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New therapies for type 2 diabetes
based on glucagon-like peptide 1

CURRENT DRUG THERAPY

■ ABSTRACT

Cells in the gastrointestinal tract secrete several
hormones that stimulate insulin secretion, one of which is
glucagon-like peptide (GLP-1). Several new drugs act
through the GLP-1 signaling system to stimulate insulin
release and regulate blood glucose levels in patients with
diabetes. One such compound, exenatide (Byetta), has
recently become available, and others are in clinical
development.

■ KEY POINTS

Incretins are gastrointestinal hormones that are released
after eating and stimulate insulin secretion. They are
necessary for normal glucose tolerance.

One of the major incretins, GLP-1, lowers blood glucose in
patients with diabetes by enhancing insulin secretion,
reducing glucagon levels, and delaying gastric emptying.

Because GLP-1 is rapidly metabolized in the circulation by
dipeptidyl peptidase IV (DPP-IV), its use in therapy is
limited. Therefore, researchers are creating GLP-1
mimetics that are resistant to DPP-IV, as well as
compounds that block DPP-IV activity.

These drugs have trophic effects on pancreatic islet cells
in rodents, but this promising effect has not yet been
demonstrated in humans.

NEW CLASS of antidiabetes drugs consists
of agents that supplement, mimic, or

slow the metabolism of the endogenous hor-
mone glucagon-like peptide (GLP-1). Several
such agents are under development, and one
has been approved by the US Food and Drug
Administration.

These drugs will be attractive, for a vari-
ety of reasons. They promote glucose toler-
ance via several mechanisms. In short-term
clinical studies, they have shown promising
glucose-lowering effects. Also, they may have
a better safety profile than the insulin secreta-
gogues, since they stimulate insulin secretion
only if blood glucose levels are above fasting
levels, lessening the risk of hypoglycemia.
Furthermore, preclinical data suggest that
these agents may be able to delay or even halt
the progression of diabetes, raising the possi-
bility that they could be used in the early stage
of diabetes to alter its course.

This paper reviews the mechanism and
promise of these new drugs.

■ TOO MUCH GLUCAGON,
NOT ENOUGH INSULIN

From 1997 to 2000, the incidence of diag-
nosed type 2 diabetes mellitus increased across
all age groups in the United States by about
40%.1 Much of this alarming rise can be
attributed to a higher frequency of obesity and
its metabolic consequences. The problem is
not unique to the United States: by 2030, the
worldwide prevalence of diabetes is estimated
to be 1.5 times that in 2000.2

Insulin resistance, related in part to obesi-
ty and elevated circulating fatty acids, is very
common in patients with diabetes. However,
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abnormal secretion of both of the pancreatic
islet hormones (glucagon, secreted by the
alpha cells; and insulin, secreted by the beta
cells) also plays a central role in the patho-
genesis of type 2 diabetes.

Insulin secretory defects, due to either
functional abnormalities of the pancreatic
beta cells or an overall reduction in beta-cell
mass, are present at the time diabetes is diag-
nosed and worsen over time.3 As beta-cell
function progressively declines, treatment
must be gradually intensified to maintain tar-
get glucose levels, so that eventually many
patients with type 2 diabetes need insulin
therapy.

Diabetic patients have abnormally high
levels of glucagon both while fasting and dur-
ing hyperglycemia. Elevated glucagon in com-
bination with insulin deficiency contributes to
increased hepatic glucose production, leading
to hyperglycemia both during fasting and after
meals.

Considerable evidence supports the main-
tenance of tight glucose control to mitigate
the complications of diabetes. Fortunately,
advances in pharmacology over the last 2
decades have expanded the number of drugs

and drug classes available for patients with
type 2 diabetes. Researchers have been devel-
oping drugs that act at the key pathogenic
steps in the diabetes process (FIGURE 1). One of
these new drug classes is the GLP-1 agents.

■ GLP-1 AND THE INCRETIN EFFECT

The concept that gut factors stimulate pancre-
atic endocrine secretion was hypothesized
soon after secretin was discovered in 1902.4 In
1906, Moore and his colleagues5 tested this
notion by giving gut extracts to patients with
diabetes, which reduced their glycosuria. In
the 1920s, Zunz and Labarre6 introduced the
term incretins, gastrointestinal hormones
released in response to food ingestion that
stimulate internal secretions of the pancreas,
based on studies in which intestinal extracts
free of secretin lowered glucose levels in dogs.

