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Abstract

Introduction. The incretin effect

The incretin hormones, glucose-dependent insulinotropic polypeptide
(GIP) and glucagon-like peptide-1 (GLP-1), may be responsible for up
to 70% of postprandial insulin secretion. In type 2 diabetes (2DM), the
incretin effect is severely reduced. Secretion of GIP is normal, but its
effect on insulin secretion is lost. GLP-1 secretion and effects are also
impaired, but supraphysiological doses may restore insulin secretion to
near normal levels. Replacement therapy with GLP-1 might therefore be
possible. GLP-1 actions include: potentiation of glucose-induced insulin
secretion; up-regulation of insulin and other ß-cell genes; stimulation of
ß-cell proliferation and neogenesis and inhibition of ß-cell apoptosis; and
inhibition of glucagon secretion, gastric emptying, and appetite and
food intake. It may also have cardioprotective and neuroprotective
actions. These actions make GLP-1 attractive as a therapeutic agent for
2DM, but GLP-1 is rapidly destroyed in the body by the enzyme, dipeptidyl
peptidase IV (DPP-IV). Clinical strategies therefore include: 1) the
development of metabolically stable activators of the GLP-1 receptor
(incretin mimetics); and 2) inhibition of DPP-IV (incretin enhancers).
Orally active, DPP-IV inhibitors are currently undergoing clinical trials, and
recent clinical studies have provided long-term proof of concept.
Metabolically stable analogues/activators include the structurally related
lizard peptide, exendin-4, as well as GLP-1-derived molecules that bind
to albumin and thereby assume the pharmacokinetics of albumin. These
molecules are effective in experimental animal models of type 2
diabetes, and have been employed successfully in clinical studies of up
to 2 years’ duration, and exendin-4 (Exenatide, Byetta®) has recently
been approved for add-on therapy of 2DM.

The “incretin effect” designates the amplification of insulin secretion elicited by hormones secreted from the gastrointestinal tract. It is quantified by comparing insulin responses to oral and intravenous glucose administration,
where the intravenous infusion is adjusted so as to result
in the same (isoglycemic) peripheral (preferably arterialized) plasma glucose concentrations1,2. In healthy subjects, oral administration causes a 2-3 fold larger insulin
response compared to the intravenous route. The increase
is mainly due to the actions of insulinotropic gut hormones, although changing hepatic uptake of insulin may
play a minor role. The same gut hormones are also released after mixed meals and, given that their postprandial
concentrations in plasma are similar and that the elevations in glucose concentrations are also similar, it is generally assumed that the incretin hormones are playing a
similarly important role in the meal-induced insulin secretion. If quantification of the incretin effect is based on
measurements of C-peptide instead of insulin, it is possible to avoid errors introduced by hepatic extraction of insulin (since C-peptide is not taken up by the liver), and
such measurements applied to isoglycemic glucose challenges indicate a similar amplification of beta cell secretion. By mathematical transformation (C-peptide kinetics
and deconvolution), it is possible to derive the actual prehepatic insulin secretion rate (pmol/min), which shows
similar increases after oral and intravenous glucose3.
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Many hormones have been suspected to be responsible
for the incretin effect4, but today there is ample evidence
to suggest that the two most important incretins are glucose-dependent insulinotropic polypeptide (GIP), previously designated gastric inhibitory polypeptide, and glucagon like peptide-1 (GLP-1). Both have been established
as important incretin hormones in mimicry experiments
in humans, where the hormones were infused together
with intravenous glucose to concentrations approximate-
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ly corresponding to those observed during oral glucose
tolerance tests. Both hormones powerfully enhanced insulin secretion, actually to an extent that could fully explain the insulin response5,6. Likewise, administration of
GLP-1 and GIP receptor antagonists to rodents or immunoneutralization have clearly indicated that both hormones play an important role in the incretin effect7,8. Recent human experiments, involving clamping of blood
glucose at fasting and postprandial levels, exact mimicking of the meal-induced concentrations of both GLP-1
and GIP indicated that both are active with respect to enhancing insulin secretion from the beginning of a meal
(even at fasting glucose levels), and that they contribute
almost equally, but with the effect of GLP-1 predominating at higher glucose levels9. The effects of the two hormones with respect to insulin secretion have been shown
to be additive in humans10. From studies in mice with
targeted lesions of both the GLP-1 and GIP receptors, it
was concluded that the two hormones are essential for a
normal glucose tolerance and that the effect of deletion
of one receptor was “additive” to the effect of deleting
the other11. Thus there is little doubt that the incretin effect plays an important role in postprandial insulin secretion and, therefore, in glucose tolerance in humans and
animals.
It is now well established that type 2 diabetes is characterized not only by insulin resistance, but also by a beta
cell defect, which renders the beta cells incapable of responding adequately to insulin resistance12. Therefore, it
is relevant to ask how the incretin effect functions in
these patients. Careful studies by Nauck et al.13 indicated
that the incretin effect is severely reduced or lost in type
2 diabetic patients. In a similar study carried out in our
own laboratory in obese subjects with type 2 diabetes
(those studied by Nauck et al. were relatively lean), we
confirmed the loss of the incretin effects and also observed that the amount of intravenous glucose required
to mimic the oral glucose response was similar to the
oral dose, another indication that, in these patients, the route
of administration did not result in a different glucose
handling (unpublished studies). Thus, there is little doubt
that the loss of the incretin effect contributes to the glucose intolerance of these patients.
Given that, GLP-1 and GIP are the most important incretin hormones. It is also possible to dissect their contribution to the defective incretin action in diabetic patients. Such contributions could consist in defects with

