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Abstract
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.
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Introduction. The incretin e! ect
The “incretin effect” designates the ampliÞ cation of insu-
lin secretion elicited by hormones secreted from the gas-
trointestinal tract. It is quantiÞ ed by comparing insulin re-
sponses to oral and intravenous glucose administration, 
where the intravenous infusion is adjusted so as to result 
in the same (isoglycemic) peripheral (preferably arterial-
ized) plasma glucose concentrations1,2. In healthy sub-
jects, 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 hor-
mones, although changing hepatic uptake of insulin may 
play a minor role. The same gut hormones are also re-
leased after mixed meals and, given that their postprandial 
concentrations in plasma are similar and that the eleva-
tions in glucose concentrations are also similar, it is gen-
erally assumed that the incretin hormones are playing a 
similarly important role in the meal-induced insulin secre-
tion. If quantiÞ cation of the incretin effect is based on 
measurements of C-peptide instead of insulin, it is possi-
ble to avoid errors introduced by hepatic extraction of in-
sulin (since C-peptide is not taken up by the liver), and 
such measurements applied to isoglycemic glucose chal-
lenges indicate a similar ampliÞ cation of beta cell secre-
tion. By mathematical transformation (C-peptide kinetics 
and deconvolution), it is possible to derive the actual pre-
hepatic insulin secretion rate (pmol/min), which shows 
similar increases after oral and intravenous glucose3.

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 glu-
cose-dependent insulinotropic polypeptide (GIP), previ-
ously designated gastric inhibitory polypeptide, and glu-
cagon like peptide-1 (GLP-1). Both have been established 
as important incretin hormones in mimicry ex periments 
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 in-
sulin secretion, actually to an extent that could fully ex-
plain the insulin response5,6. Likewise, administration of 
GLP-1 and GIP receptor antagonists to rodents or immu-
noneutralization have clearly indicated that both hor-
mones play an important role in the incretin effect7,8. Re-
cent human experiments, involving clamping of blood 
glucose at fasting and postprandial levels, exact mimick-
ing of the meal-induced concentrations of both GLP-1 
and GIP indicated that both are active with respect to en-
hancing 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 predominat-
ing at higher glucose levels9. The effects of the two hor-
mones 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 ef-
fect plays an important role in postprandial insulin secre-
tion and, therefore, in glucose tolerance in humans and 
animals. 

It is now well established that type 2 diabetes is charac-
terized not only by insulin resistance, but also by a beta 
cell defect, which renders the beta cells incapable of re-
sponding 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 
conÞ rmed the loss of the incretin effects and also ob-
served 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 glu-
cose intolerance of these patients. 

Given that, GLP-1 and GIP are the most important incre-
tin hormones. It is also possible to dissect their contri-
bution to the defective incretin action in diabetic pa-
tients. Such contributions could consist in defects with 

respect to secretion, action or metabolism. Detailed stud-
ies 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 im-
pairment 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 re-
sponses in patients with 2DM, whereas GIP had no sig-
niÞ cant effect. Similar observations were made by Elahi 
and coworkers17. In subsequent studies involving infu-
sion of various doses of GLP-1 during stepwise increas-
es in plasma glucose, it was possible to analyze the inß u-
ence 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 neverthe-
less severely decreased. Combined with the Þ nding 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 con-
cluded that decreased efÞ cacy 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 pharma-
cological doses, could be used clinically to enhance in-
sulin 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 pri-
mary event, perhaps a major etiological contributor to 
the beta cell failure that characterizes 2DM. Several ob-
servations, 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 Þ rst-de-
gree relatives of patients with 2DM; 24-hour incretin 
hormone proÞ les were normal (actually there was a sig-
niÞ cant 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 
Þ rst-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, in-
cluding diabetes secondary to pancreatitis24. These pa-
tients presented a loss of insulinotropic effects of GIP 
similar to that observed in the classical type 2 diabetic 
subjects. These Þ ndings suggest that the lost effect of 
GIP is also secondary to the diabetic condition. Similar-
ly, in women with previous gestational diabetes, who 
constitute a group at high risk for diabetes development, 
GIP secretion and action were completely normal, pre-
cluding a role for an early GIP defect in subsequent dia-
betes development25. 

Thus, although a therapeutic strategy based on incretin 
hormones may restore beta cell responsiveness to glu-
cose 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.

