP-1 still inhib-
its antral motility in pigs (Nagell et al., 2006), and
GLP-1 causes contraction of smooth muscle cells from
the human colon, which is blocked by Ex-9-39 (Ayachi et
al., 2005). Moreover, GLP-1Rs are present in the GI
tract, including stomach and intestine, and recent stud-
ies show that genetic variation in stomach GLP-1R ex-
pression is associated with altered rates of gastric emp-
tying in mice (Kumar et al., 2008). Thus, it remains
possible that GLP-1 also regulates gastric emptying at
least in part via a direct mechanism in the gut.

3. Muscle, Adipose Tissue, and Liver. GLP-1 seems
to have insulin-like effects in major extrapancreatic tis-
sues, participating in glucose homeostasis and lipid me-
tabolism in tissues such as muscle, liver, and adipose
tissues. However, GLP-1 treatment did not seem to be
associated with intracellular cAMP generation in those
tissues but with inositol phosphoglycan generation.
Therefore, GLP-1 actions seem different from that in
the pancreas (Galera et al., 1996; Trapote et al., 1996;
Marquez et al., 1998; Yang et al., 1998; Luque et al.,
2002). In L6 myotubes transfected with pancreatic GLP-
1R, GLP-1 inhibits glycogen synthesis, whereas, in pa-
rental L6 myotubes, GLP-1 enhances insulin-stimulated
glycogen synthesis (Yang et al., 1998). However, there is
considerable controversy with respect to the presence of
functional GLP-1Rs in these tissues, and it is unclear
whether or not GLP-1 acts independently of the islet
hormones, such as insulin, glucagon, and somatostatin.

In human skeletal muscle strips and primary culture
myotubes, GLP-1 and Ex-4, but not Ex-9-39, stimulated
glycogen synthase a activity and glycogen synthesis in
association with activation of PI-3K/PKB and p42/44
MAPK pathways (Acitores et al., 2004; Gonzélez et al.,
2005), and they also stimulated glucose oxidation and
utilization, as did insulin (Alcidntara et al., 1997;
Luque et al., 2002). These effects are preserved in
STZ-treated diabetic rats (Morales et al., 1997).
GLP-1R agonists also stimulate glucose uptake along
with increases in glucose transporter levels via path-
ways that involve PI-3K activation in normal and
diabetic rats (Villanueva-Penacarrillo et al., 2001; Id-
ris et al., 2002; Gonzalez et al., 2005). It is noteworthy
that Ex-9-39 also has effects similar to GLP-1 in nor-
mal human myocytes (Luque et al., 2002; Gonzalez et
al., 2005) and L6 myotubes (Yang et al., 1998).

GLP-1 also stimulates glucose uptake, lipogenesis,
and lipolysis in adipocytes and has the ability to stimu-
late fatty acid synthesis in omental adipose tissue cul-
ture. Several studies show that injection of a recombi-
nant adenovirus expressing GLP-1 into obese diabetic
mice increases insulin-stimulated glucose uptake in adi-
pocytes (Lee et al., 2007), and GLP-1 also augments
insulin-stimulated glucose uptake along with an in-
crease in glucose transporter levels in 3T3-L1 adipocytes
(Wang et al., 1997a; Gao et al., 2007). In normal human
adipocytes, GLP-1 and Ex-4, but not Ex-9-39 increase
glucose uptake in association with activation of PI-3K
and MAPK, and this effect is impaired in obese patients
(Sancho et al., 2007). PI-3K and MAPK pathways are
also involved in GLP-1-mediated lipogenesis and lipoly-
sis in rat adipocytes (Sancho et al., 2005). GLP-1 infu-
sion in rat also reduces intestinal lymph flow, triglycer-
ide absorption, and apolipoprotein production, although
it does not affect cholesterol absorption, suggesting the
effect of GLP-1 to limit the excursion of lipids, like glu-
cose, after meals (Qin et al., 2005).
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Stimulating effects of GLP-1 on glycogen synthase a
activity and glycogen synthesis have been shown in
hepatocytes isolated from normal and diabetic rats (Mo-
rales et al., 1997; Redondo et al., 2003), and these effects
seem to occur through a cellular signaling pathway that
involves activation of PI-3K, PKB and PKC (Redondo et
al., 2003). Recent studies have shown that transduction
of GLP-1 using adenovirus system into obese diabetic
mice reduces hepatic gluconeogenesis and hepatic ex-
pression of phosphoenolpyruvate carboxykinase, glu-
cose-6-phosphatase, and fatty acid synthase and im-
proves insulin signaling and insulin sensitivity (Lee et
al., 2007).

4. Bone. In contrast to GIPRs, GLP-1Rs has not been
found in bone. However, recent studies have shown that
GLP-1R(—/—) mice have cortical osteopenia and en-
hanced bone fragility that is likely to be attributable to
increased bone resorption by osteoclasts (Yamada et al.,
2008). Unlike GIP, GLP-1 has no direct effects on oste-
oclasts and osteoblasts in in vitro experiments, so the
GLP-1R(—/—) mice may have osteopenia because of re-
duced levels of calcitonin, which is a known inhibitor of
bone resorption that is produced by thyroid C cells (Zaidi
et al., 2002); before common usage of bisphosphonates to
treat Paget’s disease, it was the drug of chose in inhib-
iting osteoclast activity in that disease. It has been re-
ported that GLP-1Rs are present in rat and murine
thyroid C cells and that GLP-1 stimulates the secretion
of calcitonin via a cAMP-dependent mechanism in cul-
tured murine C cells (Crespel et al., 1996; Lamari et al.,
1996). Consistent with these results, Ex-4 administra-
tion into normal mice increases calcitonin gene expres-
sion in thyroid glands. Thus, the authors suggest that
GLP-1R signaling may regulate bone resorption and
turnover through a calcitonin-dependent pathway
(Yamada et al., 2008).