respect to secretion, action or metabolism. Detailed studies of the secretion of GIP and GLP-1 in response to
mixed meals in patients with 2DM revealed a slightly
impaired secretion of GIP, but a more pronounced impairment with respect to the secretion of GLP-1. In fact,
the GLP-1 response, expressed as the incremental area
under the curve, was reduced to approximately 50% in
patients compared to healthy glucose-tolerant controls14.
The decreased response was related to both BMI (the
higher the BMI, the lower the response) and to the actual
diabetic state, but was independent of, for example, the
presence of neuropathy. Thus, an impaired secretion of
GLP-1 may contribute to the failing incretin effect.
The metabolism of GIP and GLP-1 was compared by
Vilsboll et al. in diabetic patients and controls, in whom
the two hormones were metabolized at similar rates15
(and unpublished studies). With respect to the effects of
the incretin hormones, it was discovered in 199316 that
infusion of GLP-1 resulted in near normal insulin responses in patients with 2DM, whereas GIP had no significant effect. Similar observations were made by Elahi
and coworkers17. In subsequent studies involving infusion of various doses of GLP-1 during stepwise increases in plasma glucose, it was possible to analyze the influence of GLP-1 on the beta cell sensitivity to glucose18. It
was found that, although GLP-1, at a low infusion rate
(0.5 pmol/kg 3 min), was capable of restoring beta
cell sensitivity to glucose to completely normal values, the
sensitivity of the diabetic islets to GLP-1 was nevertheless severely decreased. Combined with the finding that
the secretion of GLP-1 is reduced, one may infer that the
insulinotropic effects of endogenous GLP-1 may also be
severely compromised in 2DM. Therefore, it can be concluded that decreased efficacy characterizes the incretin
action of both GLP-1 and GIP in 2DM. On the other
hand, whereas GIP is ineffective regardless of dose19,
GLP-1 retains the capability to enhance glucose-induced
secretion, raising the possibility that GLP-1, at pharmacological doses, could be used clinically to enhance insulin secretion in 2DM. The following sections describe
the extent to which this is possible in clinical practice.
Finally, one may ask whether the incretin defect is a primary event, perhaps a major etiological contributor to
the beta cell failure that characterizes 2DM. Several observations, however, suggest that this is not the case.
Thus, the impaired secretion of GLP-1 seems to be a
consequence of diabetes20. In identical twins, who were
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discordant for type 2DM, meal-induced GLP-1 secretion
was reduced only in the diabetic twin21, and in first-degree relatives of patients with 2DM; 24-hour incretin
hormone profiles were normal (actually there was a significant increase in the secretion of GIP but no difference
for GLP-1)22. A reduced insulinotropic action of GIP to
almost diabetic levels was observed in about 50% of
first-degree relatives of patients with 2DM, suggesting
that this might represent a primary genetic defect23.
However, subsequent observations have questioned this
interpretation. Vilsboll et al. studied insulin responses to
GIP in patients with diabetes of different etiologies, including diabetes secondary to pancreatitis24. These patients presented a loss of insulinotropic effects of GIP
similar to that observed in the classical type 2 diabetic
subjects. These findings suggest that the lost effect of
GIP is also secondary to the diabetic condition. Similarly, in women with previous gestational diabetes, who
constitute a group at high risk for diabetes development,
GIP secretion and action were completely normal, precluding a role for an early GIP defect in subsequent diabetes development25.
Thus, although a therapeutic strategy based on incretin
hormones may restore beta cell responsiveness to glucose in 2DM, the incretin defect is not a primary cause
of diabetes. It should be emphasized that it is currently
unknown whether the lost effects of GIP are permanent
in 2DM. This is relevant because reports have recently
appeared showing that stabilized analogues of GIP may
have antidiabetic potential in animal models of 2DM,
notably in ob/ob mice26.