E! ects 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 treat-
ment. Moreover, the peptide possesses a number of ad-
ditional 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 pro-
tein kinase A-independent. Thus, cAMP-regulated gua-
nine nucleotide exchange factors (in particular Epac 2) 
appear to act as downstream mediators28. Also, the ac-
tions of GLP-1 on the insulin gene promoter appear to be 
mediated by both protein kinase A-dependent and inde-
pendent mechanisms, the latter possibly involving the 
mitogen-activated protein kinase pathway29. The tran-
scription factor, PDX-1, a key regulator of islet growth 
and insulin gene transcription, appears to be essential for 
most of the glucoregulatory, proliferative and cytopro-
tective actions of GLP-130. In addition, GLP-1 up-regu-
lates the genes for the cellular machinery involved in in-
sulin secretion, such as the glucokinase and GLUT-2 
genes31. Considerable interest was aroused by the Þ nding 
that GLP-1 appeared to be essential for conveying “glu-
cose competence” to the beta cells; i.e. without GLP-1 
signaling, beta cells would not be responsive to glu-
cose32,33. 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 progen-
itor cells in the pancreatic duct epithelium 38. Most re-
cently, GLP-1 has been shown to be capable of inhibit-
ing 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 obser-
vation is of considerable interest, and also raises the pos-
sibility that GLP-1 could be useful in conditions with in-
creased 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 hyperglu-
cagonemia as well as exaggerated glucagon responses to 
meal ingestion20, and since it is likely that the hyperglu-
cagonemia contributes to the hyperglycemia of the pa-
tients43, this effect may be as important as the insulino-
tropic 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 power-
ful 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 lev-
els. There has been concern that the powerful inhibitory 
effect could represent a problem in patients with gastro-
paresis, 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 stud-
ies 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 in-
hibition47. Recent studies by Schirra et al.48 involving ad-
ministration 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 ac-
tions of the hormone.

Effects on appetite and food intake
GLP-1 inhibits appetite and food intake in normal sub-
jects49 as well as in obese subjects with type 2 dia betes50,51, 
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. Re-
cent studies in rats showed that GLP-1 protects the isch-
emic and reperfused myocardium in rats by mechanisms 
independent of insulin54. These Þ ndings may have im-
portant clinical implications. Thus, Nikolaidis et al. stud-
ied patients treated with angioplasty after acute myocar-
dial infarction, but with postoperative left ventricular 
ejection fractions as low as 29%. In these patients, GLP-1 
administration signiÞ cantly improved the ejection frac-
tion to 39% and improved both global and regional wall 
motion indices55. Recently, GLP-1 was reported to dra-
matically improve left ventricular and systemic hemody-
namics 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 dys-
function in type 2 diabetic patients with coronary heart 
disease, again a Þ nding with interesting therapeutic per-
spectives57. GLP-1 may also possess neurotropic effects. 
Thus, intracerebroventricular GLP-1 administration was 
associated with improved learning in rats and also dis-
played neuroprotective effects58,59, and GLP-1 has been 
proposed as a new therapeutic agent for neurodegenera-
tive diseases, including Alzheimer’s disease60.

Effects in 2DM
In agreement with the Þ ndings of preserved insulinotro-
pic actions of GLP-1 in type 2 diabetes16, intravenous in-
fusion of GLP-1 at 1 pmol/kg 3 min was demonstrated 
to be able to completely normalize plasma glucose in pa-
tients with long-standing severe disease, admitted to hos-
pital for insulin treatment61. Subsequent studies in pa-
tients with moderate disease showed that plasma glucose 
concentrations could be nearly normalized by an intrave-
nous GLP-1 infusion covering the nighttime and the fol-
lowing day, including two meals62. In another study, con-
tinuous intravenous administration of GLP-1 for 7 
consecutive days was demonstrated to dramatically low-
er both fasting and postprandial glucose concentrations, 
with no sign of tachyphylaxis over 7 days63. In this study, 
which included 4 different infusion rates, glucose con-
centrations were not completely normalized at the two 
lowest infusion rates (4 and 8 ng/kg 3 min, approxi-
mately corresponding to 1 and 2 pmol/kg 3 min), while 
the higher rates (16 and 24 ng/kg 3 min) had to be dis-
continued because of side effects (nausea and vomiting). 
So, in these studies, it was not possible within the thera-
peutic window to completely normalize plasma glucose 
concentrations. 

