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Abstract 

The incretin effect—the amplification of insulin secretion after oral vs intravenous ad-
ministration of glucose as a mean to improve glucose tolerance—was suspected even 
before insulin was discovered, and today we know that the effect is due to the secretion 
of 2 insulinotropic peptides, glucose-dependent insulinotropic polypeptide (GIP) and 
glucagon-like peptide-1 (GLP-1). But how important is it? Physiological experiments have 
shown that, because of the incretin effect, we can ingest increasing amounts of amounts 
of glucose (carbohydrates) without increasing postprandial glucose excursions, which 
otherwise might have severe consequences. The mechanism behind this is incretin-
stimulated insulin secretion. The availability of antagonists for GLP-1 and most recently 
also for GIP has made it possible to directly estimate the individual contributions to post-
prandial insulin secretion of a) glucose itself: 26%; b) GIP: 45%; and c) GLP-1: 29%. Thus, 
in healthy individuals, GIP is the champion. When the action of both incretins is pre-
vented, glucose tolerance is pathologically impaired. Thus, after 100 years of research, 
we now know that insulinotropic hormones from the gut are indispensable for normal 
glucose tolerance. The loss of the incretin effect in type 2 diabetes, therefore, contributes 
greatly to the impaired postprandial glucose control.

Key Words: glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic polypeptide (GIP), hormone antagon-
ists, hormone coagonists, exendin 9-39

Bayliss and Starling, who in 1902 discovered secretin (1), 
the very first hormone, were convinced that not only the 
exocrine, but also the endocrine secretion from the pan-
creas, discovered by von Mering and Minkowski in 1889 
(2), was regulated by intestinal factors, and both they 

and other scientists investigated the hypoglycemic effects 
of intestinal extracts and secretin preparations. Thus, the 
incretin concept, the idea that the gut regulates glucose 
levels via effects on the endocrine pancreas, is older than 
insulin itself. Although Zunz and La Barre, like Bayliss 
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and Starling, were convinced that secretin was the most 
important hypoglycemic substance (3), they nevertheless 
tried to distinguish between “excretins” (stimulating the 
exocrine secretion from the pancreas) and “incretins” with 
predominant hypoglycemic effects. In those days, the physi-
ologists made many impressive and daring (and ethically 
problematic) experiments such as anastomosing a pancre-
atic vein from a donor dog to the jugular vein of a recipient 
dog, to demonstrate that blood glucose falls in the latter 
after injection of a secretin preparation into the donor dog, 
but it was only after the development of the radioimmuno-
assay for insulin (4) that it became possible to quantify 
and determine the importance of the incretin effect for in-
sulin secretion. In 1964, McIntyre and colleagues (5) re-
ported that intestinal administration of glucose elicited a 
much greater insulin response than intravenous (IV) in-
jections and they correctly deduced that intestinal factors, 
incretins, were responsible. In 1971, Brown and Dryburgh 
had sequenced a new peptide, gastric inhibitory polypep-
tide, GIP, isolated from impurities of cholecystokinin on 
the basis of its inhibitory effects on acid secretion from 
canine gastric pouches (6), but in 1973 Dupre and Brown 
identified the insulinotropic effects of GIP (7) (which, be-
cause the inhibitory effects on gastric secretion turned out 
not to be physiologically relevant, was renamed “glucose-
dependent insulinotropic polypeptide,” retaining the nice 
acronym, GIP). Many subsequent studies confirmed its 
insulinotropic actions, and in 1989, Nauck et  al could 
show in mimicry experiments that GIP fulfilled rigorous 
criteria for being a physiologically important incretin hor-
mone (8). Thus, GIP, infused intravenously in amounts that 
copied its plasma concentrations after oral glucose, had ef-
fects on insulin secretion that were similar to those elicited 
by the oral glucose.

But what about secretin? Secretin had been isolated and 
sequenced in Stockholm in 1970 by Mutt and colleagues 
(from extracts of intestines from 10 000 hogs) (9), and it 
was now possible to synthesize the peptide and develop 
radioimmunoassays. Infusion experiments clearly con-
firmed the old observations that secretin would stimulate 
insulin secretion (actually even in people with type 2 dia-
betes [10]), but the circulating concentrations of secretin 
were extremely low (1-2 pmol/L) and even after maximal 
stimulation with intraduodenal acid, they did not reach 
levels sufficient to stimulate insulin secretion (11). But 
there had to be other incretin(s). With the insulin radio-
immunoassay, it was possible to quantify accurately the 
incretin effect by comparing insulin responses to IV and 
oral administrations of glucose given in amounts that re-
sulted in identical glucose concentrations (isoglycemia), 
and it could be calculated that up to 70% of the response 
to oral glucose could be due to the incretin effect (12, 13). 