Effects of native GLP-1 in 2DM
The acute insulinotropic effects of GLP-1 raised interest
with respect to the use of this peptide in diabetes treatment. Moreover, the peptide possesses a number of additional effects that, in the context of diabetes treatment,
must be considered favorable.

Effects on the islets
Not only does GLP-1 stimulate insulin secretion in a
glucose-dependent manner (thereby minimizing the risk
of hypoglycemia), it also enhances all steps of insulin
biosynthesis, as well as insulin gene transcription27,
thereby providing continued and augmented supplies of
insulin for secretion. Important steps in GLP-1 receptor
signaling include activation of adenylate cyclase, with

the resulting accumulation of cAMP, as well as increases
in intracellular calcium levels. However, many of the
subsequent changes that occur in the beta cells are protein kinase A-independent. Thus, cAMP-regulated guanine nucleotide exchange factors (in particular Epac 2)
appear to act as downstream mediators28. Also, the actions of GLP-1 on the insulin gene promoter appear to be
mediated by both protein kinase A-dependent and independent mechanisms, the latter possibly involving the
mitogen-activated protein kinase pathway29. The transcription factor, PDX-1, a key regulator of islet growth
and insulin gene transcription, appears to be essential for
most of the glucoregulatory, proliferative and cytoprotective actions of GLP-130. In addition, GLP-1 up-regulates the genes for the cellular machinery involved in insulin secretion, such as the glucokinase and GLUT-2
genes31. Considerable interest was aroused by the finding
that GLP-1 appeared to be essential for conveying “glucose competence” to the beta cells; i.e. without GLP-1
signaling, beta cells would not be responsive to glucose32,33. However, the beta cells of mice with disruption
of the GLP-1 receptor gene show preserved glucose
competence34.
Finally, GLP-1 also has trophic effects on ß-cells35. Not
only does it stimulate ß-cell proliferation36,37; but it also
enhances the differentiation of new ß-cells from progenitor cells in the pancreatic duct epithelium 38. Most recently, GLP-1 has been shown to be capable of inhibiting apoptosis of beta cells, including human beta cells39.
Since the normal number of beta cells is maintained in a
balance between apoptosis and proliferation, this observation is of considerable interest, and also raises the possibility that GLP-1 could be useful in conditions with increased beta cell apoptosis. The complicated mechanisms
whereby GLP-1 may exert these effects on the beta cells
were reviewed recently40,41.
GLP-1 also strongly inhibits glucagon secretion42. Since
in patients with type 2 diabetes, there is fasting hyperglucagonemia as well as exaggerated glucagon responses to
meal ingestion20, and since it is likely that the hyperglucagonemia contributes to the hyperglycemia of the patients43, this effect may be as important as the insulinotropic effects. Indeed, in patients with type 1 diabetes and
complete lack of beta cell activity (C-peptide negative),
GLP-1 is still capable of lowering fasting plasma glucose
concentrations, presumably as a consequence of a powerful lowering of the plasma glucagon concentration44.
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Effects on the gastrointestinal tract
Further important effects of GLP-1 include inhibition of
gastrointestinal secretion and motility, notably gastric
emptying45,46. By this mechanism, GLP-1 may curtail
postprandial glucose excursions47 and thereby reduce the
number of episodes with high postprandial glucose levels. There has been concern that the powerful inhibitory
effect could represent a problem in patients with gastroparesis, but so far there has not been a single reported
case. It has also been speculated that the capability of
high doses of GLP-1 to cause nausea and eventually
vomiting might be a consequence of its actions in the
stomach. However, GLP-1 may also cause nausea in
the fasting state, so this is unlikely. Furthermore, in studies where GLP-1 infusions caused complete arrest of
gastric emptying of a meal for several hours, the subjects
were not nauseated and were incapable of sensing the inhibition47. Recent studies by Schirra et al.48 involving administration of the GLP-1 receptor antagonist to humans
have clearly shown that the inhibitory actions of GLP-1
on gastric motility are among the physiological actions of the hormone.

