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Glucagon-like peptide 1 (GLP-1) is a gut-derived incretin hormone that stimulates insulin and suppresses glucagon
secretion, inhibits gastric emptying, and reduces appetite and food intake. Therapeutic approaches for enhancing
incretin action include degradation-resistant GLP-1 receptor agonists (incretin mimetics), and inhibitors of dipeptidyl
peptidase-4 (DPP-4) activity (incretin enhancers). Clinical trials with the incretin mimetic exenatide (two injections
per day or long-acting release form once weekly) and liraglutide (one injection per day) show reductions in fasting
and postprandial glucose concentrations, and haemoglobin A1c (HbA1c) (1–2%), associated with weight loss (2–5 kg).
The most common adverse event associated with GLP-1 receptor agonists is mild nausea, which lessens over time.
Orally administered DPP-4 inhibitors, such as sitagliptin and vildagliptin, reduce HbA1c by 0·5–1·0%, with few
adverse events and no weight gain. These new classes of antidiabetic agents, and incretin mimetics and enhancers,
also expand β-cell mass in preclinical studies. However, long-term clinical studies are needed to determine the beneﬁts
of targeting the incretin axis for the treatment of type 2 diabetes.

Introduction
Eating provokes the secretion of multiple gastrointestinal
hormones involved in the regulation of gut motility,
secretion of gastric acid and pancreatic enzymes, gall
bladder contraction, and nutrient absorption. Gut
hormones also facilitate the disposal of absorbed glucose
through the stimulation of insulin secretion from the
Brain/nervous system:
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Figure 1: Physiology of GLP-1 secretion and action on GLP-1 receptors in diﬀerent organs and tissues
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endocrine pancreas. The observation that enteral
nutrition provided a more potent insulinotropic stimulus
compared with isoglycaemic intravenous challenge led to
the development of the incretin concept.1 The ﬁrst
incretin to be identiﬁed, glucose-dependent insulinotropic
polypeptide (GIP), was puriﬁed from porcine intestinal
extracts and had weak eﬀects on gastric acid secretion
but more potent insulinotropic actions in human beings.2
GIP is a 42-aminoacid hormone synthesised in duodenal
and jejunal enteroendocrine K cells in the proximal small
bowel.
A second incretin hormone, glucagon-like peptide-1
(GLP-1) was identiﬁed after the cloning of the cDNAs
and genes encoding proglucagon (ﬁgure 1). GLP-1 exists
in two circulating equipotent molecular forms,
GLP-1(7-37) and GLP-1(7-36)amide, although GLP-1(736)amide is more abundant in the circulation after eating.
Most GLP-1 is made in enteroendocrine L cells in the
distal ileum and colon, but plasma levels of GLP-1, like
GIP, also increase within minutes of eating. Hence a
combination of endocrine and neural signals probably
promote the rapid stimulation of GLP-1 secretion well
before digested food transits through the gut to directly
engage the L cell in the small bowel and colon. More
proximally located L cells in the duodenum and jejunum
have also been described; however, the precise
Search strategy and selection criteria
We searched the MEDLINE and PubMed databases
(1987–2006) with the search terms “glp-1”, “glucagon”,
“glucagon-like”, “gip”, “incretin”, “dipeptidyl peptidase-4”,
and “diabetes”. We preferentially selected publications from
the past 5 years, but did not exclude older publications that
are commonly referenced or highly regarded. We also
searched the reference lists of articles identiﬁed by this search
strategy and selected those we judged relevant.
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Figure 2: Structure of GLP-1, GLP-1R agonists exenatide and liraglutide, and DPP-4 inhibitors vildagliptin and sitagliptin

contributions of the proximal and distal L cells to the
early rapid increase in plasma GLP-1 remains unclear.
Plasma levels of GLP-1 are low in the fasted state, in the
range of 5–10 pmol/L, and increase rapidly after eating,
reaching 15–50 pmol/L. The circulating levels of intact
GLP-1 and GIP decrease rapidly because of enzymatic
inactivation, mainly dipeptidyl peptidase-4 (DPP-4), and
renal clearance.3 Whether additional proteases, such as
human neutral endopeptidase 24·11, are also essential
determinants of GLP-1 inactivation is being investigated.
Both GIP and GLP-1 contain alanine at position 2, and
hence are excellent substrates for DPP-4. Indeed, DPP-4
is essential for incretin inactivation, and mice with
targeted inactivation of the DPP-4 gene have raised levels
of plasma GIP and GLP-1, increased insulin secretion,
and reduced glucose excursion after glycaemic challenge.4
As a result of DPP-4 activity, intact, biologically active
GLP-1 represents only 10–20% of total plasma GLP-1.5
Both GIP and GLP-1 exert their actions by the
engagement of structurally distinct G-protein-coupled
receptors (GPCRs). The GIP receptor is predominantly
expressed on islet β cells, and to a lesser extent, in adipose
tissue and in the central nervous system. By contrast, the
GLP-1 receptor (GLP-1R) is expressed in islet α and β
cells and in peripheral tissues, including the central and
peripheral nervous systems, heart, kidney, lung, and
gastrointestinal tract (ﬁgure 1). Activation of both incretin
www.thelancet.com Vol 368 November 11, 2006

receptors on β cells leads to rapid increases in levels of
cAMP and intracellular calcium, followed by insulin
exocytosis, in a glucose-dependent manner.6 More
sustained incretin receptor signalling is associated with
activation of protein kinase A, induction of gene
transcription, enhanced levels of insulin biosynthesis,
and stimulation of β-cell proliferation.7 Both GLP-1R and
GIP receptor activation also promote resistance to
apoptosis and enhanced β-cell survival, in both rodent8
and human islets.9 Consistent with the distribution of
GLP-1R expression, GLP-1 also inhibits glucagon
secretion, gastric emptying, and food ingestion, and
promotes enhanced glucose disposal through neural
mechanisms,10 actions that also contribute to the control
of glucoregulation. Notably, eﬀects on glucagon secretion,
like those on insulin secretory responses, are glucosedependent, whereas counter-regulatory release of
glucagon in response to hypoglycaemia is fully preserved
even in the presence of pharmacological concentrations
of GLP-1.11
The physiological importance of endogenous GIP and
GLP-1 for glucose homoeostasis has been investigated in
studies with receptor antagonists, or gene-knockout
mice. Acute antagonism of GIP or GLP-1 lowers insulin
secretion and increases plasma glucose after glycaemic
challenge in rodents. Similarly, mice with inactivating
mutations in the GIP or GLP-1 receptors also have
1697

New Drug Class

defective glucose-stimulated insulin secretion and
impaired glucose tolerance.12,13 GLP-1, but not GIP, is also
essential for control of fasting glycaemia, since acute
antagonism or genetic disruption of GLP-1 action leads
to increased levels of fasting glucose in rodents.13
Furthermore, GLP-1 is essential for glucose control in
human beings: studies with the antagonist exendin(9-39)
show defective glucose-stimulated insulin secretion,
reduced glucose clearance, increased levels of glucagon,
and quicker gastric emptying after disruption of GLP-1
action.14
The pleiotropic actions of GLP-1 and GIP on the control
of blood glucose have fostered considerable interest in
the use of these agents for the treatment of type 2
Biological actions of
incretin hormone in
type 2 diabetes

diabetes. Whereas in healthy human beings oral glucose
elicits a considerably higher insulin secretory response
than does intravenous glucose (even if leading to the
same glycaemic increments), this incretin eﬀect is
substantially reduced or even lost in patients with type 2
diabetes.15 As an explanation for the acquired incretin
defect, GIP but not GLP-1 shows noticeably attenuated
insulinotropic action in patients with type 2 diabetes.16
Furthermore, those with type 2 diabetes show a small but
signiﬁcant reduction in meal-stimulated levels of GLP-1.17
Since GLP-1 action remains relatively preserved in
diabetic patients, most pharmaceutical eﬀorts directed at
potentiation of incretin action for the treatment of type 2
diabetes have focused on GLP-1R agonists.
Native GLP-1*