However, in animal experiments, immunoneutralization 
of GIP with potent antiserum samples did not eliminate 
the incretin effect (14), and in people with resections of 
different parts of the small intestine, there was no correl-
ation between the incretin effect and the GIP responses 
(15). Clearly, something was missing. The missing hormone 
was glucagon-like peptide-1 (16), a product of intestinal 
expression of proglucagon, the precursor of the pancre-
atic hormone glucagon. The gene encoding proglucagon is 
also expressed in the so-called L  cells, endocrine cells of 
the intestinal epithelium (17), where the precursor is pro-
cessed to release 2 glucagon-containing peptides, glicentin 
and oxyntomodulin, and 2 glucagon-like peptides, GLP-1 
and GLP-2 (18, 19). Of these products, oxyntomodulin and 
GLP-1 both are insulinotropic, but whereas the concentra-
tions of oxyntomodulin normally are too low to stimulate 
insulin secretion (20), the 100-fold more potent GLP-1 pro-
vides a very powerful stimulus (21) and in mimicry experi-
ments clearly qualified as a new incretin; actually, at first 
sight, more potent than GIP (22). Today, there is agreement 
that GLP-1 and GIP are the most important incretin hor-
mones, and it was determined early on that in mice with 
deletions of the receptors for both GIP and GLP-1, very 
little incretin effect remained (23). However, it is also clear 
that these mouse experiments do not tell us much about the 
importance of the incretin effect. After oral glucose gavage, 
there are observable differences between the glucose excur-
sions in animals with and without receptor deletions, but 
they are small and barely significant. In addition, it is pos-
sible that rodents, not the least mice, depend less on the 
incretin effect in their regulation of glucose homeostasis 
than humans and more on neural regulation (24, 25), and 
it is therefore questionable how much these experiments 
can tell us about human conditions.

The Importance of the Incretin Effect

So, how important is the incretin effect in people? This 
is really an important question, because one of the char-
acteristics of type 2 diabetes is a more or less complete 
loss of the incretin effect (13). This raises the ques-
tion whether type 2 diabetes is an incretin disease, al-
though the loss of the incretin effect does not usually 
top the list of pathogenic factors. The importance of the 
incretin effect in healthy individuals can be illustrated 
in experiments in which the so-called gastrointestinally 
mediated glucose disposal (GIGD [26]) is determined. 
The approach is simple: One measures the total amount 
of IV glucose that is required to mimic the plasma ex-
cursions after a given oral dose and compares the two. 
Using this technique, Nauck et  al (27) first showed 
that GIGD strongly depends on the amount of glucose 
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ingested. Thus, with 25-g glucose given orally, an infu-
sion of about 20 g of glucose was required to copy the 
plasma glucose response. However, with 50 g of glucose, 
it also took about 20 g to copy the curve, and with 75 g 
it also took 20 g to copy the curve. It follows that the 
plasma excursions after the 3 doses of oral glucose were 
virtually identical. In other words, the body is capable of 
disposing of orally ingested glucose so rapidly and effi-
ciently that the plasma glucose excursions remain con-
stant and low in spite of widely different amounts taken 
in. Thus, this gastrointestinal mechanism is capable of 
removing up to three-quarters of the absorbed glucose 
from the circulation. This shows how efficiently we nor-
mally regulate our postprandial glucose concentrations. 
But what is the mechanism behind this remarkable glu-
cose disposal? it turns out to be insulin secretion, which 
increases progressively with increasing glucose doses 
(27). In other words, the incretin effect secures normal 
and healthy postprandial glucose excursions almost no 
matter how large the dosing is (125 g has also been in-
vestigated with similar results [28]). Funnily enough, the 
importance of the incretin effect was nearly missed in 

some early studies (29); it was shown that a 25-g dose 
of glucose resulted in almost the same insulin secretion 
(measured as C-peptide) whether it was given intraven-
ously or orally, and it was concluded that the “incretin 
effect” was a hoax. But we now know that a) a dose of 
glucose as small as 25 g elicits a GIGD of only 20% (be-
cause it took 20 g of IV glucose to mimic the 25-g oral 
dose—see earlier), and b) IV administration gives a much 
larger plasma glucose response than oral dosing, ruining 
the principle of isoglycemia, and therefore the possibility 
to gauge the incretin response properly.