Effects on appetite and food intake
GLP-1 inhibits appetite and food intake in normal subjects49 as well as in obese subjects with type 2 diabetes50,51,
and it is thought that GLP-1 is one of the gastrointestinal
hormones that normally regulate food intake51.

Other effects
The presence of GLP-1 receptors in the heart has been
known for some time52. A physiological function for
these receptors was indicated in recent studies in mice
lacking the GLP-1 receptor, which exhibit impaired left
ventricular contractility and diastolic functions, as well
as impaired responses to exogenous epinephrine53. Recent studies in rats showed that GLP-1 protects the ischemic and reperfused myocardium in rats by mechanisms
independent of insulin54. These findings may have important clinical implications. Thus, Nikolaidis et al. studied patients treated with angioplasty after acute myocardial infarction, but with postoperative left ventricular
ejection fractions as low as 29%. In these patients, GLP-1
administration significantly improved the ejection fraction to 39% and improved both global and regional wall
motion indices55. Recently, GLP-1 was reported to dramatically improve left ventricular and systemic hemodynamics in dogs with induced dilated cardiomyopathy,
and it was suggested that GLP-1 may be a useful meta-

bolic adjuvant in decompensated heart failure56. Finally,
GLP-1 was recently found to improve endothelial dysfunction in type 2 diabetic patients with coronary heart
disease, again a finding with interesting therapeutic perspectives57. GLP-1 may also possess neurotropic effects.
Thus, intracerebroventricular GLP-1 administration was
associated with improved learning in rats and also displayed neuroprotective effects58,59, and GLP-1 has been
proposed as a new therapeutic agent for neurodegenerative diseases, including Alzheimer’s disease60.

Effects in 2DM
In agreement with the findings of preserved insulinotropic actions of GLP-1 in type 2 diabetes16, intravenous infusion of GLP-1 at 1 pmol/kg 3 min was demonstrated
to be able to completely normalize plasma glucose in patients with long-standing severe disease, admitted to hospital for insulin treatment61. Subsequent studies in patients with moderate disease showed that plasma glucose
concentrations could be nearly normalized by an intravenous GLP-1 infusion covering the nighttime and the following day, including two meals62. In another study, continuous intravenous administration of GLP-1 for 7
consecutive days was demonstrated to dramatically lower both fasting and postprandial glucose concentrations,
with no sign of tachyphylaxis over 7 days63. In this study,
which included 4 different infusion rates, glucose concentrations were not completely normalized at the two
lowest infusion rates (4 and 8 ng/kg 3 min, approximately corresponding to 1 and 2 pmol/kg 3 min), while
the higher rates (16 and 24 ng/kg 3 min) had to be discontinued because of side effects (nausea and vomiting).
So, in these studies, it was not possible within the therapeutic window to completely normalize plasma glucose
concentrations.

