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Glucagon-like peptide-1(7–36)-amide (GLP-1) is an

endogenous peptide that is secreted from the gut in

response to the presence of food. Recent studies have

established that GLP-1 and its longer-acting analog

exendin-4 have multiple synergistic effects on glucose-

dependent, insulin secretion pathways of the pancreatic

b-cell and on plasticity in neuronal cells. Recent interest

has focused on the development of these peptides as a

novel therapeutic strategy for non-insulin-dependent

(type 2) diabetes mellitus and associated neuropathy.

This is with a view to developing lead compounds,

based on neurotrophic action, for central and peripheral

degenerative disorders such as stroke and Alzheimer’s

disease in addition to the peripheral neuropathy associ-

ated with type 2 diabetes mellitus. Here, we address

recent advances in the biological action of GLP-1 and its

related analogs.

Non-insulin-dependent (type 2) diabetes mellitus is a
progressive disease that is prevalent in the elderly. Unlike
type 1 diabetes, people with type 2 diabetes might make
healthy, even high, levels of insulin, but there is a decrease
in insulin action at insulin-sensitive tissues. Thus, the
control of glucose levels in the blood is impaired. This
resistance to insulin is often caused by obesity (reviewed
by [1]). Approximately 90–95% of people with diabetes
have type 2 diabetes [2]. There is also evidence to indicate
that type 2 diabetes, or at least impaired glucose tolerance,
is associated with impaired cognition, independent of age.
Therefore, the normal, age-related decline in cognitive
function might be exacerbated by the development of
impaired glucose tolerance and insulin resistance. The
age-related decline in pancreatic b-cell function results in
,19% of those over 65 in the US being diagnosed with type
2 diabetes. Although type 2 diabetes is associated typically
with older people, it has become much more prevalent
among children and young adults, in line with the
alarming rise of obesity in the general population. Present
treatments are less than satisfactory.

Diabetes has become the major cause of peripheral
neuropathy, afflicting some 20–30% of type 2 diabetics, for
which there is currently no treatment other than strict
control of blood glucose levels. A major focus of endocrin-
ology research over the past 5 years has been the
development of a new therapeutic strategy for type 2

diabetes and neuropathy, based on the insulinotropic
actions of endogenous peptides. Specifically, glucagon-like
peptide-1(7–36)-amide (GLP-1) and glucose-dependent
insulinotropic peptide (GIP) (reviewed in [3]) are released
from entero-endocrine cells of the gastrointestinal mucosa
following the ingestion of nutrients. They regulate
nutrient metabolism via effects on insulin release from
pancreatic islets (insulinotropic release), gastric motility
and acid secretion, islet cell proliferation and nutrient
disposal [4,5]. Infusions (either intravenous or subcu-
taneous) of GLP-1, at pharmacological concentrations,
lower blood glucose in type 2 diabetic and non-diabetic
subjects [6,5].

An important regulator of the biological activity of
GLP-1 and GIP is N-terminal degradation by the common,
endogenous, aminopeptidase enzyme, dipeptidyl pepti-
dase IV (DPP-IV). This enzyme cleaves GLP-1 at the
alanine residue at position 2 [7], which not only inactivates
GLP-1, but might turn it into an antagonist at the GLP-1
receptor (Box 1) [8]. Several studies confirm that DPP-IV-
mediated inactivation of these peptides is a crucial control
mechanism that regulates the biological activity of both
GIP and GLP-1 in rodents [9] and humans [7,10]. Indeed, it
is this rapid inactivation that poses important challenges
for therapeutic efforts directed at enhancing GIP and
GLP-1 activity in vivo. Thus, a continuous infusion of
peptide is required to maintain steady-state levels of active
GLP-1 in plasma. The finding that the glucose-lowering
effects of GLP-1 are preserved in type 2 diabetic
individuals, irrespective of patient age and the duration
of diabetes [11], and that it can preserve and augment
b-cell mass [12,13] has provided the impetus for develop-
ing GLP-1-based pharmaceuticals with more suitable
pharmacokinetics than those of native GLP-1.

