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Abstract

When glucose is taken orally, insulin secretion is stim-
ulated much more than it is when glucose is infused
intravenously so as to result in similar glucose con-
centrations. This effect, which is called the incretin ef-
fect and is estimated to be responsible for 50 to 70%
of the insulin response to glucose, is caused mainly by
the two intestinal insulin-stimulating hormones, gluca-
gon-like peptide-1 (GLP-1) and glucose-dependent in-
sulinotropic polypeptide (GIP). Their contributions
have been confirmed in mimicry experiments, in ex-
periments with antagonists of their actions, and in ex-
periments where the genes encoding their receptors
have been deleted. In patients with Type 2 diabetes,
the incretin effect is either greatly impaired or absent,
and it is assumed that this could contribute to the in-
ability of these patients to adjust their insulin secre-
tion to their needs. In studies of the mechanism of the
impaired incretin effect in Type 2 diabetic patients, it
has been found that the secretion of GIP is generally
normal, whereas the secretion of GLP-1 is reduced,

presumably as a consequence of the diabetic state. It
might be of even greater importance that the effect of
GLP-1 is preserved whereas the effect of GIP is
severely impaired. The impaired GIP effect seems to
have a genetic background, but could be aggravated
by the diabetic state. The preserved effect of GLP-1
has inspired attempts to treat Type 2 diabetes with
GLP-1 or analogues thereof, and intravenous GLP-1
administration has been shown to be able to near-nor-
malize both fasting and postprandial glycaemic con-
centrations in the patients, perhaps because the treat-
ment compensates for both the impaired secretion of
GLP-1 and the impaired action of GIP. Several GLP-1
analogues are currently in clinical development and
the reported results are, so far, encouraging. [Dia-
betologia (2004) 47:357-366]
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The incretin effect

The incretin effect seems to play a major role in the
regulation of glucose metabolism in healthy subjects.
“The incretin effect” implies that ingestion of carbo-
hydrates (glucose) causes the release from the intesti-
nal mucosa of substances that enhance insulin secre-
tion beyond the release caused by the absorbed glu-
cose itself [1]. The effect can be quantified by com-
paring insulin or C-peptide responses to oral or intra-
venous glucose loads, adjusted to cause identical in-
creases of plasma glucose concentrations. The much
higher responses observed after oral administration
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are the result of the incretin effect [2]. Quantified in
this way, it has been shown that the incretin effect nor-
mally is responsible for about 50 to 70% of the insulin
response to oral glucose [3]. It has been argued that
the incretin effect is unreal and merely represents a
misinterpretation of data, because the same amounts
of glucose elicit similar C-peptide responses when
given intravenously and orally [4]. The incretin effect,
estimated from the higher peripheral insulin concen-
trations after oral glucose, was, therefore, suggested to
merely reflect differences in hepatic insulin extrac-
tion. The cited 50 to 70% is, however, based on C-
peptide concentrations and, therefore, reflects true dif-
ferences in secretion. Regarding measurement of the
incretin effect during isoglycaemic challenges, it
should also be considered that (i) insulin secretion is
compared at identical (preferably arterial) plasma glu-
cose concentrations, which means that the pancreatic
islets receive identical glycaemic stimulations in the
two situations (differences must therefore be due to
something else) and (ii) that the larger amounts of oral
glucose required to copy the intravenous profiles actu-
ally reflect the correspondingly enhanced uptake of
glucose in the liver and the peripheral tissues. Thus, it
could be concluded that the incretin effect is not only
responsible for two thirds of the carbohydrate meal-
induced insulin secretion, but actually (albeit indirect-
ly) for the deposition of up to two thirds of the amount
of glucose ingested. A defective incretin function
would, therefore, be expected to cause severe post-
prandial hyperglycaemia. There are, at present, no
known experimental strategies whereby this assump-
tion could be tested, mainly because several hormones
are thought to contribute to the incretin effect [5].
However, it is the fundamental hypothesis of this re-
view that incretin deficiency, along with other factors,
is an important factor in the pathophysiology of Type
2 diabetes in its most frequent form, as observed in
obese middle-aged people. Thus, several studies have
shown that the incretin effect, as studied by comparing
the insulin or C-peptide responses to isoglycaemic
oral and intravenous glucose challenges, is abolished
or severely reduced in these patients [6, 7]. Clearly, in
fully developed Type 2 diabetes, a fundamental defect
of the beta cell is its insensitivity to glucose. If, in
contrast, the amplification by the incretin hormones is
also lost, this must result in a further aggravation of
insulin deficiency. Indirect evidence for the impor-
tance of an incretin defect as a major contributor to
the insulin deficiency in Type 2 diabetes is the obser-
vation, as we shall see below, that experimental ampli-
fication of the effect, by administration of exogenous
incretin hormone, could restore insulin secretion to
near normal levels. Furthermore, the incretin defect in
Type 2 diabetes might have a genetic component. This
means that a deficient amplification of insulin secre-
tion could have been present even before the onset of
overt diabetes, and therefore might contribute to the
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development of the disease prior to the diagnosis of
overt diabetes. We conclude that deficient incretin
function is an important factor in the pathophysiology
of Type 2 diabetes.

The incretin hormones

Although there are probably many postprandially re-
leased hormones with an effect on insulin secretion
[5], the available experimental evidence suggests that
the two most important ones are glucose-dependent
insulinotropic polypeptide (GIP) and glucagon-like
peptide-1 [8].

Glucose-dependent insulinotropic polypeptide (GIP)

GIP is a peptide of 42 amino acids belonging to the
glucagon-secretin family of peptides. The members of
this family show pronounced sequence homology, par-
ticularly in the N-terminal part of the molecule. GIP is
processed from a precursor of 153 amino acids [9],
but specific functions for the other fragments of the
precursor have not been identified. Most antisera
raised against GIP cross-react to some extent with a
larger molecule, designated GIP 8000, but the relation
of the latter to GIP is not established [10]. It does not
seem to be a product of the GIP precursor. In some in-
stances, “GIP 8000” could have been due to the pres-
ence of the related peptide, glicentin (a proglucagon-
derived peptide), which might cross-react with some
GIP antisera. Preferably, GIP assays should not show
a cross-reaction with GIP 8000. The GIP receptor has
been cloned and is related to the receptors for the oth-
er members of the glucagon-secretin family of pep-
tides. It is expressed in the pancreatic islets and also in
the gut, adipose tissue, heart, pituitary, in the adrenal
cortex and in several regions of the brain [11].

GIP is secreted from specific endocrine cells, the
so-called K cells, which exhibit the highest density in
the duodenum, but recent studies have indicated that
GIP cells are found in the entire small intestinal mu-
cosa [12]. Secretion is stimulated by absorbable car-
bohydrates and by lipids. GIP secretion is, therefore,
greatly increased in response to meal ingestion, result-
ing in a 10 to 20-fold increase in the plasma concen-
tration [13].