5. Cardiovascular System. GLP-1Rs are present on
rodent and human cardiac myocytes and endothelial
cells and vascular smooth muscle cells (Richter et al.,
1993; Wei and Mojsov, 1995; Bullock et al., 1996; Nys-
trom et al., 2004; Ban et al., 2008) and the deduced
amino acid sequences of the GLP-1Rs from heart are the
same as those from pancreas (Wei and Mojsov, 1995).
GLP-1R(—/—) mice have structural and functional car-
diac abnormalities, including cardiac contractility and
diastolic dysfunction and changes in heart weight, wall
thickness, and resting heart rate (Gros et al., 2003). In
addition, activation of GLP-1Rs in brain may modulate
cardiovascular functions. Centrally and/or peripherally
administrated GLP-1R agonists increase blood pressure
and heart rate (Barragan et al., 1994, 1999; Yamamoto
et al., 2002), and these effects are blocked by Ex-9-39
(Barragan et al.,, 1999). In rats, bilateral vagotomy
blocks the stimulating effect of central GLP-1 adminis-
tration on blood pressure and heart rate and also pre-
vents the blocking effect of central but not peripheral
Ex-9-39 (Barragan et al.,, 1999). Administration of

GLP-1 activates GLP-1R-expressing neurons in auto-
nomic regulatory sites in the rat brain that modulate
cardiovascular function (Yamamoto et al., 2002), and
experiments show that GLP-1R-expressing catechol-
amine neurons in the AP link peripheral GLP-1 and
central autonomic control sites that mediate diverse
neuroendocrine and autonomic actions of peripheral
GLP-1 (Yamamoto et al., 2003). Based on these studies,
the effects of GLP-1 on heart rate and blood pressure are
mediated by neuroendocrine and autonomic control via
vagal nerves dependent on GLP-1Rs. Besides acute ef-
fects on cardiac hemodynamics, GLP-1 seems to have
beneficial effects on cardiac function. A 72-h infusion of
GLP-1 improves regional and global left ventricular
function in patients with acute myocardial infarction
and severe systolic dysfunction after successful primary
angioplasty (Nikolaidis et al., 2004b). The same authors
also demonstrate that a 48-h infusion of GLP-1 in con-
scious dogs with advanced dilated cardiomyopathy im-
proves left ventricular function and systemic hemody-
namics in association with increase in myocardial
glucose uptake and decreases in plasma norepinephrine
and glucagon levels, despite similar insulin levels in the
saline control group, suggesting that GLP-1 exerts myo-
cardial metabolic effects that are independent of insuli-
notropic effects of GLP-1 (Nikolaidis et al., 2004a).

Besides cardiac contractility effects, GLP-1 has been
demonstrated to improve endothelial dysfunction. In
particular, GLP-1 infusion significantly ameliorates en-
dothelial dysfunction in patients with T2DM with an
established coronary artery disease (Nystrom et al.,
2004). Recent studies have identified potential molecu-
lar mechanisms responsible for this effect on endothelial
function (Liu et al., 2008). GLP-1 attenuates TNF-a-
induced expression of plasminogen activator inhibitor-1,
a regulator of plasminogen activation implicated in en-
dothelial cell dysfunction (Norata et al., 2006), in a spon-
taneously transformed vascular endothelial cell line
(C11-STH) and in primary human vascular endothelial
cells. In addition, GLP-1 inhibits TNF-a-mediated ex-
pression of Nur77, an orphan nuclear receptor, and PKB
phosphorylation. The authors suggest that GLP-1 may
improve endothelial dysfunction through inhibition of
TNF-a-mediated plasminogen activator inhibitor-1 in-
duction in vascular endothelial cells, and this effect may
involve PKB-mediated signaling pathways and the mod-
ulation of Nur77 expression (Liu et al., 2008). However,
recent studies also show that GLP-1 agonists have car-
diovascular effects independent of the autonomic ner-
vous system (Gardiner et al., 2008) and even indepen-
dent of known GLP-1R-linked pathways (Ban et al.,
2008).

Besides affecting myocardial performance, GLP-1R
signaling has been also shown to exert cardioprotective
effects against ischemic damage or heart failure. In
studies using both isolated perfused rat heart and
whole-animal models of ischemia/reperfusion, GLP-1

¥202 ‘€2 |11dy uo sfeudnor 134SY e Blo'sfeulno ladse: raawieyd wiod) papeo jumog


http://pharmrev.aspetjournals.org

Pharmrev Fast Forward. Published on 12 December 2008 as DOI 10.1124/pr.108.000604 This article

has not been copyedited and formatted. The final version may differ from this version.
0 KIM AND EGAN