Incretin mimetics

Exenatide

Liraglutide

DPP-4 inhibitors
(eg, vildagliptin,
sitagliptin)

Characteristic features of type 2 diabetes
Defective glucose-stimulated insulin secretion

Glucose-dependent
stimulation of insulin
secretion

Yes16

Yes45

Yes46

Yes47

Lack of biphasic response†

Restoration of biphasic
responses

Yes48

Yes49

Not tested

Not tested

Slow insulin secretory response to meals50

More adequate insulin
secretory response after
meals‡

Yes21,51

Yes45

Yes46

Yes47

Reduction in or absence of incretin eﬀect15

Replacement of incretin
activity, greater incretin
eﬀect§

Yes‡

Yes‡

Yes‡

Not tested, but probable

Hyperglucagonaemia52

Suppression of glucagon
secretion

Yes16

Yes45

Yes46

Yes47

Hypoglycaemia counter-regulation

Glucagon secretion, when
plasma glucose is low

Yes11

Yes53

Yes54

Not tested

Reduced pancreatic β-cell insulin content

Increased synthesis of
proinsulin

Yes55

Yes

Yes

Yes

Reduced endocrine pancreatic β-cell mass56,57

Increase in pancreatic islet
β-cell mass

Yes58

Yes59

Yes60

Yes61

Diﬀerentiation of islet
precursor cells into β cells

Yes62

Yes

Yes

Unknown

Abnormally high rate of β-cell apoptosis57

Inhibition of
toxin-induced|| β-cell
apoptosis

Yes8,63

Yes64

Yes65

Probable66

Normal, decelerated or accelerated67 gastric
emptying

Deceleration in gastric
emptying

Yes68

Yes69

Yes46

Marginal70,71

Hypercaloric energy intake/obesity72

Suppression of
appetite/induction of
satiety

Yes73

Yes74

Yes75

No obvious eﬀect

Weight loss (ﬁgure 3)

Yes22

Yes25-27

Yes32

No weight change34

Mode of administration

Intravenous,
subcutaneous

Subcutaneous

Subcutaneous

Orally

Frequency of administration

Continuous

Twice daily

Once daily

Once (or twice) daily

Predominant adverse event

Nausea

Nausea

Nausea

None noted

Pharmacological characteristics

*GLP-1 exists as glycine-extended (7–37) and amidated form (7–36)amide, with both forms having similar properties; †Biphasic response is only seen under artiﬁcial
conditions leading to rapid rise in glucose concentrations (glucose bolus injection or “squarewave stimulus” when starting hyperglycaemic clamp); ‡As judged by
improvement (normalisation) of postprandial glucose excursions; §By deﬁnition, GLP-1 and incretin mimetics replace incretin activity; ¶These actions have only been
reported from animal or in vitro (eg, islet) studies; methods to assess human β-cell mass in vivo are not available; ||Hydrogen peroxide, free fatty acids, or streptozotocin.

Table: Type 2 diabetes and biological actions of GLP-1, incretin mimetics, and DPP-4 inhibitors
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Antidiabetic actions of GLP-1
Short-term
intravenous
infusions
of
GLP-1
(1–1·2 pmol kg–¹ min–¹, leading to pharmacological
plasma concentrations of total GLP-1 of 70–150 pmol/L,
and of intact biologically active GLP-1 of 10–20 pmol/L)
lowers blood glucose in patients with type 2 diabetes
through a transient glucose-dependent stimulation of
insulin and suppression of glucagon secretion and
gastric emptying.18–21 A 6-week subcutaneous infusion of
GLP-1 in patients with type 2 diabetes, achieving plasma
levels of GLP-1 in the 60–70 pmol/L range,22 produced
substantial improvements in insulin secretory capacity,
insulin sensitivity, a reduction in HbA1c of 1·2% and
modest weight loss (1·9 kg).22 Although intravenous or
subcutaneous GLP-1 infusions could be useful for the
short-term control of hyperglycaemia,23,24 the long-term
treatment of type 2 diabetes needs a more feasible
approach to achieve sustained activation of GLP-1
receptors. The eﬃcacy of injectable GLP-1 receptor
agonists (degradation-resistant peptides or larger proteins with more suitable pharmacokinetic properties,
ﬁgure 2) and DPP-4 inhibitors (small molecules with
good oral bioavailability, webtable),25–42 has been assessed
in clinical trials.

GLP-1R agonists
Exenatide
Exenatide (synthetic exendin-4) was discovered in the
search for biologically active peptides in lizard venom.43
Exendin-4 shares roughly 50% of its aminoacid
sequence with mammalian GLP-1 , is encoded by a
unique gene in the lizard,44 and is a potent degradationresistant agonist at the mammalian GLP-1R (ﬁgure 2).
Exenatide has been developed for the treatment of
type 2 diabetes (table).47–75 Exenatide has a circulating
half-life of 60–90 min,69 with increases in plasma
exenatide concentrations lasting 4–6 h after a single
subcutaneous injection.76,77
Phase III trials investigated the eﬃcacy of adding
exenatide (5 or 10 μg by subcutaneous injection twice
daily) to ongoing therapy in patients suboptimally
controlled on oral antidiabetic agents (metformin,25
sulphonylureas,26 a combination of both,27 or thiazolidinediones28). The starting dose of exenatide is 5 μg
twice daily for 4 weeks, followed by an increase to 10 μg
twice daily.78,79 Exenatide reduced HbA1c concentrations
by 0·8–1·0 % (ﬁgure 3)25–42 over 30 weeks, with prevention
of weight gain or modest weight loss of 1·5–3 kg.
Patients continuing in an open-label extension lost more
weight, with the total weight loss reaching 4–5 kg after
80 weeks.80 The commonest adverse events with
exenatide were gastrointestinal (nausea, or more rarely
vomiting or diarrhoea25–27) (ﬁgure 3). However, exenatide
was rarely discontinued because of side-eﬀects, and the
occurrence of nausea lessened the longer the duration
of therapy.25–27 An increased number of mild to moderate
hypoglycaemic events was noted in patients given
www.thelancet.com Vol 368 November 11, 2006

exenatide and sulphonylureas,26,27 but not in those given
exenatide and metformin,25 despite a similar reduction
in glycaemia.
40–50% of patients receiving exenatide develop
antibodies with weak binding aﬃnity and low titres.25–27
Antibody formation has not been associated with
impaired antidiabetic eﬀectiveness of exenatide in most
of those treated. However, the drug might not be as
eﬀective in the few patients with high-titre antibodies.
Exenatide has been compared with insulin glargine in
an open-label study as additional treatment for diabetic
patients not achieving eﬀective glucose control on
metformin and a sulphonylurea.29 Fasting glucose
concentrations were reduced more in patients receiving
insulin glargine, but postprandial glucose reduction was
greater with exenatide, especially after breakfast and
dinner. Both exenatide and insulin glargine reduced
levels of HbA1c by 1·1% over 26 weeks.29 No signiﬁcant
diﬀerences in overall rates of hypoglycaemia were seen
in the diﬀerent treatment groups, although nocturnal
hypoglycaemia was less frequent with exenatide and
daytime hypoglycemia was less common in patients
given insulin glargine. Gastrointestinal side-eﬀects, such
as nausea and vomiting, were more often reported with
exenatide than with insulin glargine, and the dropout
rate was also higher in the exenatide-treated cohort.
However, patients receiving insulin glargine gained an
average of 1·8 kg compared with a 2·3 kg weight loss in
exenatide-treated patients.29 Exenatide was approved by
the US Food and Drug Administration for the treatment
of type 2 diabetes in April, 2005. In Europe, exenatide is
expected to be approved by the end of 2006 or early 2007
for use in patients with type 2 diabetes that is not well
controlled on oral agents.