Insulinotropic action

GLP-1 exerts its insulinotropic activity via interaction
with a specific receptor, the GLP-1 receptor, on the cell
membrane of pancreatic b-cells. The GLP-1 receptor has
been cloned [14] and is a G-protein-coupled receptor of the
subfamily that includes receptors for the related peptides,
secretin, vasoactive intestinal peptide, pituitary adenylyl
cyclase activating peptide and GIP. The GLP-1 receptor is
coupled positively to the adenylyl cyclase system [15].
Ligand activation of the GLP-1 receptor stimulates
adenylyl cyclase (Fig. 1), leading to an increase in
intracellular cAMP in pancreatic b-cells [16], ratCorresponding author: TracyAnn Perry (perryt@grc.nia.nih.gov).
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hypothalamic membrane preparations [17], PC12 cells
[18] and primary hippocampal neurons in culture [19].
Subsequent activation of protein kinase A (PKA) leads to a
plethora of biochemical events, including altered ion
channel activity and intracellular Ca2þ handling, and
enhanced exocytosis of insulin-containing granules [20].
PKA-independent signaling pathways have also been
proposed in b-cells and neurons (Fig. 1).

The insulinotropic effects of GLP-1 are strictly glucose
dependent; it has no effect on insulin secretion at glucose
concentrations below ,4.5 mM [21]. In addition, GLP-1
strongly potentiates the insulinotropic actions of glucose
itself. It enhances all steps of insulin biosynthesis and
transcription of the insulin gene [22], which provides a

continuous, augmented supply of insulin for secretion.
Indeed, the expression of genes that are essential for b-cell
function, such as glucokinase and Glut 2 [23], are
upregulated following GLP-1 treatment. GLP-1 also has
trophic effects on b-cells. It both stimulates b-cell
proliferation [24] and enhances the differentiation of
new b-cells from progenitor cells in the epithelium of the
pancreatic duct [25]. Subsequently, Perfetti and colleagues
[13] demonstrated GLP-1-mediated endocrine prolifer-
ation in aging, glucose-intolerant rats, with a resulting
improvement in glucose tolerance. This indicates that
GLP-1 might be capable of stimulating the growth of new
b-cells in individuals who have an insufficient number of
functioning cells, such as occurs in type 2 diabetic patients.

Inhibition of glucagon secretion

In addition to its effects on b-cells, GLP-1 inhibits glucagon
secretion [26] in a glucose-dependent manner [27].
Glucagon opposes the effects of insulin on maintaining
levels of blood glucose, which contributes significantly to
the development of hyperglycemia in diabetic subjects.

Box 1. Amino acid sequences and binding profiles of GLP-1, exendin-4 and selected analogs

The amino acid sequences of glucagon-like peptide-1 (7–36)-amide

(GLP-1), exendin-4 and selected analogs are shown in Fig. I, with IC50

values that are derived from competitive binding studies in Chinese

hamster ovary (CHO) cells transfected with the human GLP-1 receptor.

Binding of [125I]GLP-1 to intact CHO/GLP-1 receptor cells was competed

with various concentrations of the polypeptides shown. The IC50 values

represent the concentration required to displace 50% of the bound

[125I]GLP-1 (United States Provisional Patent Application No. 60/309

0706: Long-acting insulinotropic peptides and uses thereof) [53,54,65].

The active, circulating form of GLP-1 in humans is GLP-1 (7–36)-

amide [65]. This is a short-lived peptide (half-life 1–2 min) partly

because of N-terminal cleavage of residues His7 and Ala8 (shown in red)

by the protease dipeptidyl peptidase IV (DPP-IV). Exendin-4, a naturally

occurring GLP-1 analog, is a log factor more potent than GLP-1 as an

insulinotropic agent because of more avid binding at the GLP-1 receptor

[53]. This 39-amino-acid peptide, which has 53% amino acid homology

with GLP-1, is not a substrate for DPP-IV because of a glycine at position

2. Potent, long-acting, insulinotropic GLP-1 analogs are derived

following amino acid substitutions at the N-terminal end of the peptide,

which render them resistant to DPP-IV. Thus, the N terminus largely

determines the duration of action, whereas the C terminus is crucial for

receptor binding affinity [53,54,65].