The incretin hormone responses were also deter-
mined in the cited dose-response experiments (Fig. 1) and 
show some interesting features (27, 28). GLP-1 secretion 
showed a dose response relationship that corresponded 
more or less with the insulin responses. GIP secretion 
was a bit different, showing an early rise to a peak value, 
which was more or less the same with all doses, and a 
subsequent plateau, the duration of which was propor-
tional to the glucose dose. This profile probably reflects 
the gastric emptying of glucose, which is regulated so as 
to ensure a relatively constant emptying rate of nutrients, 

Figure 1. Localization of glucose-dependent insulinotropic polypeptide (GIP)- and glucagon-like peptide-1 (GLP-1)-secreting cells in the gastrointes-
tinal tract (left) and secretion profiles of GIP, GLP-1, and insulin in response to ingestion of low (25 g), medium (50-75 g) or high (100-125 g) amounts 
of glucose (right). Curves adapted from Nauck et al (27) and Bagger et al (28).
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corresponding, in the case of glucose, to about 4 kcal/min 
(30, 31). Since this translates into a more or less constant 
exposure to glucose of the duodenal mucosa, from where 
most of the GIP is secreted, an enhanced secretion of GIP 
will be maintained as long as there is glucose left in the 
stomach. GLP-1 secretion occurs from slightly more distal 
gut segments, which means that most of the L  cells are 
likely to escape stimulation because of early absorption 
of glucose. Actually, the grossly exaggerated GLP-1 re-
sponses to more distal glucose exposure in patients with 
gastric bypass operations (32) is another illustration of 
this. Both the L  cells and the GIP-secreting K cells ex-
press the sodium-coupled glucose transporter, SGLT1, 
and their secretory responses can be demonstrated to de-
pend on this transportation. In this way, the secretion of 
the incretin hormones becomes proportional to the rate of 
glucose absorption in the gut segment, where this occurs. 
(33, 34).

The conclusion is that normal postprandial glucose tol-
erance to a very large extent is determined by the incretin 
effect, which in turn is due to the secretion of the incretin 
hormones. Thus, the stimulatory effect of glucose alone 
on insulin secretion is far from sufficient. As briefly men-
tioned earlier, the incretin effect is very much reduced or 
frankly missing in patients with type 2 diabetes, and one 
may ask why that is. When it became possible to measure 
the plasma concentrations of GIP and GLP-1, it was nat-
ural to look for secretion of these hormones in diabetes. 
There are strong indications that the postprandial secretion 
of GLP-1 is impaired in type 2 diabetes (35); perhaps not 
the early phase of meal responses (36), but particularly the 
late phase of the response, and the impairment is probably 
more related to the negative influence of obesity than it is 
related to diabetes. However, it is also clear that impaired 
secretion is not the most important explanation for the 
decreased incretin effect. Rather, the insulinotropic action 
of both hormones is impaired (37). The impaired incretin 
effect is a very early event in type 2 diabetes, but it is the 
prevailing concept that the defect develops in response to 

diabetes rather than being a primary deficiency (38). More 
about this later.

The evidence regarding the importance of the incretin 
hormones for glucose tolerance presented so far is based on 
the principles of the mimicry experiments: If we mimic the 
plasma profiles observed in vivo with infusions of glucose/
hormones, do we get the same responses? Although such 
experiments represent necessary conditions for conclu-
sions on causality, they are not sufficient. Other hormones 
could easily be involved and neural, renal, hepatic and, in 
fact, gut mechanisms could be overlooked. The double-
knockout experiments referred to previously could be con-
sidered sufficient evidence (with the trivial reservation that 
the receptors were truly knocked out and that knockout 
did not result in compensatory adaptations, which is more 
likely than not), but were not carried out in the relevant 
species. To solve the problem, the application of hormone 
receptor antagonists would be a useful approach. Such 
antagonists must be acceptable for human use, which is a 
major hindrance, but this has recently become possible for 
both hormones (Fig. 2).