Interaction of GIP with its receptor on the pancreat-
ic beta cells causes an increase of cAMP levels, which
in turn increases the intracellular calcium concentra-
tion and enhances the exocytosis of insulin-containing
granules by a mechanism distal to the increase of cal-
cium [14]. A number of other signalling pathways
could also be activated (presumably secondary to the
rise in cAMP), including the MAP kinase as well as
the PI3-kinase/protein kinase B pathways [15, 16, 17,
18].
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The incretin function of GIP was first suggested by
one study [19] and was confirmed in detailed clamp-
studies by another study [20]. Its function has been
probed in immunoneutralization studies [21, 22] and,
more recently, in studies using a fragment, GIP
7-30amide, which turns out to be a GIP receptor an-
tagonist [23], or antibodies to the GIP receptor [24].
All treatments reduced insulin responses to oral glu-
cose and impaired glucose tolerance. Mice with a tar-
geted deletion of the GIP receptor gene become glu-
cose intolerant [25]. Using the Pro(3)GIP antagonist
in ob/ob mice, one study [26] found that GIP might be
responsible for as much as 80% of the incretin effect
in these animals. Using the mimicry approach, where
endogenous concentrations are mimicked by intrave-
nous infusion (in this case infusions of both GIP and
glucose), one study [27] showed that the increased
GIP concentrations elicited by oral glucose can com-
pletely account for the accompanying augmented in-
sulin release. The glucose intolerance of the GIP re-
ceptor knockout mice is not severe, but these mice
could compensate by hypersecretion of other in-
sulinotropic factors. Nevertheless, from other experi-
ments, it is evident that GIP is not the only incretin
hormone. Immunoneutralization experiments showed
that intestinal extracts contain potent insulinotropic
agents in addition to GIP [28]. Furthermore, investiga-
tions by a study in patients with resections of different
parts of the small intestine, as well as in patients with
celiac disease, showed that the incretin effect does not
correlate to the secretion of GIP, and that the distal
small intestine releases an additional incretin hormone
[29, 30].

Glucagon-like peptide-1 (GLP-1)

This additional hormone could be glucagon-like pep-
tide-1 (GLP-1). GLP-1 is a product of the glucagon
gene [31]. This gene is expressed not only in the pan-
creatic alpha-cells, but also in the L-cells of the intes-
tinal mucosa, one of the most abundant endocrine
cells of the gut [32]. Here the primary translation
product, proglucagon, is cleaved, not to produce glu-
cagon as in the islets, but to release from its C-termi-
nal part the two glucagon-like peptides GLP-1 and
GLP-2 [33], both showing about 50% sequence ho-
mology with glucagon. The N-terminal part of the
precursor, which includes the glucagon-sequence, is
secreted as a single, rather large, peptide, designated
glicentin (formerly gut glucagon or GLI) which, most
likely, is biologically inactive. Some of the glicentin
moieties are cleaved further to release the peptide,
oxyntomodulin, which corresponds to the glucagon
sequence and the additional C-terminal octapeptide of
glicentin. This peptide is insulinotropic [34], and
probably explains the insulinotropic activity of some
preparations of “gut glucagon”, described in earlier
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publications. However, as a circulating hormone in
humans, its concentration is probably too low to influ-
ence insulin secretion under physiological circum-
stances [35]. GLP-1 secretion is stimulated by the
presence of nutrients in the lumen of the gut (but addi-
tional neural or endocrine mechanisms could also op-
erate) [36], and the secretion of GLP-1 throughout the
day is highly correlated to the release of insulin [37].
GLP-1 is one of the most potent insulin-releasing sub-
stances known. It is strongly insulinotropic in mimicry
experiments [38], and animal experiments involving
an antagonist of the GLP-1 receptor have shown that
GLP-1 is responsible for a substantial part of the insu-
lin response to oral glucose [39, 40]. Furthermore, ex-
periments with the same antagonist in humans have
suggested that GLP-1 might be essential for normal
glucose tolerance [41]. In agreement with these obser-
vations, mice with a targeted deletion of the GLP-1 re-
ceptor become glucose intolerant and might develop
fasting hyperglycaemia [42]. It has been shown that
GIP secretion and pancreatic sensitivity to GIP are
augmented in these knockout mice [43], perhaps as
part a compensatory response. This might suggest that
acute ablation of the GLP-1 activity could have even
more extensive effects.

Interactions between GIP and GLP-1

Thus, there is strong evidence that these two hor-
mones both act as incretin hormones. Why do we have
two hormones? Firstly, GIP is probably predominantly
secreted from the upper small intestine, whereas the
density of the L-cells, responsible for the secretion of
GLP-1, is highest in the lower small intestine. There-
fore, smaller loads of rapidly absorbable nutrients
would preferentially activate the upper incretin hor-
mone, i.e. GIP, whereas ingestion of larger meals con-
taining more complex nutrients requiring more exten-
sive digestive processing, would also activate the dis-
tal incretin, i.e. GLP-1. Experiments with alpha-glyco-
sidase inhibitors such as acarbose, which delay upper
intestinal digestion and absorption of carbohydrates
and cause a transfer of nutrients to distal segments of
the gut, are consistent with this. Acarbose reduces GIP
secretion, but augments GLP-1 secretion [44] and
could, partly because of this, improve glucose toler-
ance in diabetic subjects. In our laboratory, volunteers
were intubated with long (ileal) or short (duodenal)
catheters and small amounts of glucose were instilled
to produce a selective response of either of the in-
cretin hormones. Surprisingly, however, the glucose
instillation resulted in almost equal GIP and GLP-1
responses whether introduced proximally or distally
(unpublished studies). This could be explained by the
fact that both GLP-1 and GIP producing cells are
found throughout the small intestine and, perhaps,
also by the recent finding that a significant number of
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gut endocrine cells in several mammals, including hu-
mans, produce both GIP and GLP-1 [45]. In agree-
ment with this, a mixed meal will normally cause a re-
lease of both peptides, but whereas the GIP concentra-
tions might increase to several hundred picomoles per
litre, GLP-1 concentrations rarely exceed 50 pmol/l
[37].

Most published studies regarding postprandial GIP
and GLP-1 concentrations, however, do not report the
concentrations of the biologically active hormones.
Recent research has established that both GIP and
GLP-1 are extensively and rapidly metabolised by the
ubiquitous enzyme dipeptidyl-peptidase 1V, DPP-IV
[46, 47, 48]. This enzyme cleaves a dipeptide from
the N-terminus of the molecule, which thereby is in-
activated. In fact, the metabolites (GIP 3-42 and
GLP-1 9-36 amide), could act as antagonists of their
own receptors [26, 49]. The enzyme occurs both in a
soluble form in plasma and attached to the endotheli-
al surfaces [50], so that the conversion might occur
intravascularly as well as upon organ and tissue pas-
sage. It follows that GLP-1 and GIP assays should be
sensitive to N-terminal degradation of the peptides,
but most published data show results from assays that
do not discriminate between the intact and degraded
forms and, therefore, do not reflect the concentrations
of bioactive hormones. Furthermore, the two hor-
mones differ markedly with respect to their sensitivi-
ty to DPP-IV. Whereas as little as 10 to 20% of exog-
enous GLP-1 survives in intact form, about half of in-
fused GIP survives [48, 51]. Similarly, while the half
life of intact GIP is about 7 min, intact GLP-1 is
cleared from plasma at a rate that exceeds cardiac
output [48, 52, 53] indicating that the peptide is de-
graded at a rate that precludes steady state calcula-
tions of its metabolism. In agreement with this, the
postprandial plasma concentrations of both hormones
in their intact form are much lower than those previ-
ously reported with the use of non-discriminating as-
says [54, 55]. Again, intact GLP-1 concentrations
(10-20 pmol/l) are much lower than intact GIP con-
centrations (up to 100 pmol/l). Therefore, postprandi-
ally, plasma contains much more biologically active
GIP than GLP-1. It should be noted however, that the
rate of secretion of the hormones is best estimated us-
ing assays that react with both the intact hormones
and the metabolites of DPP-IV degradation. This is
because the clearly variable fraction of the hormone
molecules secreted from the gut that are degraded
will escape detection by the assays for the intact hor-
mones, whereas the non-discriminating assays will
pick up both forms and, therefore, reflect the total
rate of secretion. The metabolites of the two hor-
mones are also eliminated rapidly, particularly in the
kidneys, resulting in half-lives of about 17 min and 4
to 5 min for GIP and GLP-1 metabolites, respectively
[48, 56]. The liver is responsible for a large part of
the DPP-IV mediated metabolism of the hormones,
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but plays a minor role in the elimination of the
metabolites [53, 57].