GLP-1 degradation
Clearly, continuous intravenous infusion is clinically irrelevant, but the effect of subcutaneous injections of GLP-1,
given to both patients and healthy subjects64, on plasma
glucose and insulin concentrations turned out to be
very short-lasting, even after maximally tolerated doses
(1.5 nmol/kg –higher doses resulted in nausea and vomiting)65. The short duration of action was demonstrated to
be due to an extremely rapid and extensive metabolism of
GLP-1 in the body66,67, leaving the intact peptide with an
apparent half-life in the body of 1 to 2 min and a plasma
clearance amounting to 2 to 3 times cardiac plasma output15. The degradation is due to the actions of the ubiqui-
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tous enzyme, dipeptidyl peptidase IV (DPP-IV), which
catalyses the removal of the two N-terminal amino acids
of the molecule, rendering it inactive66. It has been demonstrated that the metabolite, GLP-1 (9-36) amide, may
act as a GLP-1 receptor antagonist68, and that prevention
of its generation might enhance the antidiabetic actions of
GLP-1. Recent studies however, clearly showed that the
glucose-lowering effects of GLP-1 in humans were the
same whether the metabolite was present or not69.
The metabolic instability of GLP-1 clearly restricts its
clinical usefulness, but Zander et al.70 carried out a clinical study in which GLP-1 or saline was administered as
a continuous subcutaneous infusion (using insulin
pumps) for 6 weeks to a group of 2DM patients. The patients were evaluated before, after 1 week and after 6
weeks of treatment. No changes were observed in the
saline-treated control group, whereas in the GLP-1
group, fasting and average plasma glucose concentrations were lowered by approximately 5 mmol/l, hemoglobin A1c (glycated hemoglobin, a long-term [months]
measure of mean plasma glucose concentrations) decreased by 1.2 %, free fatty acids were signifi cantly
lowered, and the patients had a gradual weight loss of
approximately 2 kg. In addition, insulin sensitivity, determined by a hyperinsulinemic euglycemic clamp, almost doubled, and insulin secretion capacity (measured
using a 30 mmol/l glucose clamp + arginine) greatly improved. There was no significant difference between results obtained after one week and six weeks of treatment, but there was a tendency towards further
improvement of plasma glucose as well as insulin secretion. There were very few side effects and no differences between saline and GLP-1-treated patients in this respect. In spite of the marked metabolic improvement,
plasma glucose levels were not completely normalized,
but the dose given (4.8 pmol/kg 3 min) may not have
been optimal. In fact, in a different study, higher infusion rates were actually more efficacious and still did
not elicit prohibitive side effects71.
This study, therefore, provided “proof-of concept” for
the principle of GLP-based therapy of 2DM, and further
attempts to utilize the therapeutic potential of GLP-1
have included, on one hand, the development of stable,
DPP-IV-resistant analogues72 and, on the other hand, inhibitors of DPP-IV demonstrated to be capable of protecting the peptide from degradation and thereby augmenting its insulinotropic activity73.

GLP-1 analogues (incretin mimetics)
Stable peptide agonists of the GLP-1 receptor have offered great hope with respect to future diabetes therapy.
The compound most advanced with respect to clinical
development is exenatide, produced by the Amylin Corporation in collaboration with Eli Lilly. It is a synthetic
replica of exendin 4, a peptide derived from the salivary
glands of a lizard, the Gila Monster. It has 53% sequence
homology with GLP-1, but it is not the GLP-1 of the Gila monster and it is therefore designated a GLP-1 receptor activator or incretin mimetic. It activates the GLP-1
receptor with about the same potency as native GLP-1,
but survives much longer in the circulation, both because
of its resistance to DPP-IV and because of reduced renal
elimination74,75. Upon single subcutaneous injection of
10 µg, the recommended dose, there is an exposure for
about 5 hours in humans76. Exenatide is therefore given
twice daily. Otherwise, exenatide seems to share all the
effects of native GLP-174.
The compound has been tested in several clinical trials,
most recently in 3 controlled pivotal phase III trials comprising 1,494 patients. Exenatide was given for 30 weeks
as an add-on therapy to type 2 diabetic patients inadequately treated with sulfonylureas77, metformin78 or a
combination of metformin and sulfonylureas79. After 30
weeks of treatment, fasting blood glucose concentrations
were significantly reduced, HbA1c levels were reduced
by approximately 0.8% in all groups and to or below 7%
(a recommended value) in 41%, 46% and 34% of the patients in the 3 groups. Adverse effects were mild and
generally gastrointestinal. Mild hypoglycemia was noted
in 28% to 36% of patients also receiving sulfonylurea.
An important result was a significant, dose-dependent
and progressive weight loss of 1.6 kg (sulfonylureas and
sufonylureas plus metformin) and 2.8 kg (metformin)
from baseline. In open-label extensions of these studies,
exenatide has been given for a total of 104 weeks with
continued effects on HbA1c and body weight (www.amylin.com). However, some patients (about 38% of patients
after 30 weeks) appear to develop low-titer antibodies
against exenatide, and 6% developed antibodies with
higher titers. In about half of these, the glucose lowering
effect of exenatide appeared attenuated.
The three pivotal studies provided the basis for an application for approval of exenatide as a new drug for the
treatment of diabetes, approval that was received from
the FDA in April 2005. Information about the new drug,
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the name of which is “Byetta”, is available at the web
site of the company (www.BYETTA.com). It appears
from the label that an increased rate of benign C-cell adenomas were observed with a dose-dependent frequency
in female rats, whereas a study in mice was negative.
Since there are GLP-1 receptors on the C-cells in several
species80, including humans, this could represent a class
effect and will require careful observation, although apparently such adenomas have not been observed in humans. Calcitonin levels were not affected during the 6
weeks of continuous GLP-1 administration to diabetic
patients mentioned above (unpublished studies). Most
recently, the Amylin Corporation has developed a slow
release formulation of exenatide81. Exenatide LAR (long
acting release) is a poly-lactide-glycolide microsphere
suspension containing 3% exenatide that exhibits sustained dose-dependent glycemic control in diabetic fatty
Zucker rats for up to 28 days following a single subcutaneous injection. In 30 patients with type 2 diabetes previously treated with diet/exercise and/or metformin,
weekly injections of Exenatide LAR for 15 weeks was
reported to reduce fasting plasma glucose by ~ 3 mmol/l,
to reduce HbA 1c by 1.7% and cause a weight loss of
3.8 kg in the group with the highest dose82. Notably, the
enhanced efficacy was associated with a markedly reduced incidence of side effects (nausea). This supports
the concept that it is essential to maintain a constant level of high GLP-1 activity for optimal treatment results.
In conclusion, exenatide represents an efficacious supplement to failing conventional oral antidiabetic agents,
and the sustained effect observed in the extension studies and its continued weight lowering effects must be
considered as very promising.
Other analogues currently in clinical development include slightly modified versions of the GLP-1 molecule
that, by various means, attach to albumin, and thereby
acquire the pharmacokinetic profile of albumin. One
such analogue is Liraglutide, produced by NovoNordisk.
It consists of a slightly modified GLP-1 sequence to
which is attached a palmitoyl chain. Thereby, the molecule obtains affinity for and binds to albumin and, as a
result, escapes both DPP-IV and renal elimination. The
plasma half-life of this compound is approximately 12
hours, and it therefore provides exposure for several days
after a single injection83. The compound seems to possess all of the activities of native GLP-184. A recent report describes treatment of 165 patients with type 2 dia-