significantly reduces infarction size compared with the
saline control group, and this protection is abolished by
Ex-9-39, the cAMP inhibitor Rp-cAMP, the PI3K inhib-
itor LY294002, and the p42/44 MAPK inhibitor U0126 in
the in vitro hearts (Bose et al., 2005). GLP-1 also in-
creases myocardial glucose uptake by increasing nitric
oxide production and GLUT1 translocation and en-
hances recovery of cardiac function after low-flow isch-
emia-reperfusion injury in rat heart (Zhao et al., 2006)
and recovery from ischemic myocardial stunning after
ischemia/reperfusion in conscious canines (Nikolaidis et
al., 2005). Although the effect is small, GLP-1 infusion in
patients with T2DM and heart failure improves meta-
bolic control and left ventricular function (Thrainsdottir
et al., 2004). Consistent with this study, long-term infu-
sion of GLP-1 in patients with severe heart failure sig-
nificantly improves left ventricular function, and the
effect is also seen in patients with and without diabetes
(Sokos et al., 2006). More recently, studies using iso-
lated, perfused rat heart have also shown that GLP-1R
agonists protect the heart against myocardial ischemic-
reperfusion injury (Bose et al., 2007; Huisamen et al.,
2008; Sonne et al., 2008), and this protection is blocked
by Ex-9-39 (Sonne et al., 2008). Moreover, other studies
also suggest the involvement of PI3K/PKB pathways in
this protection (Bose et al., 2007; Huisamen et al., 2008).
However, some cardioprotective and vasodilatory ac-
tions of GLP-1 are preserved in GLP-1R(—/—) mice after
ischemia/reperfusion (Ban et al., 2008) and are thought
to be mediated, at least in part, by its insulinotropically
inactive metabolite, GLP-1 (9-36) (Ban et al., 2008;
Sonne et al., 2008), consistent with previous findings in
dogs (Nikolaidis et al., 2005). Thus, these findings sug-
gest that GLP-1 (9-36) is a biologically active substance,
at least in the cardiovascular system, and there exists
an alternative pathway of action for GLP-1 (9-36) that
must be independent of the known GLP-1R.

6. Hypothalamic-Pituitary Axis. Besides affecting
food intake, several studies have shown that GLP-1 is
involved in the regulation of the hypothalamic pituitary
axis. In addition to being present in multiple regions of
hypothalamus, GLP-1R is also present in the rat pitu-
itary (Goke et al., 1995b). It is likely that GLP-1-ex-
pressing nerve terminals establish direct synaptic con-
tacts with corticotropin-releasing hormone neurons in
the PVN, suggesting that GLP-1 may modulate the hy-
pothalamic pituitary axis through direct effect (Shugh-
rue et al., 1996; Larsen et al., 1997; Rinaman, 1999;
Sarkar et al., 2003) and in line with this thought, an
infusion of GLP-1 to humans was shown to increase
plasma adrenocorticotropin secretion after 30 min, with
a resultant increase in serum cortisol levels (Ryan et al.,
1998). In rodents, central injection of GLP-1 increases
levels of adrenocorticotropin and corticosterone (Larsen
et al., 1997; Kinzig et al., 2003), and GLP-1 antagonists
block increases in these hormones induced by the LiCl
(Kinzig et al., 2003). GLP-1 stimulates thyroid-stimulat-

ing hormone release from a rodent thyrotrope cell line as
well as from rat primary anterior pituitary cells (Beak et
al., 1996) and also stimulates luteinizing hormone-re-
leasing hormone release from a rodent hypothalamic
neuronal cell line (Beak et al., 1998); both are associated
with increased intracellular cAMP concentration that is
inhibited by GLP-1 antagonists. Furthermore, central
administration of GLP-1 increases plasma levels of lu-
teinizing hormone in rats (Beak et al., 1998). However,
GLP-1R(—/—) mice show normal hypothalamic CRH
gene expression and plasma levels of corticosterone, thy-
roid hormone, testosterone, estradiol, and progesterone
under usual conditions, but they exhibit increased cor-
ticosterone responses to stress (MacLusky et al., 2000),
which seems at variance with the human data men-
tioned above (Ryan et al., 1998).

VIII. The Development of Therapies for Diabetes
Based on the Incretin Actions

A. Exenatide

DPP4 cleaves peptides with an alanine, proline, or hy-
droxyproline in the penultimate N-terminal position, and
therefore various modifications of GLP-1 at His’, Ala®, or
Glu® have been investigated for insulinotropic action. Ad-
ditional mid-chain modifications of the GLP-1 peptide to
prevent neutral endopeptidase (NEP) hydrolysis are also
being investigated to provide longer biological activity. As
of now, GLP-1R agonists and GLP-1 analogs resistant to
DPP4 degradation and NEP hydrolysis are at various
stages of preclinical or clinical development. Exenatide
(synthetic Ex-4) is the only GLP-1R agonist approved by
regulatory agencies as an adjunct therapy in the general
population suffering from T2DM and not otherwise achiev-
ing satisfactory glycemic control. It is a 39-amino acid
peptide produced in the salivary glands of the Gila monster
lizard (Heloderma suspectum) (Eng et al., 1992). It has 53%
amino acid homology to full-length GLP-1, and it binds
with greater affinity than GLP-1 to the GLP-1R in GLP-1
receptor-expressing cells (Goke et al., 1993; Thorens et al.,
1993). There seems to be no specific Ex-4 receptor in the
Gila monster. Ex-4 is not a substrate for DPP4 because it
has a Gly® in place of an Ala®. In addition, some of the
target bonds for NEP are absent in Ex-4 and its secondary
and tertiary structures may also prevent NEP action,
thereby leading to a prolonged half-life. Exenatide, a pep-
tide, must be injected subcutaneously. It was shown to be
eliminated by the kidneys through glomerular filtration in
a nonhuman study (Simonsen et al.,, 2006). In human
studies, the mean half-life ranged from 3.3 to 4 h (Kolter-
man et al., 2005). It is detected in the plasma up to 15 h
after subcutaneous injection and its biological effect re-
mains for up to at least 8 h after dosing (Kolterman et al.,
2005). It has ~5000-fold greater potency in lowering blood
glucose than GLP-1 (Parkes et al., 2001). In addition, it has
all of the same effects in the pancreas, GI tract, and brain
as GLP-1.
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1. Relevant Clinical Studies. In a short-term study,
i.v. infusion of exenatide was shown to stimulate insulin
secretion in a glucose-dependent manner and to delay
gastric emptying in both nondiabetic subjects as well as
T2DM (Egan et al.,, 2002). Exenatide has also been
shown to restore first-phase insulin secretion in re-
sponse to i.v. glucose in patients with T2DM, hence
improving the ability of B cells to response to rapid
glycemic changes (Fehse et al., 2005).