The question then arises as to which hormone is the
most potent with respect to stimulation of insulin se-
cretion both at the start of the meal and post prandially
with increasing plasma glucose concentrations. Some
investigators reported that the two hormones were
equipotent [58], while others found GLP-1 to be three
to five times more potent than GIP [59, 60, 61, 62]. In
many reports GIP was found incapable of stimulating
insulin secretion at fasting glucose concentrations and
was even reported to have little effect at glucose con-
centrations below 8 mmol/l [63]. We, therefore, re-
cently decided to study the insulinotropic effects of
the two hormones infused at rates that would increase
their physiological concentrations in the intact form.
The infusions were carried out while glucose concen-
trations were clamped at fasting or slightly increased
concentrations in order to mimic as accurately as pos-
sible the prandial situation [64]. In their physiological
concentrations, the two hormones had similar and
highly significant insulinotropic effects at fasting glu-
cose concentrations as well as at 6 mmol/l, whereas at
7 mmol/l, GLP-1 was somewhat more effective. It
was concluded that both hormones normally con-
tribute to the incretin effect in humans and do so near-
ly from the beginning of the meal (because increases
in their concentrations are seen already after
5-10 min). Together, the two hormones seem to act in
an additive manner. Thus, when GIP and GLP-1 infu-
sions, which separately provided about the same insu-
lin response, were combined, the resulting response
amounted to approximately the sum of the two indi-
vidual responses [61]. Recently mice with a double
knockout of the GIP and GLP-1 receptors have been
generated. Preliminary results obtained in these ani-
mals are also consistent with an additive effects of the
two hormones, with additive effects on glucose toler-
ance of the double knockout compared to each of the
single receptor knockouts [65].

Incretin function in diabetes

Given that GIP and GLP-1 together are responsible
for the incretin effect in healthy subjects, it is now
possible to analyse the incretin defect in patients with
Type 2 diabetes. Theoretically, the defect could be due
to impaired secretion or accelerated metabolism of the
incretin hormones; alternatively, the effect of the hor-
mones could be compromised.

There are many publications on the secretion of
GIP in Type 2 diabetes, and both increased, normal
and decreased secretion have been reported [10]. As
mentioned above, it is probably important that the as-
say used does not cross-react with the poorly charac-
terized “GIP 8000” component in plasma. If the re-
sults obtained with such assays are disregarded, the
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impression is that GIP secretion is normal or slightly
impaired. A recent study in patients with Type 2 dia-
betes, covering a very wide clinical spectrum of the
disease [66], near normal fasting concentrations and
meal responses were found, with no correlations be-
tween metabolic parameters and GIP responses. In the
same study, a very significant impairment of the se-
cretion of GLP-1 was observed. By multiple regres-
sion analysis, the impairment was found to be related
to impaired cell function. In a previous study in a
small group of identical twins discordant for Type 2
diabetes, the GLP-1 response was lower in the diabet-
ic twins [67]. Furthermore, in first degree relatives of
diabetic patients, 24-h GLP-1 profiles were normal
[68]. These observations probably indicate that the
impaired secretion is a consequence rather than a
cause of diabetes. The GLP-1 secretion defect is evi-
dent whether one measures the concentrations of in-
tact GLP-1 [54] or the concentrations of the metabo-
lite as discussed above.

The lower GLP-1 concentrations could also be
caused by an increased elimination of GLP-1 in dia-
betic subjects compared to healthy subjects. However,
in a study where the rates of elimination of the intact
hormone as well as the metabolite were studied in
both patients and healthy control subjects [56], elimi-
nation rates were nearly identical in the two groups,
indicating that differences in elimination cannot ex-
plain the lower concentrations in Type 2 diabetic pa-
tients.

An impaired secretion of GLP-1, therefore, seems
to contribute to the impaired incretin effect in Type 2
diabetes. But what about the effect of the hormones?
Here a dramatic difference emerges. The effects of iv
infusions of GIP and GLP-1 were studied [60] in
moderate Type 2 diabetic patients and matched control
subjects, and it was found that the insulinotropic ef-
fect of GIP was almost lost in the patients, whereas
the insulin response to GLP-1 was similar to that ob-
served in the control subjects. Similar results were ob-
tained by another study [59]. Based on chromatogra-
phy, the structure of the two hormones seems to be
normal in diabetic patients, and recent studies have
shown that mutations in the genes that encode GLP-1
and GIP are unlikely to be common causes for the im-
paired incretin effect [69, 70]. This points to an im-
paired effect of GIP on the beta cell as an important
contributor to the incretin defect in Type 2 diabetes
mellitus and raises the question of the function of GIP
receptors in these patients. Loss of function mutations
or impaired expression of GIP receptors could explain
the impaired effect [71]. Several groups have reported
polymorphisms in the coding region of the GIP recep-
tor gene, but these were neither associated with diabe-
tes [72] nor with defective signalling of the receptor
[73]. In contrast, a defective expression of the GIP re-
ceptor has been observed in animals with experimen-
tal diabetes [74]. Studies in glucose-tolerant first-de-
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gree relatives of diabetic patients showed a reduced
insulinotropic effectiveness of GIP in 50% of the sub-
jects compared to the control subjects without a fami-
ly history of diabetes, indicating that the GIP defect
could be a genetically determined and possibly prima-
ry defect [75]. In an attempt to pursue this finding in
more detail, we designed a test consisting of bolus in-
jections of GIP and GLP-1 (with or without simulta-
neous glucose administration), based on a previous
observation that the beta-cell secretory capacity could
be quantified with GLP-1 [76]. By comparing the re-
sponse to GIP with that obtained with GLP-1, one
would obtain a quantitative measure of the inheritable
incretin defect of the investigated subject. Surprising-
ly, however, it turned out that the ratio between the in-
sulin secretory responses (as judged by C-peptide se-
cretion) to these bolus injections was the same in Type
2 diabetic patients and matched control subjects [77].
In other words, if responses to GLP-1 were low (as in
poorly controlled diabetic subjects), the responses to
GIP were equally impaired and vice versa. Based on
these findings, it was concluded that a decreased ex-
pression of the GIP receptor was unlikely to occur in
the patients — rather, low responses would be compati-
ble with a reduced number of cells, as frequently
found in Type 2 diabetic patients [78]. Furthermore, a
defective response to GIP could not be reproduced
with this technique. We, however, went on to study
the differential effects of high doses of GIP and GLP-
1 in Type 2 diabetic patients during the conditions of
15 mmol/l hyperglycaemic clamp [77]. In these stud-
ies, the GLP-1 infusion was capable of restoring the
late phase (30-120 min) insulin response to glucose
(which was nearly absent in these patients) to values
indistinguishable from those observed in the healthy
control subjects. In other words, with GLP-1 the sub-
jects showed a completely normal insulin response to
glucose. A similar observation (that GLP-1 can restore
beta-cell responsiveness glucose in patients with Type
2 diabetes) was made by a study using an entirely dif-
ferent approach [79]. Moreover, the normal glucose-
induced inhibition of glucagon secretion was com-
pletely restored. GIP, however, regardless of dose, had
neither effect on insulin secretion nor on glucose turn-
over. It was concluded that the GIP defect in Type 2
diabetes is very severe indeed, but restricted to “late
phase” insulin secretion, which could be particularly
relevant for postprandial insulin secretion. However,
these findings obviously did not provide insight into
the cellular or molecular mechanisms involved, except
for suggesting that a defective expression of the recep-
tor was unlikely to be involved. In further studies us-
ing the same technique, we investigated groups of dia-
betic patients known or suspected to have diabetic ae-
tiologies different from those of the classic obese el-
derly Type 2 diabetic patients [80]. The groups includ-
ed patients with Type 1 diabetes, diabetes secondary
to pancreatitis, monogenic diabetes (MODY?3), lean
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Type 2 diabetic patients and patients with LADA. It
was the underlying hypothesis that these patients
would not exhibit a comparable GIP defect, based on
the assumption that the GIP defect was a genetic de-
fect contributing to the phenotype of the typical Type
2 diabetic patient. Again, however, the results were
unexpected. The different groups had clearly lower
relative responses to GIP than the non-diabetic control
group, and for example, the patients with secondary
diabetes had virtually absent late response to GIP and
no effect on glucose turnover. It was concluded that
the observed GIP defect is a consequence of the dia-
betic state, and although a genetic component might
also be involved in Type 2 diabetic patients, as shown
in the study of the first degree relatives [75], the de-
fect induced by diabetes is very severe. The differen-
tial responsiveness of the cells to GIP and GLP-1 is
surprising because of the many similarities between
the two hormones, their receptors and their signal
transduction mechanisms [8, 15, 81]. Apparently,
however, the interaction between glucose stimulation
of insulin secretion and the potentiating actions of the
two hormones differ in spite of the fact that both seem
to depend on an initial accumulation of cAMP.

