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Daniel J. Drucker, MD
his review focuses on the mechanisms regulating
he synthesis, secretion, biological actions, and
herapeutic relevance of the incretin peptides glu-
ose-dependent insulinotropic polypeptide (GIP)
nd glucagon-like peptide-1 (GLP-1). The pub-
ished literature was reviewed, with emphasis on
ecent advances in our understanding of the biol-
gy of GIP and GLP-1. GIP and GLP-1 are both
ecreted within minutes of nutrient ingestion and
acilitate the rapid disposal of ingested nutrients.
oth peptides share common actions on islet
-cells acting through structurally distinct yet re-

ated receptors. Incretin-receptor activation leads
o glucose-dependent insulin secretion, induction
f �-cell proliferation, and enhanced resistance to
poptosis. GIP also promotes energy storage via
irect actions on adipose tissue, and enhances bone
ormation via stimulation of osteoblast prolifera-
ion and inhibition of apoptosis. In contrast, GLP-1
xerts glucoregulatory actions via slowing of gastric
mptying and glucose-dependent inhibition of glu-
agon secretion. GLP-1 also promotes satiety and
ustained GLP-1–receptor activation is associated
ith weight loss in both preclinical and clinical

tudies. The rapid degradation of both GIP and
LP-1 by the enzyme dipeptidyl peptidase-4 has led

o the development of degradation-resistant GLP-
–receptor agonists and dipeptidyl peptidase-4 in-
ibitors for the treatment of type 2 diabetes. These
gents decrease hemoglobin A1c (HbA1c) safely
ithout weight gain in subjects with type 2 diabe-

es. GLP-1 and GIP integrate nutrient-derived sig-
als to control food intake, energy absorption, and
ssimilation. Recently approved therapeutic agents
ased on potentiation of incretin action provide
ew physiologically based approaches for the treat-
ent of type 2 diabetes.

he concept that certain factors produced by the
intestinal mucosa in response to nutrient ingestion

re capable of stimulating the release of substances from

he endocrine pancreas and thereby reducing blood glu-
ose levels was first introduced in the early 1900s.1,2 The
erm incretin subsequently was used to denote these glu-
ose-lowering, intestinal-derived factors.3 With the devel-
pment of the radioimmunoassay, this communication
etween the intestine and the endocrine pancreas was
onfirmed when it was shown that oral glucose admin-
stration is associated with a much greater increase in
lasma insulin levels when compared with the same
mount of glucose given intravenously.4,5 This phenom-
non has been dubbed the incretin effect, and is estimated
o account for approximately 50%–70% of the total insu-
in secreted after oral glucose administration. Thus, in-
retins are hormones that are secreted from the gastro-
ntestinal tract into the circulation in response to
utrient ingestion that enhances glucose-stimulated in-
ulin secretion.

The first incretin hormone to be identified was isolated
rom crude extracts of porcine small intestine and ini-
ially were named gastric inhibitory polypeptide (GIP), based
n its ability to inhibit gastric acid secretion in dogs.6

owever, subsequent studies using more purified prepa-
ations of GIP revealed that GIP could also stimulate
nsulin secretion in animals and humans. Because the
nhibitory effect of GIP on gastric acid secretion was seen
nly at pharmacologic doses, whereas its incretin action
ccurred at physiologic levels, GIP was renamed glucose-
ependent insulinotropic polypeptide, to reflect its physiologic
ction yet retain the acronym. In accordance with its role
s an incretin hormone, GIP is released from K-cells of

Abbreviations used in this paper: DPP-4, dipeptidyl peptidase-4; ER,
ndoplasmic reticulum; GIP, glucose-dependent insulinotropic
olypeptide; GIPR, glucose-dependent insulinotropic polypeptide re-
eptor; GLP-1, glucagon-like peptide-1; GLP-1R, glucagon-like pep-
ide-1 receptor; HbA1c, hemoglobin A1c; KATP, adenosine triphos-
hate–sensitive potassium channel; Kv, voltage-dependent K�; LAR,

ong-acting release; MAPK, mitogen-activated protein kinase; PC, pro-
ormone convertase; PKA, protein kinase A; PKB, protein kinase B;
KC, protein kinase C; Pdx-1, pancreas duodenum homeobox-1;
2DM, type 2 diabetes mellitus.

© 2007 by the AGA Institute
0016-5085/07/$32.00
doi:10.1053/j.gastro.2007.03.054



t
i
c
n
b
e
t
r
c
l

l
i
t
p
a
a
p
p
G
G
p
i
e

a
h
s
l
t
h
G
t
t

o
i

t
i
L
b
g
(
c

u
i
s
e
p
s
p
a
s
g
t
t
p
m
p
s
b
s
o
f
m
p
a
p
t
i
d
h
m
o

2132 BAGGIO AND DRUCKER GASTROENTEROLOGY Vol. 132, No. 6
he small intestine, primarily in response to glucose or fat
ngestion, and potentiates glucose-stimulated insulin se-
retion. It was recognized, however, that GIP alone could
ot fully account for the incretin effect in vivo. This was
ased on the observations that immunoneutralization of
ndogenous GIP activity attenuates but does not abolish
he incretin effect in rodents and in humans surgical
esection of the ileum is associated with diminished in-
retin activity, despite preservation of normal plasma GIP
evels.7

The discovery of a second incretin hormone, glucagon-
ike peptide-1 (GLP-1), followed the cloning and sequenc-
ng of mammalian proglucagon genes and complemen-
ary DNAs (cDNAs). In addition to glucagon, the
roglucagon gene also encoded 2 peptides that were
pproximately 50% homologous to glucagon and thus
ptly were named glucagon-like peptide-1 and glucagon-like
eptide-2. Based on their homology to glucagon, both
eptides were tested for insulinotropic activity, but only
LP-1 was capable of stimulating insulin secretion.
LP-1 is a tissue-specific posttranslational proteolytic
roduct of the proglucagon gene that is released from

ntestinal L-cells in response to nutrient ingestion and
nhances glucose-stimulated insulin secretion.8,9

To date, only GIP and GLP-1 fulfill the definition of
n incretin hormone in humans. Furthermore, studies
ave shown that these 2 peptides potentiate glucose-
timulated insulin secretion in an additive manner,
ikely contribute equally to the incretin effect, and
ogether can fully account for the incretin effect in
umans. The following sections provide an overview of
LP-1 and GIP structure, regulation, biological ac-

ions, and therapeutic potential for the treatment of
ype 2 diabetes (T2DM).

Proglucagon Gene Structure and
Tissue-Specific Regulation of
Proglucagon Gene Expression
The proglucagon gene is located on the long arm

f human chromosome 2 and comprises 6 exons and 5

ntrons, with the entire coding sequence for GLP-1 con- g
ained within exon 4 (Figure 1A).10 The proglucagon gene
s expressed in the �-cells of the endocrine pancreas, the
-cells of the intestine, and neurons located in the caudal
rainstem and hypothalamus; mammalian proglucagon
ene transcription generates a single messenger RNA
mRNA) transcript that is structurally identical in all 3
ell types (Figure 1B).11,12

Proglucagon Gene Expression in the Pancreas
In the pancreas, proglucagon gene expression is

p-regulated by fasting and hypoglycemia and is inhib-
ted by insulin. Activation of the protein kinase C (PKC)
ignaling pathway increases islet proglucagon mRNA lev-
ls and activators of the cAMP/protein kinase A (PKA)
athway stimulate pancreatic proglucagon gene tran-
cription via a cAMP response element located within the
roglucagon gene promoter. Membrane depolarization
nd calcium influx also stimulate proglucagon gene tran-
cription in islet cells. Gastrin stimulates proglucagon
ene expression in glucagon-producing pancreatic cells
hat stably express the cholecystokinin-2 (CCK-2) recep-
or in an Egr-1– dependent manner; however, levels of
roglucagon mRNA transcripts are normal in gastrin-/-
ice. Transgenic mouse studies have indicated that ap-

roximately 1.3 kb of rat proglucagon gene 5=-flanking
equences are sufficient to direct pancreatic �-cell– and
rain-specific rat proglucagon gene expression.13 Specific
equences located within the proximal promoter region
f the rodent proglucagon gene bind the transcription
actors Pax-6, Foxa1, Cdx-2/3, Isl-1, Brn4, and c-Maf to

ediate pancreatic �-cell–specific proglucagon gene ex-
ression. Pax-6 and Cdx-2/3 associate with p300, a co-
ctivator protein, to synergistically regulate islet-specific
roglucagon gene transcription. Genetic inactivation of
he murine Pax-6 gene results in defective formation of
slet cell lineages,14 and mice that are homozygous for a
ominant-negative version of Pax-6 (small eye [SEYNeu])
ave significant reductions in pancreatic proglucagon
RNA transcript levels.15 Mice with genetic inactivation

f the Foxa1 (hepatocyte nuclear factor 3� [HNF-3�])

Figure 1. Structures of (A) the proglucagon gene, (B)
mRNA, and (C) protein. (D) Tissue-specific posttransla-
tional processing of proglucagon in the pancreas leads
to the generation of Glicentin-related polypeptide (GRPP),
glucagon (GLUC), intervening peptide-1 (IP-1), and major
proglucagon fragment (MPGF), whereas glicentin, oxyn-
tomodulin (OXM), intervening peptide-2 (IP-2), and GLP-1
and GLP-2 are liberated after proglucagon processing
in the intestine and brain.
ene are hypoglycemic and exhibit reduced pancreatic
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roglucagon mRNA transcript and plasma glucagon lev-
ls, implicating a key role for Foxa1 in pancreatic pro-
lucagon gene expression. However, in contrast, the im-
ortance of Brn4 for proglucagon gene regulation is
nclear because Brn4 potently activates pancreatic �-cell–
pecific proglucagon gene expression in vitro, but mice
ith targeted inactivation of the Brn4 gene have normal
-cell development and pancreatic proglucagon mRNA

evels.16 Sequences within the 5=-flanking region imme-
iately upstream of the proglucagon gene promoter con-
ain islet cell–specific enhancer-like elements and bind
he transcription factor Beta2/NeuroD as well as mem-
ers of the Foxa, HNF, and Ets families of transcription
actors to enhance or repress proglucagon gene expres-
ion in a tissue-specific manner.

Insulin-mediated inhibition of pancreatic �-cell–spe-
ific proglucagon gene expression is regulated via an
nsulin-responsive element located within the gene pro-

oter, as well as through synergistic interactions be-
ween proximal promoter elements and more distal en-
ancer-like elements. RNA silencing and overexpression
tudies have shown that insulin inhibits proglucagon
ene expression in �-cells via nuclear exclusion of the
ranscription factor FoxO1.17

Proglucagon Gene Expression in the Intestine
Studies using primary intestinal cell cultures or

ransformed enteroendocrine tumor cell lines have
hown that, similar to proglucagon gene expression in
he pancreas, the level of intracellular cAMP and activa-
ion of cAMP/PKA signaling are major determinants of
ntestinal proglucagon gene expression.18 –20 The Wnt sig-
aling pathway is a potential mediator of PKA-dependent
roglucagon gene transcription in the intestine and Wnt
ignaling mediates proglucagon gene expression in L-
ells via expression of the transcription factor TCF-4.21

ncreased levels of cAMP may up-regulate intestinal pro-
lucagon gene transcription by activation of PKA or via
he cAMP-regulated guanine nucleotide exchange factor
I exchange protein directly activated by cAMP (Epac2)/

itogen-activated protein kinase (MAPK) pathway. A pri-
ary regulator of intestinal proglucagon gene expression

n vivo is nutrient ingestion.22 Fasting reduces whereas
efeeding stimulates proglucagon gene expression in the
at intestine,23 and diets that are high in fiber24 or short-
hain fatty acids25 increase intestinal proglucagon
RNA levels. Gastrin-releasing peptide (GRP) and GIP

ncrease intestinal proglucagon mRNA levels in mouse
nteroendocrine cells and primary fetal rat intestinal
ultures, respectively. Surgical removal of portions of
he small bowel is associated with increased progluca-
on mRNA levels in the remnant intestine. Adenoviral-
ediated overexpression of the transcription factor

ax-6 in primary intestinal cultures or rat colonic
pithelium is associated with enhanced endogenous

roglucagon gene expression,26 whereas homozygous a
ice that express the dominant-negative (SEYNeu) form
f Pax-6 exhibit significant reductions in proglucagon
RNA levels in the small and large intestines.27 Hence,

ax-6 is essential for proglucagon gene expression in
he intestine and pancreas. In contrast to proglucagon
ene expression in the endocrine pancreas and brain,
ransgenic mouse studies suggest that a much larger
egion (�2.3 kb) of rat proglucagon 5=-flanking se-
uences is required for proglucagon gene expression in
he pancreas, brain, and intestine,28 indicating that
NA sequences located between -2.3 and -1.3 kb in the

at proglucagon promoter are important for specifying
ntestinal proglucagon gene expression. The sequences
ituated between -2.3 and -1.3 kb have been designated
he proglucagon gene upstream enhancer element, and cell
ransfection and electrophoretic mobility shift assay
EMSA) studies using enteroendocrine cell lines have
ndicated that the proglucagon gene upstream en-
ancer element is composed of multiple positive and
egative cis-acting DNA regulatory subdomains and
lays an integrative role in regulating tissue-specific
roglucagon gene transcription.29