The first three large clinical trials of exenatide, which
lead to its approval by regulatory agencies, were ran-
domized, placebo-controlled, blinded 30-week studies
that examined the effects of exenatide in subjects with
T2DM not achieving adequate glycemic control on met-
formin and/or sulfonylurea (Buse et al., 2004; DeFronzo
et al., 2005; Kendall et al., 2005). In these trials, ex-
enatide was given as twice daily (b.i.d.) subcutaneous
injection of 5 ug for 4 weeks followed by 5 or 10 ug b.i.d.
for the remainder 26 weeks. In all three studies, by 30
weeks exenatide had significantly reduced HbA;, in the
treatment groups. With sulfonylurea/10 pug exenatide
b.i.d., HbA,. was lowered by 0.86%, and with sulfonyl-
urea/b pg exenatide b.i.d., HbA,. was lowered by 0.46%.
In the metformin/exenatide 10 ug b.i.d. arm, 41% of
patients achieved HbA;. = 7% and had a mean weight
loss of 2.8 kg. In the sulfonylurea/exenatide 10 ug b.i.d.
arm, 41% of patients also achieved HbA,, of =7% and
had a mean weight loss of 1.6 kg, and with the triple
combination of metformin/sulfonylurea/exenatide 10 pg
b.i.d., 34% of patients achieved HbA,. of =7% and had a
mean weight loss of 1.6 kg. In all three trials, nausea
was more common during the initial weeks of therapy
and then declined. The dropout rate in the three trials as
a result of nausea was 2 to 4% in the exenatide arms.
Nausea was not correlated with weight loss; subjects
who never reported nausea also experienced some
weight loss. Adding exenatide to metformin also did not
increase the risk of hypoglycemia. As sulfonylureas close
K,rp channels on B cells, leading to depolarization fol-
lowed by increased insulin secretion, one would expect
that an exenatide/sulfonylurea combination would place
patients at risk for hypoglycemic episodes and, indeed,
adding exenatide to sulfonylurea increased the inci-
dence of mild to moderate hypoglycemia to 36% in the 10
pug arm and 14% in the 5 pug arm compared with a
hypoglycemic rate of 3% in the placebo arm. However, no
cases of severe hypoglycemia were reported. Likewise,
when exenatide was added to metformin/sulfonylurea,
the incidence of mild to moderate hypoglycemia was 28%
(10 ug), 19% (5 ug), and 13% (placebo), with one case of
severe hypoglycemia reported in the 5 ug arm. Anti-
exenatide antibodies were detected in 41 to 49% of pa-
tients in the treatment arms but were not associated
with loss of glycemic control (Buse et al., 2004; DeFronzo
et al., 2005; Heine et al., 2005; Kendall et al., 2005;
Nauck et al., 2007a; Zinman et al., 2007). Patients from
the above three trials and their open-label extensions

were folded into one open-ended, open-label trial. Re-
sults from its 3-year follow-up showed that with ex-
enatide (10 ug b.i.d.), a reduction in HbA;. of 1.0% was
sustained, with 46% achieving HbA,, of =7%, and re-
duction in body weight was progressive with weight loss
of 5.3 kg at the end of 3 years of treatment (Klonoff et al.,
2008).

Another trial studied the efficacy of exenatide (10 ug
b.i.d.) added to the TZDs rosiglitazone (=4 mg/day) or
pioglitazone (=30 mg/day), alone or combined with met-
formin for 16 weeks. Compared with addition of placebo,
addition of exenatide to a TZD in the presence or ab-
sence of metformin reduced HbA,, by 1%, mean FPG by
30 mg/dl, and body weight by 1.5 kg. However, only 71%
of subjects given exenatide compared with 86% of sub-
jects in the placebo group completed the study. Many of
the dropouts in the exenatide treatment groups (14%)
were because of GI symptoms from exenatide (Zinman et
al., 2007).

Exenatide has also been compared with insulin ther-
apy as add-on to oral agents. In a 26-week multicenter,
open-label, randomized, controlled trial, subjects with
T2DM whose glycemia was not adequately controlled
with metformin and/or sulfonylurea were randomized to
either addition of 10 ug b.i.d. exenatide or insulin
glargine daily (titrating to FPG of <100 mg/dl) to their
ongoing oral regimen. At the end of 26 weeks, both
groups achieved similar improvement in glycemic con-
trol with HbA, . reductions of 1.1% in both groups. There
were subtle differences in the actual patterns of reduc-
tions in blood glucose in the groups. The exenatide group
had better PPG control than the glargine group, but the
glargine group had lower FPG levels, and an average
weight loss of 2.3 kg was seen with exenatide treatment,
compared with an average weight gain of 1.8 kg with
glargine. Whereas those with longer durations of nausea
tended to lose more weight, patients who did not expe-
rience nausea during the trial also lost weight, similar to
the first three studies discussed above. The dropout rate
was 19.4% with exenatide (6% due to nausea) and 9.7%
with glargine (Heine et al., 2005).