Incretin hormones as therapeutic agents

Whereas lost efficacy of GIP seems to contribute to
the insufficient insulin secretion in diabetes and,
therefore, could preclude its application as a therapeu-
tic agent, the preserved effect of GLP-1 has inspired
attempts to treat Type 2 diabetes with GLP-1 [82]. In-
deed, in 1993 one study could show that an iv infusion
of GLP-1 could completely normalise plasma glucose
concentrations, even in patients with advanced Type 2
diabetes [83]. As mentioned above, addition of GLP-1
might restore glucose-induced insulin secretion to nor-
mal values in the patients [77, 79]. However, it should
be noted that GLP-1 not only potentiates glucose in-
duced insulin secretion, but also has numerous other
effects, all of which seem to be desirable in the con-
text of treating Type 2 diabetic patients (Table 1).
Firstly, its insulinotropic effect is strictly glucose
dependent, which implies that it is unlikely to cause
lasting and profound hypoglycaemia in normal sub-
jects, and in particular, in patients with Type 2 diabe-
tes [84, 85]. Secondly, it stimulates all steps of insulin
biosynthesis as well as insulin gene transcription [86],
thereby providing continued supplies of insulin for se-
cretion. In addition, it up-regulates the genes for the
cellular machinery involved in insulin secretion [87].
Finally and most importantly, GLP-1 has been shown
to have trophic effects on beta cells in rodents. Not
only does it stimulate beta-cell proliferation [88, 89],
it also enhances the differentiation of new beta cells
from progenitor cells in the pancreatic duct epithelium
[90] and has now been shown to also inhibit apoptosis
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Table 1. Actions of GLP-1

1. Insulin secretion
a) potentiates glucose induced insulin secretion
b) enhances all steps of insulin biosynthesis
¢) up regulates insulin gene expression
d) up regulates expression of genes essential for beta cell
function (glucokinase, GLUT 2 etc)
e) mitotic for beta cells
f) promotes differentiation of duct progenitor cells
to beta cells inhibits apoptosis of beta cells
. Inhibits glucagon secretion
. Inhibits gastrointestinal secretion and motility
. Inhibits appetite and food intake

B W

induced by e.g. cytokines or free fatty acids [91]. This
raises the hope that GLP-1 could be capable of pro-
viding new beta cells in individuals with an insuffi-
cient number of functioning cell [92], such as Type 2
diabetic patients (although it is not yet established to
what extent this process could occur in humans).

In addition to its effects on the beta cells, GLP-1
also strongly inhibits glucagon secretion. The impor-
tance of this with respect to diabetes treatment is per-
haps best illustrated in studies of GLP-1 infusion in
patients with insulin-requiring diabetes and no residu-
al beta-cell secretory capacity [93]. In these patients,
GLP-1 retains substantial glucose lowering activity, in
spite of undetectable C-peptide responses, while glu-
cagon secretion is strongly inhibited. The glucose-
lowering effect is likely to be a consequence of the in-
hibition of glucagon secretion, because in these pa-
tients GLP-1 appears to act mainly as a glucagon an-
tagonist. Glucagon antagonists have been shown, at
least experimentally, to be able to improve diabetic
hyperglycaemia [94, 95].

Further important effects of GLP-1 include inhibi-
tion of gastrointestinal secretion and motility, notably
gastric emptying [96, 97]. This effect is also desirable
in patients with diabetes, because the slower gastric
emptying rate reduces postprandial glucose excursions
as is evident from the use of another potent gastric in-
hibitor, amylin, for diabetes treatment [98]; finally,
GLP-1 inhibits appetite and food intake. This has been
shown in both normal subjects, obese subjects and
subjects with Type 2 diabetes mellitus [99, 100, 101].
The latter effect would support attempts at weight re-
duction in patients with Type 2 diabetes and, if effec-
tive, would be considered most desirable. It should be
noted, though, that GLP-1 receptor knockout mice do
not become obese [42], indicating that GLP-1 might
not be indispensable for normal appetite regulation or
that additional regulatory mechanisms could compen-
sate for the lack of GLP-1 effect.