Regulation of Human Proglucagon Gene
Expression
Although the majority of studies to date have

ocused primarily on the regulation of proglucagon
ene expression in rodents, a limited number of stud-
es have examined transcriptional regulation of the
uman proglucagon gene. In transgenic mice, approx-

mately 1.6 kb of human proglucagon gene 5=-flanking
equences can direct proglucagon gene transcription
o the brain and intestine, but not pancreatic islets,30

hereas transfection of rodent islet cell lines with
uman proglucagon promoter-reporter plasmids indi-
ates that sequences within the first 6 kb of the human
roglucagon gene 5=-flanking region are required for
ancreas-specific gene expression.30 A combination of
ell transfection and transgenic reporter studies have
dentified a conserved region within intron 1, desig-
ated ECR3, as critical for expression of the human
roglucagon gene in islet �-cells. These studies suggest
hat the human proglucagon gene likely uses a distinct
et of transcription factors and DNA sequences to
pecify tissue-specific proglucagon gene transcription.

Posttranslational Processing of
Proglucagon
The proglucagon mRNA is translated into a single

80 amino acid precursor protein that undergoes tissue-
pecific posttranslational processing to yield specific pep-
ide profiles in the pancreas, intestine, and brain (Figure
C and D).11 Although several prohormone convertase
PC) enzymes have been identified, only PC1/3 and PC2

ppear to be important for proglucagon processing.31
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In pancreatic �-cells, the predominant proglucagon
osttranslational processing products are glicentin-re-

ated polypeptide, glucagon, intervening peptide-1,
nd the major proglucagon fragment (Figure 1D). Glu-
agon, the major counterregulatory hormone to insu-
in, regulates hepatic glucose production via activation
f glycogenolysis and gluconeogenesis and inhibition
f glycolysis, and is essential for maintaining glucose
omeostasis in the fasting state. The physiologic im-
ortance of glucagon for blood glucose regulation is
xemplified by the hypoglycemic phenotype of mice
hat harbor a targeted inactivation of the glucagon
eceptor gene.32,33 To date, no physiologic actions have
een identified for glicentin-related polypeptide, inter-
ening peptide-1, or major proglucagon fragment. Islet
-cell–specific posttranslational processing of proglu-
agon to glucagon is mediated, at least in part, by PC2,
nd mice that lack active PC2 exhibit mild hypoglyce-
ia and deficient processing of proglucagon to mature

lucagon.34

Posttranslational processing of proglucagon in en-
eroendocrine L-cells and the central nervous system
CNS) liberates glicentin, oxyntomodulin, GLP-1, in-
ervening peptide-2, and GLP-2 (Figure 1D). The phys-
ologic actions of glicentin are not well defined but it
xerts trophic effects in the rodent small intestine.35

xyntomodulin inhibits gastrointestinal secretion and
otility and stimulates pancreatic enzyme secretion

nd intestinal glucose uptake.36 More recent studies in
odents and humans have identified roles for oxynto-

odulin in promoting satiety and regulating intrinsic
eart rate.37–39 GLP-1 exerts a number of actions that
re important for regulating glucose homeostasis (de-
cribed in detail later). To date, no physiologic actions
ave been identified for intervening peptide-2. GLP-2
timulates cell proliferation and inhibits apoptosis in
he intestinal crypt compartment.40 GLP-2 also up-
egulates intestinal glucose transport, improves intes-
inal barrier function, and inhibits food intake,41,42

astric emptying, and acid secretion. GLP-2 also re-
uces bone resorption and promotes neuronal prolif-
ration and survival.43 The prohormone convertase
C1/3 has been localized to intestinal L-cells and
hown to be both necessary and sufficient for post-
ranslational processing of proglucagon in the intes-
ine.44,45 PC1/3 null mice exhibit increased levels of
ntestinal proglucagon accompanied by marked de-
reases in proglucagon processing to glicentin, oxyn-
omodulin, GLP-1, and GLP-2.46

The prohormone convertase enzymes responsible for
he posttranslational processing of proglucagon in the
NS are not well established; however, high levels of
C1/3 and PC2 are present throughout the CNS, includ-

ng the hypothalamus, where neurons that express pro-

lucagon also can be found. d
GLP-1 Secretion, Metabolism, and
Clearance
GLP-1 is secreted from intestinal endocrine L-

ells, which are located mainly in the distal ileum and
olon. In contrast, GIP is released from intestinal K-cells
hat are localized to more proximal regions (duodenum
nd jejunum) of the small intestine. However, endocrine
ells that produce GLP-1 or GIP, as well as cells that
roduce both peptides, can be found throughout all
egions of the porcine, rat, and human small intes-
ine.47,48 The L-cell is an open-type intestinal epithelial
ndocrine cell that directly contacts luminal nutrients
hrough its apical surface and neural and vascular tissue
hrough its basolateral surface. Accordingly, GLP-1 secre-
ion from intestinal L-cells is stimulated by a variety of
utrient, neural, and endocrine factors.
Meal ingestion, particularly one rich in fats and carbo-

ydrates, is the primary physiologic stimulus for GLP-1
ecretion.49 GLP-1 release can be stimulated by mixed

eals or individual nutrients including glucose and
ther sugars, fatty acids, essential amino acids, and di-
tary fiber. Oral, but not intravenous, glucose adminis-
ration stimulates GLP-1 secretion in humans.50,51 In
odents and humans, GLP-1 is released rapidly into the
irculation after oral nutrient ingestion, and its secretion
ccurs in a biphasic pattern starting with an early (within
0 –15 min) phase that is followed by a longer (30 – 60
in) second phase.51 Because the majority of GLP-1–

ecreting L-cells are located in the distal small intestine, it
s unlikely that the early phase of GLP-1 secretion can be

ediated by direct nutrient contact with the L-cell. In-
eed, several studies have shown that the autonomic
ervous system, the neurotransmitters GRP and acetyl-
holine, and the peptide hormone GIP all can contribute
o the rapid release of GLP-1 after nutrient ingestion. The
ole of the vagus nerve as an important mediator of
utrient-induced GLP-1 secretion has been established by
tudies in rats in which it was shown that bilateral sub-
iaphragmatic vagotomy completely blocks fat-induced
LP-1 secretion, whereas direct electrical stimulation of

he celiac branches of the vagus (that innervate the jeju-
um, ileum, and colon) increases GLP-1 secretion.52 In
umans, administration of atropine, a nonspecific mus-
arinic-receptor antagonist, diminishes oral glucose-stim-
lated first-phase GLP-1 secretion independently of gas-
ric emptying.53 In similar studies, either atropine or the

1 muscarinic-receptor antagonist pirenzepine could
ompletely inhibit fat-induced GLP-1 secretion in rats.54

n primary fetal rat intestinal cultures and human endo-
rine L-cells, M1 and M2 muscarinic-receptor agonists
timulate GLP-1 secretion, whereas muscarinic-receptor
ntagonists inhibit GLP-1 release.54,55 GRP stimulates
LP-1 secretion in rodents and humans, and GRP recep-

or null mice have a decreased GLP-1 secretory response
o gastric glucose. GIP-induced GLP-1 secretion has been

emonstrated in vitro in canine L-cells and in vivo in
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odents, and may be mediated by GRP. However, GIP has
o effect on GLP-1 secretion in humans.9,56 The neu-
opeptide calcitonin gene–related peptide also has been
roposed to play a role in the regulation of GLP-1 secre-
ion. In contrast to the indirect mechanisms that mediate
arly GLP-1 release, the second or late phase of GLP-1
ecretion likely is caused by direct stimulation of intes-
inal L-cells by digested nutrients.57 Therefore, nutrient-
enerated stimulatory signals can be transmitted to L-
ells either indirectly, through neural or endocrine
ediators, or via direct contact, to produce the early and

ate phases of GLP-1 secretion, respectively. However,
ecause L-cells seem to be present throughout the entire

ength of the small intestine, it is possible that early
LP-1 secretion also can occur by direct association of
utrients with L-cells located in more proximal regions of
he small intestine.47,48

Leptin receptors are expressed in rodent and human
ntestinal L-cells, and leptin stimulates GLP-1 secretion
rom fetal rat, mouse, and human endocrine L-cell cul-
ures in vitro, as well as in vivo in rats and leptin-deficient
b/ob mice.58 Moreover, high-fat diet–induced obesity in
ice is associated with leptin resistance and decreased

asal and oral glucose-stimulated GLP-1 levels.58

GLP-1 secretion is stimulated by activation of a num-
er of intracellular signals including PKA, PKC, calcium,
nd MAPK. Studies using a mouse intestinal L-cell line
hat expresses the adenosine triphosphate (ATP)-sensitive
otassium channel (KATP) subunits sulfonylurea receptor
and inward rectifying potassium channel 6.2, as well as

lucokinase, and sodium-glucose cotransporters 1 and 3
uggest that glucose stimulates GLP-1 secretion via glu-
ose metabolism and KATP channel closure,59 whereas
onmetabolizable sugars promote GLP-1 release via a
odium-glucose cotransporter– dependent mechanism.60

nsaturated long-chain free fatty acids stimulate GLP-1
ecretion via GPR120, a G-protein– coupled receptor that
s expressed abundantly in the intestine.

In comparison with the stimulation of GLP-1 secre-
ion, relatively few studies have examined the factors
esponsible for inhibition of GLP-1 release. However,
imited studies have shown that insulin, somatostatin,
nd the neuropeptide galanin can inhibit GLP-1 secre-
ion from intestinal L-cells in vitro and in vivo.

Multiple forms of GLP-1 are secreted in vivo, including
LP-1(1-37) and GLP-1(1-36)NH2, which are thought to
e inactive, and GLP-1(7-37) and GLP-1(7-36)NH2, which
re biologically active (Figure 2). GLP-1(7-37) and GLP-
(7-36)NH2 are produced from their full-length precur-
ors by the action of PC1/361 and appear to be equipotent
n their ability to stimulate insulin secretion.62 The ad-
ition of an amide group to GLP-1(1-36)NH2 and GLP-
(7-36)NH2 likely is mediated by the enzyme peptidyl-
lycine �-amidating monooxygenase and may enhance
he survival of GLP-1 in plasma.63 In humans, the ma-

ority of GLP-1 in the circulation is GLP-1(7-36)NH2.64 r
The half-life of bioactive GLP-1 in the circulation is
ess than 2 minutes owing to rapid inactivation by the
biquitous proteolytic enzyme dipeptidyl peptidase-4

DPP-4).65 DPP-4, also known as CD26, is a serine pro-
ease that specifically cleaves dipeptides from the amino
erminus of oligopeptides or proteins that contain an
lanine or proline residue in position 2, thereby modify-
ng or inhibiting their activity. GLP-1, which contains a
enultimate alanine residue and thus is a substrate for
PP-4, is metabolized rapidly to GLP-1 (9-37) or GLP-1

9-36)NH2 (Figure 2).66 – 68 DPP-4 also binds collagen and
denosine deaminase, and plays a role in T-cell costimu-
ation and proliferation. DPP-4 is widely expressed and
an be found in multiple tissues and cell types including
he kidney, lung, adrenal gland, liver, intestine, spleen,
estis, pancreas, and CNS, as well as on the surface of
ymphocytes and macrophages. Notably, DPP-4 also is
ound on the surface of endothelial cells, including those
ining blood vessels that drain the intestinal mucosa,
hich are positioned directly adjacent to the sites of
LP-1 secretion.69 Consequently, more than half of the
LP-1 that enters the portal circulation already has been

nactivated by DPP-4 before entry into the systemic cir-
ulation.69 In addition to a cell-surface membrane-bound
orm, DPP-4 also exists as a soluble protein in the circu-
ation.70