Last, exenatide was also compared with biphasic in-
sulin aspart (30% rapid-acting insulin aspart) in a 52-
week, randomized, open-label trial in patients with
T2DM whose glycemia was not sufficiently controlled
with metformin and sulfonylurea (Nauck et al., 2007a).
When comparing the exenatide group to the biphasic
insulin group, reduction in HbA;, was 1 versus 0.9%
(difference not significant) and reduction in FPG was 1.8
versus 1.7 mM. The exenatide group had weight reduc-
tion of 2.5 kg, whereas the biphasic insulin group had a
weight increase of 2.9 kg.

A meta-analysis of the randomized controlled trials
with exenatide showed that severe hypoglycemia was
rare. Mild-to-moderate hypoglycemia was 16 versus 7%
(exenatide versus placebo) and more common with coad-
ministration with a sulfonylurea. The most common side
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effects of exenatide were nausea (57%) and vomiting
(17%), nausea usually mild to moderate in nature and
being most common during the initial 8 weeks of therapy
and declined thereafter. Overall, 4% of patients with-
drew from the studies because of gastrointestinal side
effects (Amori et al., 2007). Antiexenatide antibodies
were present in 41 to 49% of patients in the treatment
arms, but 1), their presence did not seem to impact the
degree of glycemic control, and 2), increasing titer of
antibody also did not seem to be reflected in worsening
blood glucose control (Buse et al., 2004; DeFronzo et al.,
2005; Heine et al., 2005; Kendall et al., 2005; Nauck et
al., 2007a; Zinman et al., 2007). Because exenatide must
be injected b.i.d., attempts have been made to extend its
length of action. A formulation of exenatide (exenatide
LAR) has already been tested in humans and seems to
have potential for once weekly subcutaneous injection
(Kim et al., 2007a). Future follow-up of exenatide treat-
ment should, in our view, be accompanied by monitoring
serum calcitonin and, if possible, bone outcomes due to
the information mentioned above (section VII.B.4) on
the effects of GLP-1 and Ex-4, and presumably, there-
fore, exenatide on murine thyroid C cells: to these au-
thors’ knowledge, any effect of exenatide on human thy-
roid C cells has not been reported. [Use of TZDs for
treating T2DM is associated with greater bone loss in
women (Schwartz et al., 2006).] It is possible that addi-
tion of exenatide to TZD treatment might prevent that
side effect. It should also be noted that FDA has received
information on six cases of pancreatitis, two of those six
resulted in death, in patients on exenatide treatment
(FDA Update, 8/18/2008). This leads us to speculate that
activation of ductal cell GLP-1Rs by exenatide might be
a causative factor in this life-threatening condition.

B. Sitagliptin

If pharmacological levels of exogenous GLP-1 result
in lowering of blood glucose in type 2 diabetes, then
supraphysiological levels of endogenous active GLP-1
should also lower blood glucose. No secretagogue of L cells
has been specifically developed, although clear headway
has been made in uncovering how food products, specif-
ically fat and sweet-tasting foods, in the gut increase L
cell secretion, as described above, section III. In addi-
tion, non—peptide-based GPR119 receptor agonists have
been shown to increase both GLP-1 and GIP secretion,
even though the receptors seem to be not present on K
cells (Chu et al., 2008). Transgenic mice lacking DPP4
have elevated fasting incretin levels, lower plasma glu-
cose, and higher plasma insulin levels after oral glucose
compared with wild-type mice (Marguet et al., 2000).
Many drug companies set about developing inhibitors of
DPP4 that would be active in the gut in an effort to
increase plasma levels of the full GLP-1 molecule, with
the goal being reduced blood glucose levels. Sitagliptin is
the sole DPP4 inhibitor in use for treatment of T2DM,

though there are others in the pipeline. It is a small
non—peptide-based orally active molecule that seems to
be selective for DPP4 and to not interact with other
closely related proteases (Kim et al., 2005a). Oral sita-
gliptin is rapidly absorbed and achieves peak plasma
levels in 1 to 6 h. Its half-life is 8 to 14 h, and its
bioavailability, in the presence or absence of food, is
approximately 87% (Herman et al., 2005). Approxi-
mately 80% of the dose is excreted unchanged by the
kidney, and a small amount (15%) of the bioavailable
drug is metabolized by CYP3A4 and CYP2C8 in the liver
(Bergman et al., 2007). The maximum recommended
dose is 100 mg daily because plasma DPP4 activity is
inhibited by at least 80% over a 24-h period with this
dose. Furthermore, 200 mg daily did not inhibit DPP4
activity any more than did the 100-mg dose (Raz et al.,
2006). Dose size needs to be reduced to 50 mg if creati-
nine clearance is <50 ml/min and to 25 mg if creatinine
clearance is <30 ml/min (Bergman et al., 2007).

1. Relevant clinical studies. The first clinical trial on
sitagliptin was carried out on patients with T2DM who
were not adequately controlled by diet and exercise in a
randomized, double-blinded, placebo-controlled manner
to uncover any possible glucose-lowering effect of sita-
gliptin monotherapy (Raz et al., 2006). After 18 weeks,
the group on sitagliptin monotherapy achieved 0.5% re-
duction in HbA,.. Those patients with HbA;. < 8% ex-
perienced less HbA,, reduction compared with those
with HbA;, > 8%, meaning that the higher the average
blood glucose level, the greater the glucose-lowering
effect.