Taken together, all of these effects render GLP-1
interesting as a candidate for diabetes therapy. Indeed,
others [102] were able to show near normalisation of
diurnal plasma glucose concentrations during continu-
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ous intravenous infusion of GLP-1 in a group of Type
2 diabetic patients. However, it turns out that simple
subcutaneous injections of GLP-1 are ineffective
[103]. As already discussed, the reason is that GLP-1
is degraded extremely rapidly and less than 10% of
the peptide survives in the intact bioactive form after
subcutaneous injection [51]. Thus, it is clear that
GLP-1 cannot be immediately used for clinical treat-
ment of Type 2 diabetes. Recent clinical experiments
involving continuous subcutaneous infusion of native
GLP-1 with conventional insulin pumps have provid-
ed an indication of the likely effects of a GLP-1 based
therapy of Type 2 diabetes [104]. After a 3-week
wash-out period, 20 patients were allocated to contin-
uous infusion of either saline or GLP-1 at a rate of
4.8 pmol/kg/min using Minimed pumps. The patients
were evaluated before, after 1 week and after 6 weeks
of treatment. No changes were observed in the saline
treated group, whereas in the GLP-1 group, fasting
and average plasma glucose concentrations were low-
ered by approximately 5 mmol/l, HbA, . decreased by
1.2%, NEFA were lowered, and the patients had a sig-
nificant weight loss of approximately 2 kg. In addi-
tion, insulin sensitivity as determined by a hyperin-
sulinaemic euglycaemic clamp, almost doubled, and
insulin secretion capacity (measured using a
30 mmol/l glucose clamp and arginine) greatly im-
proved. There was no significant difference between
results obtained after 1 and 6 weeks 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. Giv-
en that treatment of Type 2 diabetes will be chronic, if
not life-long, 6 weeks of therapy must be considered
short-term. In addition, continuous subcutaneous infu-
sion might not be the optimal mode of administration
of an activator of GLP-1 receptors. Currently, howev-
er, several DPP-IV resistant and long acting analogues
of GLP-1 are undergoing clinical development for dia-
betes therapy [105]. Generally these agents have
shown efficacy similar to that of the subcutaneously
administered native peptide. Recently, results obtained
over 5 months with the GLP-1 receptor activator, ex-
endin-4, were reported and again, the results included
improvements of glucose concentrations, lowering of
HbA,_ values and weight loss [106]. The most excit-
ing aspect of GLP-1 treatment is the possibility that it
(perhaps especially because of its trophic effects on
the pancreas) might halt the progression of disease
that inevitably seems to accompany conventional
treatment [107] and has not yet been elucidated in any
of the trials. However, adaptive turnover of human
cells is probably a limited and slow process [78] com-
pared to rodents, and it might be that detection of ef-
fects of GLP-1 or its analogues on beta-cell’s mass
will require observation periods of more than a year.
The trophic effects of GLP-1 also raise the question as
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to whether or not a prolonged therapy will be associat-
ed with an increased risk of islet-cell nesidioblastosis
or tumour formation. So far, there are no reports of
neoplastic reactions in animals exposed to chronic
treatment with GLP-1 analogues.

Conflict of interest statement

In 2003, T. Vilsbgll was employed for one year in an
educational position as part of her training as a clini-
cal pharmacologist at Novo Nordisk. All of Dr. Vils-
bgll’s studies cited in this review were carried out be-
fore this employment. During this research period Dr.
Vilsbgll had no interest in any pharmaceutical compa-
ny, but served as research assistant, financed by the
University of Copenhagen, at the Department of Inter-
nal Medicine at Gentofte Hospital, associated with the
Department of Medical Physiology, University of
Copenhagen. Dr. Holst has been on advisory boards of
several companies that are developing GLP-1 based
therapies for diabetes (including NovoNordisk, Bione-
braska (later Restoragen, now closed down) and Amy-
lin Corporation), but otherwise has no conflict of in-
terest regarding GLP-1.

Acknowledgements. The studies included have been supported
by the Danish Diabetes Association, the Danish Research
Council and the Novo Nordisk Foundation.

References

1. MclIntyre N, Holdsworth CD, Turner DS (1965) Intestinal
factors in the control of insulin secretion. J Clin Endocrinol
Metab 25:1317-1324

2. Perley M, Kipnis DM (1967) Plasma insulin responses to
oral and intravenous glucose: studies in normal and diabet-
ic subjects. J Clin Invest 46:1954-1962

3. Nauck MA, Homberger E, Siegel, Allen RC, Eaton RP,
Ebert R et al. (1986) Incretin effects of increasing glucose
loads in man calculated from venous insulin and C-peptide
responses. J Clin Endocrinol Metab 63:492-498

4. Madsbad S, Kehlet H, Hilsted J, Tronier B (1983) Discrep-
ancy between plasma C-peptide and insulin response to
oral and intravenous glucose. Diabetes 32:436-438

5. Holst 1J, Orskov C. Incretin hormones—an update (2001)
Scand J Clin Lab Invest 234 [Suppl]:75-85

6. Nauck M, Stockmann F, Ebert R, Creutzfeldt W (1986) Re-
duced incretin effect in type 2 (non-insulin-dependent) dia-
betes. Diabetologia 29:46-52

7. Tronier B, Dejgaard A, Andersen T, Madsbad S (1985) Ab-
sence of incretin efect in obese type 2 and diminished ef-
fect in lean type 2 and obese subjects. Diab Res Clin Pract
[Suppl 1]:S568 (abstract)

8. Fehmann HC, Goke R, Goke B (1995) Cell and molecular
biology of the incretin hormones glucagon-like peptide-I
and glucose-dependent insulin releasing polypeptide. En-
docr Rev 16:390—410

9. Takeda J, Seino Y, Tanaka K, Fukumoto H, Kayano T,
Takahashi H et al. (1987) Sequence of an intestinal cDNA
encoding human gastric inhibitory polypeptide precursor.
Proc Natl Acad Sci USA 84:7005-7008



364

10.

I1.

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

Krarup T (1988) Immunoreactive gastric inhibitory poly-
peptide. Endocr Rev 9:122-134

Usdin TB, Mezey E, Button DC, Brownstein MJ, Bonner
TI (1993) Gastric inhibitory polypeptide receptor, a mem-
ber of the secretin-vasoactive intestinal peptide receptor
family, is widely distributed in peripheral organs and the
brain. Endocrinology 133:2861-2870

. Mortensen K, Petersen LL, Orskov C (2000) Colocaliza-

tion of GLP-1 and GIP in human and porcine intestine.
Ann NY Acad Sci 921:469-472

. Pederson RA (1994) Gastric inhibitory polypeptide. In:

Walsh JH, Dockray GJ (eds) Gut peptides: biochemistry
and physiology. Raven Press, New York, pp 217-260

. Ding WG, Renstrom E, Rorsman P, Buschard K, Gromada

J (1997) Glucagon-like peptide I and glucose-dependent in-
sulinotropic polypeptide stimulate Ca2+-induced secretion
in rat alpha-cells by a protein kinase A-mediated mecha-
nism. Diabetes 46:792-800

Mayo KE, Miller LJ, Bataille D, Dalle S, Goke B, Thorens
B et al. (2003) International Union of Pharmacology.
XXXV. The glucagon receptor family. Pharmacol Rev 55:
167-194

Ehses JA, Pelech SL, Pederson RA, MclIntosh CH (2002)
Glucose-dependent insulinotropic polypeptide activates the
Raf-Mek1/2-ERK1/2 module via a cyclic AMP/cAMP-de-
pendent protein kinase/Rapl-mediated pathway. J Biol
Chem 277:37088-37097

Ehses JA, Lee SS, Pederson RA, McIntosh CH (2003) A
new pathway fpr glucose-dependent insulinotropic poly
peptiude (GIP) receptor signaling: evidence for the in-
volvement of phospholipase A2 in the GIP stimulated insu-
lin secretion. J Biol Chem 276:23667-23673

. Trumper A, Trumper K, Trusheim H, Arnold R, Goke B,

Horsch D (2001) Glucose-dependent insulinotropic poly-
peptide is a growth factor for beta (INS-1) cells by pleio-
tropic signaling. Mol Endocrinol 15:1559-1570

. Dupre J, Ross SA, Watson D, Brown JC (1973) Stimula-

tion of insulin secretion by gastric inhibitory polypeptide in
man. J Clin Endocrinol Metab 37:826-828

Andersen DK, Elahi D, Brown JC, Tobin JD, Andres R
(1978) Oral glucose augmentation of insulin secretion: in-
teractions of gastric inhibitory polypeptide with ambient
glucose and insuln levels. J Clin Invest 49:152-161

Ebert R, Creutzfeldt W (1982) Influence of gastric inhibi-
tory polypeptide antiserum on glucose-induced insulin se-
cretion in rats. Endocrinology 111:1601-1606