In rats, more than 50% of an intravenous bolus of
LP-1 is converted to its N-terminal metabolite by DPP-4
ithin 2 minutes of peptide administration. Conversely,
LP-1 remains intact when infused into DPP-4 – deficient

igure 2. Bioactive GLP-1(7-36)amide and GIP (1-42) are released
rom the small intestine after meal ingestion and enhance glucose-
timulated insulin secretion (incretin action). DPP-4 rapidly converts
LP-1 and GIP to their inactive metabolites GLP-1 (9-36) and GIP

3-42) in vivo. Inhibition of DPP-4 activity prevents GLP-1 and GIP
egradation, thereby enhancing incretin action.
odents.67,71 In healthy or diabetic humans, intravenous
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r subcutaneous GLP-1 is metabolized rapidly (within 30
in) to GLP-1 (9-36)NH2, which accounts for more than

5% of the immunodetectable circulating GLP-1 in these
ndividuals (Figure 2).65 Numerous studies in both ani-

als and humans have demonstrated that inhibition of
PP-4 activity prolongs the half-life of intact, biologically

ctive GLP-1.
Neutral endopeptidase 24.11 (NEP-24.11), a mem-

rane-bound zinc metallopeptidase,72 has been shown to
ave endoproteolytic activity on GLP-1 in vitro and up to
0% of GLP-1 entering the circulation may undergo C-
erminal cleavage by NEP-24.11.73,74

The plasma half-life of intact GLP-1 is approximately 2
inutes, whereas that of its metabolite has been esti-
ated to be approximately 5 minutes as a result of renal

learance. The major route of GLP-1 elimination is
hrough the kidney and involves mechanisms that in-
lude glomerular filtration and tubular uptake and ca-
abolism.75 In rats, bilateral nephrectomy or ureter liga-
ion is associated with an increased circulating half-life of
LP-175 and GLP-1 levels are increased in patients with

enal failure76 or chronic renal insufficiency.77 By using
pecific N- and C-terminal assays, it was determined that
oncentrations of GLP-1 metabolites are increased in
atients with renal failure, whereas levels of intact bioac-
ive GLP-1 are similar to those of healthy individuals.77

hese studies indicate that the kidneys are important for
limination of GLP-1 and its metabolites.77

Fasting plasma levels of bioactive GLP-1 typically
ange between 5 and 10 pmol/L in humans and increase
pproximately 2- to 3-fold after a meal,64,78,79 with the
bsolute peak values being dependent on both the size
nd nutrient composition of the meal.79,80 Postprandial
evels of intact, biologically active GLP-1 are reduced in
bese and type 2 diabetic individuals.79,81– 83 Because the
limination rates of GLP-1 are similar in healthy, obese,
nd type 2 diabetic individuals,84 the decrease in GLP-1
evels observed in obese and type 2 diabetic humans likely
s caused by reductions in GLP-1 secretion. Although
eptin can stimulate GLP-1 secretion, obese individuals
ften exhibit leptin resistance. Hence, it has been pro-
osed that leptin resistance may be responsible for the
ecreased GLP-1 levels in obese humans.58 The factors
esponsible for decreased meal-stimulated GLP-1 secre-
ion in type 2 diabetic patients are not known.

The GLP-1 Receptor
The GLP-1 receptor (GLP-1R) belongs to the class

family of 7-transmembrane–spanning, heterotrimeric
-protein– coupled receptors, which also includes recep-

ors for glucagon, GLP-2, and GIP.85 The rat and human
LP-1R cDNAs were cloned and sequenced in the early
990s from their respective pancreatic islet cDNA librar-

es. Both receptors are 463 amino acids in length and
xhibit 90% amino acid sequence identity. The human

LP-1R gene spans 40 kb, consists of at least 7 exons, o
nd has been mapped to chromosome 6, band p21.1. In
odents and humans, a single structurally identical
LP-1R has been identified and is expressed in a wide

ange of tissues including �-, �-, and �-cells of the pan-
reatic islets, lung, heart, kidney, stomach, intestine, pi-
uitary, skin, nodose ganglion neurons of the vagus
erve, and several regions of the CNS including the
ypothalamus and brainstem. Although GLP-1R expres-
ion is detected in canine muscle and adipose tissues,86

vidence for the presence of GLP-1Rs in human or rodent
dipose tissue, liver, or muscle is equivocal. GLP-1R ex-
ression in islets is down-regulated in response to dexa-
ethasone, high glucose, activation of PKC, and GLP-1.
onversely, GLP-1R expression is up-regulated in dia-
etic rats after 7 days of treatment with a DPP-4 inhib-

tor.
The N-terminal extracellular region of the GLP-1R is

ssential for GLP-1 binding, whereas distinct domains
ithin the third intracellular loop are critical for efficient

oupling of the receptor to specific G-proteins. The
LP-1R can couple to G�s, G�q, G�i, and G�o,87,88 lead-

ng to increases in intracellular Ca2�, adenylate cyclase,
nd phospolipase C, and activation of PKA, PKC, phos-
atidylinositol-3 kinase (PI-3K), Epac2, and MAPK signal
ransduction pathways.87,89 –92 In islet cell lines, the
LP-1R undergoes rapid homologous and heterologous
esensitization and internalization, with both processes
eing dependent on phosphorylation of specific residues

n the GLP-1R C-terminal tail. The GLP-1R localizes in
ipid rafts and interacts with caveolin-1 to regulate recep-
or subcellular localization, trafficking, and signaling.
owever, GLP-1R desensitization has not been observed

n vivo, even after long-term GLP-1R agonist administra-
ion.93

Exendin (9-39), an N-terminally truncated peptide de-
ivative of the lizard GLP-1R agonist exendin-4, binds the
LP-1R and functions as a specific GLP-1R antagonist.94

xendin (9-39) or mice with a targeted disruption of the
LP-1R gene (GLP-1R-/-)95 often are used to examine the
hysiologic consequences of transient and sustained loss
f GLP-1R signaling, respectively.

Biological Actions of GLP-1
Pancreas
GLP-1R agonists produce several biological ac-

ions in the pancreas (Figure 3) including stimulation of
lucose-dependent insulin secretion.8,9,96 The binding of
LP-1 to its specific receptor on pancreatic �-cells leads

o activation of adenylate cyclase activity and production
f cAMP (Figure 4). Subsequently, GLP-1 stimulates in-
ulin secretion via mechanisms that include the follow-
ng: (1) direct inhibition of KATP channels, which leads to
-cell membrane depolarization; (2) increases in intracel-

ular Ca2� levels resulting from GLP-1– dependent influx

f extracellular Ca2� through voltage-dependent Ca2�
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hannels, activation of nonselective cation channels, and
obilization of intracellular Ca2� stores; (3) increases in
itochondrial ATP synthesis, which lead to further
embrane depolarization; (4) closure of voltage-depen-

ent K� (Kv) channels and consequent reductions in Kv
urrents, thereby preventing �-cell repolarization; and (5)
irect effects on �-cell insulin storage granule exocytosis
hat occur distal to increases in ATP and intracellular
a2�. The primary effector of GLP-1–induced insulin

ecretion is cAMP, and cAMP mediates its stimulatory
ffect on insulin secretion via 2 distinct mechanisms: (1)
KA-dependent phosphorylation of downstream targets
nd (2) PKA-independent activation of Epac2. Both
AMP/PKA and PI-3K/PKC� signaling pathways mediate
he antagonistic effect of GLP-1 on Kv currents. GLP-1
an enhance KATP channel–independent glucose-induced
nsulin secretion by PKA- and PKC-dependent signaling
athways. The glucose-dependent actions of GLP-1 are
ot understood completely, but may converge on the
ATP and Kv channels, and potentially at the level of

nsulin granule exocytosis.
GLP-1 also acts synergistically with glucose to promote

nsulin gene transcription, mRNA stability, and biosyn-
hesis, and thus has the potential to replenish �-cell
nsulin stores and prevent exhaustion of �-cell re-
erves.90,97,98 GLP-1R agonists maintain �-cell insulin
tores and secretory capacity by increasing glucose-in-
uced insulin biosynthesis at the translational level.99

he mechanisms whereby GLP-1R agonists increase in-
ulin gene transcription and biosynthesis include activa-

igure 3. GLP-1 actions in peripheral tissues. The majority of the
ffects of GLP-1 are mediated by direct interaction with GLP-1Rs on
pecific tissues. However, the actions of GLP-1 in liver, fat, and muscle
ost likely occur through indirect mechanisms.
ion of cAMP/PKA-dependent and -independent signal- t
ng pathways, and increases in intracellular Ca2�

evels.90,100 Nuclear factor of activated T (NFAT) cells
ay also be an important mediator of GLP-1–induced

nsulin gene transcription. Pancreas duodenum ho-
eobox 1 (Pdx-1), a transcription factor essential for

ancreatic development and �-cell function, also plays a
entral role in mediating the actions of GLP-1 on insulin
ene transcription and secretion. GLP-1 increases Pdx-1
ene transcription and the binding of Pdx-1 to the insu-
in gene promoter.101 In addition, �-cell–specific inacti-
ation of the Pdx-1 gene in mice and dominant-negative
uppression of Pdx-1 in insulinoma cells are associated
ith loss of GLP-1R agonist– dependent effects on pan-

reatic �-cells.98,102 GLP-1 also increases mRNA levels of
he �-cell KATP channel subunits sulfonylurea receptor 1
nd inward rectifying potassium channel 6.2, and regu-
ates KATP channel function.

GLP-1 confers glucose sensitivity to glucose-resistant
-cells, thereby improving the capacity of �-cells to sense
nd respond to glucose.103 GLP-1 up-regulates the ex-
ression of glucose transporters and glucokinases, mo-

ecular components of �-cell glucose sensors, and thus
rovides a possible mechanism whereby GLP-1 is able to
estore glucose responsivity to previously resistant
-cells.
GLP-1 also inhibits glucagon and stimulates soma-

ostatin secretion. The stimulatory effect of GLP-1 on
omatostatin secretion likely is caused by direct interac-
ion with GLP-1Rs on somatostatin-secreting pancreatic
-cells.104 The mechanism(s) whereby GLP-1 inhibits glu-
agon secretion from pancreatic �-cells is less clear, and

igure 4. GLP-1R–dependent intracellular signal transduction path-
ays in the pancreatic �-cell. Although there is considerable overlap
etween pathways, the major effectors that couple GLP-1R activation
o insulin secretion and biosynthesis (green), �-cell proliferation and
eogenesis (blue), inhibition of apoptosis (red), and ER stress reduc-

ion (purple) are highlighted.
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ay involve direct binding to pancreatic �-cell GLP-
Rs.105 Alternatively, the inhibitory effect of GLP-1 on
lucagon secretion may be mediated indirectly via stim-
lation of insulin and/or somatostatin secretion. In mice
ith �-cell–specific inactivation of the Pdx-1 gene, GLP-
R– dependent insulin secretion is defective and the abil-

ty of GLP-1R agonist administration to inhibit glucagon
ecretion is lost, suggesting that insulin or another
-cell– derived mediator could contribute significantly to

he inhibition of glucagon secretion.98 However, the sup-
ressive effect of GLP-1 on glucagon secretion also has
een observed in fasting type 1 diabetic patients with no
esidual �-cell secretory capacity,106 indicating that the
lucagonostatic effect of GLP-1 can be mediated inde-
endently of endogenous insulin levels. The glucagono-
tatic action of GLP-1 also is glucose-dependent,107

hereby reducing the potential for developing hypoglyce-
ia. The cellular mechanisms that mediate the inhibitory

ctions of GLP-1 on glucagon secretion are less well
haracterized but are believed to involve (1) cAMP/PKA-
ependent closure of �-cell KATP channels, which leads to
embrane depolarization and subsequent inactivation of
-type Ca2� and Na� channels; (2) inhibition of A-type
� channels, which prevents �-cell membrane repolariza-

ion; and (3) reductions in intracellular Ca2� levels.
GLP-1R agonists stimulate �-cell proliferation and