Incretins enhance pancreatic endocrine
secretion at physiologic concentrations.4 The
magnitude of the incretin effect can be seen by
comparing how much insulin levels rise after
an oral glucose load vs during an isoglycemic
intravenous glucose infusion (FIGURE 2). In non-
diabetic people, insulin secretion rates are typ-

Incretins may
account for 30%
to 60% of
postprandial
insulin
secretion

GLP-1 DRUGS SALEHI AND D’ALESSIO

How glucagon-like protein 1 (GLP-1) counteracts diabetes

GLP-1

†Increased insulin synthesis?
*

*

Increased insulin sensitivity

FIGURE 1. Antidiabetogenic effects of GLP-1. The glucose-lowering effect of GLP-1
is caused by improvement in multiple pathogenetic pathways associated with type 2
diabetes.

Decreased food Prolonged gastric Increased insulin Decreased
intake emptying secretion glucagon

Decreased body Decreased Decreased free
weight glucose fatty acids

*The effect on insulin and glucagon secretion is glucose-dependent.
†The effect on islet cell mass has been demonstrated only in cultured cells and rodents, not in humans.
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ically twice as high after an oral glucose load
as after a matched intravenous glucose infu-
sion.7 In fact, the incretin effect is thought to
account for 30% to 60% of postprandial
insulin secretion.8

There are two major incretins: glucose-
dependent insulinotropic polypeptide (GIP)
and glucagon-like peptide 1 (GLP-1).

■ PHYSIOLOGY OF GLP-1

Secretion and degradation of GLP-1
GLP-1 is actually a product of the glucagon
gene, which is expressed both in pancreatic
alpha cells and in a population of specialized
intestinal endocrine cells called L cells, locat-
ed mostly in the lower small intestine and
colon. Proglucagon is cleaved primarily to
glucagon in alpha cells and to GLP-1 in L
cells.

GLP-1 secretion is stimulated by nutrients
in the lumen of the gut,9 and plasma levels
parallel those of insulin.10 Although the
mechanism by which nutrients stimulate the L
cells to secrete GLP is not known, neural path-
ways may be involved, since serum GLP-1
concentrations increase as early as 5 to 10
minutes following ingestion of carbohydrates
and lipids,10 well before the nutrients pass into
the lower gut where most L cells are located.11

Once released from L cells, GLP-1 is
rapidly metabolized by a widely distributed
serine protease, dipeptidyl peptidase IV (DPP-
IV),12 resulting in a half-life of 1 to 2 minutes
in the circulation. DPP-IV, which is located
on endothelial cells as well as in soluble form
in plasma, cleaves the two N-terminal amino
acids from GLP-1, causing a substantial loss of
insulinotropic activity.13

Biologic action of GLP-1
To date, only one receptor specific for GLP-1
has been identified. The GLP-1 receptor
(GLP-1-R) is a G protein-coupled receptor
linked to the activation of the adenylate
cyclase pathway.14 GLP-1-R is expressed in a
variety of tissues, including pancreatic alpha
and beta cells, specific brain areas (hypothal-
amus, hindbrain, and midbrain), vagal affer-
ent nerves, stomach, lungs, heart, and kid-
neys. It does not seem to be expressed in the
liver, skeletal muscles, or adipose tissue,15

although this is still a point of debate.
The major effects of GLP-1 on target tis-

sues are summarized below:
In beta cells, GLP-1 strongly enhances

glucose-stimulated insulin secretion both in
vivo16 and in vitro.17 It also increases insulin
biosynthesis by up-regulating insulin gene
expression.17,18 The higher the plasma glucose
level, the greater the effect of GLP-1 on
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FIGURE 2. The incretin effect: a larger insulin response
(shown with arrow) was generated in response to
intrajejunal glucose administration compared with
that to intravenous glucose administration, despite
a similar plasma glucose level in both experiments.

FROM MCINTYRE N, HOLDSWORTH CD, TURNER DS. NEW INTERPRETATION OF ORAL GLUCOSE
TOLERANCE. LANCET 1964; 41:20–21. REPRODUCED WITH PERMISSION FROM ELSEVIER.
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insulin secretion, with the greatest effect in
hyperglycemic conditions19 and little to no
effect when the blood glucose concentration is
less than 65 mg/dL.20 The glucose dependency
of GLP-1 and other incretins in stimulating
insulin secretion provides an internal safe-
guard against hypoglycemia.