The nine amino acids from the C terminus of exendin-4 were added

sequentially to the C terminus of native GLP-1 and DPP-IV-protected

GLP-1 analogs (GLP-1 ET and GG–GG3, respectively). Binding of GLP-1

ET to the GLP-1 receptor was improved moderately relative to GLP-1, as

illustrated by the twofold reduction in the IC50 value. Conversely,

binding of GG, a DPP-IV-protected GLP-1 analog, to the GLP-1 receptor

increased the IC50 value fivefold, thus yielding a longer acting analog

with poorer binding affinity for the receptor. However, addition of the

C-terminal sequence from exendin-4 to GG (GG3) improved the IC50

value to nearly that of GLP-1. Addition of truncated C-terminal

sequences to GG, exendin 31–33 (GG1) and exendin 31–36 (GG2),

resulted in an increase in binding affinity relative to GG, although not to

that of GG3. Thus, the extreme C terminus of exendin-4 is likely to

convey important receptor binding characteristics.

Exendin-4 has the highest affinity of all the compounds for the

GLP-1 receptor. Sequential deletion of the C terminus [exendin

(1–36) through exendin (1–26)] results in a progressive increase in

the IC50 value, with exendin (1–36) and exendin (1–35) having

similar binding profiles to exendin-4. The shorter peptides exendin

(1–33), exendin (1–30) and exendin (1–28) behaved more like

GLP-1, with exendin (1–28) representing the minimal sequence

required for binding. The GLP-1 receptor antagonist exendin (9–39)

is structurally identical to exendin-4 except it lacks the two residues

at the extreme N terminus.

Fig. I. The amino acid sequences of glucagon-like peptide-1 (7–36)-amide (GLP-1), exendin-4 and selected analogs. Blue represents amino acid substitutions in the

exendin-4 sequence relative to the GLP-1 sequence (green).
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Therefore, injectable glucagon can be used as a treatment
for diabetics at risk of hypoglycemia. However, repeated
hypoglycemia often results in the development of a
defective counter-regulatory glucagon response. In the
hyperglycemic condition, GLP-1 infusion suppresses glu-
cagon secretion. Conversely, glucagon secretion is stimu-
lated in low glucose conditions. Thus, the glucose-lowering
effect of GLP-1 might be a consequence of the inhibition of
glucagon secretion, indicating that treatment with GLP-1
is unlikely to interfere with the glucagon-mediated
defense against hypoglycemia.

Gastrointestinal effects

GLP-1 inhibits gastrointestinal secretion and motility,
most notably gastric emptying [26]. The speed of this
response (within a couple of minutes) is indicative of either
a neural or endocrine signaling mechanism from the upper
gastrointestinal area. Recent evidence implicates GLP-1
as one of the main hormones of the ‘ileal brake’, the
primary, inhibitory feedback mechanism that controls the

transit of a meal through the upper gastrointestinal tract
to optimize nutrient digestion and absorption.

During physiological malabsorption, GLP-1 secretion is
stimulated and gastric and pancreatic secretion is inhib-
ited [28]. Infusion of GLP-1 during the ingestion of a meal
dose-dependently diminishes the insulin responses, rather
than enhances them [29]. This is likely to be related to
reduced gastric emptying and subsequent decrease in
absorption of insulinotropic nutrients. The GLP-1-
mediated potentiation of nutrient-stimulated insulin
secretion might be achieved, in part, through the control
of chyme levels in the digestive tract by retarding
propulsion and digestion of gastric contents [28,29].