GLP-1 degradation
Clearly, continuous intravenous infusion is clinically irrel-
evant, 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 vomit-
ing)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 out-
put15. 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 dem-
onstrated 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 clin-
ical 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 pa-
tients 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 concentra-
tions were lowered by approximately 5 mmol/l, hemo-
globin A1c (glycated hemoglobin, a long-term [months] 
measure of mean plasma glucose concentrations) de-
creased by 1.2 %, free fatty acids were signiÞ cantly 
lowered, and the patients had a gradual weight loss of 
approximately 2 kg. In addition, insulin sensitivity, de-
termined by a hyperinsulinemic euglycemic clamp, al-
most doubled, and insulin secretion capacity (measured 
using a 30 mmol/l glucose clamp + arginine) greatly im-
proved. There was no signiÞ cant difference between re-
sults obtained after one week and six weeks of treat-
ment, but there was a tendency towards further 
improvement of plasma glucose as well as insulin secre-
tion. There were very few side effects and no differenc-
es between saline and GLP-1-treated patients in this re-
spect. 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 infu-
sion rates were actually more efÞ cacious 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, in-
hibitors of DPP-IV demonstrated to be capable of pro-
tecting the peptide from degradation and thereby aug-
menting its insulinotropic activity73.

GLP-1 analogues (incretin mimetics)
Stable peptide agonists of the GLP-1 receptor have of-
fered great hope with respect to future diabetes therapy. 
The compound most advanced with respect to clinical 
development is exenatide, produced by the Amylin Cor-
poration 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 Gi-
la monster and it is therefore designated a GLP-1 recep-
tor 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 com-
prising 1,494 patients. Exenatide was given for 30 weeks 
as an add-on therapy to type 2 diabetic patients inade-
quately treated with sulfonylureas77, metformin78 or a 
combination of metformin and sulfonylureas79. After 30 
weeks of treatment, fasting blood glucose concentrations 
were signiÞ cantly 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 pa-
tients 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 signiÞ cant, 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.amy-
lin.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 appli-
cation 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 ad-
enomas 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 ap-
parently such adenomas have not been observed in hu-
mans. 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 sus-
tained dose-dependent glycemic control in diabetic fatty 
Zucker rats for up to 28 days following a single subcuta-
neous injection. In 30 patients with type 2 diabetes pre-
viously 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 HbA1c by 1.7% and cause a weight loss of 
3.8 kg in the group with the highest dose82. Notably, the 
enhanced efÞ cacy was associated with a markedly re-
duced incidence of side effects (nausea). This supports 
the concept that it is essential to maintain a constant lev-
el of high GLP-1 activity for optimal treatment results. 

In conclusion, exenatide represents an efÞ cacious sup-
plement to failing conventional oral antidiabetic agents, 
and the sustained effect observed in the extension stud-
ies and its continued weight lowering effects must be 
considered as very promising.

Other analogues currently in clinical development in-
clude slightly modiÞ ed versions of the GLP-1 molecule 
that, by various means, attach to albumin, and thereby 
acquire the pharmacokinetic proÞ le of albumin. One 
such analogue is Liraglutide, produced by NovoNordisk. 
It consists of a slightly modiÞ ed GLP-1 sequence to 
which is attached a palmitoyl chain. Thereby, the mole-
cule obtains afÞ nity 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 pos-
sess all of the activities of native GLP-184. A recent re-
port 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 proÞ le, 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 di-
abetes, but also was capable of activating the neural 
mechanisms whereby the much smaller molecules, GLP-1 
or exenatide, inß uence, for example, gastrointestinal mo-
tility, appetite and food intake. In glucose-intolerant 
mice and in diabetic rats, a single injection nearly normal-
ized glucose levels for 24 hours. The half-life was re-
ported to be 3 days in monkeys87. 

Inhibitors of DPP-IV
The therapeutic use of inhibitors of the enzyme responsi-
ble for the inactivation of GLP-1 as antidiabetic agents 
was Þ rst proposed in 199567, based on the Þ nding that 
GLP-1 seems uniquely sensitive to cleavage by DPP IV. 
Two compounds of this class have now successfully com-
pleted phase III clinical trials, and new drug applications 
have been Þ led 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 signiÞ cant en-
hancement 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 counter-
parts89-91. The impairment in glucose tolerance that nor-
mally accompanies ageing is prevented in DPP IV-nega-
tive 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 mecha-
nism of action is thought to involve preservation of endog-
enous GLP-1 levels, because the concentrations of intact 
GLP-1 are elevated.