eogenesis and inhibit �-cell apoptosis, thereby increas-
ng �-cell mass (Figure 3). GLP-1 activates the expression
f immediate early genes encoding transcription factors
hat regulate islet cell proliferation and differentiation.
reatment of pancreatic exocrine or epithelial cells or rat
nd human pancreatic ductal cell lines with GLP-1R
gonists promotes their conversion to islet-like cells that
roduce and secrete insulin in a glucose-dependent man-
er, and GLP-1 accelerates the differentiation and matu-
ation of human and porcine fetal islet cells. GLP-1R
gonists inhibit apoptosis in primary rodent islets, puri-
ed �-cells, and islet cell lines after exposure to cytotoxic
gents or dexamethasone.108 –110 GLP-1 also preserves
orphology, improves glucose-stimulated insulin secre-

ion, and inhibits apoptosis in freshly isolated human
slets.110,111 In vivo, GLP-1R agonists improve glucose
olerance, enhance �-cell proliferation and neogenesis,
nd inhibit �-cell apoptosis in experimental rodent mod-
ls of diabetes, leading to increased �-cell mass. Further-
ore, administration of exendin-4 during the prediabetic

eonatal period prevents the development of adult-onset
iabetes in rats after experimentally-induced intrauterine
rowth retardation. Similarly, exendin-4 increases �-cell
ass and delays diabetes onset in Goto-Kakizaki rats and

b/db mice, and increases insulin secretion but fails to
xpand �-cell mass in insulin-receptor substrate-2 (IRS-2)
nockout mice. GLP-1R agonists also improve �-cell
unction and survival during endoplasmic reticulum (ER)
tress.112 Obese diabetic db/db mice develop ER stress

nd exendin-4 reduces levels of the ER stress markers a
HOP-10 and spliced Xpb-1 in db/db islet �-cells.112

xendin-4 attenuates translational down-regulation of
nsulin and improves survival of purified rat �-cells and
slet cell lines after ER stress induction in vitro via mech-
nisms that include enhancement of ATF-4 translation,
ncreased expression of GADD34, and dephosphoryla-
ion of eIF2�.112

The molecular mechanisms that couple GLP-1R activa-
ion to �-cell mass expansion and cytoprotection include

ultiple signal transduction pathways downstream of the
LP-1R (Figure 4),113,114 however, activation of the tran-

cription factor Pdx-1 appears to be a shared component
n all GLP-1R– dependent molecular pathways. The im-
ortance of Pdx-1 is illustrated by the inability of ex-
ndin-4 to stimulate proliferation or inhibit apoptosis in
-cell–specific Pdx-1-/- mice.98 The proliferative effects of
LP-1R agonists in vitro are mediated via transactivation
f the epidermal growth factor receptor (EGRP), which

eads to increases in PI-3K and activation of PKC�115

nd/or Akt-protein kinase B (PKB). GLP-1R agonists also
timulate �-cell replication via IRS-2 signaling,116 as well
s activation of cAMP/PKA, PI-3K, and MAPK signaling
athways, and up-regulation of expression of the cell-
ycle regulator cyclin D1. The specific mechanisms in-
olved in GLP-1– dependent �-cell differentiation/neo-
enesis are not well defined but likely involve activation
f PKC and MAPK, as well as synergistic interaction with
ransforming growth factor-� and regulation of smad
ranscription factor activity. The transcription factor
oxO1, a key negative regulator of �-cell growth, also
lays an important role in mediating the proliferative,
eogenic, and cytoprotective effects of GLP-1 on the
-cell. Studies in mice treated with the �-cell toxin strep-

ozotocin indicate that exendin-4 mediates �-cell regen-
ration by mechanisms that involve up-regulation of
RS-2 expression and promotion of FoxO1 nuclear exclu-
ion, resulting in increased Pdx-1 expression.117,118 Simi-
arly, in vitro studies show that GLP-1 mediates its pro-
iferative and anti-apoptotic effects in �-cells via EGFR–
nd PI-3K– dependent inhibition of FoxO1 activity and
onsequent up-regulation of expression of the transcrip-
ion factors Pdx-1 and Foxa2.117,118 GLP-1R– dependent
nhibition of �-cell apoptosis is associated with dimin-
shed levels of pro-apoptotic proteins including active
aspase 3, poly-ADP-ribose polymerase cleavage, and thi-
redoxin interacting protein, and up-regulation of pro-
urvival factors including Bcl-2, Bcl-xL, and inhibitor of
poptosis protein-2. The cumulative experimental evi-
ence indicates that the cytoprotective effect of GLP-1R
gonists is coupled to the following: (1) activation of
AMP/PKA with subsequent phosphorylation and activa-
ion of cAMP response element binding protein (CREB),
eading to activation of IRS-2 and induction of the Akt-
KB growth and survival pathway,119,120 and (2) activa-
ion of Akt-PKB and enhancement of the DNA binding

ctivity of its downstream target the transcription factor
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uclear factor-� B (NF�B), an important cellular regula-
or of apoptosis.110 In addition, GLP-1R agonists im-
rove metabolic control via enhancing glucose-stimu-

ated insulin secretion, reducing fasting and postprandial
lood glucose levels, promotion of satiety and weight

oss, and lowering of HbA1c and plasma free fatty acid
evels. Hence, GLP-R agonists may preserve �-cell mass by
1) directly interacting with GLP-1Rs on pancreatic
-cells or islet precursors and activating signal transduc-

ion pathways that modify �-cell proliferation, neogene-
is, and apoptosis, and/or (2) reducing increased circu-
ating glucose and free fatty acids and thereby indirectly
rotecting �-cells from a deleterious metabolic environ-
ent.
The physiologic importance of GLP-1R agonist–medi-

ted actions in the pancreas is illustrated by studies using
he GLP-1R antagonist exendin (9-39), GLP-1 immuno-
eutralizing antisera, and GLP-1R-/- mice. Elimination of
LP-1 action with specific antisera or exendin (9-39)

mpairs glucose tolerance and reduces glucose-stimulated
nsulin levels in both animals and humans. Similarly

LP-1R-/- mice are characterized by a mild fasting hy-
erglycemia and a modest glucose intolerance in re-
ponse to an oral or peripheral glucose challenge in
ssociation with defective glucose-stimulated insulin se-
retion.95 Human studies with exendin (9-39) demon-
trate that even the low basal levels of GLP-1 in the
asting state are important for glucoregulation because
dministration of exendin (9-39) to healthy humans sig-
ificantly increases fasting levels of both glucose and
lucagon, suggesting that low basal GLP-1 levels exert a
onic inhibitory effect on pancreatic �-cells.121 Exendin
9-39) also blocks GLP-1R agonist–mediated differentia-
ion of human pancreatic ductal cells, and inhibits the
nti-apoptotic effect of GLP-1 in �-cells in vitro. GLP-
R-/- mice have normal �-cell mass but abnormal islet
rchitecture with fewer large �-cell clusters and altered
-cell topography,122 indicating that endogenous
LP-1R signaling is important for normal islet develop-
ent. In addition, GLP-1R-/- mice exhibit defective re-

eneration of �-cell mass and deterioration of glucose
olerance after partial pancreatectomy and are more sus-
eptible to streptozotocin-induced �-cell apoptosis.109

Central and Peripheral Nervous Systems
GLP-1Rs and GLP-1– containing nerve fibers are

resent in regions of the CNS that regulate a diverse
rray of homeostatic functions including feeding behav-
or, gastric motility, glucoregulation, and cardiovascular
unction (Figure 3). GLP-1Rs are located on the nodose
anglion of abdominal vagal afferent nerve fibers whose
entral branches terminate in the nucleus of the solitary
ract of the brainstem. Information from the nucleus of
he solitary tract is relayed to the hypothalamus and
ther forebrain regions by way of ascending second-order

eurons. Rodent studies demonstrate that central or pe- o
ipheral administration of GLP-1R agonists reduces
hort-term food and water intake and decreases body
eight.123–126 Similarly, peripheral administration of
LP-1R agonists promotes satiety, decreases energy in-

ake, and leads to weight loss in healthy, diabetic, and
bese humans. GLP-1 and exendin-4 are relatively small
olecules that diffuse readily across the blood-brain bar-

ier to directly access the CNS. Thus, GLP-1R agonists
ould reduce food intake by direct interaction with GLP-
Rs localized to hypothalamic CNS centers that regulate

ngestive behavior. Conversely, GLP-1R agonists could
odify food intake indirectly by virtue of their ability to

nhibit gastric emptying (see later), thereby producing
astric distension and an associated sensation of satiety.

Experimental evidence points to a neural mechanism
or GLP-1R agonist– dependent inhibition of food intake.
n rats, subdiaphragmatic bilateral vagotomy or surgical
ransection of the brainstem-hypothalamic pathway pre-
ludes peripheral GLP-1–induced anorexia and blocks
euronal activation of hypothalamic feeding circuits.127

ikewise, systemic treatment with capsaicin, to selectively
blate nodose ganglionic neurons and the vagus nerve,
ompletely blocks the anorectic effect of peripherally
dministered exendin-4 in mice.128 In addition, periph-
ral administration of a much larger GLP-1–albumin
ecombinant fusion protein, which is unable to cross the
lood-brain barrier, activates neurons in the CNS that are
oupled to feeding and inhibits food intake in mice.129

lternatively, the anorectic effects of GLP-1R agonists
ould be secondary to activation of central signaling
athways that trigger visceral illness or anxiogenic behav-

or. Peripheral administration of noxious agents such as
ithium chloride can activate GLP-1–producing neurons
n the CNS. In addition, central infusion of GLP-1 and
ystemic administration of lithium chloride induce a
imilar pattern of neuronal activation in the CNS and
licit comparable aversive behavioral responses in rats
including inhibition of food intake) that are blocked by
rior administration of the GLP-1R antagonist exendin

9-39). Although GLP-1Rs in the CNS can be activated by
LP-1 produced in either the intestine or the CNS, the

elative importance of peripheral vs central GLP-1 for the
egulation of feeding behavior is not known.

GLP-1R agonist– dependent insulin secretion also may
e mediated indirectly, in part, via a neural mechanism. It
as been estimated that more than 50% of secreted GLP-1

s inactivated by DPP-4 on its release from the intestinal
-cell, whereas a large amount of the remaining intact
eptide subsequently is inactivated as it passes through
he liver, with only small amounts of GLP-1 actually
eaching the pancreas in the intact bioactive form.69,130

his led to the proposal that intestinally derived GLP-1
ust trigger a local neural intermediary that relays the

ignal to the pancreas.131 This proposal is substantiated
y the observations that the GLP-1 receptor is expressed

n nodose ganglion cells of the afferent vagus and ad-
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inistration of GLP-1 into the hepatic portal vein of rats
ctivates hepatic vagal afferent fibers that then, in a reflex
anner, increase the activity of pancreatic vagal efferent

erves. Furthermore, infusion of GLP-1 into the portal
ein increases glucose-stimulated insulin secretion and
nhances glucose disposal, effects that are abolished by
dministration of ganglionic blockers.131 Similarly, stud-
es in mice have shown that an intact sensory afferent
ervous system is essential for GLP-1R agonist–mediated

nsulin secretion because low doses of GLP-1 can increase
lucose-dependent insulin secretion in control but not
apsaicin-treated mice.132 At least part of the sensory
eural component of GLP-1– dependent insulin secretion
ould be mediated by glucose sensors located in the
epatic portal vein that are activated by an increase in the
ortal vein–arterial glucose gradient. Moreover, activa-
ion of GLP-1R signaling is essential for maintaining the
lucose competence of the hepatoportal glucose sensor
ecause portal infusion of glucose significantly increases
eripheral glucose clearance, whereas co-infusion of glu-
ose and exendin (9-39) into the portal vein increases
lycemia in wild-type mice. Likewise, enhanced glucose
learance after portal glucose infusion is abolished in
LP-1R-/- mice.133 Under hyperglycemic conditions,
LP-1R signaling in the murine CNS activates peripheral
eural pathways to inhibit muscle glucose use, increase

nsulin secretion, and support enhanced hepatic glycogen
torage, indicating a novel role for CNS GLP-1 as an
mportant modulator of whole-body glucose homeosta-
is.134

GLP-1R agonists also exert proliferative, neogenic, and
nti-apoptotic actions on neuronal cells. GLP-1R ago-
ists stimulate neurite outgrowth, enhance nerve growth

actor–induced differentiation, and improve cell survival
fter nerve growth factor withdrawal from PC12 cells. In
ddition, GLP-1 and exendin-4 inhibit glutamate-in-
uced apoptosis in cultures of rat hippocampal neurons
nd restore cholinergic marker activity in the basal fore-
rain of ibotenic acid–treated rats, a rodent model of
eurodegeneration.135 Similarly, central infusion of
LP-1R agonists reduce the levels of amyloid-� peptide

A�) in mice, decrease amounts of amyloid precursor
rotein in PC12 cells in vitro, and protect cultured hip-
ocampal neurons from A�- and iron-induced oxidative

njury. The neuroprotective effects of GLP-1 and ex-
ndin-4 were also demonstrated by studies showing im-
roved behavioral and neural morphometric parameters

n rats after pyridoxine-induced peripheral nerve degen-
ration, an experimental model of peripheral sensory
europathy.
GLP-1R– dependent pathways also may be important

or learning and memory. GLP-1R agonist administra-
ion enhances learning in rats; an effect that is blocked by
o-administration of exendin (9-39).136 Conversely, GLP-
R-/- mice show deficiencies in learning behavior that are

orrected by hippocampal Glp1r gene transfer.136 GLP- r
R-/- mice also exhibit increased susceptibility to kainate-
nduced seizures and hippocampal neuronal degenera-
ion, whereas GLP-1R agonist treatment prevents
ainate-induced apoptosis in wild-type animals.136

ence, it has been proposed that GLP-1R agonists may
e of therapeutic use for the treatment of neurodegen-
rative diseases and other neurologic disorders, including
iabetic peripheral neuropathy.