See Online for webtable

Liraglutide
Liraglutide, a partly DPP-4-resistant GLP-1 analogue,
contains a Arg34Lys substitution, and a glutamic acid
and 16-C free-fatty-acid addition to Lys26 (ﬁgure 2).81 The
acyl moiety promotes non-covalent binding to albumin
with 1–2% of liraglutide circulating as the non-albuminbound free peptide.82 Liraglutide has a half-life of about
10–14 h after subcutaneous administration in human
beings,83,84 and can be given as a once daily injection.
Early phase II studies were done with up to 0·75 mg per
day of liraglutide,31,85 but more recent studies with weekly
escalating dose-titration have investigated the eﬃcacy of
doses up to 2·0 mg.32 Liraglutide reduces fasting and
postprandial glucose, and levels of HbA1c by up to 1·75 %
(ﬁgure 3),33 while preventing weight gain or inducing
modest but signiﬁcant weight loss.32,33 Nausea, vomiting,
and diarrhoea were the most prominent adverse events
but were generally mild, transient, and rarely caused
discontinuation of liraglutide treatment.32,33 So far, no
studies of exposure to liraglutide have reported antibody
formation, and phase III testing was started earlier this
year.
1699
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Insulin glargine
Vildagliptin
Sitagliptin

Exenatide (twice daily)
Exenatide LAR (once weekly)
Liraglutide (once daily)
Placebo

Metformin
Glimepiride
Rosiglitazone

Incretin mimetics

Up to 10 μg
twice daily

1·0

Up to 2 mg
weekly Up to
0·75, 2·0, 1·9 mg
once daily

1·0

0·0

0·0

–0·5

–0·5

–1·0

–1·0

–1·5

–1·5

–2·0

–2·0

20

20

0

0

–20

–20
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Figure 3: Clinical eﬀects of
GLP-1R agonists (incretin
mimetics) and DPP-4
inhibitors (incretin
enhancers) on HbA1c, fasting
glucose concentrations,
bodyweight, hypoglycaemic
episodes, and nausea
Doses are indicated in top
panels (A); concomitant
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Long-acting GLP-1R agonists
Because one subcutaneous injection of exenatide does
not produce eﬀective glucose control for more than
6–8 h, there is considerable interest in the development
of long-acting GLP-1R agonists that need less frequent
parenteral administration. Exenatide long-acting release
(LAR) is a polylactide-glycolide microsphere suspension
containing 3% exendin-4 peptide that shows sustained
dose-dependent glycaemic control in diabetic fatty
Zucker rats for up to 28 days after one subcutaneous
injection.86 Preliminary experience with exenatide LAR
in 45 patients with type 2 diabetes indicates a much
greater reduction in fasting glucose concentrations and
HbA1c after once weekly administrations of exenatide
LAR for 15 weeks compared with exenatide twice daily.30
However, long-term experience with the drug in larger
numbers of patients has not yet been reported. Exenatide
LAR is currently being assessed in a phase III head-tohead trial against twice-daily exenatide.
Additional strategies for development of long-acting
GLP-1R agonists include the use of chemical linkers to
form covalent bonds between GLP-1 (CJC-1131) or
exendin-4 (CJC-1134).87 Similarly, recombinant albuminGLP-1 proteins have been developed that mimic the full
range of GLP-1 actions in preclinical studies.88 Although
these drugs are expected to have an extended
pharmacokinetic proﬁle suitable for once weekly dosing
in diabetic patients, little clinical information is available
about the eﬃcacy and safety of these albumin-based drugs
in human beings.

DPP-4 inhibitors
The observation that GLP-1 is rapidly degraded by
DPP-45,89,90 has fostered the development of speciﬁc
protease inhibitors that prevent the rapid fall of GLP-1 in
circulating plasma after eating. DPP-4 is a ubiquitous
membrane-spanning cell-surface aminopeptidase widely
expressed in many tissues, such as liver, lung, kidney,
intestinal brush-border membranes, lymphocytes, and
endothelial cells.91–93 The extracellular domain of DPP-4
can also be cleaved from its membrane-anchored form
and circulate in plasma, where it retains its full enzymatic
activity. DPP-4 preferentially cleaves peptides with a
proline or alanine residue in the second aminoterminal
position. Many gastrointestinal hormones, neuropeptides,
cytokines, and chemokines are substrates for DPP-4,91,93
among them both GIP89,90,94 and GLP-1.5,89,90,95 In preclinical
studies, DPP-4 inhibitors mimic many of the actions
ascribed to GLP-1R agonists, including stimulation of
insulin and inhibition of glucagon secretion, and
preservation of β-cell mass through stimulation of cell
proliferation and inhibition of apoptosis.7,96 By contrast,
DPP-4 inhibitors are generally not associated with a
deceleration of gastric emptying or weight loss, perhaps
due to the modest stabilisation of postprandial levels of
intact biologically active plasma GLP-1 (doubled to
15–25 pmol/L) seen after DPP-4 inhibition (table).
www.thelancet.com Vol 368 November 11, 2006

Many small-molecule DPP-4 inhibitors have been
developed that speciﬁcally and potently inhibit DPP-4
activity after oral administration. Typically, these agents
reduce serum DPP-4 activity by more than 80%, with
some inhibition maintained for 24 h after one dose or with
once daily treatment.47,97 DPP-4 inhibition is accompanied
by a rise in postprandial levels of intact GLP-1.47,97,98 Most
published studies used vildagliptin.99