CNS effects of GLP-1

A role for GLP-1 in the CNS has been established by
considerable evidence that the GLP-1 receptor is
expressed in the brains of rodents [30,31] and humans
[32]. Its early identification on hypothalamic nuclei [31,33]
supported a role of GLP-1 in the central regulation of food

Fig. 1. Proposed signaling mechanism for glucagon-like peptide-1 (7–36)-amide (GLP-1) receptor agonists. GLP-1 action is mediated by binding to a specific, seven-trans-

membrane G-protein-coupled receptor (GLP-1 receptor) [14] that is coupled positively to the adenylyl cyclase (AC) system [15]. Ligand activation of the Ga subunit of the

GLP-1 receptor stimulates AC, which leads to an increase in intracellular cAMP and activation of protein kinase A (PKA). GLP-1 acts directly through the cAMP–PKA

pathway to enhance and sensitize b-cells to glucose-stimulated insulin secretion. Glucose metabolism in the b-cell causes an increase in the concentration of ATP and

raises the cytoplasmic ATP:ADP ratio, which leads to depolarization of the plasma membrane following closure of ATP-sensitive Kþ channels. This permits opening of

voltage-dependent L-type Ca2þ channels and increases cytosolic Ca2þ, which triggers fusion of insulin-containing secretory vesicles to the plasma membrane. Exocytosis

of insulin follows rapidly. Activation of GLP-1 receptors by GLP-1 leads to an increase in [Ca2þ]i as a result of activation of the L-channel following phosphorylation of PKA

and/or mobilization of intercellular Ca2þ stores, an effect that might (or might not) be PKA dependent (reviewed by [58]). Much is known about the signaling pathways that

occur following the binding of GLP-1 to the GLP-1 receptor in pancreatic b-cells but, as yet, little has been confirmed in other cell types [18,36]. The Gbg dimer activates

phosphatidylinositol 3-kinase (PI3K), which subsequently activates mitogen-activated protein kinases (MAPKs) (by a PKC-dependent or independent mechanism). This

pathway is associated strongly with the GLP-1-induced proliferative signal in b-cells and the trophic effect in neuronal cells in culture; inhibition of PI3K (with LY294002) or

MAPK (with PD98059) results in limited GLP-1-stimulated neurite outgrowth [18]. GLP-1-mediated activation of PI3K and downstream effectors [such as the transcription

factor pancreatic and duodenal homeobox gene-1 (PDX-1)] are thought to regulate expression of the gene encoding insulin, b-cell growth, and differentiation of the b-cell

phenotype in islet, ductal and exocrine cells [23,25]. cAMP activates a GTPase of the Ras superfamily, Rap1, following PKA-dependent phosphorylation. Certainly, cAMP

activates multiple intracellular signaling cascades independently of its activation of PKA. An alternative, PKA-independent pathway was recently proposed in b-cells [59],

which involves two types of cAMP–GEFs. GEFs are activated by binding to cAMP and activation of Rap1A [60]. Rap1A inhibits Ras but activates PKC and B-Raf, the latter

two events both leading to activation of MAPKs. Abbreviations: ADP, adenosine diphosphate; cAMP–GEFs, cAMP–guanine-nucleotide-exchange factors; [Ca2þ]i, intracellu-

lar Ca2þ concentration; ERK, extracellular signal-regulated kinase; MEK, mitogen-activated protein kinase kinase (see Chemical names).
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intake, although GLP-1 receptor expression has now been
demonstrated in the thalamus, brainstem, lateral septum,
subfornical organ and the area postrema. In addition,
specific GLP-1 binding sites for GLP-1 are also evident in
neurons in the caudate–putamen, cerebral cortex, hippo-
campus and cerebellum, albeit at lower densities
[34,35,30]. The stimulus for activation of neuronal GLP-1
receptors in the CNS is unclear (reviewed by [36]), and it
remains to be established if GLP-1 is produced by neural
cells. GLP-1 in the bloodstream can enter the brain [37], but
what is its function?

Intestinally derived peptides, such as GLP-1, are
classified as both hormones and growth factors – peptides
that can regulate diverse cellular processes, including
mitosis, growth and differentiation. The recent demon-
stration that GLP-1 can induce the differentiation of
neuronal cells in culture [18] in a way that is similar to
nerve growth factor, reflects the GLP-1-mediated neogen-
esis that occurs in pancreatic b-cells [24]. Much is known
about the cellular signaling pathways triggered by GLP-1
binding to its receptor in pancreatic b-cells but, as yet,
little has been confirmed in neuronal cells (Fig. 1) [36].