betes and baseline HbA1c of 8.1%-8.5% for 14 weeks85.
Subjects were washed out for 4 weeks and randomized
to one of 3 doses of Liraglutide (0.65, 1.25, or 1.9 mg).
Liraglutide lowered fasting blood glucose and HbA1c in
a dose-dependent manner (by up to 1.74% in the highest
dose group) with 50% of subjects reaching values of 7%
or below. Body weight was reduced by 3 kg. Side effects
were very mild. The strength of this compound seems to
be its attractive pharmacokinetic profile, providing a
rather stable plateau of active compound in plasma upon
single daily injections. In this way, side effects (nausea,
vomiting) associated with large excursions in the plasma
concentration of more rapidly metabolized compounds
after s.c. injection may be avoided.
The Albugon compound from Human Genome Sciences,
which is a fusion protein between human albumin and a
resistant GLP-1 analogue, has recently attracted interest
because it was demonstrated86 that this large molecule
not only had antidiabetic activity in animal models of diabetes, but also was capable of activating the neural
mechanisms whereby the much smaller molecules, GLP-1
or exenatide, influence, for example, gastrointestinal motility, appetite and food intake. In glucose-intolerant
mice and in diabetic rats, a single injection nearly normalized glucose levels for 24 hours. The half-life was reported to be 3 days in monkeys87.