Vildagliptin and sitagliptin
At a dose of 100 mg once daily, fasting and postprandial
glucose concentrations were reduced after 4 weeks of
vildagliptin treatment.47 Plasma glucagon concentrations
were suppressed after vildagliptin treatment, together
with an increase in the ratio of insulin to glucose.47 In
clinical studies of longer duration, the addition of
vildagliptin to patients already given metformin reduced
HbA1c by 0·8% after 12 weeks, compared with placebo,34
and this diﬀerence was maintained during an open-label
extension for 52 weeks34 (ﬁgure 3). Indirect evidence
from modelling experiments suggests that β-cell function
is improved with vildagliptin treatment over 1 year in
patients with type 2 diabetes.100 Preliminary reports of
longer phase III clinical studies with vildagliptin
monotherapy, either 50 mg twice daily or 100 mg once
daily, showed sustained eﬃcacy but slight non-inferiority
compared with metformin36 after 1 year of therapy,
although vildagliptin was better tolerated than metformin.
Similarly, vildagliptin was as eﬀective as rosiglitazone in
direct comparison monotherapy study37 and also produced
signiﬁcant reductions in HbA1c when used in combination
with metformin38 (ﬁgure 3).
Clinical studies have also been reported for sitagliptin97
(ﬁgure 3). Phase III clinical trial data presented at the
American Diabetes Association meeting in June, 2006,
indicated that sitagliptin is well-tolerated at doses of
100 mg once daily, either as monotherapy, or in
combination with metformin or pioglitazone, without
signiﬁcant hypoglycaemia or weight gain.40–42 Fewer data
are available for other DPP-4 inhibitors in development
such as saxagliptin101 or denagliptin.102 Thus whether
various chemically distinct DPP-4 inhibitors will show
signiﬁcant diﬀerences in pharmacokinetic proﬁles, sideeﬀects, or clinical activity cannot be predicted. Sitagliptin
was approved for the treatment of type 2 diabetes in the
USA in October, 2006.
No characteristic pattern of adverse events has been
associated with the use of vildagliptin34,47 or other DPP-4
inhibitors,103-105 despite the large number of potential
substrates for DPP-4.91,93 In view of the widespread
expression of DPP-4 on many cell types, including
lymphocytes, there is considerable interest in the longterm safety proﬁle of DPP-4 inhibitors. Although highly
selective DPP-4 inhibition seems to be well tolerated in
preclinical studies and DPP-4 inhibitors do not
substantially inhibit cell proliferation in experiments
with human lymphocytes in vitro,106 considerable
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additional clinical experience with these agents will be
needed before any theoretical safety concerns emerge.
Furthermore, given the large number of chemically
distinct DPP-4 inhibitors under clinical development, it
seems likely that one or more of these agents could be
associated with adverse events arising as a result of unique
properties attributable to the individual chemical structure,
as opposed to a class eﬀect arising as a consequence of
inhibition of DPP-4 activity. Non-selectivity for actions on
the related enzymes DPP-8, DPP-9, or both, could be of
particular importance.106

Contrasting properties of GLP-1R agonists and
DPP-4 inhibitors
Twice daily exenatide through subcutaneous injection is
indicated for the treatment of patients with type 2 diabetes
mellitus in whom one or more oral agents do not work,
often as an alternative to insulin treatment. By contrast,
once daily DPP-4 inhibitors could be used as ﬁrst-line
therapy, or as add-on therapy to patients failing one or
more oral agents. While there does not seem to be a great
diﬀerence in the HbA1c-lowering capacity of GLP-1R
agonists compared with DPP-4 inhibitors, the obvious
diﬀerence between these classes of drugs is their eﬀect on
bodyweight. Weight loss is a common outcome of therapy
with native GLP-1,22 exenatide,25–27 and liraglutide,32,75
whereas treatment with DPP-4 inhibitors is associated
with prevention of weight gain34,47,103,104 (ﬁgure 3). By
contrast, gastrointestinal side-eﬀects, predominantly
nausea, are often reported after treatment with injectable
GLP-1R agonists but have not been described with DPP-4
inhibition.34,47,102–105 These diﬀerences might be explained in
part by the relatively modest stabilisation of postprandial
GLP-1 seen after DPP-4 inhibition, compared with the
pharmacological increases in circulating levels of GLP-1R
agonists exempliﬁed by exenatide. Hence therapy with
DPP-4 inhibitors might not be associated with weight loss
perhaps partly because of the relative levels of GLP-1
achieved after treatment with these agents. Although
nausea is a common side-eﬀect of exenatide therapy, many
patients lose weight independently of nausea. Consistent
with the above diﬀerences in circulating levels of GLP-1,
GLP-1R agonists, but not DPP-4 inhibitors, greatly
decelerate gastric emptying.69,107,108

Future developments
Liraglutide and exenatide are ﬁrst-generation GLP-1
receptor agonists, requiring once or twice daily parenteral
administration, respectively. Much eﬀort continues to be
directed towards improvement of the pharmacokinetic
proﬁle of GLP-1R agonists, to minimise peak levels of the
drug and thus reduce the extent of nausea. Longer-acting
GLP-1R agonists should ideally provide more uniform and
sustained GLP-1R activation over a 24-h period, but require
less frequent administration.
Furthermore, there is great interest in determining
whether chronic therapy with GLP-1R agonists will be
1702

associated with sustained long-term control of HbA1c and
improvement in β-cell function beyond that achievable
with existing agents. Similar questions pertain to the
DPP-4 inhibitors, which also indirectly target β cells;
however, long-term clinical data assessing the durability
and eﬃcacy of these agents in the treatment of type 2
diabetes are not yet available. Because patients with
type 2 diabetes have increased risks of cardiovascular
morbidity and mortality, the observation that GLP-1R
agonists improve myocardial function in human patients
after myocardial infarction109 highlights the need for
studies that assess cardiovascular endpoints in patients
treated with DPP-4 inhibitors or GLP-1R agonists.
Overall, agents that enhance incretin action show great
promise for the treatment of type 2 diabetes by
recruitment of new, often physiologically based
mechanisms of action for glucoregulation, in the context
of a currently favourable safety proﬁle. Nevertheless,
long-term clinical studies are needed to compare these
agents with existing oral therapies or insulin, or both, to
permit a greater understanding of the true beneﬁts and
role of these drugs for the treatment of diabetes
mellitus.
Conﬂict of interest statement
D J Drucker is an inventor or co-inventor on patents related to the ﬁeld
of type 2 diabetes that are licensed to Amylin Pharmaceuticals Inc or
Arisaph Pharmaceuticals Inc. He has served as a consultant or adviser
within the past 12 months to Abbott Laboratories, Amgen Inc, Amylin
Pharmaceuticals, Bayer Inc, Chugai Inc, Conjuchem Inc, Eli Lilly Inc,
GlaxoSmithKline, Glenmark Inc, Johnson & Johnson, Merck Research
Laboratories, Novartis Pharmaceuticals, NPS Pharmaceuticals Inc, PPD
Inc, Takeda Inc, Transition Pharmaceuticals Inc, and Arisaph
Pharmaceuticals Inc. M A Nauck has received grants for the support of
product-related studies from Amylin Pharmaceuticals, Eli Lilly & Co,
Novartis Pharma, and NovoNordisk and consulting honoraria from
Amgen, Amylin Pharmaceuticals, Bayer, ConjuChem, Eli Lilly & Co,
GlaxoSmithKline, Merck, Sharp & Dohme, Novartis Pharma,
NovoNordisk, and Takeda. He has received speaker’s honoraria from
Amylin Pharmaceuticals, ConjuChem, Eli Lilly & Co, Merck, Sharp &
Dohme, Novartis Pharma, and NovoNordisk. He is a co-inventor on a
patent related to the clinical use of GLP-1 that is licensed to Amylin
Pharmaceuticals Inc. Neither author, nor their family members, hold
stock directly or indirectly in any of these companies.
Acknowledgments
We thank Sabine Petrick for secretarial assistance. M A Nauck’s studies
received support from the Deutsche Forschungsgemeinschaft (grant
Na 203/6-1), the Deutsche Diabetes-Gesellschaft, and the Nationales
Aktionsforum Diabetes mellitus. D J Drucker is supported by a Canada
Research Chair in Regulatory Peptides and work in the Drucker
Laboratory on incretin hormones is supported by operating grants from
the Juvenile Diabetes Research Foundation and the Canadian Diabetes
Association. Research in the Drucker Laboratory is supported in part by
grants from Novartis Inc, Amylin-Eli Lilly Inc, Merck Frosst Canada, and
Novo Nordisk Inc.
References
1
Elrick H, Stimmler L, Hlad CJ, Arai Y. Plasma insulin response to
oral and intravenous glucose administration.
J Clin Endocrinol Metab 1964; 24: 1076–82.
2
Dupré J, Ross SA, Watson D, Brown JC. Stimulation of insulin
secretion by gastric inhibitory polypeptide in man.
J Clin Endocrinol Metab 1973; 37: 826–28.
3
Ørskov C, Wettergren A, Holst JJ. Biological eﬀects and metabolic
rates of glucagonlike peptide-1 7-36 amide and glucagonlike
peptide-1 7-37 in healthy subjects are indistinguishable.
Diabetes 1993; 42: 658–61.