Five randomized, double-blind, placebo-controlled
trials of 24 weeks’ duration of sitagliptin in patients
with T2DM were then carried out in an attempt to
define the patient population that might have most
benefit from it (Aschner et al., 2006; Charbonnel et al.,
2006; Rosenstock et al., 2006; Goldstein et al., 2007;
Hermansen et al., 2007). These were: 1) sitagliptin
monotherapy; 2) comparison of sitagliptin mono-
therapy, metformin monotherapy, and initial combi-
nation therapy of sitagliptin and metformin; 3) sita-
gliptin added to ongoing pioglitazone; 4) sitagliptin
added to ongoing metformin; and, finally, 5) sitaglip-
tin added to ongoing sulfonylurea and/or metformin.
The reduction in HbA,_, was 0.6 to 0.7% with sitaglip-
tin monotherapy (100 mg/day), 1.1% with metformin
(2000 mg/day) alone, and 1.9% with sitagliptin/met-
formin (100 mg/2000 mg), whereas 20 to 41, 38, and
66% of patients, respectively, achieved HbA,. < 7%.
When sitagliptin (100 mg) was added to ongoing pio-
glitazone, HbA; . was reduced by 0.7%, whereas 45% of
patients achieved HbA,. < 7%. When sitagliptin (100
mg) was added to ongoing sulfonylurea alone or to a
combination of sulfonylurea/metformin, HbA;. levels
were reduced by only 0.3% and 0.6%, respectively,
whereas only 11 and 23% of patients, respectively,
achieved HbA;. <7% at the end of 24 weeks. Some of
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these trials were then extended to 54 weeks after
completing the placebo-controlled phase, but the re-
sults are not yet available in manuscript form.

Another 52-week trial, looking at the efficacy and
safety of sitagliptin versus glipizide added to ongoing
metformin therapy, showed a reduction in HbA; . of 0.7%
in both the sitagliptin and the glipizide group. However,
the maximal efficacy in HbA, . reduction was observed at
24 to 30 weeks, with a gradual rise in HbA,, from week
30 to 52, which raises the issue of declining sitagliptin
efficacy (Nauck et al., 2007Db).

A factor common to all DPP4 inhibitors is that their
use actually leads to reduced incretin secretion (EI-
Ouaghlidi et al., 2007). This could be as much as 72%
reduction in total GLP-1 secretion after an oral glucose
tolerance test. Clearly, this severely limits the degree to
which the active, endogenous level of incretins can ac-
tually be enhanced and therefore limits their glucose-
lowering effects.

Sitagliptin is reported to be weight-neutral in all the
clinical trials reported so far. A study is currently in the
recruiting phase to investigate whether sitagliptin would
be useful as an adjunct to exogenous insulin in patients
with or without metformin treatment.

Pooled analysis of 5141 patients in clinical trials for
=2 years showed that sitagliptin alone or added to other
combinations (metformin, pioglitazone, sulfonylurea, or
a sulfonylurea/metformin combination) was well toler-
ated, and hypoglycemia occurred only in the setting of
combination therapy with sulfonylureas (Stein et al.,
2007). The adverse events reported that were somewhat
higher with sitagliptin compared with nonexposed groups
were headaches, nasopharyngitis, contact dermatitis, and
arthralgias. In addition, urinary tract infections (3.1
versus 2.6% for comparator groups) are more common
(Amori et al., 2007) and may reflect a lack of DPP4
activity required for immunosurveillance. Because uri-
nary tract infections are also more common in diabetic
subjects than in the general population, the increasing
incidence with sitagliptin might be clinically relevant. In
view of the expression of DPP4 in plasma and on cell
membranes, especially on lymphocytes, ongoing interest
in sitagliptin’s long-term safety profile is needed. With
DPP4 inhibition, metabolites of several peptides may
not be formed over time, and their absence may have
adverse effects that are not easily predicted. In addition,
several parent compounds may accumulate, again with
unpredictable effects. Longitudinal studies of the use of
DPP4 for any evidence of a negative impact on cardio-
vascular disease as a result of nonformation of GLP-1
(9-36) amide as well as surveillance for any effects in the
liver will be needed. Like exenatide, it is possible that
sitagliptin may be beneficial in osteopenia because the
increased GLP-1 levels might influence thyroid C cell
secretion.

C. Therapies under Development

1. Vildagliptin. Vildagliptin (LAF237) is a selective,
reversible, orally active competitive inhibitor of DPP4
under development by Novartis (Villhauer et al., 2003;
Barlocco, 2004). It is rapidly absorbed and achieves peak
plasma levels in 1 to 2 h (He et al., 2007¢c, 2008). Its
half-life of 2 h is shorter than that of sitagliptin. Its
bioavailability is approximately 85% (He et al., 2007b),
and its pharmacokinetics seems unaffected by food
(Sunkara et al., 2007). It inhibits 98% of DPP4 activity
45 min after oral dosing with 100 mg and 60% at 24 h.
Approximately 69% of vildagliptin is hydrolyzed in the
liver to LAY151, an inactive metabolite, and it, in addi-
tion to unaltered vildagliptin, are then excreted by the
kidneys. Even though vildagliptin is subject to hydroly-
sis in the liver, a study suggested that there was no
significant difference in exposure to vildagliptin in pa-
tients with various degrees of hepatic impairment, al-
though there have been reports of elevated liver en-
zymes with the 100-mg dose. Although it has been
suggested that changes in dosing with vildagliptin are
not necessary in patients with liver disease (He et al.,
2007a), this is not yet conclusive. Likewise, reductions in
dose may not be needed in renal failure because such a
large portion of the drug is inactivated in the liver.
However, the FDA requested additional data on patients
with renal impairment before granting approval of
vildagliptin, and Novartis has, at least for now, with-
drawn its application from the FDA; it is approved for
use by the European Medicines Agency.