Lauritsen KB, Holst JJ, Moody AJ (1981) Depression of
insulin release by anti-GIP serum after oral glucose in rats.
Scand J Gastroenterol 16:417—420

Tseng CC, Kieffer TJ, Jarboe LA, Usdin TB, Wolfe MM
(1996) Postprandial stimulation of insulin release by glu-
cose-dependent insulinotropic polypeptide (GIP). Effect of
a specific glucose-dependent insulinotropic polypeptide re-
ceptor antagonist in the rat. J Clin Invest 98:2440-2445
Lewis JT, Dayanandan B, Habener JF, Kieffer TJ (2000)
Glucose-dependent insulinotropic polypeptide confers early
phase insulin release to oral glucose in rats: demonstration
by a receptor antagonist. Endocrinology 141:3710-3716
Miyawaki K, Yamada Y, Yano H, Niwa H, Ban N, Thara Y
et al. (1999) Glucose intolerance caused by a defect in the
entero-insular axis: a study in gastric inhibitory polypep-
tide receptor knockout mice. Proc Natl Acad Sci USA 96:
14843-14847

Gault VA, Parker JC, Harriott P, Flatt PR, O’Harte FP
(2002) Evidence that the major degradation product of glu-
cose-dependent insulinotropic polypeptide, GIP(3-42), is a
GIP receptor antagonist in vivo. J Endocrinol 175:525-533

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

T. Vilsbgll et al.:

Nauck M, Schmidt WE, Ebert R, Strietzel J, Cantor P,
Hoffmann G et al. (1989) Insulinotropic properties of syn-
thetic human gastric inhibitory polypeptide in man: interac-
tions with glucose, phenylalanine, and cholecystokinin-8.
J Clin Endocrinol Metab 69:654-662

Ebert R, Unger H, Creutzfeldt W (1983) Preservation of in-
cretin activity after removal of gastric inhibitory polypep-
tide (GIP) from rat gut extracts by immunoadsorption. Dia-
betologia 24:449-454

Lauritsen KB, Moody AlJ, Christensen KC, Lindkaer
JS(1980) Gastric inhibitory polypeptide (GIP) and insulin
release after small-bowel resection in man. Scand J Gas-
troenterol 15:833-840

Lauritsen KB, Lauritzen JB, Christensen KC (1982) Gas-
tric inhibitory polypeptide and insulin release in response
to oral and intravenous glucose in coeliac disease. Scand J
Gastroenterol 17:241-245

Bell GI, Sanchez-Pescador R, Laybourn PJ, Najarian RC
(1983) Exon duplication and divergence in the human pre-
proglucagon gene. Nature 304:368-371

Mojsov S, Heinrich G, Wilson IB, Ravazzola M, Orci L,
Habener JF (1986). Preproglucagon gene expression in
pancreas and intestine diversifies at the level of post-trans-
lational processing. J Biol Chem 261:11880-11889

Orskov C, Holst JJ, Knuhtsen S, Baldissera FG, Poulsen
SS, Nielsen OV (1986) Glucagon-like peptides GLP-1 and
GLP-2, predicted products of the glucagon gene, are secret-
ed separately from pig small intestine but not pancreas. En-
docrinology 119:1467-1475

Baldissera FG, Holst JJ, Knuhtsen S, Hilsted L, Nielsen
OV (1988) Oxyntomodulin (glicentin-(33—69)): pharmaco-
kinetics, binding to liver cell membranes, effects on isolat-
ed perfused pig pancreas, and secretion from isolated per-
fused lower small intestine of pigs. Regul Pept 21:151-166
Holst JJ (1983) Molecular heterogeneity of glucagon in
normal subjects and in patients with glucagon-producing
tumours. Diabetologia 24:359-365

Holst JJ (1999) Glucagon-like Peptide 1(GLP-1): an intes-
tinal hormone signalling nutritional abundance, with an un-
usual therapeutic potential. Trends Endocrinol Metab
10:229-234

Orskov C, Wettergren A, Holst JJ (1996) Secretion of the
incretin hormones glucagon-like peptide-1 and gastric in-
hibitory polypeptide correlates with insulin secretion in
normal man throughout the day. Scand J Gastroenterol
31:665-670

Kreymann B, Williams G, Ghatei MA, Bloom SR (1987)
Glucagon-like peptide-1 7-36: a physiological incretin in
man. Lancet 2:1300-1304

Kolligs F, Fehmann HC, Goke R, Goke B (1995) Reduc-
tion of the incretin effect in rats by the glucagon-like pep-
tide 1 receptor antagonist exendin (9-39) amide. Diabetes
44:16-19

Wang Z, Wang RM, Owji AA, Smith DM, Ghatei MA,
Bloom SR (1995) Glucagon-like peptide-1 is a physiologi-
cal incretin in rat. J Clin Invest 95:417-421

Edwards CM, Todd JF, Mahmoudi M, Wang Z, Wang RM,
Ghatei MA et al. (1999) Glucagon-like peptide 1 has a
physiological role in the control of postprandial glucose in
humans: studies with the antagonist exendin 9-39. Diabe-
tes 48:86-93

Scrocchi LA, Brown TJ, MaClusky N, Brubaker PL, Auer-
bach AB, Joyner AL et al. (1996) Glucose intolerance but
normal satiety in mice with a null mutation in the gluca-
gon-like peptide 1 receptor gene. Nat Med 2:1254-1258
Pederson RA, Satkunarajah M, MclIntosh CH, Scrocchi
LA, Flamez D, Schuit F et al. (1998) Enhanced glucose-de-



Incretins, insulin secretion and Type 2 diabetes mellitus

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

pendent insulinotropic polypeptide secretion and insulino-
tropic action in glucagon-like peptide 1 receptor —/— mice.
Diabetes 47:1046—-1052

Qualmann C, Nauck MA, Holst JJ, Orskov C, Creutzfeldt
W (1995) Glucagon-like peptide 1 (7-36 amide) secretion
in response to luminal sucrose from the upper and lower
gut. A study using alpha-glucosidase inhibition (acarbose).
Scand J Gastroenterol 30:892-896

Mortensen K, Christensen LL, Holst JJ, Orskov C (2003)
GLP-1 and GIP are colocalized in a subset of endocrine
cells in the small intestine. Regul Pept 114:189-196
Deacon CF, Johnsen AH, Holst JJ (1995) 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 80:952-957
Kieffer TJ, McIntosh CH, Pederson RA (1995) Degrada-
tion of glucose-dependent insulinotropic polypeptide and
truncated glucagon-like peptide 1 in vitro and in vivo by
dipeptidyl peptidase IV. Endocrinology 136:3585-3596
Deacon CF, Nauck MA, Meier J, Hucking K, Holst JJ
(2000) 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 pep-
tide. J Clin Endocrinol Metab 85:3575-3581

Knudsen LB, Pridal L (1996) Glucagon-like peptide-1-
(9-36) amide is a major metabolite of glucagon-like pep-
tide-1-(7-36) amide after in vivo administration to dogs,
and it acts as an antagonist on the pancreatic receptor. Eur J
Pharmacol 318:429-435

Mentlein R (1999) Dipeptidyl-peptidase IV (CD26)—role in
the inactivation of regulatory peptides. Regul Pept 85:9-24
Deacon CF, Nauck MA, Toft-Nielsen M, Pridal L, Willms
B, Holst JJ (1995) Both subcutaneously and intravenously
administered glucagon-like peptide I are rapidly degraded
from the NH2-terminus in type II diabetic patients and in
healthy subjects. Diabetes 44:1126-1131