Gastrointestinal System

GLP-1R agonists exhibit potent inhibitory ef-
ects on pentagastrin- and meal-stimulated gastric acid
ecretion and gastric emptying (Figure 3). Deceleration
f gastric emptying attenuates increases in meal-asso-
iated blood glucose levels by slowing the transit of
utrients from the stomach to the small intestine and
ontributes to the normalization of blood glucose lev-
ls in type 2 diabetic patients after exogenous GLP-1
dministration.137,138 Inhibition of gastric emptying
lso contributes to the observed reductions in post-
randial blood glucose levels after GLP-1 administra-
ion in patients with type 1 diabetes.139 The GLP-1–

ediated reduction in meal-related glycemic excursion
ften is associated with reduced, rather than increased,
ostprandial insulin levels.138,140,141 Moreover, in hu-
an studies, when erythromycin is used to antagonize
LP-1– dependent deceleration of gastric emptying, in-

ulin secretory responses to a meal are increased, but
he glucose-lowering effect of GLP-1 is greatly re-
uced.142 Thus, it has been proposed that the gastric
mptying effect of GLP-1R agonists may, in fact, be
ore important than their incretin effect on �-cells
ith regard to meal-stimulated glucose control.
GLP-1R agonists inhibit gastric emptying and acid

ecretion through complex mechanisms. GLP-1Rs are
xpressed in the stomach on gastric parietal cells, sug-
esting that GLP-1R agonists can inhibit gastric empty-
ng and acid secretion via direct mechanisms. However,
nhibition of GLP-1R signaling with exendin (9-39) or
agal afferent denervation abolish the inhibitory effect of
entrally or peripherally administered GLP-1 on gastric
mptying rate and acid secretion. In addition, although
LP-1 and exendin-4 can directly access the CNS from

he periphery, intraperitoneal administration of a much
arger albumin-linked GLP-1R agonist activates neurons
n the CNS that are coupled to gastrointestinal motility
nd inhibition of gastric emptying,129 thus underscoring
he importance of ascending neural pathways for GLP-1R
gonist– dependent control of gastric emptying. Collec-
ively, the experimental data indicate that the inhibitory
ffect of GLP-1 on gastric emptying and acid secretion is
ediated by the vagus nerve and involves GLP-1Rs lo-

ated in the CNS and/or on vagal afferent fibers that

elay sensory information to the brainstem.
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Cardiovascular System
GLP-1Rs are expressed in both the rodent and

uman heart, although the identity of the specific cell
ype(s) within the heart that express the GLP-1R is not
nown. GLP-1Rs also are present in the nucleus of the
olitary tract and area postrema, regions of the CNS that
egulate cardiovascular function. Intravenous adminis-
ration of GLP-1R agonists increases systolic, diastolic,
nd mean arterial blood pressures and heart rate in
odents and increases heart rate in conscious calves. The
timulatory effects of GLP-1R agonists on the rat cardio-
ascular system occur independently of catecholamines
nd are blocked by central or peripheral administration
f the GLP-1R antagonist exendin (9-39),143 suggesting
hat GLP-1R agonists mediate their actions on the car-
iovascular system by both central and peripheral mech-
nisms. In telemetry studies with freely moving rats,
LP-1R agonist–mediated increases in heart rate and
lood pressure are coupled to activation of the following:
1) autonomic control centers in the CNS, (2) GLP-1–
esponsive hypothalamic and medullary catecholamine
eurons that project to sympathetic preganglionic neu-
ons, and (3) neurons in the adrenal medulla, suggesting
hat central GLP-1 activates the sympathetic nervous
ystem to modify cardiovascular function.144 Moreover,
dditional experimental evidence from rodent studies
oints to a role for the GLP-1R in the area postrema as a
olecular link between peripheral GLP-1 and central

utonomic control centers that mediate the neuroendo-
rine and autonomic actions of peripheral GLP-1.145 In
ontrast to its positive effects on heart rate and blood
ressure in rodents, GLP-1R agonists do not significantly
ffect these parameters in human beings.146 –149 However,

single study in type 2 diabetic patients found that
nfusion of GLP-1 is associated with improved endothe-
ial function.150

GLP-1 also exhibits cardioprotective effects in experi-
ental models of cardiac injury or heart failure. In dogs
ith rapid pacing-induced dilated cardiomyopathy, infu-

ion of GLP-1 increases cardiac output and improves left
entricular and systemic hemodynamics, in association
ith increased myocardial insulin sensitivity and glucose
ptake.151 GLP-1 also attenuates myocardial stunning
nd reduces infarct size after ischemia-reperfusion in
onscious dogs and anesthetized rats, respectively. More-
ver, studies using isolated heart preparations have
hown that GLP-1 has direct protective effects on the
eart. GLP-1 reduces infarct size and increases left ven-
ricular function and myocardial glucose uptake after
schemia-reperfusion injury in isolated rat hearts.152,153

he protective effects of GLP-1 in these studies are me-
iated by cAMP and the prosurvival kinases PI-3K/Akt
nd p44/42 MAPK.152 GLP-1R signaling is essential for
ormal cardiac structure and function as GLP-1R-/- mice

xhibit increased septal and posterolateral myocardial c
all thickness and abnormal cardiac contractile re-
ponses to external stresses.154 The beneficial effects of
LP-1 on cardiovascular function also pertain to human
atients. A 72-hour infusion of GLP-1 in patients with
cute myocardial infarction and angioplasty improved
egional and global left ventricular function and was
ssociated with a reduced in-hospital mortality rate and
uration of hospitalization.155 However, it is not known

f the positive effects of GLP-1 on cardiovascular param-
ters are mediated by direct interaction with GLP-1Rs in
he heart, or indirectly through GLP-1–mediated im-
rovements in glucose, insulin, and free fatty acids levels.

Muscle, Adipose Tissue, and Liver
GLP-1 increases glucose incorporation into glyco-

en in isolated primary rat hepatocytes and skeletal mus-
le and enhances insulin-stimulated glucose metabolism
n cultures of 3T3 L1 adipocytes and primary rat adipo-
ytes. GLP-1 also inhibits hepatic glucose production and
timulates glucose uptake in fat and muscle. GLP-1 and
xendin-4 increase glycogen synthase activity and glucose
etabolism in rat soleus muscle and human skeletal
uscle. GLP-1 and exendin-4 also augment insulin-stim-

lated glucose uptake in L6 myotubes, but only ex-
ndin-4 and not GLP-1 exhibits similar effects in 3T3-L1
dipocytes. In addition, GLP-1 has lipolytic effects in rat
dipocytes156 and displays both lipolytic and lipogenic
ctions in human adipocytes.157 Exendin-4 improves in-
ulin sensitivity and reverses hepatic steatosis in ob/ob

ice, and GLP-1 and exendin-4 stimulate cAMP produc-
ion in isolated primary rat hepatocytes.158,159 However,
ther studies do not support a direct role for GLP-1R
ignaling in these tissues,160,161 and whether or not
LP-1R agonists can influence glucose disposal and in-

ulin sensitivity independent of changes in insulin or
lucagon is not clear. Some studies have proposed that
LP-1 can enhance glucose clearance in healthy and
iabetic humans independently of islet hormone ac-
ion,162–164 whereas others have shown that GLP-1 has no
irect effect on glucose disposition.165–169 Furthermore, it
as been suggested that, rather than increasing glucose
isposal, GLP-1 suppresses hepatic glucose produc-
ion.170 The means by which GLP-1 mediates these ex-
rapancreatic effects in humans, independent of changes
n the insulin:glucose ratio, is not known as there is
onflicting experimental evidence for the presence of
LP-1Rs in these tissues. In addition, GLP-1R binding

nd signaling, as well as the effects of GLP-1R agonists
nd antagonists in liver, fat, and muscle, differ from
hose of the pancreatic GLP-1R. Hence, it has been pro-
osed that any GLP-1– dependent actions in these tissues
ay be mediated by a second or related GLP-1R.

Other Tissues
The GLP-1R has been detected on rat pituitary
ells and GLP-1 stimulates cAMP production and thy-
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oid-stimulating hormone release from cultured mouse
ituitary thyrotrophs and rat primary dispersed anterior
ituitary cells. GLP-1 also stimulates the release of lu-
einizing hormone–releasing hormone from a rodent-
erived hypothalamic cell line, and central administra-
ion of GLP-1 increases plasma thyroid-stimulating
ormone, luteinizing hormone, corticosterone, and vaso-
ressin levels and activates hypothalamic neuroendocrine
ells in the rat.171 Although these studies implicate a
odulatory role for GLP-1 in the hypothalamic-pituitary

xis, GLP-1R-/- mice do not exhibit any major impair-
ents in hypothalamic-pituitary function.172 However, in

ealthy human beings, short-term infusion of GLP-1
roduces transient increases in circulating adrenocorti-
otropic hormone and cortisol levels.168

In both the rat and humans, GLP-1R mRNA tran-
cripts are abundant in the lung, submucosal glands of
he trachea, pulmonary artery smooth muscle cells, and
ype II pneumocytes, where activation of GLP-1R signal-
ng enhances mucous secretion, pulmonary muscle relax-
tion, and surfactant secretion, respectively. However, the
recise function of GLP-1 in the respiratory system and

ts relevance to normal pulmonary physiology are not
nown.

The GLP-1R also is expressed in the kidney and intra-
enous infusion of GLP-1 produces natriuretic and di-
retic responses in the rat that are associated with in-
reases in glomerular filtration rate and inhibition of
odium reabsorption in the proximal tubule. In hyper-
ension-prone salt-sensitive rats maintained on a high-
alt diet, a 14-day infusion of GLP-1 prevents hyperten-
ion development, improves endothelial function, and
educes both renal and cardiac damage. The antihyper-
ensive effect of GLP-1 was attributed to GLP-1– depen-
ent increases in salt and water excretion.173 Similarly, a
-hour intravenous infusion of GLP-1 in obese humans
nhances sodium excretion and reduces H� secretion and
lomerular hyperfiltration, implicating a potential pro-
ective role for GLP-1 in the kidney.174

Potential Actions of GLP-1 (9-36)NH2

GLP-1 (9-36)NH2 is the primary GLP-1 metabolite
n vivo; because the levels of GLP-1 (9-36)NH2 in the circu-
ation are greater than those of intact bioactive GLP-1,65,68

here is interest in determining possible functions of this
eptide in vivo. GLP-1 (9-36)NH2 binds GLP-1Rs with low
ffinity and at pharmacologic doses functions as a weak
ompetitive antagonist of �-cell and gastrointestinal tract
LP-1Rs in vivo. However, intravenous administration of
LP-1 (9-36)NH2 in combination with glucose has no effect
n insulin secretion, glucose elimination, or insulin-inde-
endent glucose disposal in either wild-type or GLP-1R-/-
ice.175 Paradoxically, GLP-1 (9-36)NH2 enhances insulin-

ndependent glucose clearance in anesthetized pigs.176 Sim-
larly, infusion of GLP-1 (9-36)NH2 into healthy fasted hu-
ans in conjunction with a test meal significantly reduces t
ostprandial glycemia, independently of changes in insulin
r glucagon secretion or gastric emptying rate.177 In con-
rast, a separate study in healthy human beings found that
nfusion of GLP-1 (9-36)NH2 has no direct effect on glucose
olerance, insulin secretion or sensitivity, or GLP-1 ac-
ion.178 Moreover, this same study showed that simulta-
eous infusion of GLP-1 (9-36)NH2 with GLP-1 (7-36)NH2

oes not alter the ability of GLP-1 (7-36)NH2 to enhance
lucose-stimulated insulin secretion.178 Thus, the biological
mportance of GLP-1 (9-36)NH2 with respect to glucoregu-
ation remains obscure. Interestingly, in studies of dogs with
acing-induced dilated cardiomyopathy, 48 hours of con-
inuous infusion of GLP-1 (9-36)NH2 mimics the effects of
ative GLP-1 by significantly reducing left ventricular end-
iastolic pressure, and increasing left ventricular contractil-

ty, cardiac output, and myocardial glucose uptake.179 Al-
hough these studies did not determine if the effects of
LP-1 (9-36)NH2 are mediated through the known GLP-
R, they fuel the concept that GLP-1 (9-36)NH2 (and pos-
ibly GLP-1) could mediate its actions on the cardiovascular
ystem via a unique receptor.