Studies in rodents showed that GLP-1
increases beta-cell mass by enhancing beta-
cell proliferation,21 increasing the differentia-
tion of new beta cells from progenitor cells in
the pancreatic duct epithelium,22 and reduc-
ing beta-cell apoptosis.23,24 Therefore, in addi-
tion to mediating acute insulin secretion,
GLP-1 drugs hold the promise of long-term
benefits by maintaining or enhancing beta-
cell mass in patients with type 2 diabetes.
However, studies are needed to confirm this
effect in humans.

In the stomach, intravenous infusion of
GLP-1 slows gastric emptying in a dose-
dependent manner,25 which can significantly
attenuate postprandial glycemic excur-
sions.26 This effect occurs at periphysiologic
concentrations of GLP-1 and appears to be
independent of the plasma glucose concen-
tration.25

The mechanisms by which GLP-1 influ-
ences pancreatic secretion and gastric motility
may be mediated by vagal pathways.27 In clin-
ical studies, administration of subcutaneous
doses of GLP-1 in patients with type 2 dia-
betes improves postprandial glucose levels,
primarily due to delayed gastric emptying.28

In alpha cells, GLP-1 lowers basal
glucagon secretion in healthy subjects29 and
in patients with type 2 diabetes.19 It may act
directly via its receptor on alpha cells30 or
indirectly by increasing insulin or somato-
statin secretion, which in turn inhibits
glucagon secretion.31 Here again, the higher
the glucose level, the greater the effect of
GLP-1; thus, GLP-1 does not affect the nor-
mal glucagon secretion that occurs as part of
the counterregulatory response to hypo-
glycemia.20

In the liver, GLP-1 has potent indirect
effects on glucose metabolism by regulating
insulin and glucagon secretion.29,32 However,
in addition, intestinal L cells secrete GLP-1
directly into the portal circulation, raising the
possibility that glucose production or uptake

by the liver could be directly regulated.
In experiments in which plasma insulin

and glucagon levels were clamped, GLP-1
increased hepatic glucose uptake in dogs,33

and decreased hepatic glucose production in
humans.34 Therefore, GLP-1 may have an
islet-independent influence on hepatic glu-
cose metabolism, although the physiologic
and clinical significance of this effect is
unproven.

Effect on food intake and obesity.
Intracerebroventricular administration of
GLP-1 acutely reduces food intake in fasted
rats,35 suggesting that central GLP-1 receptors
mediate anorexia. Intravenous infusion of
GLP-1 reduces appetite and enhances satiety
in humans, leading to a lower caloric intake
regardless of the subject’s body weight36 or dia-
betes status.37 Long-term use of GLP-138 or a
GLP-1 receptor agonist39 causes weight loss in
patients with type 2 diabetes. Similarly, giving
subcutaneous GLP-1 for 5 days just before
meals in nondiabetic obese people resulted in
a significant 15% reduction of their caloric
intake and a weight loss of 0.5 kg.40

Effect on insulin sensitivity. Extended
administration of GLP-1 improves insulin sen-
sitivity in diabetic patients,38 while short-term
infusion has no effect. These results argue
against a direct effect of GLP-1 on insulin sen-
sitivity. Rather, since GLP-1 lowers circulat-
ing levels of glucose and free fatty acids,19,38

the enhancement of insulin sensitivity seen
with long-term use of GLP-1 may be the indi-
rect result of its metabolic effects.

■ THERAPEUTIC POTENTIAL
OF GLP-1 AGENTS IN DIABETES

Natural GLP-1
Due to its very short half-life, GLP-1 has to be
administered via a continuous infusion or fre-
quent injections, limiting its clinical useful-
ness. However, it could be useful in situations
that otherwise require intravenous infusion of
insulin, such as in acute coronary syn-
dromes,41 or during management of hyper-
glycemia in intensive care units.42

Acute intravenous infusion of GLP-1 has
been shown to normalize fasting glucose levels
in various subgroups of patients with type 2
diabetes, even those who have poor glycemic

GLP-1 reduces
appetite and
enhances
satiety
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control.19 Continuous subcutaneous infusion
of GLP-1 also lowered glucose levels whether
it was given by itself38 or in combination with
metformin43 or pioglitazone.44

Besides these insulinomimetic, glucago-
nostatic, and appetite effects,38 biphasic
insulin secretion was recovered following
overnight GLP-1 infusion.45

GLP-1 mimetics
Strategies designed to circumvent degradation
of GLP-1 by DPP-IV have resulted in GLP-1
mimetics (GLP-1-R agonists) with longer
half-lives than natural GLP-1.

Albumin-bound GLP-1 mimetics. One
approach to longer-acting forms has been to
modify the GLP-1 molecule to promote albu-
min binding, which results in slow absorption
from subcutaneous injection sites and a longer
plasma half-life with persistent activity.
Preclinical and clinical studies of this class of
drug have shown effects similar to those of
GLP-1 infusions.