www.thelancet.com Vol 368 November 11, 2006

New Drug Class

4

5

6

7
8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Marguet D, Baggio L, Kobayashi T, et al. Enhanced insulin
secretion and improved glucose tolerance in mice lacking CD26.
Proc Natl Acad Sci USA 2000; 97: 6874–79.
Deacon CF, Nauck MA, Toft-Nielsen M, Pridal L, Willms B,
Host JJ. Both subcutaneously and intravenously administered
glucagon-like peptide 1 are rapidly degraded from the NH2terminus in type 2-diabetic patients and in healthy subjects.
Diabetes 1995; 44: 1126–1131.
Drucker DJ, Philippe J, Mojsov S, Chick WL, Habener JF.
Glucagon-like peptide I stimulates insulin gene expression and
increases cyclic AMP levels in a rat islet cell line.
Proc Natl Acad Sci USA 1987; 84: 3434–38.
Drucker DJ. The biology of incretin hormones. Cell Metab 2006; 3:
153–65.
Li Y, Hansotia T, Yusta B, Ris F, Halban PA, Drucker DJ.
Glucagon-like peptide-1 receptor signaling modulates beta cell
apoptosis. J Biol Chem 2003; 278: 471–78.
Farilla L, Bulotta A, Hirshberg B, et al. Glucagon-like peptide 1
inhibits cell apoptosis and improves glucose responsiveness
of freshly isolated human islets. Endocrinology 2003; 144:
5149–58.
Burcelin R, Da Costa A, Drucker D, Thorens B. Glucose
competence of the hepatoportal vein sensor requires the presence
of an activated glucagon-like peptide-1 receptor. Diabetes 2001; 50:
1720–28.
Nauck MA, Heimesaat MM, Behle K, et al. Eﬀects of glucagon-like
peptide 1 on counterregulatory hormone responses, cognitive
functions, and insulin secretion during hyperinsulinemic,
stepped hypoglycemic clamp experiments in healthy volunteers.
J Clin Endocrinol Metab 2002; 87: 1239–46.
Miyawaki K, Yamada Y, Yano H, et al. Glucose intolerance caused by
a defect in the entero-insular axis: A study in gastric inhibitory
polypeptide receptor knockout mice. Proc Natl Acad Sci USA 1999;
96: 14843–47.
Scrocchi LA, Brown TJ, MaClusky N, et al. Glucose intolerance but
normal satiety in mice with a null mutation in the glucagon-like
peptide 1 receptor gene. Nat Med 1996; 2: 1254–58.
Schirra J, Sturm K, Leicht P, Arnold R, Göke B, Katschinski M.
Exendin (9-39)amide is an antagonist of glucagon-like peptide-1
(7-36) amide in humans. J Clin Invest 1998; 101: 1421–30.
Nauck M, Stöckmann F, Ebert R, Creutzfeldt W. Reduced incretin
eﬀect in type 2 (non-insulin-dependent) diabetes. Diabetologia 1986;
29: 46–54.
Nauck MA, Heimesaat MM, Ørskov C, Holst JJ, Ebert R,
Creutzfeldt W. Preserved incretin activity of glucagon-like peptide 1
[7-36 amide] but not of synthetic human gastric inhibitory
polypeptide in patients with type-2 diabetes mellitus. J Clin Invest
1993; 91: 301–07.
Toft-Nielsen MB, Damholt MB, Madsbad S, et al. Determinants of
the impaired secretion of glucagon-like peptide-1 in type 2 diabetic
patients. J Clin Endocrinol Metab 2001; 86: 3717–23.
Nauck MA, Kleine N, Ørskov C, Holst JJ, Willms B, Creutzfeldt W.
Normalization of fasting hyperglycaemia by exogenous glucagonlike peptide 1 (7-36 amide) in type 2 (non-insulin-dependent)
diabetic patients. Diabetologia 1993; 36: 741–44.
Toft-Nielsen MB, Madsbad S, Holst JJ. Determinants of the
eﬀectiveness of glucagon-like peptide-1 in type 2 diabetes.
J Clin Endocrinol Metab 2001; 86: 3853–60.
Nauck MA, Meier JJ. Glucagon-like peptide 1 (GLP-1) and its
derivatives in the treatment of diabetes. Regul Pept 2005;
124 (suppl): 135–48.
Willms B, Werner J, Holst JJ, Ørskov C, Creutzfeldt W,
Nauck MA. Gastric emptying, glucose responses, and insulin
secretion after a liquid test meal: eﬀects of exogenous glucagonlike peptide-1 (GLP-1)-(7-36) amide in type 2 (noninsulindependent) diabetic patients. J Clin Endocrinol Metab 1996;
81: 327–32.
Zander M, Madsbad S, Madsen JL, Holst JJ. Eﬀect of 6-week course
of glucagon-like peptide 1 on glycaemic control, insulin sensitivity,
and beta-cell function in type 2 diabetes: a parallel-group study.
Lancet 2002; 359: 824–30.
Meier JJ, Weyhe D, Michaely M, et al. Intravenous glucagon-like
peptide 1 normalizes blood glucose after major surgery in patients
with type 2 diabetes. Crit Care Med 2004; 32: 848–51.