Structure and Regulation of the GIP
Gene
The human GIP gene (Figure 5) is comprised of 6

xons, with the majority of GIP-encoding sequences
ound in exon 3, and has been localized to the long arm
f chromosome 17. GIP gene expression has been de-
ected in the stomach and intestinal K-cells in both
odents and humans, whereas submandibular salivary
land expression is found exclusively in the rat. Rat
uodenal and salivary gland GIP mRNA levels are in-
reased after glucose- or fat-rich meals and are decreased
n response to prolonged fasting. Little information is
vailable regarding the factors that are essential for me-
iating GIP gene expression, although studies of the
uman GIP gene promoter indicate that basal promoter
ctivity is regulated by 2 cAMP-responsive elements and
ave identified the presence of binding sites for several
ranscription factors including Sp1, activator protein
AP-1), and AP-2. Sequences in the rodent GIP promoter
ontain functional GATA-4 and Isl-1 transcription factor
inding elements that mediate cell-specific promoter ac-

igure 5. (A) ProGIP gene, (B) mRNA, and (C) protein. Bioactive GIP is
enerated from its proGIP protein precursor by posttranslational cleavage
t single arginine residues that flank GIP.
ivity. More recent studies have indicated that Pdx-1 also
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an mediate cell-specific GIP gene expression. Pdx-1 pro-
ein is detectable in the nucleus of GIP-expressing mouse

cells, and the number of GIP-expressing cells is reduced
ignificantly in Pdx-1-/- mice.180 Moreover, EMSA and
hromatin immunoprecipitation (CHIP) assays demon-
trate Pdx-1 binding to the GIP promoter region, and
verexpression of Pdx-1 in transient transfection assays

ncreases the activity of GIP promoter/reporter gene con-
tructs.180

GIP Biosynthesis, Secretion,
Metabolism, and Clearance
The predicted amino acid sequence for both the

at and human GIP cDNAs indicate that GIP is derived
rom a larger proGIP prohormone precursor that en-
odes a signal peptide, an N-terminal peptide, GIP, and a
-terminal peptide (Figure 5). Studies using specific PC
nockout mice or cell lines that overexpress PC enzymes
emonstrate that the mature 42-amino acid bioactive
orm of GIP is released from its 153-amino acid proGIP
recursor via PC1/3-dependent posttranslational cleav-
ge at flanking single arginine residues.46 The peptides
ncoded within the GIP N- or C-terminal sequences have
o known function. The GIP sequence is highly con-
erved among species with human, mouse, rat, porcine,
nd bovine GIP exhibiting more than 90% amino acid
equence identity.

GIP is synthesized within and released from intestinal
-cells, the majority of which are located in the duode-
um and proximal jejunum, with smaller numbers also
ccurring throughout the entire small intestine.47,181 GIP

s secreted in response to nutrient ingestion, especially
lucose or fat. More specifically, it is the rate of nutrient
bsorption rather than the mere presence of nutrients in
he intestine that stimulates GIP release. Thus, GIP se-
retion is reduced in individuals with intestinal malab-
orption or after the administration of pharmacologic
gents that reduce nutrient absorption.182,183 There ap-
ear to be species-specific differences in the nutritional
egulation of GIP release because fat is the most potent
timulator of GIP secretion in humans, whereas carbo-
ydrates are the most effective in the rodent and pig. In
itro studies using cultured canine endocrine cells indi-
ate that activation of adenylyl cyclase, increases in intra-
ellular Ca2� levels, K�-mediated depolarization, glucose,
RP, and �-adrenergic stimulation can increase GIP se-

retion. In humans, basal circulating GIP levels range
etween 0.06 and 0.1 nmol/L, depending on the assay
sed to measure total vs intact GIP, and increase to
.2– 0.5 nmol/L after a meal.79,184 GIP levels are normal or
lightly increased in patients with T2DM.79,185

The half-life of intact biologically active GIP is less
han 2 minutes in rodents,67 and approximately 7 and 5

inutes in healthy subjects and type 2 diabetic patients,
espectively.186 GIP has an alanine residue in position 2

nd is also a target for DPP-4 –mediated inactivation o
Figure 2). A role for DPP-4 in the cleavage of GIP (1-42)
nd generation of the inactive metabolite GIP (3-42) has
een established clearly and studies with rodents and
oth healthy and diabetic humans indicate that DPP-4 is
he primary enzyme responsible for inactivating GIP in
ivo.67,186 Although pharmacologic doses of GIP (3-42)
an function as weak antagonists of the GIP receptor in
itro and in rodents, physiologic levels of GIP (3-42) do
ot antagonize the insulinotropic effects of GIP in vivo.

nterestingly, a direct comparison of intact incretin hor-
ones levels after exogenous intravenous infusion in

umans found that 40% of GIP remains intact and bio-
ctive versus 20% for GLP-1,67,186 indicating that GIP may
e less susceptible to DPP-4 in vivo, and this is reflected

n the slightly longer plasma half-life for GIP vs GLP-1.
dministration of whey protein reduces DPP-4 activity in

he proximal small intestine, but not in the distal gut or
lasma, and is associated with increased intact GIP levels
fter glucose administration. The observations that GIP
evels are increased in uremic patients or individuals with
hronic renal failure, together with impaired GIP clear-
nce in nephrectomized rats, implicates the kidney as the
ajor route of GIP clearance.77 Measurement of arterio-

enous differences in GIP levels across various organ beds
n the anesthetized pig also identifies the kidney as the

ajor site of GIP metabolism, but the liver and extrem-
ties also contribute to GIP extraction.187 The elimination
ates for intact GIP and its metabolite are similar in obese
ype 2 diabetic patients and healthy individuals.188

The GIP Receptor
The GIP receptor (GIPR) initially was cloned from

rat cerebral cortex cDNA library and was followed by
he cloning of the hamster and human GIPRs. The hu-

an GIPR gene comprises 14 exons that span approxi-
ately 14 kb189 and is localized to chromosome 19, band

13.3. The GIPR gene is expressed in the pancreas, stom-
ch, small intestine, adipose tissue, adrenal cortex, pitu-
tary, heart, testis, endothelial cells, bone, trachea, spleen,
hymus, lung, kidney, thyroid, and several regions in the
NS. Similar to the GLP-1R, the GIPR is a member of the
-transmembrane–spanning, heterotrimeric G-protein–
oupled receptor superfamily.190

Relatively little is known about the factors responsible
or regulating GIPR expression. The GIPR gene 5=-flank-
ng region contains a cAMP response element, and bind-
ng sites for Oct-1, Sp1, and Sp3 transcription factors. In
ddition, cis-acting negative regulatory sequences that
ontrol cell-specific GIPR gene expression have been iden-
ified in more distal 5=-flanking regions. GIPR mRNA
nd protein levels are reduced in islets of diabetic rats,
onsistent with the observation of defective GIP action in
iabetic animals and human beings.191

Activation of GIPR signaling is coupled to increases in
AMP and intracellular Ca2� levels, as well as activation

f PI-3K, PKA, PKB, MAPK, and phospholipase A2. In
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itro structure/function studies indicate that the N-ter-
inal domain and the first extracellular loop of the GIPR

re essential for high-affinity GIP binding, whereas por-
ions of the N-terminal domain and the first transmem-
rane domain are important for receptor activation and
AMP coupling. Although the majority of the C-terminal
ail of the GIPR appears to be dispensable for intracellu-
ar signaling, a minimum receptor length of approxi-

ately 405 amino acids is required for efficient transport
nd plasma membrane insertion.

The GIPR undergoes very rapid and reversible homol-
gous desensitization and site-directed mutagenesis, and
-terminal deletion analyses demonstrate the importance
f particular serine residues in the C-terminal tail of the
IPR. Specifically, serines 406 and 411 are important for

eceptor desensitization, whereas serines 426 and 427
egulate the rate of GIPR internalization.192 In addition,
egulator of G-protein signaling-2, G-protein receptor
inase 2, and �-arrestin 1 all have been implicated in
IPR desensitization.

Biological Actions of GIP
The actions of GIP on the pancreatic �-cell are

nalogous to those of GLP-1. However, GIP also exhibits
nique physiologic actions in extrapancreatic tissues

Figure 6).

Pancreas
The primary physiologic role for GIP is that of an
ncretin hormone. GIP is released from intestinal K-cells f
n response to nutrient ingestion, binds to its specific
eceptor on pancreatic �-cells, and enhances glucose-
ependent insulin secretion. The molecular mechanisms
hereby GIP potentiates glucose-dependent insulin se-

retion overlap considerably with those of GLP-1 and
nclude increases in cAMP, inhibition of KATP channels,
ncreases in intracellular Ca2�, and stimulation of exocy-
osis.193,194 GIP stimulation of insulin secretion is medi-
ted by activation of both cAMP/PKA and cAMP/Epac2,
n addition to phospholipase A2 and specific protein
inase signaling pathways.195–197 Recently, a novel role
or GIP in the regulation of Kv channel cell surface
xpression was identified as a potential mechanism
hereby GIP modulates insulin secretion.198 GIP also
p-regulates �-cell insulin gene transcription and biosyn-
hesis, as well as the expression of components of �-cell
lucose sensors.199 The physiologic importance of GIP as
n incretin hormone is illustrated by disruption of GIP
ction in vivo. Elimination of GIPR signaling using GIPR
eptide antagonists, receptor-specific antisera, or by tar-
eted inactivation of the murine GIPR gene (GIPR-/-) is
ssociated with impaired oral glucose tolerance and de-
ective glucose-stimulated insulin secretion in ro-
ents.200 –204

GIP acts synergistically with glucose to stimulate cell
roliferation and improve survival of pancreatic �-cell

ines after exposure to wortmannin, streptozotocin, glu-
olipotoxicity, or serum or glucose deprivation. More-
ver, the protective effects of GIP are observed in islets

Figure 6. GIP actions in
peripheral tissues.
rom wild-type but not GIPR-/- mice.205 The molecular
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ignaling pathways that mediate the proliferative and
nti-apoptotic actions of GIP have been elucidated using
eterologous cells transfected with the GIPR, rodent
-cell lines, or murine islets, and include activation of
AMP/PKA, PKA/CREB, MAPK, PI-3K– dependent activa-
ion of Akt-PKB, reductions in caspase 3 activity, and
own-regulation of bax gene transcription.205–208 The

imited information available from in vivo studies has
hown that infusion of GIP into diabetic rats for 2 weeks
ignificantly reduces �-cell apoptosis by activation of
I-3K/Akt-PKB and subsequent phosphorylation and nu-
lear exclusion of FoxO1, resulting in decreased expres-
ion of the pro-apoptotic bax gene and up-regulation of
he anti-apoptotic bcl-2 gene.205 Finally, GIP reduces bio-
hemical markers associated with ER stress in islet cell
ines after induction of ER stress in vitro.112