Liraglutide (NN2211, Novo Nordisk,
Copenhagen, Denmark), the most studied
compound in this group, includes a C-16 fatty
acyl derivative, that binds to albumin. It has
an elimination half-life of 12 hours following
a subcutaneous dose.46

In patients with type 2 diabetes, a single
dose of liraglutide at bedtime reduced fasting
and postprandial glucose values as a result of
enhanced insulin secretion, suppressed
glucagon release, and delayed gastric empty-
ing.47 Similar results were reported when
liraglutide was given for 1 week to a group of
patients with type 2 diabetes, although gastric
emptying was not affected and gastrointesti-
nal side effects were minimal.48

In the longest trial yet reported,49 190
patients with type 2 diabetes were randomized
to receive liraglutide in one of five doses,
placebo, or glimepiride for 12 weeks. The glu-
cose-lowering effect was comparable in the
highest-dose liraglutide group (0.75 mg) and
the glimepiride group, with an absolute reduc-
tion in hemoglobin A1c of about 0.8 percent-
age points. More than 95% of the patients in
the liraglutide groups completed the study.
Adverse effects were minimal, mainly gas-
trointestinal.

Exendin-4. This 39-amino-acid peptide is

naturally produced in the saliva of the Gila
monster lizard (Heloderma suspectum). It has
53% homology with the amino acid sequence
of GLP-1 and is a potent GLP-1 receptor ago-
nist.

Exendin-4 is naturally resistant to DPP-
IV, with a half-life of 4 hours in humans fol-
lowing subcutaneous injection,50 but other-
wise displaying effects similar to those of
native GLP-1 on islet function, gastric
emptying, and food intake.51 Acute infu-
sion of exenatide in diabetic patients
diminished postprandial glycemia, possibly
by prolonging gastric emptying. Some
experiments in nondiabetic individuals
demonstrated a persistent increased insulin
secretion, which was glucose-dependent
and lasted for up to 3 hours after discontin-
uing the infusion.50

Exenatide (Amylin Pharmaceuticals, San
Diego, CA) is a synthetic form of exendin.

In phase 1 clinical trials, exenatide was
well tolerated in subcutaneous doses of 0.1
µg/kg or less, whereas doses greater than 0.3
µg/kg resulted in nausea and vomiting.52

Dose-titrating studies (phase 2) identified
an optimal glucose-lowering dose of 0.05 to
0.2 µg/kg given subcutaneously twice daily.53

Nausea and vomiting were dose-limiting
adverse effects, but were minimized by starting
therapy with 5 µg twice daily for 1 month fol-
lowed by a maintenance dose of 10 µg twice
daily.53

In phase 3 studies,54–56 exenatide in two
dosage schedules or placebo was given to three
groups of patients with type 2 diabetes not
achieving target blood glucose concentrations
with metformin or sulfonylurea alone or in
combination, as reflected in group average
hemoglobin A1c levels of 8.2% to 8.7%.
Exenatide was given as twice-daily subcuta-
neous injections of 5 µg for 1 month followed
by 5 or 10 µg twice daily for 30 weeks; there
were 110 to 245 patients in each treatment
group. Hemoglobin A1c values declined in a
dose-dependent fashion in the exenatide
group, by about 1 percentage point in those
completing the study receiving 10 µg twice a
day. Furthermore, treated patients lost 1.6 to
2.8 kg, which was statistically significant (FIG-

URE 3).
Overall, exenatide was well tolerated.

Exenatide must
be given by
subcutaneous
injection
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The most common adverse effect was mild to
moderate transient nausea, reported by 30%
to 50% of treated patients compared with 7%
to 23% of controls. Fewer than 3% of patients
who received exenatide discontinued the
study because of nausea. Among those who
were taking sulfonylurea and exenatide, about
35% had mild hypoglycemia,39 whereas those
who were taking metformin and exenatide did
not show any increased rate of hypoglycemia
compared with the placebo group.

Exenatide was approved for marketing (as
Byetta) in the United States in April 2005.

DPP-IV inhibitors
The rationale behind using DPP-IV inhibitors
as antidiabetic agents is to enhance plasma
concentrations of intact, biologically active,
endogenous GLP-1. Since DPP-IV also inacti-
vates GIP and a host of other peptides, DPP-
IV inhibitors might also improve glycemic
control by increasing the levels of these other
hormones.