www.thelancet.com Vol 368 November 11, 2006

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Nauck MA, Walberg J, Vethacke A, et al. Blood glucose control in
healthy subject and patients receiving intravenous glucose infusion or
total parenteral nutrition using glucagon-like peptide 1. Regul Pept
2004; 118: 89–97.
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: 1092–00.
Buse JB, Henry RR, Han J, et al. Eﬀects of exenatide (exendin-4) on
glycemic control over 30 weeks in sulfonylurea-treated patients with
type 2 diabetes. Diabetes Care 2004; 27: 2628–35.
Kendall DM, Riddle MC, Rosenstock J, et al. Eﬀects of exenatide
(exendin-4) on glycemic control over 30 weeks in patients with type 2
diabetes treated with metformin and a sulfonylurea. Diabetes Care
2005; 28: 1083–91.
Zinman B, Hoogwerf B, Garcia SG, et al. Safety and eﬃcacy of
exenatide in patients with type 2 diabetes mellitus using
thiazolidindiones with or without metformin. Diabetes 2006; 55
(suppl 1): 28 (abstr 117-OR).
Heine RJ, Van Gaal LF, Johns D, Mihm MJ, Widel MH, Brodows RG.
Exenatide versus insulin glargine in patients with suboptimally
controlled type 2 diabetes: a randomized trial. Ann Intern Med 2005;
143: 559–69.
Kim D, MacConnell L, Zhuang D, et al. Safety and eﬃcacy of a
once-weekly, long-acting release formulation of exenatide over 15
weeks in patients with type 2 diabetes. Diabetes 2006; 55 (suppl 1):
116 (abstr 487-P).
Madsbad S, Schmitz O, Ranstam J, Jakobsen G, Matthews DR.
Improved glycemic control with no weight increase in patients with
type 2 diabetes after once-daily treatment with the long-acting
glucagon-like peptide 1 analog liraglutide (NN2211): A 12-week,
double-blind, randomized, controlled trial. Diabetes Care 2004; 27:
1335–42.
Nauck MA, Hompesch M, Filipicazak R, Le TD, Zdravkovic M,
Glumprecht J. Five weeks of treatment with the GLP-1 analogue
liraglutadide improves glycaemic control and lowers body weight in
subjects with type 2 diabetes. Exp Clin Endocrinol Diabetes 2006; 114:
417–23.
Vilsbøll T, Zdravkovic M, Le-Thi T, et al. Liraglutide signiﬁcantly
improves glycemic control, and lowers body weight without risk of
either major or minor hypoglycemic episodes in subjects with type 2
diabetes. Diabetes 2006; 55 (suppl 1): 27-28 (abstr 115–OR).
Åhren B, Gomis R, Standl E, Mills D, Schweizer A. Twelve- and
52-week eﬃcacy of the dipeptidyl peptidase IV inhibitor LAF237 in
metformin-treated patients with type 2 diabetes. Diabetes Care 2004;
27: 2874–80.
Pratley RE, Jauﬀret-Kamel S, Galbreath E, Holmes D. Twelve-week
monotherapy with the DPP-4 inhibitor vildagliptin improves glycemic
control in subjects with type 2 diabetes. Horm Metab Res 2006; 38:
423–28.
Dejager S, Lebeaut A, Couturier A, Schweizer A. Sustained reduction
in HbA1c during one-year treatment with vildagliptin in patients with
type 2 diabetes (T2DM). Diabetes 2006; 55 (suppl 1):
29 (abstr 120–OR).
Rosenstock J, Baron MA, Schweizer A, Mills D, Dejager S.
Vildagliptin is as eﬀective as rosiglitazone in lowering HbA1c but
without weight gain in drug-naive patients with type 2 diabetes
(T2DM). Diabetes 2006; 55 (suppl 1): 133 (abstr 557–P).
Garber A, Camisasca RP, Ehrsam E, Collober-Maugeais C,
Rochotte E, Lebeaut A. Vildagliptin added to metformin improves
glycemic control and may mitigate metformin-induced GI side eﬀects
in patients with type 2 diabetes (T2DM). Diabetes 2006;
55 (suppl 1): 29 (abstr 121–OR).
Raz I, Hanefeld M, Xu L, Caria C, Williams-Herman D, Khatami H.
Eﬃcacy and safety of the dipeptidyl peptidase-4 inhibitor sitagliptin as
monotherapy in patients with type 2 diabetes mellitus. Diabetologia
2006; 49: 2564–71.
Aschner P, Kipnes M, Lunceford J, Mickel C, Davies M,
Williams-Herman D. Sitagliptin monotherapy improved glycemic
control in the fasting and postprandial states and beta-cell function
after 24 weeks in patients with type 2 diabetes (T2DM). Diabetes 2006;
55 (suppl 1): 462 (abstr 1995-PO).
Karasik A, Charbonnell B, Liu J, Wu M, Meehan A, Meininger G.
Sitagliptin added to ongoing metformin therapy enhanced glycemic
control and beta-cell function in patients with type 2 diabetes.
Diabetes 2006; 55 (suppl 1): 119–20 (abstr 501–P).
1703

New Drug Class

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56
57

58

59

60

1704

Rosenstock J, Brazg R, Andryuk PJ, McCrary Sisk C, Lu K, Stein P.
Addition of sitagliptin to pioglitazone improved glycemic control
with neutral weight eﬀect over 24 weeks in inadequately controlled
type 2 diabetes (T2DM). Diabetes 2006; 55 (suppl 1): 132–33
(abstr 556-P).
Eng J, Kleinman WA, Singh L, Singh G, Raufman JP. Isolation and
characterization of exendin-4, an exendin-3 analogue, from
Heloderma suspectum venom. Further evidence for an exendin
receptor on dispersed acini from guinea pig pancreas. J Biol Chem
1992; 267: 7402–05.
Chen YE, Drucker DJ. Tissue-speciﬁc expression of unique mRNAs
that encode proglucagon-derived peptides or exendin 4 in the lizard.
J Biol Chem 1997; 272: 4108–15.
Kolterman OG, Buse JB, Fineman MS, et al. Synthetic exendin-4
(exenatide) signiﬁcantly reduces postprandial and fasting plasma
glucose in subjects with type 2 diabetes. J Clin Endocrinol Metab
2003; 88: 3082–89.
Juhl CB, Hollingdal M, Sturis J, et al. Bedtime administration of
NN2211, a long-acting GLP-1 derivative, substantially reduces
fasting and postprandial glycemia in type 2 diabetes. Diabetes 2002;
51: 424–29.
Åhren B, Landin-Olsson M, Jansson PA, Svensson M, Holmes D,
Schweizer A. Inhibition of dipeptidyl peptidase-4 reduces glycemia,
sustains insulin levels, and reduces glucagon levels in type 2
diabetes. J Clin Endocrinol Metab 2004; 89: 2078–84.
Quddusi S, Vahl TP, Hanson K, Prigeon RL, D’Alessio DA.
Diﬀerential eﬀects of acute and extended infusions of glucagon-like
peptide-1 on ﬁrst- and second-phase insulin secretion in diabetic
and nondiabetic humans. Diabetes Care 2003; 26: 791–98.
Fehse FC, Trautmann M, Holst JJ, et al. Exenatide augments ﬁrstand second-phase insulin secretion in response to intravenous
glucose in subjects with type 2 diabetes. J Clin Endocrinol Metab
2005; 90: 5991–97.
Polonsky KS, Given BD, Hirsch LJ, et al. Abnormal patterns of
insulin secretion in non-insulin-dependent diabetes mellitus.
N Engl J Med 1988; 318: 1231–39.
Rachman J, Gribble FM, Levy JC, Turner RC. Near-normalization of
diurnal glucose concentrations by continuous administration of
glucagon-like peptide 1 (GLP-1) in subjects with NIDDM.
Diabetologia 1997; 40: 205–11.
Gerich JE. Abnormal glucagon secretion in type 2 (noninsulindependent) diabetes mellitus: causes and consequences. In:
Creutzfeldt W, Lefèbvre P, eds. Diabetes mellitus: pathophysiology
and therapy. Berlin, Heidelberg: Springer Verlag, 1989: 127–33.
Degn KB, Brock B, Juhl CB, et al. Eﬀect of intravenous infusion of
exenatide (synthetic exendin-4) on glucose-dependent insulin
secretion and counterregulation during hypoglycemia. Diabetes
2004; 53: 2397–403.
Nauck M, El-Ouaghlidi A, Hompesch M, Jacobsen J, Elbrønd B. No
impairment of hypoglycemia counterregulation via glucagon with
NN2211, a GLP-1 derivative, in subjects with type 2 diabetes.
Diabetes 2003; 52 (suppl 1): 128 (abstr 550–P).
Alarcon C, Wicksteed B, Rhodes, CJ. Exendin 4 controls insulin
production in rat islet beta cells predominantly by potentiation of
glucose-stimulated proinsulin biosynthesis at the translational
level. Diabetologia 2006; [In press] Published online October 20,
2006.
Rahier J, Goebbels RM, Henquin JC. Cellular composition of the
human diabetic pancreas. Diabetologia 1983; 24: 366–71.
Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA, Butler PC.
Beta-cell deﬁcit and increased beta-cell apoptosis in humans with
type 2 diabetes. Diabetes 2003; 52: 102–10.
Buteau J, Foisy S, Rhodes CJ, Carpenter L, Biden TJ, Prentki M.
Protein kinase Czeta activation mediates glucagon-like peptide-1induced pancreatic beta-cell proliferation. Diabetes 2001; 50:
2237–43.
Xu G, Stoﬀers DA, Habener JF, Bonner-Weir S. Exendin-4
stimulates both beta-cell replication and neogenesis, resulting in
increased beta-cell mass and improved glucose tolerance in diabetic
rats. Diabetes 1999; 48: 2270–76.
Rolin B, Larsen MO, Gotfredsen CF, et al. The long-acting GLP-1
derivative NN2211 ameliorates glycemia and increases beta-cell
mass in diabetic mice. Am J Physiol (Endocrinol Metab) 2002; 283:
745–52.