The Þ rst clinical proof-of-concept was obtained using the 
short-acting Novartis inhibitor, NVP-DPP72895. When giv-
en two or three times daily for 4 weeks in patients with rel-
atively mild type 2 diabetes (mean HbA1c of 7.4%), both 
fasting and prandial glucose levels were lowered signiÞ -
cantly, resulting in a reduction in HbA1c of 0.5%, and de-
spite 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 nasophar-
yngitis) may be a property of the compound itself rather 
than class-speciÞ c, because they were not reported for an-
other inhibitor, LAF237, subsequently developed by No-
vartis (the above mentioned vildagliptin). NVP-DPP728 
has now been dropped in favor of LAF237, which is lon-
ger-acting and suitable for once-daily administration. A 
clinical study with this compound was recently reported, 
showing it to have a pharmacodynamic proÞ le upon once-
daily 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 treat-
ment increased both baseline and prandial active GLP-1 
levels. As with NVP-DPP78, insulin levels were not actu-
ally increased, but interestingly, glucagon levels were sig-
niÞ cantly 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 signiÞ cantly lowered HbA1c levels from 7.7% to ap-
proximately 7% after 3 months of treatment, and this level 
was maintained for the remaining period, whereas in the 
control group, a signiÞ cant 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 signiÞ cantly lower glucose 
levels. A post-hoc analysis of these data indicated that the 
treatment led to signiÞ cant and progressive improvements 

in beta cell function and insulin sensitivity98. This could in-
dicate 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 in-
hibitor, which is now called vildagliptin or Galvus®, 
were recently published99. In a recent clinical study, de-
tails regarding its action on beta cell function and hor-
mone levels were studied. The inhibitor signiÞ cantly in-
creased 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 (avail-
able at www.diabetes.org) at the American Diabetes As-
sociation’s meeting in Washington in June 2006. Both 
compounds effectively and equally lowered HbA1c both 
in monotherapy and in combination with oral antidiabet-
ic agents, including sulfonylurea compounds, metformin 
and thiazolidinediones. In one study, vildagliptin was 
added to insulin in a 24-week study and compared to in-
sulin 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 inhibi-
tors are in development at GlaxoSmithKline (phase I), 
Bristol-Meyer-Squibb (phase III) and Prosidion (P93/01; 
phase II), with several other companies reportedly hav-
ing a DPP IV inhibitor program. Single doses of P93/01 
were reported to be well tolerated and to result in dose-
related 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 se-
rious adverse side effects, but there has been understand-
able 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 se-
lective inhibition of DPP IV). With regard to the former, al-
though a number of regulatory and neuropeptides, chemo-

115-125 REVISION.indd   121115-125 REVISION.indd   121 3/10/06   17:09:543/10/06   17:09:54



Av Diabetol. 2006; 22(2): 115-125

122

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 actu-
ally 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 hor-
mone, 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 po-
tential substrates remains to be demonstrated. DPP IV also 
has some other roles that potentially could be compro-
mised 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 prolifera-
tion 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 pres-
ence is mandatory106. In this context, a family of DPP IV-
related 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 af-
fect T-cell activation in vitro and to be associated with se-
vere, 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 side-
effects 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 enzymat-
ic activity (the Fischer rat and the CD26 knockout mouse) 
are completely viable and seem to suffer no ill effects be-
cause of the lack of DPP IV. Selectivity data for the inhibi-
tors 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 250-
fold 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 Þ rst 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 con-
tinue 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 prefera-
ble 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 fea-
ture, but the mimetics appear to provide a reliable weight 
loss. The most important parameter, however, is un-
doubtedly the potential of the compounds to protect beta 
cells and, thereby, possibly break the otherwise inevita-
ble 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 inhibi-
tors and analogues, as opposed to increasing levels in 
placebo-treated controls, may indeed indicate that pro-
gression has been halted. Future studies directly address-
ing 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. ■

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 glucose-
induced insulin secretion; up-regulation of insu-
lin 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 metaboli-
cally stable activators of the GLP-1 receptor (incre-
tin 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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