2. Liraglutide. Liraglutide, under development by
Novo Nordisk, is a long-acting GLP-1 analog with a
substitution of Lys3* with Arg®* and an attachment of a
C-16 free-fatty acid derivative via a glutamoyl spacer to
Lys?® (Fig. 7). The free-fatty acid derivative promotes
noncovalent binding of liraglutide to albumin, thereby

GLP-1 HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR
DPP 4

Exenatide HG;ZGTFTSDLSKQNIEEEAVRLFIEWLK]\'GGPSSGAPPPS

Liraglutide HAAEGTFTSDVSSYLEGQAAKEFIAWLVRGRG

«—C-16 fatty acid derivative via a glutamoyl spacer

Vildagliptin Sitagliptin CFs
o]
UJ\N F O\ N
. N \N/
N F ﬁ‘HQ (e}
OH F

FiG. 7. Structure of native GLP-1, exenatide, liraglutide, sitagliptin,
and vildagliptin. Green letters indicate changes introduced in derivatives
or occur naturally in exendin-4 (and replicated in the synthetic version,
exenatide). The N-terminal dipeptide “HA” of GLP-1 and liraglutide is the
site of proteolytic cleavage of DPP4. A broken red arrow indicates absent
DPP4 activity, and a dotted red arrow indicates reduced DPP4 activity.
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increasing plasma half-life through protection from re-
nal clearance and slowing the absorption rate from in-
jection site. This is similar to how the Novo Nordisk has
prolonged the actions of insulin detemir. As with ex-
enatide, liraglutide needs to be injected subcutaneously.
After subcutaneous injection, maximum plasma concen-
tration is reached after 10 to 14 h, and it has a half-life
of 11 to 13 h (Knudsen et al., 2000; Agersg et al., 2002).

a. Selected Clinical Trials. A liraglutide/metformin
combination was associated with a 0.8% reduction in
HbA,;. and a 70 mg/dl reduction in FPG compared with
metformin alone in a 5-week dose-escalation study. In
addition, liraglutide/metformin significantly reduced
FPG (by 21.6 mg/dl) and body weight (by 2.9 kg) com-
pared with metformin/glimepiride group; liraglutide/
placebo significantly reduced FPG (by 25.2 mg/dl) com-
pared with metformin/placebo group (Nauck et al.,
2006).

In a 14-week study of liraglutide versus placebo, lira-
glutide significantly reduced HbA,, by 1.45, 1.40, and
0.98% in the 1.90-, 1.25-, and 0.65-mg groups, respectively,
whereas the placebo group had an increase of 0.29% in
HbA, .. The percentages of patients who achieved HbA,, =
7% were 46, 48, and 38% in the 1.9, 1.25, and 0.65 mg
groups, respectively (Vilsbgll et al., 2007); only 5% of the
placebo group achieved HbA;, = 7%. The results of a
52-week long head-to-head, placebo-controlled, double-
blind study of two doses of liraglutide (1.2 and 1.8 mg daily)
versus glimepiride, an orally active sulfonylurea, were re-
cently published (Garber et al., 2008). The highest dose of
liraglutide (1.8 mg daily) resulted in an HbA, . reduction of
1.14%, compared with 0.51% reduction with 8 mg of
glimepiride. It is noteworthy that HbA;, reduction with
liraglutide was maximal at 12 weeks and did not subse-
quently increase. This leads us to speculate that B-cell
function did not deteriorate, at least over 1 year, in pa-
tients receiving liraglutide. Six patients exited the lira-
glutide groups because of vomiting. The liraglutide groups
lost 2.0 to 2.5 kg body weight, whereas the glimepiride
group gained 1.1 kg.

b. Side Effects. The most frequently reported adverse
events were nausea and vomiting, especially at the higher
doses, and two cases of pancreatitis have been reported
(Amori et al., 2007; Vilsbgll et al., 2007; Garber et al.,
2008b; Madsbad, 2008). There is also no development of
antibodies to GLP-1 noted in trials up to 14 weeks
(Madsbad et al., 2004; Feinglos et al., 2005; Vilsbgll et
al., 2007).

IX. Potential Disease-Modifying Effects of
Incretin-Based Therapies

Patients with type 2 diabetes do not produce enough
insulin to compensate for insulin resistance, which
means that blood glucose levels eventually increase.
Drugs that improve insulin sensitivity and actions, met-
formin and the thiazolidinediones (pioglitazone and ros-

iglitazone), are in use in humans. In addition, drugs that
stimulate insulin secretion (that is, insulin secreta-
gogues in which the mechanism(s) of action is not
through incretin receptors) have been in use since the
1950s. The natural history, however, is for patients to
continue to lose B-cell secretory capacity, resulting in the
need for combination therapies and eventually in the
need for exogenous injections of insulin. Therefore, the
aim of therapy should be not only to lower blood glucose
but also to prevent deterioration of B-cell function.
Weight loss is the most desirable treatment for T2DM,
and more and more this is being attained with the sur-
gical manipulations of gastric/small bowel bypass and
gastric restriction methods such as banding. However,
in the development of agents to lower blood glucose in
the diabetic state, we think it needs to be considered
whether the agents can also modify the natural history
of the disease.