Effects on appetite and food intake

Recent studies indicate that GLP-1 dose-dependently
inhibits feeding behavior in rodents [38,39,33], which
can be reversed with the GLP-1 receptor antagonist,
exendin (9–39) [40]. Such satiety-related effects also
appear to occur in humans, because peripheral adminis-
tration of GLP-1 significantly enhances satiety and
reduces appetite in both healthy [41] and diabetic subjects
[42], although such effects are transient [5]. Whether
GLP-1 receptor-mediated signaling pathways are essen-
tial for the physiological control of appetite and body
weight remains unclear. Certainly, inhibition of gastric
emptying might account for a component of the satiety
experienced after GLP-1 administration. Likewise, nutri-
ents in the ileum are thought to have a satiating effect and
curtail food intake [43]. Because hypothalamic nuclei that
control feeding behavior express GLP-1 receptors [31,33] it
has been suggested that peripheral GLP-1 might exert
indirect effects on satiety centers in the CNS through
neuronal relay mechanisms. However, GLP-1 receptor
knockout mice appear to be resistant to the development of
obesity [38,44]. This strongly suggests that GLP-1 receptor
signaling is either nonessential for the long-term control of
body weight (at least in this particular knockout mouse), or
that other processes compensate.

Neuroprotective effects of GLP-1

The importance of cAMP in GLP-1 signaling has been
demonstrated robustly. Signals that stimulate cAMP
production can protect neurons against death in
various paradigms. Activation of the GLP-1 receptor
modulates cell survival mechanisms in diverse cell
types. GLP-1 treatment reduces the number of apopto-
tic cells in the pancreas of Zucker diabetic fatty (ZDF)
rats [45] and db/db mice [46] (rodent models of diabetes
that undergo spontaneous, apoptotic destruction of pan-
creatic b-cells), with an associated increase in islet size
and b-cell mass. In addition, GLP-1 can protect against

hydrogen-peroxide-induced apoptotic cell death in an
insulin-secreting cell line [47], which provides further
evidence that GLP-1 receptor agonists might have greater
therapeutic potential than just their insulinotropic proper-
ties. Furthermore, in rat hippocampal neurons in culture,
which express functional GLP-1 receptors, GLP-1 and
exendin-4 completely protect against glutamate-induced
cell death [19] in a manner that is similar to other
neurotrophic factors [48]. This provided the first indication
of a neuroprotective role for GLP-1 receptor agonists and
demonstrates that the anti-apoptotic action mediated by
GLP-1 might not be restricted to insulin-secreting cells.

Although much is known about the signaling pathways
involved in apoptotic cell death, the precise mechanism
how GLP-1 challenges pro-apoptotic stimuli in diverse cell
types is unclear. Phosphatidylinositol 3-kinase (PI3K),
mitogen-activated protein kinase (MAPK) and cAMP are
important signaling molecules involved in GLP-1-
mediated cell proliferation and differentiation (Fig. 1).
Recent literature indicates a role for PI3K-dependent,
MAPK-independent signaling in the anti-apoptotic
activity of GLP-1 (Fig. 2) [47].

The amyloid-b peptide (Ab), particularly Ab1–42,
cellular oxidative stress and membrane-lipid peroxidation
are believed to play important roles in the dysfunction and
death of neurons in Alzheimer’s disease (AD). Hippocam-
pal neurons in culture have been exposed to toxic levels of
Ab and iron in the presence and absence of GLP-1 and
exendin-4 [49]. Both peptides dose-dependently protect
neurons against the insults, which indicates possible anti-
apoptotic and antioxidant actions. Furthermore, GLP-1
and exendin-4 reduce the depletion of choline acetyl-
transferase immunoreactivity, a marker of acetylcho-
line-containing neurons in the basal forebrain, in a
well-established model of neurodegeneration in rats [19].
Collectively, these data indicate that GLP-1 agonists are
likely to play a role in protecting neurons against
several types of brain injury, including excitotoxic and
oxidative damage.