Inhibitors of DPP-IV
The therapeutic use of inhibitors of the enzyme responsible for the inactivation of GLP-1 as antidiabetic agents
was first proposed in 199567, based on the finding that
GLP-1 seems uniquely sensitive to cleavage by DPP IV.
Two compounds of this class have now successfully completed phase III clinical trials, and new drug applications
have been filed with the FDA (sitagliptin or Januvia from
Merck, and vildagliptin or Galvus from Novartis). DPP IV
inhibition prevents the N-terminal degradation of GLP-1
that normally occurs in vivo, leading to significant enhancement of the insulinotropic activity of the hormone73.
These effects were, at least partly, due to increased intact
GLP-1 concentrations, which were also implicated in the
improved islet function seen after chronic treatment of
high-fat-fed (glucose-intolerant and insulin-resistant) mice
with valine pyrrolidide88. Similarly, animals which lack
DPP IV activity (Fischer rats, which have a mutation in
the catalytic site, and CD26 knockout mice, in which the
gene encoding DPP IV has been disrupted) have improved
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glucose tolerance compared to their wild-type counterparts89-91. The impairment in glucose tolerance that normally accompanies ageing is prevented in DPP IV-negative Fischer rats and DPP IV inhibitor-treated control
animals91,92, while both Fischer rats and CD26 knockout
mice are protected against diet (high-fat)-induced insulin
resistance and glucose intolerance92-94. Again, the mechanism of action is thought to involve preservation of endogenous GLP-1 levels, because the concentrations of intact
GLP-1 are elevated.
The first clinical proof-of-concept was obtained using the
short-acting Novartis inhibitor, NVP-DPP72895. When given two or three times daily for 4 weeks in patients with relatively mild type 2 diabetes (mean HbA1c of 7.4%), both
fasting and prandial glucose levels were lowered significantly, resulting in a reduction in HbA1c of 0.5%, and despite the fall in glycemia, fasting and post-prandial insulin
levels were sustained. NVP-DPP728 appeared to be well
tolerated, with only minor adverse events being reported.
However, some of these symptoms (pruritis and nasopharyngitis) may be a property of the compound itself rather
than class-specific, because they were not reported for another inhibitor, LAF237, subsequently developed by Novartis (the above mentioned vildagliptin). NVP-DPP728
has now been dropped in favor of LAF237, which is longer-acting and suitable for once-daily administration. A
clinical study with this compound was recently reported,
showing it to have a pharmacodynamic profile upon oncedaily administration similar to that of its predecessor given
two or three times daily96. The mechanism of action was
suggested to be incretin-mediated, because LAF237 treatment increased both baseline and prandial active GLP-1
levels. As with NVP-DPP78, insulin levels were not actually increased, but interestingly, glucagon levels were significantly suppressed. More recently, clinical data from
longer-term studies, namely a 12-week controlled study in
patients already on metformin treatment, followed up by
an extension period of 40 weeks, were published97. LAF
237 significantly lowered HbA1c levels from 7.7% to approximately 7% after 3 months of treatment, and this level
was maintained for the remaining period, whereas in the
control group, a significant increase was noted, resulting in
a difference between placebo and LAF 237-treated patients
of 1.1%. In addition, meal-induced insulin secretion was
impaired in the placebo group and remained unaltered in
the treatment group, in spite of significantly lower glucose
levels. A post-hoc analysis of these data indicated that the
treatment led to significant and progressive improvements

in beta cell function and insulin sensitivity98. This could indicate that LAF 237 exerted a beta cell protective effect not
noted in the placebo groups. Side effects were mild and,
importantly, hypoglycemia was not reported. However, in
contrast to the GLP-1 analogues, there was no change
in body weight.
Details regarding the binding kinetics, type of inhibition
and selectivity with respect to other peptidases for the inhibitor, which is now called vildagliptin or Galvus ®,
were recently published99. In a recent clinical study, details regarding its action on beta cell function and hormone levels were studied. The inhibitor significantly increased insulin secretion rate at 7 mmol/l glucose
(so-called insulin secretory tone) and inhibited glucagon
secretion while increasing levels of active GLP-1 and
GIP100. Most recently, the results of the phase III studies
that formed the basis for the new drug applications for
both sitagliptin and vildagliptin were presented (available at www.diabetes.org) at the American Diabetes Association’s meeting in Washington in June 2006. Both
compounds effectively and equally lowered HbA1c both
in monotherapy and in combination with oral antidiabetic agents, including sulfonylurea compounds, metformin
and thiazolidinediones. In one study, vildagliptin was
added to insulin in a 24-week study and compared to insulin alone. The decrease in HbA1c was more marked in
the vildagliptin groups, in spite of the insulin dose being
reduced. Importantly, there was less hypoglycemia in the
vildagliptin group (33 patients with 113 events, 0 severe
versus 45 patients, 185 events, 6 severe) 101.
According to their respective websites, DPP IV inhibitors are in development at GlaxoSmithKline (phase I),
Bristol-Meyer-Squibb (phase III) and Prosidion (P93/01;
phase II), with several other companies reportedly having a DPP IV inhibitor program. Single doses of P93/01
were reported to be well tolerated and to result in doserelated reductions in prandial glucose in type 2 diabetic
subjects when HbA1c was above 6%102.
The clinical studies with DPP IV inhibitors, which have
been reported so far, have not been associated with any serious adverse side effects, but there has been understandable concern that undesirable side effects could arise from
inhibiting an enzyme with multiple substrates or because
of non-mechanism-based actions (i.e. not related to the selective inhibition of DPP IV). With regard to the former, although a number of regulatory and neuropeptides, chemo-
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kines and cytokines have been identified as potential
substrates in in vitro kinetic studies (reviewed by Lambeir
et al., 2003103), it is uncertain how many of them are actually endogenous substrates and, in those that are, whether
DPP IV-mediated degradation is their primary route of
elimination. In addition to GLP-1, the other incretin hormone, GIP, is an endogenous DPP IV substrate, as is the
neuropeptide PACAP104, but inhibition of their degradation
would be expected to contribute to the antidiabetic effects
of DPP IV inhibitors105. The evidence for a physiological
role for DPP IV in the degradation of many of the other potential substrates remains to be demonstrated. DPP IV also
has some other roles that potentially could be compromised by DPP IV inhibition. It is present on the surface of
T cells (where it is usually known as the T-cell marker
CD26) and contributes to T-cell activation and proliferation via its interaction with other membrane-expressed
molecules such as CD45, although it is uncertain whether
the enzymatic activity is involved, or even whether its presence is mandatory106. In this context, a family of DPP IVrelated enzymes, which have similar catalytic activities, is
now known to exist. Selective inhibition of two of these
enzymes (DPP 8 and DPP 9) was recently reported to affect T-cell activation in vitro and to be associated with severe, even lethal, side effects in preclinical species107,
whereas selective DPP-IV inhibition was not, suggesting
that DPP 8 and 9 could be responsible for some of the
functions previously ascribed to DPP IV. In turn, this raises
the possibility that some of the potential or reported sideeffects of DPP IV inhibition could be due to inhibition of
DPP 8 and 9 rather than DPP IV itself. It is, therefore,
highly relevant that the rodents that lack DPP IV enzymatic activity (the Fischer rat and the CD26 knockout mouse)
are completely viable and seem to suffer no ill effects because of the lack of DPP IV. Selectivity data for the inhibitors in development has so far only been released for the
Merck compound, which is reported to have a >2500-fold
greater selectivity for DPP IV relative to DPP 8 and 9 108,
and for vildagliptin, which has 75-fold greater selectivity
for DPP IV relative to DPP 899 and between 32- and 250fold greater relative to DPP 9 (www.Novartis.com).