Vilsboll T, Agerso H, Krarup T, Holst JJ (2003) Similar
elimination rates of glucagon-like peptide-1 in obese type 2
diabetic patients and healthy subjects. J Clin Endocrinol
Metab 88:220-224

Deacon CF, Pridal L, Klarskov L, Olesen M, Holst JJ
(1996) Glucagon-like peptide 1 undergoes differential tis-
sue-specific metabolism in the anesthetized pig. Am J
Physiol 271:E458-E464

Vilsboll T, Krarup T, Deacon CF, Madsbad S, Holst JJ
(2001) Reduced postprandial concentrations of intact bio-
logically active glucagon-like peptide 1 in type 2 diabetic
patients. Diabetes 50:609-613

Vilsboll T, Krarup T, Sonne J, Madsbad S, Volund A, Juul
AG et al. (2003) Incretin secretion in relation to meal size
and body weight in healthy subjects and people with type 1
and type 2 diabetes mellitus. J Clin Endocrinol Metab 88:
2706-2713

Vilsboll T, Agersoe H, Krarup T, Holst JJ (2003) Similar
elimination rates of GLP-1 in obese type diabetic patients
and healthy subjects. J Clin Endocrinol Metab 88:220-224
Deacon CF, Danielsen P, Klarskov L, Olesen M, Holst JJ
(2001) Dipeptidyl peptidase IV inhibition reduces the deg-
radation and clearance of GIP and potentiates its in-
sulinotropic and antihyperglycemic effects in anesthetized
pigs. Diabetes 50:1588-1597

Jia X, Brown JC, Ma P, Pederson RA, McIntosh CH (1995)
Effects of glucose-dependent insulinotropic polypeptide
and glucagon-like peptide-I-(7-36) on insulin secretion.
Am J Physiol 268:E645-E651

Elahi D, McAloon Dyke M, Fukagawa NK, Meneilly GS,
Sclater AL, Minaker KL et al. (1994) The insulinotropic

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

365

actions of glucose-dependent insulinotropic polypeptide
(GIP) and glucagon-like peptide-1 (7-37) in normal and di-
abetic subjects. Regul Pept 51:63-74

Nauck MA, Heimesaat MM, Orskov C, Holst JJ, Ebert R,
Creutzfeldt W (1993) Preserved incretin activity of gluca-
gon-like peptide 1 [7-36 amide] but not of synthetic human
gastric inhibitory polypeptide in patients with type-2 diabe-
tes mellitus. J Clin Invest 91:301-307

Nauck MA, Bartels E, Orskov C, Ebert R, Creutzfeldt W
(1993) Additive insulinotropic effects of exogenous syn-
thetic human gastric inhibitory polypeptide and glucagon-
like peptide-1-(7-36) amide infused at near-physiological
insulinotropic hormone and glucose concentrations. J Clin
Endocrinol Metab 76:912-917

Toft-Nielsen M, Madsbad S, Holst JJ (1998) Exaggerated
secretion of glucagon-like peptide-1 (GLP-1) could cause
reactive hypoglycaemia. Diabetologia 41:1180-1186
Krarup T, Saurbrey N, Moody AJ, Kuhl C, Madsbad S
(1987) Effect of porcine gastric inhibitory polypeptide on
beta-cell function in type I and type II diabetes mellitus.
Metabolism 36:677-682

Vilsboll T, Krarup T, Madsbad S, Holst JJ (2003) Both GLP-
1 and GIP are insulinotropic at basal and postprandial glu-
cose levels and contribute nearly equally to the incretin ef-
fect of a meal in healthy subjects. Regul Pept 114:115-121
Preitner F, Burcelin R, Ibberson M, Hansotia T, Drucker D,
Thorens B (2002) Disruption of both GLP-1 and GIP sig-
nalling pathways in the mouse leads to glucose intolerance.
Diabetes 51 [Suppl 2]:A66 (abstract)

Toft-Nielsen MB, Damholt MB, Madsbad S, Hilsted LM,
Hughes TE, Michelsen BK et al. (2001) Determinants of
the impaired secretion of glucagon-like peptide-1 in type 2
diabetic patients. J Clin Endocrinol Metab 86:3717-3723
Vaag AA, Holst JJ, Volund A, Beck-Nielsen HB (1996)
Gut incretin hormones in identical twins discordant for
non-insulin-dependent diabetes mellitus (NIDDM)—evi-
dence for decreased glucagon-like peptide 1 secretion dur-
ing oral glucose ingestion in NIDDM twins. Eur J En-
docrinol 135:425-432

Nyholm B, Walker M, Gravholt CH, Shearing PA, Sturis J,
Alberti KG et al. (1999) Twenty-four-hour insulin secretion
rates, circulating concentrations of fuel substrates and gut
incretin hormones in healthy offspring of Type II (non-in-
sulin-dependent) diabetic parents: evidence of several aber-
rations. Diabetologia 42:1314-1323

Nauck M, Hahn S, Sauerwald A, Schmeigel W (2000) Lack
of germline mutations in the proglucagon gene region cod-
ing for glucagon-like peptide 1 in type 2 diabetic (NIDDM)
patients. Exp Clin Endocrinol Diabetes 108:72-75

Orskov C, Vilsboll T, Krarup T, Inagaki N, Hjorth SA
(1999) Lack of germ-line mutations in the GIP-coding re-
gion of the pro-GIP in type II diabetic patients. Diabetes 48
[Suppl 1]:A427 (abstract)

Holst JJ, Gromada J, Nauck MA (1997) The pathogenesis
of NIDDM involves a defective expression of the GIP re-
ceptor. Diabetologia 40:984-986

Kubota A, Yamada Y, Hayami T, Yasuda K, Someya Y,
Ihara Y et al. (1996) Identification of two missense muta-
tions in the GIP receptor gene: a functional study and asso-
ciation analysis with NIDDM: no evidence of association
with Japanese NIDDM subjects. Diabetes 45:1701-1705
Almind K, Ambye L, Urhammer SA, Hansen T, Echwald
SM, Holst JJ et al. (1998) Discovery of amino acid variants
in the human glucose-dependent insulinotropic polypeptide
(GIP) receptor: the impact on the pancreatic beta cell re-
sponses and functionel expression studies in Chinese ham-
ster fibroblast cells. Diabetologia 41:1194-1198



366 T. Vilsbgll et al.: Incretins, insulin secretion and Type 2 diabetes mellitus

74.Lynn FC, Pamir N, Ng EH, Mclntosh CH, Kieffer TJ,
Pederson RA (2001) Defective glucose-dependent in-
sulinotropic polypeptide receptor expression in diabetic
fatty Zucker rats. Diabetes 50:1004-1011

75. Meier JJ, Hucking K, Holst JJ, Deacon CF, Schmiegel WH,
Nauck MA (2001) Reduced insulinotropic effect of gastric
inhibitory polypeptide in first-degree relatives of patients
with type 2 diabetes. Diabetes 50:2497-2504

76. Vilsboll T, Toft-Nielsen MB, Krarup T, Madsbad S,
Dinesen B, Holst JJ (2000) Evaluation of beta-cell secreto-
ry capacity using glucagon-like peptide 1. Diabetes Care
23:807-812

77. Vilsboll T, Krarup T, Madsbad S, Holst JJ (2002) Defective
amplification of the late phase insulin response to glucose
by GIP in obese Type II diabetic patients. Diabetologia
45:1111-1119

78. Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA,
Butler PC (2003) Beta-cell deficit and increased beta-cell
apoptosis in humans with type 2 diabetes. Diabetes
52:102-110

79. Kjems LL, Holst JJ, Volund A, Madsbad S (2003) The in-
fluence of GLP-1 on glucose-stimulated insulin secretion:
effects on beta-cell sensitivity in type 2 and nondiabetic
subjects. Diabetes 52:380-386

80. Vilsboll T, Knop FK, Krarup T, Johansen A, Madsbad S,
Larsen S et al. (2003) The pathophysiology of diabetes in-
volves a defective amplification of the late phase insulin
response to glucose by GIP—regardless of aetiology and
phenotype. J Clin Endocrinol Metab 88:4897-4903

81. Gromada J, Holst JJ, Rorsman P (1998) Cellular regulation
of islet hormone secretion by the incretin hormone gluca-
gon-like peptide 1. Pflugers Arch 435:583-594

82. Holst JJ (2002) Gastric inhibitory polypeptide analogues:
do they have a therapeutic role in diabetes mellitus similar
to that of glucagon-like Peptide-1? BioDrugs 16:175-181

83. Nauck MA, Kleine N, Orskov C, Holst JJ, Willms B,
Creutzfeldt W (1993) Normalization of fasting hypergly-
caemia by exogenous glucagon-like peptide 1 (7-36
amide) in type 2 (non-insulin-dependent) diabetic patients.
Diabetologia 36:741-744

84. Qualmann C, Nauck MA, Holst JJ, Orskov C, Creutzfeldt
W (1995) Insulinotropic actions of intravenous glucagon-
like peptide-1 (GLP-1) [7-36 amide] in the fasting state in
healthy subjects. Acta Diabetol 32:13-16

85. Vilsboll T, Krarup T, Madsbad S, Holst JJ (2001) No reac-
tive hypoglycaemia in Type 2 diabetic patients after subcu-
taneous administration of GLP-1 and intravenous glucose.
Diabet Med 18:144-149

86. Fehmann HC, Habener JF (1992) Insulinotropic hormone
glucagon-like peptide-1(7-37) stimulation of proinsulin
gene expression and proinsulin biosynthesis in insulinoma
beta TC-1 cells. Endocrinology 130:159-166

87. Buteau J, Roduit R, Susini S, Prentki M (1999) Glucagon-
like peptide-1 promotes DNA synthesis, activates phospha-
tidylinositol 3-kinase and increases transcription factor
pancreatic and duodenal homeobox gene 1 (PDX-1) DNA
binding activity in beta (INS-1)-cells. Diabetologia 42:
856-864

88. Xu G, Stoffers DA, Habener JF, Bonner-Weir S (1999) Ex-
endin-4 stimulates both beta-cell replication and neogene-
sis, resulting in increased beta-cell mass and improved glu-
cose tolerance in diabetic rats. Diabetes 48:2270-2276

89. Stoffers DA, Kieffer TJ, Hussain MA, Drucker DJ, Bon-
ner-Weir S, Habener JF et al. (2000) Insulinotropic gluca-
gon-like peptide 1 agonists stimulate expression of home-
odomain protein IDX-1 and increase islet size in mouse
pancreas. Diabetes 49:741-748

90.Zhou J, Wang X, Pineyro MA, Egan JM (1999) Gluca-
gon-like peptide 1 and exendin-4 convert pancrteatic
ARA42] cells into glucagon- and insulin-producing cells.
Diabetes 48:2358-2366
91. Drucker DJ (2003) Glucagon-like peptides: regulators of
cell proliferation, differentiation, and apoptosis. Mol En-
docrinol 17:161-171
92. Perfetti R, Zhou J, Doyle ME, Egan JM (2000) Glucagon-
like peptide-1 induces cell proliferation and pancreatic-
duodenum homeobox-1 expression and increases endo-
crine cell mass in the pancreas of old, glucose-intolerant
rats. Endocrinology 141:4600-4605
93. Creutzfeldt WO, Kleine N, Willms B, Orskov C, Holst JJ,
Nauck MA (1996) Glucagonostatic actions and reduction
of fasting hyperglycemia by exogenous glucagon-like
peptide 1(7-36) amide in type I diabetic patients. Diabetes
Care 19:580-586
94.Brand CL, Jorgensen PN, Svendsen I, Holst JJ (1996) Ev-
idence for a major role for glucagon in regulation of plas-
ma glucose in conscious, nondiabetic, and alloxan-in-
duced diabetic rabbits. Diabetes 45:1076-1083
95. Petersen KF, Sullivan JT (2001) Effects of a novel glucagon
receptor antagonist (Bay 27-9955) on glucagon-stimulated
glucose production in humans. Diabetologia 44:2018-2024
96. Wettergren A, Schjoldager B, Mortensen PE, Myhre J,
Christiansen J, Holst JJ (1993) Truncated GLP-1
(proglucagon 78—107-amide) inhibits gastric and pancre-
atic functions in man. Dig Dis Sci 38:665-673
97.Nauck MA, Niedereichholz U, Ettler R, Holst JJ, Orskov
C, Ritzel R et al. (1997) Glucagon-like peptide 1 inhibi-
tion of gastric emptying outweighs its insulinotropic ef-
fects in healthy humans. Am J Physiol 273:E981-E988
98. Young A, Denaro M (1998) Roles of amylin in diabetes
and in regulation of nutrient load Nutrition 14:524-527
99.Flint A, Raben A, Astrup A, Holst JJ (1998) Glucagon-
like peptide 1 promotes satiety and suppresses energy in-
take in humans. J Clin Invest 101:515-520
100. Naslund E, Barkeling B, King N, Gutniak M, Blundell JE,
Holst JJ et al. (1999) Energy intake and appetite are sup-
pressed by glucagon-like peptide-1 (GLP-1) in obese men.
Int J Obes Relat Metab Disord 23:304-311
101. Gutzwiller JP, Drewe J, Goke B, Schmidt H, Rohrer B,
Lareida J et al. (1999) Glucagon-like peptide-1 promotes
satiety and reduces food intake in patients with diabetes
mellitus type 2. Am J Physiol 276:R1541-R1544
102. Rachman J, Barrow BA, Levy JC, Turner RC (1997) Near-
normalisation of diurnal glucose concentrations by contin-
uous administration of glucagon-like peptide-1 (GLP-1) in
subjects with NIDDM. Diabetologia 40:205-211
103. Nauck MA, Wollschlager D, Werner J, Holst JJ, Orskov
C, Creutzfeldt W et al. (1996) Effects of subcutaneous
glucagon-like peptide 1 (GLP-1 [7-36 amide]) in patients
with NIDDM. Diabetologia 39:1546-1553
104. Zander M, Madsbad S, Madsen JL, Holst JJ (2002) 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 359:824-830
105. Holst JJ (2002) Therapy of type 2 diabetes mellitus based
on the actions of glucagon-like peptide-1. Diabetes Metab
Res Rev 18:430-441
106. Baron A, Poon T, Taylor K, Nielsen L, Boies S, Zhou J et al.
(2003) Exenatide (synthetic exendin-4) showed marked
HbA1c decline over 5 months in patients with type 2 diabetes
failing oral agents in an open-label study. American Diabetes
Association, Late-breaking clinical studies, 3-LB (abstract)
107. Turner RC (1998) The U.K. Prospective Diabetes Study.
A review. Diabetes Care 21 [Suppl 3]:C35-8—C35-C38