The mechanisms that underlie the dysfunction and
death of acetylcholine-containing neurons in degenerative
diseases such as AD are not understood fully. However, the
altered processing of b-amyloid precursor protein in the
disease process and subsequent increase in the levels of
cytotoxic Ab is likely to contribute to impaired acetyl-
choline-mediated signaling and neuronal degeneration
[50]. Recent evidence indicates that GLP-1 dose-depen-
dently reduces endogenous Ab concentrations in the
brains of normal, control mice [49]. Acetylcholine receptor
agonists and anticholinesterases are effective clinically in
alleviating the symptoms of AD. They also decrease Ab

production [51], but it is not known whether the Ab-
lowering action of these agents contributes to their clinical
efficacy. Nevertheless, the therapeutic potential of agents
such as nerve growth factor as a treatment for AD will be
undermined by the decline in acetylcholine-containing
neurons and concomitant reduction in the expression trkA
receptors in the disease process (trkA receptors often
colocalize with cells that are vulnerable to the AD process
and lost relatively early during the disease). Alternative
treatments that utilize pathways unaffected by the
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degenerative condition are preferable. Currently, there is
no evidence to demonstrate reduced expression of the
GLP-1 receptor in the brains of patients with AD. In
addition, GLP-1 fulfills several strategic criteria appro-
priate to the development of therapeutic targets for the

prevention and treatment of AD; namely, either reduced
production of Ab or enhanced clearance from the brain,
and suppression of neurodegenerative cascades. That
GLP-1 receptor activation reduces cell death in several
cell types, including neurons [18,19,49], transfected
fibroblasts [52] and islet b-cells [45,46], indicates that
direct coupling to anti-apoptotic and trophic signaling
pathways might represent a generalized feature of GLP-1
receptor activation. In this regard, GLP-1 might represent
an alternative, potentially valuable, novel approach for the
treatment of neurodegeneration [36].

Optimizing GLP-1 as a therapeutic agent

In this review we have highlighted considerable evidence
that indicates that activation of the GLP-1 receptor is an
important determinant for cell survival, particularly
following organ and tissue damage. This makes GLP-1
an attractive therapeutic agent. However, such potential is
limited by the susceptibility of GLP-1 to proteolytic
degradation. Basic and clinical investigations have
focused on strategies to circumvent DPP-IV-mediated
inactivation of GLP-1. These include modifying GLP-1 to
make it resistant to DPP-IV (Box 1) and inhibiting DPP-IV.
Several reports document the enhanced biological activity
of DPP-IV-resistant molecules in both normal and diabetic
rodents. Exendin-4, a naturally occurring GLP-1 receptor
agonist that occurs in the saliva of the Gila monster lizard,
is resistant to DPP-IV-mediated degradation (Box 1). This
contributes to the enhanced stability of exendin-4 in vivo
and its ability to maintain insulinotropic, GLP-1-like
actions, as well as positive effects on b-cell mass and
nutrient disposal. In diabetic mice, once-daily intraper-
itoneal administration for 13 weeks normalized blood
glucose and reduced hemoglobin A1c (glycosylated hemo-
globin) to near normal values [53]. Subsequently, it was
demonstrated that treatment with exendin-4 for 8 weeks
substantially improved glycemia, hyperinsulinemia and
body weight in ZDF rats [54]. Based on this and other
experimental data, exendin-4 is now in Phase III clinical
studies for type 2 diabetes (Amylin Pharmaceuticals, San
Diego, USA).

The addition of an acyl chain to native GLP-1 creates a
peptide (NN2211) that binds to albumin. This limits
sensitivity to DPP-IV and delays absorption from the
injection site. This GLP-1 analog appears to delay and
reduce the development of diabetes in ZDF rats [55,56],
and it is currently in clinical development (NovoNordisk,
Denmark). In humans, NN2211 has an excellent pharma-
cokinetic profile, with a half-life of 12 h [57]. Therefore,
once-daily administration of adequate concentrations of
NN2211 might lower plasma glucose for a full 24 h.