Conclusion
As detailed above, there is ample evidence to suggest
that treatment of type 2 diabetes will be feasible using
either DPP-IV inhibitors or GLP-1 analogues/receptor
activators. One compound (Byetta) is already on the
market, and approval for the first two DPP-IV inhibitors

is expected in the fall of 2006. The question arises as to
which principle to choose. If the DPP-IV inhibitors continue to show minimal side effects, it would be tempting
to suggest their use for the treatment of very early type 2
diabetes, perhaps even prevention in groups with a high
risk for type 2 diabetes (familial disposition, obesity,
glucose intolerance, previous gestational diabetes). On
the other hand, since their ability to elevate the levels of
active endogenous GLP-1 is limited, it may be preferable to choose an injectable GLP-1 analogue in patients
with long-standing disease and limited beta cell capacity.
The DPP-IV inhibitors are weight neutral in patients
with type 2 diabetes, which in itself is an attractive feature, but the mimetics appear to provide a reliable weight
loss. The most important parameter, however, is undoubtedly the potential of the compounds to protect beta
cells and, thereby, possibly break the otherwise inevitable progression of disease. Although hard data regarding
this in humans are still lacking, the stable HbA1c levels
observed in patients treated long-term with both inhibitors and analogues, as opposed to increasing levels in
placebo-treated controls, may indeed indicate that progression has been halted. Future studies directly addressing the beta cell protective effects of either group of
compounds will be of the greatest interest, as will those
regarding the choice of therapeutic principle. n

Practical conclusions
• The incretin hormones, GIP and GLP-1, may be
responsible for up to 70% of postprandial insulin
secretion, which is impaired in type 2 diabetes.
• GLP-1 actions include: potentiation of glucoseinduced insulin secretion; up-regulation of insulin and other ß-cell genes; stimulation of ß-cell
proliferation and neogenesis and inhibition of
ß-cell apoptosis; inhibition of glucagon secretion,
gastric emptying, and appetite and food intake.
• These favourable actions make GLP-1 attractive as
a therapeutic agent for 2DM, but GLP-1 is rapidly
destroyed in the body by the enzyme, dipeptidyl
peptidase IV (DPP-IV). Therefore, present clinical
strategies include: 1) the development of metabolically stable activators of the GLP-1 receptor (incretin mimetics), such as exenatide, which needs to
be administered by s.c. route; and 2) inhibition of
DPP-IV (incretin enhancers) using new developing
oral drugs such sitagliptin or vildagliptin.
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