Central Nervous System
In the CNS, GIP is expressed in the hippocampus

nd GIPR expression is detectable in several regions of
he brain including the cerebral cortex, hippocampus,
nd olfactory bulb. Exogenous administration of GIP
nduces proliferation of hippocampal progenitor cells in
ivo in rats as well as in adult-derived hippocampal pro-
enitor cells cultured in vitro.209 Conversely, adult
IPR-/- mice have reduced numbers of new proliferating

ells in the hippocampal dentate gyrus.209 Transgenic
ice that overexpress the GIPR exhibit enhanced senso-

imotor coordination and memory recognition compared
ith wild-type mice. Thus, GIP action in the CNS may
lay a role in neural progenitor cell proliferation and
ehavior modification.209

Adipose Tissue
Functional GIPRs are expressed on isolated rat

dipocytes and 3T3-L1 cells210 and GIP is implicated in
he control of lipid metabolism and the development of
besity. Fat ingestion is a potent stimulator of GIP se-
retion in humans and GIP plasma levels are increased in
ome obese individuals.211,212 The anabolic effects of GIP
n fat include stimulation of fatty acid synthesis and
e-esterification, enhancement of insulin-stimulated in-
orporation of fatty acids into triglycerides, up-regula-
ion of lipoprotein lipase synthesis, and reduction of
lucagon-stimulated lipolysis. However, GIP also may
ave lipolytic effects. GIPR-/- mice are resistant to diet-

nduced obesity and exhibit reduced adipocyte mass, de-
pite several months of high-fat feeding.213 Moreover,
b/ob:GIPR-/- mice gain less weight, have reduced adi-
osity, and improved glucose tolerance and insulin sen-
itivity relative to ob/ob mice.213 Although food intake is
omparable in GIPR-/- and wild-type mice during high-
at feeding, GIPR-/- mice expend more energy and use fat
s their preferred energy substrate, thereby preventing
he accumulation of fat in adipocytes.213 In ob/ob mice,

hronic administration of the GIPR antagonist (Pro3)GIP a
mproves glucose tolerance, enhances insulin sensitivity,
nd corrects obesity-associated islet hypertrophy and
-cell hyperplasia.214 However, GIPR-/- mice maintained
n a normal chow diet are glucose intolerant204 and
dministration of (Pro3)GIP impairs glucose tolerance in
ild-type mice.215 In addition, GIPR activation is associ-
ted with improvements in glucose tolerance and in-
reased insulin secretion in animal models of diabetes.
ence, although type 2 diabetic patients are relatively

esistant to the insulinotropic effects of exogenous GIP
dministration and there is no direct link between obe-
ity and GIP in humans, the relative merits of inhibition
ersus activation of GIPR signaling need to be considered
n any future therapeutic applications of GIP or its ana-
ogues.

Bone
GIPR mRNA and protein are expressed in normal

one and osteoblast-like cell lines.216 GIP stimulates in-
reases in cAMP and intracellular Ca2� levels in cultured
steoblasts and these effects are coupled to markers of
ew bone formation, including increases in alkaline
hosphatase activity and collagen type 1 mRNA.216 GIP
lso increases bone mineral density in ovariectomized
ats, a rodent model of postmenopausal osteoporosis.217

elative to age-matched wild-type mice, younger GIPR-/-
ice exhibit reduced bone size and mass, abnormal bone
icroarchitecture, impaired biomechanical properties,

nd altered bone turnover.218 However, as the mice age,
hese differences become less apparent.218 Conversely,
one mass is greater in GIP-overexpressing transgenic
ice compared with wild-type controls. The presence of
IPR mRNA and protein also recently was detected in

odent osteoclast cells and GIP administration was found
o have inhibitory effects on bone resorption.219 More-
ver, adult GIPR-/- mice show reductions in parameters
or bone formation as well as increases in plasma Ca2�

evels after meal ingestion, suggesting that GIP may pro-
ide a direct link between Ca2� from a meal and calcium
eposition in bone. These studies implicate an important
nd novel role for GIP in the regulation of bone remod-
ling. However, acute administration of GIP does not
lter markers of bone turnover in human studies,220 and
hether more long-term application of GIP will modu-

ate bone turnover in humans is not known.

Other Tissues
GIP inhibits gastric acid secretion in the stomach,

ut only at supraphysiologic doses,221 and GIP also has
een shown to up-regulate intestinal hexose transport. In
he liver, GIP attenuates glucagon-stimulated hepatic
lucose production, likely through indirect mechanisms
ecause GIPRs have not been detected in the liver. GIP
an enhance insulin-dependent glucose disposal in ani-
als, although this effect is not seen in humans.187 GIP
lso stimulates glucocorticoid secretion in rats via a
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AMP/PKA-dependent signaling pathway.222 Although
IP does not appear to regulate cortisol secretion in
ealthy humans, abnormal expression of the GIPR in
drenocortical adenomas is associated with the develop-
ent of food-dependent Cushing’s syndrome.223 The
IPR is present in the vascular endothelium and GIP

timulates increases in intracellular Ca2� levels in endo-
helial cell cultures.224 Infusion of GIP into dogs induces
ndothelin-1 secretion and vasoconstriction or nitric ox-
de production and vasodilatation, depending on the
ascular bed involved. The opposing effects of GIP in
ifferent vascular beds are attributed to variation in the
egree of activation of signal transduction pathways in
ifferent endothelial cell types. Although GIPR mRNA
lso is detected in the heart, testis, lung, and several other
issues, the physiologic actions of GIP in these tissues are
ot known.

Incretins and Incretin Mimetics as
Therapeutic Agents for the Treatment
of Type 2 Diabetes
Several studies have shown that the magnitude of

utrient-stimulated insulin secretion is diminished in
ubjects with T2DM, prompting investigation as to
hether incretin secretion and/or incretin action is di-
inished in diabetic subjects. Plasma levels of GIP appear

ormal to increased in subjects with T2DM, whereas
eal-stimulated plasma levels of GLP-1 are modestly but

ignificantly diminished in patients with impaired glu-
ose tolerance and in subjects with T2DM.79 Whether
uccessful restoration of metabolic control is associated
ith improvement in meal-stimulated GLP-1 secretion is
ot known. In contrast, although the glucoregulatory
ctions of GLP-1 are preserved in subjects with T2DM,
he acute insulinotropic response to native GIP is dimin-
shed substantially in diabetic subjects.56 No information
s available on the efficacy of chronic GIP administration
nd the more potent GIP analogues have not been exam-
ned in subjects with T2DM. Although the mechanism(s)
nderlying the reduced response to GIP remain unclear,
reclinical studies suggest that hyperglycemia may be
ssociated with down-regulation of GIPR expression in
odent islets.191 Hence, current therapeutic strategies
ave been focused on the use of GLP-1R agonists for the
reatment of T2DM.

As short-term infusion of GLP-1 provides for near
ormalization of 24-hour glucose profiles in subjects
ith T2DM, the antidiabetic efficacy of native GLP-1
dministration was examined in patients receiving sub-
utaneous injections of GLP-1 three times daily before
ach meal. GLP-1 significantly reduced meal-related gly-
emic excursion, in association with increased levels of
lasma insulin and reduced levels of plasma glucagon,
ver a 3-week treatment period.225 Continuous subcuta-
eous GLP-1 administration (4.8 pmol/kg/min) via an
nfusion pump in 10 subjects with T2DM was associated E
ith inhibition of gastric emptying, reduced levels of free
atty acids, and a significant reduction in both fasting
nd postprandial glucose, fructosamine, and HbA1c,
ith a mean weight loss of 1.9 kg at the end of the 6-week

tudy period. Little nausea was reported in this study,
mplying that the plasma levels of GLP-1 reached during
his study (�282.3 pmol/L of total GLP-1 immunoreac-
ivity after 6 weeks) were likely less than the maximally
olerated efficacious dose.148 A second study examined
he efficacy of native GLP-1 in elderly patients with
2DM (mean initial HbA1c of 7.2%) via subcutaneous

nfusion at a lower infusion rate (maximum infusion
ate, 2 pmol/kg/min). GLP-1 therapy was well tolerated
nd improved both glucose disposal and insulin secre-
ion, but no significant change in HbA1c was noted at the
nd of the 3-month treatment period.226

Because native GLP-1 is degraded rapidly, degradation-
esistant GLP-1R agonists have been developed for the
reatment of T2DM. Exendin-4 is a 39 amino acid pep-
ide originally isolated from the venom of the Heloderma
uspectum lizard that exhibits approximately 53% amino
cid identity with native GLP-1 and is a potent agonist at
he mammalian GLP-1 receptor.227 Because exendin-4
ontains a glycine at position 2, it is not a substrate for
PP-4 and exhibits a longer circulating t1/2, relative to
ative GLP-1, after subcutaneous administration. Ex-
ndin-4 significantly lowered blood glucose in preclinical
tudies, and appeared to be 10- to 100-fold more potent
han native GLP-1 in vivo because of the much more
apid degradation and clearance of the native GLP-1
eptide.158

The antidiabetic efficacy of synthetic exendin-4 (Ex-
natide) administered via twice-daily injection was exam-
ned over 4 weeks in subjects with T2DM not adequately
ontrolled on metformin and/or sulphonylurea agents.
xenatide therapy significantly reduced levels of HbA1c,

mproved parameters of �-cell function, and decreased
oth fasting and postprandial glucose concentrations,
ith mild to moderate nausea reported as the principal

reatment-related side effects.228 These findings formed
he basis for a set of phase 3 clinical trials, using Ex-
natide at a dose of 5 or 10 ug twice daily for 30 weeks in
ubjects with T2DM not achieving adequate glycemic
ontrol on metformin and/or sulphonylurea. Exenatide
herapy significantly reduced HbA1c in all 3 treatment
roups, with no significant increase in hypoglycemia de-
ected in subjects treated with Exenatide and metformin
lone. Forty-six percent of subjects treated with met-
ormin and Exenatide 10 ug twice a day achieved an
bA1c of less than 7%, with a mean weight loss of 2.8 kg.
ausea was reported more frequently during the initial

ew weeks of therapy, and declined thereafter; nausea was
ot a prerequisite for weight loss as subjects who never
eported nausea experienced a mean weight loss of 2.2
g.229 Forty-three percent of patients had detectable anti-

xenatide antibodies after 30 weeks of therapy; however,
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he presence or absence of antibodies did not predict the
herapeutic response to Exenatide.

Exenatide also produced a significant reduction in
bA1c (0.86 after 30 weeks in subjects treated with 10 ug

wice daily) when added as adjunctive therapy in subjects
ith T2DM inadequately controlled with sulphonyl-
reas. The mean weight loss was 1.6 kg from baseline,
ith 41% of subjects on Exenatide 10 ug twice daily
chieving a HbA1c of less than 7% at the end of 30 weeks.
he incidence of reported nausea was approximately 30%
fter 1 month of therapy, but decreased to approximately
0% after 28 weeks. The incidence of mild-moderate
ypoglycemia was 36% in subjects treated with Exenatide
0 ug twice daily, but no cases of severe hypoglycemia
ere reported.230 Similar results (mean HbA1c reduc-

ions, �0.8%) were reported in a 30-week study of pa-
ients receiving Exenatide who were previously not ade-
uately controlled on metformin/sulphonylurea (43%
lipizide, 42% glibenclamide, 14% glimepiride, 3% gliben-
lamide combination with metformin) therapy. Patients
chieved a mean weight loss of approximately 1.6 kg,
ith mild to moderate hypoglycemia reported in 28% of

ubjects receiving 10 ug twice daily.231 Forty-nine percent
f subjects had anti-Exenatide antibodies at the end of
he 30-week treatment period. Exenatide also has been
valuated when added on to patients receiving thiazo-
idinedione therapy with or without concomitant met-
ormin over 16 weeks. Exenatide therapy was associated
ith a significant reduction in HbA1c of approximately
.8%, with 62% of subjects achieving a HbA1c of less than
% from an initial baseline of 7.9%, in association with a
ean weight loss of 1.5 kg.
The effects of Exenatide 10 ug twice daily were com-

ared with insulin glargine over 26 weeks in subjects with
2DM not adequately controlled on combination met-

ormin/sulphonylurea therapy. The dose of insulin
largine was titrated so as to achieve a fasting glucose of
ess than 5.6 mmol/L. Both Exenatide and insulin
largine reduced levels of HbA1c by approximately 1.1%;
xenatide produced a greater reduction in postprandial
lucose whereas therapy with insulin glargine was more
ffective in decreasing fasting glucose. The number of
ild to moderate symptomatic hypoglycemic events was

ot significantly different, whereas gastrointestinal com-
laints (nausea, vomiting, and diarrhea) were reported
ore frequently in subjects receiving Exenatide. In con-

rast, insulin glargine therapy was associated with a mean
eight gain of 1.8 kg, whereas Exenatide-treated subjects

xperienced a mean weight loss of 2.3 kg.232 The with-
rawal rate was 19.4% vs 9.7% for subjects treated with
xenatide versus insulin glargine, respectively. A similar
pen-label study compared the efficacy of twice-daily
xenatide therapy with insulin Aspart, twice daily, over
2 weeks. Exenatide therapy was associated with greater
eductions in postprandial glucose levels but similar re-

uctions in end-of-study HbA1c levels compared with 1
nsulin treatment. Although the withdrawal rate was
igher in the Exenatide-treated group (21.3% vs 10.1%),
xenatide-treated subjects experienced modest weight

oss, whereas subjects treated with insulin gained weight
mean between-group difference, 5.4 kg).233 Exenatide
as approved for the treatment of T2DM in the United
tates in April 2005.