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

Mu J, Woods J, Zhou YP, et al. Chronic inhibition of dipeptidyl
peptidase-4 with a sitagliptin analog preserves pancreatic {beta}-cell
mass and function in a rodent model of type 2 diabetes. Diabetes
2006; 55: 1695–704.
Abraham EJ, Leech CA, Lin JC, Zulewski H, Habener JF.
Insulinotropic hormone glucagon-like peptide-1 diﬀerentiation of
human pancreatic islet-derived progenitor cells into insulinproducing cells. Endocrinology 2002; 143: 3152–61.
Hui H, Nourparvar A, Zhao X, Perfetti R. Glucagon-like peptide-1
inhibits apoptosis of insulin-secreting cells via a cyclic 5’-adenosine
monophosphate-dependent protein kinase A- and a
phosphatidylinositol 3-kinase-dependent pathway. Endocrinology
2003; 144: 1444–55.
Li Y, Cao X, Li LX, Brubaker PL, Edlund H, Drucker DJ. ß-cell PDX1
expression is essential for the glucoregulatory, proliferative, and
cytoprotective actions of glucagon-like peptide-1. Diabetes 2005; 54:
482–91.
Bregenholdt S, Moldrup A, B. Knudsen L, Petersen JS. The GLP-1
derivative NN2211 inhibits cytokine-induced apoptosis in primary
rat ß-cells. Diabetes 2001; 50 (suppl 1): 31 (abstr).
Pospisilik JA, Martin J, Doty T, et al. Dipeptidyl peptidase IV
inhibitor treatment stimulates beta-cell survival and islet
neogenesis in streptozotocin-induced diabetic rats. Diabetes 2003;
52: 741–50.
Phillips WT, Salman UA, McMahan CA, Schwartz JG. Accelerated
gastric emptying in hypertensive subjects. J Nucl Med 1997; 38:
207–11.
Wettergren A, Schjoldager B, Mortensen PE, Myhre J, Christiansen
J, Holst JJ. Truncated GLP-1 (proglucagon 78-107-amide) inhibits
gastric and pancreatic functions in man. Dig Dis Sci 1993; 38:
665–73.
Kolterman OG, Kim DD, Shen L, et al. Pharmacokinetics,
pharmacodynamics, and safety of exenatide in patients with type 2
diabetes melllitus. Am Health Syst Pharm 2005; 62: 173–81.
Dardik B, Valentin M, Schwartzkopf C, et al. NVP-LAF237, a
dipeptidyl peptidase IV inhibitor, improves glucose tolerance and
delays gastric emptying in obese insulin resistant Cynomolgus
monkeys. Diabetes 2003; 52 (suppl 1): 322 (abstr 1292-P).
El-Ouaghlidi A, Rehring E, Schweizer A, Holmes D, Nauck MA.
The dipeptidyl peptidase IV inhibitor LAF237 does not accentuate
reactive hypoglyaemia caused by the sulfonylurea glibenclamide
administered before an oral glucose load in healthy subjects.
Diabetes 2003; 52 (suppl 1): 118 (abstr 507-P).
Colditz GA, Willett WC, Rotnitzky A, Manson JE. Weight gain as a
risk factor for clinical diabetes mellitus in women. Ann Intern Med
1995; 122: 481–86.
Flint A, Raben A, Astrup A, Holst JJ. Glucagon-like peptide-1
promotes satiety and suppresses energy intake in humans.
J Clin Invest 1998; 101: 515–20.
Szayna M, Doyle, ME, Betkey JA, et al. Exendin-4 decelerates food
intake, weight gain, and fat deposition in Zucker rats. Endocrinology
2000; 141: 1936–41.
Hansen BC, Bjenning C, Bjerrre Knudsen L. Sustained appetite
suppression and weight loss in obese rhesus monkeys treated with
a long-acting GLP-1 derivative, NN2211. Diabetologia 2001;
44 (suppl 1): 196 (abstr).
Nielsen LL, Baron AD. Pharmacology of exenatide (synthetic
exendin-4) for the treatment of type 2 diabetes.
Curr Opin Investig Drugs 2003; 4: 401–05.
Nielsen LL, Young AA, Parkes DG. Pharmacology of exenatide
(synthetic exendin-4): a potential therapeutic for improved glycemic
control of type 2 diabetes. Regul Pept 2004; 117: 77–88.
Fineman MS, Shen LZ, Smitzi J, et al. Unique study design:
Evaluation of the eﬀect of dose titration on dose-limiting nausea.
Clin Pharmacol Ther 2002; 71: 19 (abstr).
Fineman MS, Shen LZ, Taylor K, Kim DD, Baron AD.
Eﬀectiveness of progressive dose-escalation of exenatide (exendin-4)
in reducing dose-limiting side eﬀects in subjects with type 2
diabetes. Diabetes Metab Res Rev 2004; 20: 411–17.
Riddle MC, Henry RR, Poon TH, et al. Exenatide elicits sustained
glycaemic control and progressive reduction of body weight in
patients with type 2 diabetes inadequately controlled by
sulphonylureas with or without metformin. Diabetes Metab Res Rev
2006; 22: 483–91.