Concluding remarks

That GLP-1 can stimulate the formation of new b-cells in
rodents (partly by enhancing b-cell proliferation and
partly by enhancing the differentiation of duct progenitor
cells into mature b cells) has fueled interest in a
neurological role of GLP-1. Based on the actions of
GLP-1 on islet cell differentiation, a neurotrophic role
for GLP-1 has been demonstrated in the nervous system.
As a result, developing GLP-1 analogs to optimize the

Fig. 2. Survival-promoting effects of glucagon-like peptide-1 (7–36)-amide (GLP-1).

A proposed schematic of the signaling events involved in the survival-promoting

effects elicited by GLP-1 receptor agonists is shown. Many growth factors, which

are known characteristically for their pro-proliferative properties and/or their

effects on cell differentiation, interfere with the sequence of events that leads to

apoptosis. GLP-1 receptor activation reduces the number of apoptotic cells in the

pancreas of Zucker diabetic rats [45] and protects against apoptotic insult in hippo-

campal neurons [44] and mouse insulinoma cells [47] in culture. GLP-1-mediated

protection from apoptosis can be abolished by Rp-cAMP [a cAMP-dependent

inhibitor of protein kinase A (PKA)], which indicates that cAMP is a positive

mediator in the prevention of apoptosis of insulin-secreting cell lines [47]. Phos-

phatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) are

two important signaling molecules that mediate cell proliferation, differentiation

and apoptosis. The PI3K inhibitor LY294002 inhibits the anti-apoptotic activity of

GLP-1, which indicates that this effect of GLP-1 is, at least in part, regulated by a

PI3K-dependent signaling mechanism. GLP-1 activates MAPK/ERK [61,18],

although MAPK/ERK signaling appears not to be involved in the protection of insu-

linoma cells from apoptosis (because the MAPK inhibitor PD98059 does not inhibit

the protective properties of GLP-1). This corroborates the anti-apoptotic action of

the related, structurally similar peptide hormone GLP-2, which also protects cells

from apoptosis via a MAPK-independent pathway [62]. There is insufficient

evidence to rule out an involvement for all MAPK pathways in the anti-apoptotic

action of GLP-1, and studies to address this question in diverse cell types are

required. Activation of the GLP-1 receptor inhibits hydrogen peroxide-induced

apoptosis in rat insulinoma cells, probably through the cAMP response element-

binding protein (CREB)-stimulated expression of cellular genes following both

PI3K-mediated phosphorylation at Ser133 and activation of the growth factor-

dependent Ser/Thr kinase Akt/PKB (Akt/PKB-induced CREB activity can be sup-

pressed by the PI3K inhibitor LY294002) [47]. Phosphorylation of CREB at Ser133 is

implicated in the resistance of cells to various insults, and several well-established

neuroprotective agents are believed to exert their action via pathways that

converge on CREB [63]. The PI3K and cAMP pathways might be compensatory

because inhibition of both pathways simultaneously produces a greater pro-apop-

totic effect than inhibition of either pathway alone [47]. The limited data that exist

indicates that GLP-1-mediated promotion of cell survival might be achieved, at

least in part, by stimulating gene expression via the CREB nuclear-transduction

pathway. Whether phosphorylation of Ser133 is a key event in the anti-apoptotic

action of GLP-1 receptor agonists remains to be elucidated. Certainly, other

transcription factors are essential in anti-apoptotic mechanisms (reviewed in [64]),

but their involvement in GLP-1-mediated cell survival is not yet established.

Abbreviations: AC, adenylyl cyclase; ERK, extracellular signal-regulated kinase.
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neurotrophic actions is an emerging area of therapeutic
drug development. Although numerous mechanistic ques-
tions remain, GLP-1 receptor agonists might represent a
potentially valuable, novel, therapeutic intervention, and
provide an alternative to the existing treatment of
diabetes, central and peripheral degenerative disorders,
such as stroke, AD, and the peripheral neuropathy
associated with type 2 diabetes mellitus.
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