Because Exenatide needs to be injected twice daily,
here is considerable effort directed at the development
f GLP-1R agonists that require less frequent parenteral
dministration. Liraglutide is a human GLP-1R agonist
ith 2 amino acid substitutions and a fatty acid acyl
roup that enables noncovalent binding to albumin,
hereby extending the pharmacokinetic profile of the
LP-1 molecule. Liraglutide exhibits a prolonged phar-
acokinetic profile after a single injection, and exhibits

ll of the actions of native GLP-1.234 Liraglutide has been
xamined in a series of phase 2 studies at doses of up to

mg/day. Liraglutide added to metformin produced a
ignificant reduction in fasting glucose (3.9 mmol/L) and
bA1c (0.8%) levels in a 5-week study of subjects with
2DM,235 in association with a mean weight reduction of
.9 kg relative to a control group treated with metformin
nd glimepiride. The dose of liraglutide was increased
eekly from 0.5 to 2 mg once per day, thereby minimiz-

ng the report of nausea in Liraglutide-treated subjects.
lthough gastrointestinal side effects were significantly
ore common in subjects treated with Liraglutide and
etformin compared with patients receiving glimepiride

nd metformin (61% vs 19.4%, respectively), only 4% of
he Liraglutide-treated subjects withdrew from the study.
iraglutide is now being evaluated in phase 3 clinical
rials in subjects with T2DM not achieving optimal gly-
emic control on conventional therapy.

Several additional long-acting GLP-1R agonists also
re being developed including several that use the phar-
acokinetics of albumin to obtain a long-acting phar-
acokinetic profile suitable for once-weekly administra-

ion. Exenatide long-acting release (LAR) is a poly-lactide-
lycolide microsphere suspension containing 3% peptide
hat produces stable prolonged release of Exenatide after

single subcutaneous injection. A single injection of
xenatide LAR produced significant improvements in
lucose control without evidence of tachyphylaxis in di-
betic Zucker diabetic fatty rats over a 28-day observation
eriod.236 Exenatide LAR was evaluated at 2 doses, 0.8
nd 2 mg administered once weekly to 15 subjects with
2DM. Both doses of Exenatide LAR were associated
ith significant reductions in HbA1c, and subjects receiv-

ng the 2-mg weekly dose experienced significant weight
oss over the 16-week treatment period. Exenatide LAR is
urrently being compared with twice-daily Exenatide in a
ead-to-head study of patients with T2DM.
Albugon (Naliglutide) is a recombinant GLP-1–albu-
in protein that exhibits a reduced affinity for the GLP-
R, but displays a broad spectrum of GLP-1R– dependent
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ctions in preclinical studies, including inhibition of
ood intake and gastric emptying and reduction of gly-
emia excursion after meal ingestion.129 Similarly, CJC-
134 is a preformed conjugate containing exendin-4 co-
alently linked ex vivo to recombinant human serum
lbumin via a chemical linker, after which the purified
xendin-4 –albumin conjugate is injected subcutaneously
or the treatment of T2DM. Previous studies with an
arlier generation GLP-1–albumin hybrid (CJC-1131)
emonstrated efficacy in preclinical murine models of
iabetes, and preliminary analysis of CJC-1131 and CJC-
134 in human subjects showed a pharmacokinetic pro-
le consistent with once-weekly dosing. Both CJC-1134
nd Naliglutide currently are being evaluated in phase 2
linical studies.

Inhibition of DPP-4 Activity to Enhance
Incretin Action for the Treatment of
Type 2 Diabetes
The observation that native GLP-1 and GIP are

leaved rapidly by DPP-4 at the position 2 alanine leading
o their inactivation has fostered considerable interest in
he role of DPP-4 as a critical determinant of incretin
ction. Insight into the role of DPP-4 in the control of
ncretin biology has been derived from studies of rodents
ith inactivating mutations in the DPP-4 gene, and from

he results of experiments using small-molecule chemical
nhibitors of DPP-4 activity. Fischer (F344/DuCrj) rats
arboring a point mutation in the DPP-4 gene produce
ormal levels of DPP-4 mRNA but a Gly633¡Arg amino
cid substitution produces a mutant DPP-4 protein that
s retained within and rapidly degraded by the endoplas-

ic reticulum. F344/DuCrj rats exhibit improved glucose
olerance and increased levels of plasma GLP-1 and in-
ulin after oral glucose challenge237; the DPP-4 inhibitor
aline pyrrolidide had no effect on blood glucose levels in
344/DuCrj rats but lowered the level of blood glucose in
ontrol wild-type F344/Jcl rats.

Improved glucose tolerance also was observed in
PP-4 knockout mice, in association with increased

evels of GIP and GLP-1, and enhanced insulin secre-
ion after oral glucose challenge.71 Furthermore, DPP-
-/- mice show resistance to diet-induced obesity, and
reservation of insulin sensitivity after high-fat feed-

ng.238 Complementary studies using DPP-4 inhibitors
o treat rodents with experimental diabetes showed
ignificant improvements in glucose tolerance, preser-
ation of levels of intact GLP-1, and increased levels of
lasma insulin after oral glucose challenge. The pro-

iferative and anti-apoptotic actions of GLP-1 on islet
-cells have been mirrored by studies using DPP-4

nhibitors in diabetic rodents. High-fat–fed mice
reated with low-dose streptozotocin followed by 2–3

onths of treatment with des-fluoro-sitagliptin
howed improvement in fasting and postprandial hy-

erglycemia, increased pancreatic insulin content, and w
ncreased numbers of insulin-positive �-cells in asso-
iation with normalization of �-cell mass and restora-
ion toward normal of the �-cell:�-cell ratio.239

The large number of peptide substrates cleaved by
PP-4 has fostered investigations into the identity of

he key glucoregulatory peptides essential for the an-
idiabetic actions of DPP-4 inhibitors. The inhibitor
aline-pyrrolidide potentiated the acute insulinotropic
esponse to co-administered exogenous GLP-1, GIP,
ituitary adenylate cyclase-activating polypeptide 38,
r GRP in mice.240 Similarly, DPP-4 inhibitors lower
lood glucose levels after acute glucose challenge in
ice with inactivating mutations in either the GLP-1

r GIP receptors.241 In contrast, DIRKO mice with
ombined genetic mutations in both the GIP and
LP-1 receptors failed to exhibit a decrease in glucose

fter administration of 4 distinct DPP-4 inhibitors,
mplying that GLP-1 and GIP receptor signaling path-
ays are essential for transducing the glucoregulatory
ctions of DPP-4 inhibitors.241 Taken together, these
ndings imply that GLP-1 and GIP are the dominant
ubstrates essential for the glucose-lowering actions of
PP-4 inhibitors in vivo.
Proof of concept for the antidiabetic actions of
PP-4 inhibitors in human subjects with T2DM was

btained in experiments analyzing the actions of
-[[[2-[(5-cyanopyridin-2-yl)amino]ethyl]amino]acetyl]-2-
yano-(S)-pyrrolidine (NVP DPP728). Treatment with
VP DPP728, 100 mg 3 times daily or 150 mg twice daily,
as associated with good tolerability and significant im-
rovements in fasting and meal-related glycemic excur-
ion, and a significant reduction in HbA1c.242 A subse-
uent 4-week study with the DPP-4 inhibitor Vildagliptin
(1-[[(3-hydroxy-1-adamantyl) amino] acetyl]-2-cyano-(S)-
yrrolidine), 100 mg/day, revealed improvements in both
asting glucose and glucose tolerance in association with
eductions in plasma glucagon and improvements in
-cell function.243

Two DPP-4 inhibitors, Vildagliptin and Sitagliptin,
ave completed phase 3 clinical trial programs in sub-

ects with T2DM. These agents were evaluated as
onotherapy, or in combination with other antidia-

etic agents. Vildagliptin and Sitagliptin were well
olerated, weight neutral, and not associated with hy-
oglycemia when used alone. Both agents increase
lasma levels of GLP-1 and GIP after meal ingestion,
nd enhance glucose-stimulated insulin secretion and
educe ratios of proinsulin:insulin, consistent with an
mprovement in �-cell function. Minor gastrointesti-
al complaints and nasopharyngitis appear to be the
ost common adverse events associated with pro-

onged clinical use of DPP-4 inhibitors. The available
linical data suggest that both Sitagliptin and Vilda-
liptin significantly lower blood glucose and HbA1c

hen used as monotherapy, but were not as potent as
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etformin alone in head-to-head studies.244 –246 In
ontrast, addition of either Vildagliptin or Sitagliptin
o metformin or thiazolidinediones (Rosiglitazone or
ioglitazone) produced significant improvements in
bA1c and resulted in a greater proportion of subjects

chieving a HbA1c of less than 7%.247 Sitagliptin also
as compared in a head-to-head study with glipizide
ver 52 weeks. Although no significant differences in
bA1c were noted over the course of the study, sub-

ects treated with glipizide experienced a greater num-
er of hypoglycemic events and more weight gain (2.4
g) compared with patients treated with sitagliptin.
itagliptin (Januvia) was approved for the treatment of
2DM in the United States in October 2006.

Summary and Future Directions
The unexpected success of Exenatide as a twice-

aily injectable therapy is related in part to the ability
f GLP-1R agonists to reduce HbA1c without associ-
ted weight gain in the majority of treated subjects.
ndeed, most Exenatide-treated subjects experience
eight loss, which in about 20% of patients can be

ubstantial, and stands in marked contrast to the
eight gain commonly seen with standard antidiabetic
gents, including insulin, sulphonylureas, or thiazo-
idinediones. Whether chronic treatment with GLP-1R
gonists will be associated with sustained improve-
ent in and/or preservation of �-cell function remains

ncertain. However, it seems reasonable to postulate
hat newer investigational agents such as Exenatide
AR or Liraglutide, which provide sustained GLP-1R
ctivation over 24 hours, are more likely to achieve
ignificant control of hepatic glucose production, and
reater improvements in �-cell function, compared
ith results achieved with twice-daily Exenatide.
hether GLP-1R agonists will be associated with un-

xpected problems related to immunogenicity or grad-
al loss of therapeutic efficacy cannot be predicted
ith the currently available data. Much less is known
bout the consequences of long-term therapy with
PP-4 inhibitors. These agents have not demonstrated
ajor adverse events in preclinical studies or in phase
clinical programs, however, the consequences of in-

ibiting DPP-4 activity for years in susceptible patients
ith chronic illness and T2DM are not yet known.
urthermore, each DPP-4 inhibitor exhibits a distinct
electivity profile that may be associated with a differ-
nt potential for interaction with DPP-4 –related en-
ymes, and hence each agent is likely to be associated
ith a unique adverse-event profile in both preclinical
nd clinical studies. The long-term consequences of
PP-4 inhibitor therapy on �-cell function remain
nknown, and there is great interest in determining
hether therapy with DPP-4 inhibitors or long-acting
LP-1R agonists may modify the natural history of

2DM, or prevent the transition from impaired glu-
ose tolerance to frank T2DM in at-risk individuals.
oth GLP-1R agonists and DPP-4 inhibitors provide
ew mechanisms of action for physicians interested in
he treatment of T2DM, and appear to provide addi-
ional therapeutic options that use novel mechanisms
f action for achieving glycemic targets in subjects
ith T2DM.
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