Inactivation of DPP-IV in animal models
increased intact GLP-1 levels and improved
insulin secretion and glucose tolerance.57,58

Consistent with these results, rats with DPP-
IV deficiency have better glucose tolerance
than control animals.59,60

Based on these and other animal studies
in which DPP-IV inhibitors improved meta-
bolic outcomes and showed limited toxicity,
these agents have advanced into human trials.
Two of these agents have undergone 1-month
studies in humans, performed by the same
group of investigators.

NVP-PP728 (Novartis AG, Basel,
Switzerland), given for 4 weeks to patients
with diet-controlled type 2 diabetes, resulted
in a significant reduction in hemoglobin A1c
(0.5%).

LAF237 (Novartis AG, Basel, Switzer-
land), also given for 4 weeks to patients with
diet-controlled diabetes, lowered postprandial
glucose levels by suppressing glucagon and by
increasing beta-cell function. This effect was
associated with a doubling of plasma GLP-1
concentrations.

The experience so far with DPP-IV
inhibitors is that they are well tolerated with
few adverse effects. They do not seem to have
a major effect on gastric function or body

weight. Thus far, coadministration of DPP-IV
inhibitors and exogenous GLP-1 has not been
studied.

Comment. Although there is not yet
enough experimental or clinical information
available to make firm comparisons between
GLP-1 mimetics and DPP-IV inhibitors, sev-
eral major differences are apparent. DPP-IV
inhibitors can be given by mouth and seem to
have minimal side effects. However, they
depend on endogenous GLP-1, and possibly
other peptides, whose levels are increased only
into the upper physiologic range. GLP-1
mimetics such as exendin-4, on the other

Placebo
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FIGURE 3. Change in body weight from baseline at 30
weeks in clinical trials with exenatide. The mean body
weight at baseline was 95 to 101 kg.

DATA FROM BUSE JB, HENRY RR, HAN J, KIM DD, FINEMAN MS, BARON AD; EXENATIDE-113
CLINICAL STUDY GROUP. EFFECTS OF EXENATIDE (EXENDIN-4) ON GLYCEMIC CONTROL OVER 30

WEEKS IN SULFONYLUREA-TREATED PATIENTS WITH TYPE 2 DIABETES. DIABETES CARE 2004;
27:2628–2635; DEFRONZO RA RATNER RE, HAN J, KIM DD, FINEMAN MS, BARON AD. EFFECTS

OF EXENATIDE (EXENDIN-4 ON GLYCEMIC CONTROL AND WEIGHT OVER 30 WEEKS IN
METFORMIN-TREATED PATIENTS WITH TYPE 2 DIABETES. DIABETES CARE 2005; 28:1092–1100;

AND KENDALL DM, RIDDLE MC, ROSENSTOCK J, ET AL. EFFECTS OF EXENATIDE (EXTENDIN-4) ON
GLYCEMIC CONTROL OVER 30 WEEKS IN PATIENTS WITH TYPE 2 DIABETES TREATED WITH MET-

FORMIN AND A SULFONYLUREA. DIABETES CARE 2005; 28:1083–1091.

*P < .05 compared with placebo treatment
†P < .001 compared with placebo treatment
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hand, must be given by injection. The plasma
levels of these drugs can be boosted to higher
levels than those of natural GLP-1 are during
therapy with DPP-IV inhibitors, with poten-
tially greater potency—but also more adverse
responses, particularly nausea.

It will be important to determine the rel-
ative potency of these general classes of drugs
and also the degree to which they activate the
range of GLP-1 actions that are beneficial for
glucose regulation.

■ SUMMARY

• The endogenous GLP-1 signaling system
is an attractive target for antidiabetic therapy,
as GLP-1 has a range of actions that promote
glucose tolerance.
• Given that GLP-1 is inactivated quickly,
multiple strategies have been used to improve

the stability of this compound against its
metabolism by DPP-IV, leading to GLP-1-
based drugs.
• Based on short-term clinical studies,
GLP-1 agonists and DPP-IV inhibitors have
shown promising glucose-lowering effects due
to improvement of several pathophysiologic
components of type 2 diabetes. Also, they may
be safer than the existing insulin secreta-
gogues, since their effect on insulin secretion
depends on glucose levels above fasting, low-
ering the potential for hypoglycemia.
Furthermore, preclinical data suggest that
these agents may be able to delay or even halt
the progression of diabetes; therefore, they
can perhaps be utilized as treatment at early
stage of diabetes.
• Longer studies are required to further
determine the clinical use of GLP-1-based
drugs in metabolic syndrome and obesity.
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