www.thelancet.com Vol 368 November 11, 2006

New Drug Class

81

82

83

84

85

86

87

88

89

90

91
92
93

94

95

Knudsen LB, Nielsen PF, Huusfeldt PO, et al. Potent derivatives of
glucagon-like peptide-1 with pharmacokinetic properties suitable
for once daily administration. J Med Chem 2000; 43: 1664–69.
Bjerre Knudsen L, Møller Knudsen S, Wilken M, et al.
Plasma protein binding of NN2211, a long-acting derivative of GLP1, is important for its eﬃcacy. Diabetes 2005; 52 (suppl 1): 321–22.
Agersø H, Jensen LB, Elbrond B, Rolan P, Zdravkovic M. The
pharmacokinetics, pharmacodynamics, safety and tolerability of
NN2211, a new long-acting GLP-1 derivative, in healthy men.
Diabetologia 2002; 45: 195–202.
Elbrønd B, Jakobsen G, Larsen S, et al. Pharmacokinetics,
pharmacodynamics, safety, and tolerability of a single-dose of
NN2211, a long-acting glucagon-like peptide 1 derivative, in healthy
male subjects. Diabetes Care 2002; 25: 1398–1404.
Saad M, An B, Santiago O, on behalf of the 2072 study group.
The eﬀect of NN2211, a long-acting GLP-1 derivative, on
glycemic control and body weight in obese patients with type 2
diabetes. Diabetologia 2002; 45 (suppl 2): 44 (abstr).
Gedulin BR, Smith P, Prickett KS, et al. Dose-response for
glycaemic and metabolic changes 28 days after single injection of
long-acting release exenatide in diabetic fatty Zucker rats.
Diabetologia 2005; 48: 1380–85.
Kim JG, Baggio LL, Bridon DP, et al. Development and
characterization of a glucagon-like peptide 1-albumin conjugate: the
ability to activate the glucagon-like peptide 1 receptor in vivo.
Diabetes 2003; 52: 751–59.
Baggio LL, Huang Q, Brown TJ, Drucker DJ. A recombinant
human glucagon-like peptide (GLP)-1-albumin protein (albugon)
mimics peptidergic activation of GLP-1 receptor-dependent
pathways coupled with satiety, gastrointestinal motility, and glucose
homeostasis. Diabetes 2004; 53: 2492–500.
Mentlein R, Gallwitz B, Schmidt WE. Dipeptidyl-peptidase IV
hydrolyses gastric inhibitory polypeptide, glucagon-like peptide-1(736)amide, peptide histidine methionine and is responsible for their
degradation in human serum. Eur J Biochem 1993; 214: 829–35.
Kieﬀer TJ, McIntosh CH, Pederson RA. Degradation of glucosedependent insulinotropic polypeptide and truncated glucagon-like
peptide 1 in vitro and in vivo by dipeptidyl peptidase IV.
Endocrinology 1995; 136: 3585–96.
Mentlein R. Dipeptidyl-peptidase IV (CD26)—role in the
inactivation of regulatory peptides. Regul Pept 1999; 85: 9–24.
De Meester I, Durinx C, Bal G, et al. Natural substrates of dipeptidyl
peptidase IV. Adv Exp Med Biol 2000; 477: 67–87.
De Meester I, Lambeir AM, Proost P, Scharpe S. Dipeptidyl
peptidase IV substrates: an update on in vitro peptide hydrolysis by
human DPPIV. Adv Exp Med Biol 2003; 524: 3–17.
Deacon CF, Nauck MA, Meier J, Hücking K, Holst JJ. Degradation
of endogenous and exogenous gastric inhibitory polypeptide in
healthy and in type 2 diabetic subjects as revealed using a new assay
for the intact peptide. J Clin Endocrinol Metab 2000; 85: 3575–81.
Deacon CF, Johnsen AH, Holst JJ. Degradation of glucagon-like
peptide-1 by human plasma in vitro yields an N-terminally
truncated peptide that is a major endogenous metabolite in vivo.
J Clin Endocrinol Metab 1995; 80: 952–57.

www.thelancet.com Vol 368 November 11, 2006

96
97

98

99

100

101

102

103

104

105

106

107

108

109

Deacon CF. Therapeutic strategies based on glucagon-like peptide 1.
Diabetes 2004; 53: 2181–89.
Herman GA, Stevens C, Van Dyck K, et al. Pharmacokinetics and
pharmacodynamics of sitagliptin, an inhibitor of dipeptidyl
peptidase IV, in healthy subjects: results from two randomized,
double-blind, placebo-controlled studies with single oral doses.
Clin Pharmacol Ther 2005; 78: 675–88.
Nauck MA, El-Ouaghlidi A. The therapeutic actions of DPP-IV
inhibition are not mediated by glucagon-like peptide-1 Diabetologia
2005; 48: 608–11.
Villhauer EB, Brinkman JA, Naderi GB, et al. 1-[[(3-hydroxy-1adamantyl)amino]acetyl]-2-cyano-(S)-pyrrolidine: a potent, selective,
and orally bioavailable dipeptidyl peptidase IV inhibitor with
antihyperglycemic properties. J Med Chem 2003; 46: 2774–89.
Åhren B, Pacini G, Foley JE, Schweizer A. Improved meal-related
beta-cell function and insulin sensitivity by the dipeptidyl peptidaseIV inhibitor vildagliptin in metformin-treated patients with type 2
diabetes over 1 year. Diabetes Care 2005; 28: 1936–40.
Augeri DJ, Robl JA, Betebenner DA, et al. Discovery and preclinical
proﬁle of saxagliptin (BMS-477118): a highly
potent, long-acting, orally active dipeptidyl peptidase IV inhibitor
for the treatment of type 2 diabetes. J Med Chem 2005; 48: 5025–37.
Demuth HU, McIntosh CH, Pederson RA. Type 2 diabetes—
therapy with dipeptidyl peptidase IV inhibitors. Biochim Biophys
Acta 2005; 1751: 33–44.
Scott R, Herman G, Zhao P, Chen X, Wu M, Stein P. Twelve-week
eﬃcacy and tolerability of MK-0431, a dipeptidyl peptidase IV (DPPIV) inhibitor, in the treatment of type 2 diabetes (T2D). Diabetes
2005; 54 (suppl 1): 10–11 (abstr 41–OR).
Hanefeld M, Herman G, Mickel C, et al. Eﬀect of MK-0431, a
dipeptidyl peptidase IV (DPP-IV) inhibitor, on glycemic control
after 12 weeks in patients with type 2 diabetes. Diabetologia 2005;
48 (suppl 1): 287–88 (abstr 791).
Brazg R, Thomas K, Zhao P, Xu L, Chen X, Stein P. Eﬀect of adding
MK-0431 to ongoing metformin therapy in type 2 diabetic patients
who have inadequate glycemic control on metformin. Diabetes 2005;
54 (suppl 1): 3 (abstr).
Lankas G, Leiting B, Roy RS, et al. Dipeptidyl peptidase IV
inhibiton for the treatment of type 2 diabetes: potential importance
of selectivity over dipeptidyl peptidase 8 and 9. Diabetes 2004; 54:
2988–94.
Meier JJ, Gallwitz B, Salmen S, et al. Normalization of glucose
concentrations and deceleration of gastric emptying after solid
meals during intravenous glucagon-like peptide 1 in patients with
type 2 diabetes. J Clin Endocrinol Metab 2003; 88: 2719–25.
Kolterman O, Gottlieb A, Prickett K, Gaines E, Young A.
Dose-response for inhibition of glucagon secretion and gastric
emptying by synthetic exendin-4 (AC2993) in subjects with type 2
diabetes. Diabetes 2000; 49 (suppl 1): 114 (abstr).
Nikolaidis LA, Mankad S, Sokos GG, et al. Eﬀects of glucagon-like
peptide-1 in patients with acute myocardial infarction and left
ventricular dysfunction after successful reperfusion. Circulation
2004; 109: 962–s65.

1705