The newer agents discussed above are insulin secre-
tagogues: exenatide by directly activating the GLP-1Rs
on B cells and sitagliptin by increasing endogenous lev-
els of full-length GLP-1. Therefore they should be placed
in context with the most frequently used and oldest
secretagogues, the sulfonylureas. The sulfonylureas in-
crease insulin secretion by blocking the K,p channels,
which, as described above, leads to depolarization of the
B-cell membrane and influx of Ca®" through voltage-
gated channels, leading to exocytosis of the insulin-
laden granules. Unlike exenatide/GLP-1, however, sul-
fonylureas do not have any pleiotropic effects on 3 cells,
and some studies, such as the University Group Diabe-
tes Project study (Goldner et al., 1971) seem to indicate
that, over time, they actually worsen B-cell function. In
the ADOPT (A Diabetes Outcome Progression Trial)
study, the sulfonylurea glyburide was compared with
metformin and rosiglitazone as treatments for T2DM.
Glyburide had results superior to those of the other two
drugs in the first year of treatment, but after 5 years, the
group receiving it had the highest blood sugars (Kahn et
al., 2006). Thus, it may have been associated with wors-
ening B-cell function. But sulfonylureas are associated
with weight gain, and the ADOPT study patients were
no exception. Therefore, we feel that an alternative ex-
planation for the worsening blood glucose might be that
insulin resistance increased, leading to an even greater
requirement for insulin and greater stress on S cells,
over the 5 years of the study. In favor of this latter
explanation are the data from the recently published
ADVANCE study (Gerstein et al., 2008). In that study,
>90% of patients received gliclazide, another sulfonyl-
urea, as part of an intensive treatment strategy aimed at
lowering HbA,, to 6.5%. Only 1.6% of patients in the
standard treatment group received gliclazide. After 5
years, HbA,. levels were maintained at 6.5% in the
intensively treated group; interestingly, however, the
patients did not gain weight. Therefore, it seems that
when weight gain does not occur with sulfonylurea
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treatment, B-cell function deterioration also does not
occur. We now have 3-year data from patients taking
exenatide in conjunction with either sulfonylurea or
metformin (Klonoff et al., 2008). A 1.1% reduction on
HbA,. was sustained for the 3 years of follow-up, and a
progressive weight loss of 5.3 kg was observed. It seems
therefore reasonable to conclude that exenatide is a dis-
ease-modifying treatment, because it modified the be-
havior that led to the T2DM state and blood glucose
control was sustained; i.e., there was no appearance of
worsening of B-cell function. In the ADVANCE study,
patients on sulfonylureas did not fair worse than pa-
tients not taking sulfonylureas, again illustrating that
sulfonylureas, per se, are unlikely to be damaging 3
cells. It seems that loss of B-cell function can be pre-
vented with insulin secretagogues provided weight gain
does not occur, and this also applies to sulfonylurea-only
treatment. Sitagliptin therapy has not been evaluated
for longer than 52 weeks. In a comparison study of
sitagliptin or glipizide added on to metformin, blood
glucose was similar with both treatments over 52 weeks,
and blood glucose started to rise equally with both drugs
(Nauck et al., 2007b).

In summary, although animal studies, many of which
have been outlined above, demonstrate that exenatide is
associated with B-cell proliferation and preservation, there
is no direct evidence for this in humans. On balance, it
seems that any insulin secretagogue may be used in
T2DM, provided weight gain can be prevented, and clearly
exenatide has an advantage in this regard. Much further
research is needed to elucidate if incretin-based therapies
are also disease-modifying therapies and if they provide
any advantage over existing therapies.

X. Concluding Remarks

Incretin-based therapies are now in use to lower blood
glucose levels in T2DM. Their development arose from
our understanding and extensive research into incretin
physiology and metabolism. Exenatide, as adjuvant ther-
apy in T2DM, leads to a sustained HbA, . reduction of 1.0%
and seems to improve B-cell function. It also leads to
weight loss, at least over a three-year period. Long-acting
forms of once-weekly injection, such as exenatide LAR, are
under development. Daily liraglutide therapy had similar
effects with respect to blood glucose control, 8-cell function,
and weight loss as twice-daily exenatide, and its effects
were sustained for at least 1 year: no further long-term
data are available. Both liraglutide and exenatide must be
injected subcutaneously.

The DPP4 inhibitors have a big advantage in that
they are effective when administered orally, but they do
not have as potent an effect on blood glucose control as
either exenatide or liraglutide. Their effect is limited by
the undesirable fact that they diminish total incretin
secretion after at least a nutritive stimulus to incretin
secretion. Both DPP4 inhibitors discussed in this review

are weight neutral, and their effects on other DPP4
substrates need further research.

Continued monitoring for extrapancreatic effects of
both groups of compounds is necessary. Whether the
reported cases of pancreatitis with exenatide and lira-
glutide are representative of an increased risk is not yet
clear but must be taken into account by any physician
about to prescribe this class of compounds, especially if
the patients have had pancreatitis in the past or perhaps
suffer from gallstones. We do not yet know whether
these new agents will have significant, long-term dis-
ease-modifying effects.

DPP4 inhibitors would almost certainly be more use-
ful in T2DM management if used in addition to agents
(incretinotropics) that would increase incretin secretion.
Metformin actually increases incretin secretion (Chia
and Egan, 2008), and this factor probably explains why
the addition of DPP4 inhibitors to metformin therapy
has more of an effect on reductions in HbA;. than would
be expected from simply adding together the effects of
each as a monotherapy: metformin prevents the nega-
tive feedback of DPP4 inhibition on incretin secretion.
New incretinotropic agents would need to be non—nutri-
ent-containing, and likely candidate agents are agonists
of taste receptors and GPR119.

A Dbetter understanding of the effects of GLP-1 and
GLP-1 mimetics on B-cell function/mass in humans and
the mechanism of action by which they lower glucagon
secretion is needed. A drug that would lower fasting
plasma glucagon levels into the normal range would be
a major advancement in therapy. Further research on
the actions of GIPRs in adipose tissue might prove fruit-
ful, especially if TZD/GIPR interactions are occurring.

Incretin-based therapies give new options for lowering
blood glucose and should be placed alongside, and added
to, older options. No data are yet available on whether
these new agents affect hard endpoints such as cardio-
vascular disease, morbidity, and mortality.
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