Glucagon-Like Peptide-1 Receptor 
Antagonism

In 1992, Eng et  al isolated a 39 amino acid peptide, 
exendin-4, from the saliva of the Gila monster (Heloderma 
suspectum) (39), which was capable of activating receptors 
om pancreatic acinar cells, but also found that a truncated 
version, exendin 9-39 (40), could antagonize the actions 
of exendin-4 (39). Very soon after its discovery, exendin-4 
was demonstrate to be a full and potent agonist for the 
GLP-1 receptor, which had just been cloned, and the trun-
cated form, exendin 9-39 (Ex-9), was demonstrated to an-
tagonize the actions of exendin-4 as well as GLP-1 on the 
GLP-1 receptor (41) (see Fig. 2). Interestingly, exendin-4, 
which has about 50% sequence homology with mamma-
lian GLP-1 (regarding the first 30 amino acids) is not the 
GLP-1 of the Gila monster—this poisonous lizard has its 

Figure 2. Central events in the history of the 2 incretin receptor antagonists, exendin(9-39)NH2 and GIP(3-30)NH2.
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own GLP-1 (which is much closer to mammalian GLP-1) 
(42). Back to the antagonist: Two laboratories soon car-
ried out infusion experiments in humans of Ex-9 to elu-
cidate the role of the endogenous GLP-1 by blocking its 
receptor (43, 44). Regarding safety, these experiments 
went well, which is ironic considering that the use of syn-
thetic exendin-4 (exenatide) for diabetes therapy was 
subsequently suspected of causing acute pancreatitis (45)—
leading a Food and Drug Administration officer to remark 
in the New England Journal of Medicine (46) that this was 
an expected result considering the toxicity of being bitten 
by a Gila monster (the GLP-1 receptor agonists, including 
exendin-4, were later completely acquitted with respect to 
the pancreatitis suspicion [47]). Since then numerous ex-
periments have been carried out with Ex-9. Indeed, it is cur-
rently being developed as a therapeutic agent (avexitide) to 
prevent reactive postprandial hypoglycemia after bariatric 
surgery, which appears to be due to exaggerated GLP-1 se-
cretion and similarly exaggerated insulin responses, suffi-
cient to cause temporary hypoglycemia (ClinicalTrials.gov 
identifier: NCT03373435). In fact, avexitide was granted 
breakthrough therapy designation by the Food and Drug 
Administration in 2019 for this indication (postbariatric 
hypoglycemia).

In human experiments involving intraduodenal glu-
cose infusions, Ex-9 increases plasma glucose excursions, 
decreases insulin responses, and increases glucagon re-
sponses, which would be expected based on the actions 
of exogenous GLP-1 (43, 48). The results of Ex-9 infu-
sion in the fasting state and during simple oral glucose 
administration are less easy to understand, however. The 
infusions invariably elevate glucose concentrations and in-
crease glucagon concentrations (44), but insulin responses 
are more variable, and decreases as well as increases have 
been found. The increases in glucagon would be assumed 
to arise because of antagonism of GLP-1 receptors, but 
where? The α cells do not seem to express GLP-1 receptors 
(very few at least), and most people agree that the inhib-
ition would be due to a relief of the paracrine inhibition 
within the islets by somatostatin produced by neighboring 
δ cells, which express stimulatory GLP-1 receptors (49-
51). But in the fasting state there is not much GLP-1 se-
cretion. It has been shown that Ex-9 may act as an inverse 
agonist (52, 53), inhibiting the activity of the receptor it 
binds to, and in that case it is conceivable that Ex-9 may 
stimulate glucagon secretion by inhibiting the tonic activity 
of the δ cells (because of some constitutive activity of the 
GLP-1 receptor) to which the α cells are coupled in a para-
crine feedback loop (54). Stimulated insulin secretion after 
Ex-9 may then be due to a paracrine action of glucagon 
on the β cells via their glucagon receptors, potentiated 
by the increasing glucose levels (Fig. 3). This is not pure 

speculation: Glucose levels and glucagon concentration do 
increase during Ex-9 administration. In previously diabetic 
individuals who undergo gastric bypass surgery, Ex-9 in-
variably reduces meal-induced insulin responses and im-
pairs glucose tolerance, while increasing GLP-1 responses 
further (55); the GLP-1 increase seems to be due to inter-
ference with another paracrine interaction, this time in the 
gut between L cells and somatostatin-producing δ cells or 
somatostatinergic neurons (56), which are known to be 
stimulated by the increased GLP-1 secretion. When this 
effect of GLP-1 is blocked by Ex-9, somatostatin release 
falls and GLP-1 secretion increases.

What happens to GIP secretion during Ex-9 infusion? 
The answer is: nothing (57). This tells us that the K cells 
are not subject to a similar somatostatinergic regulation as 
the L cells, and that there is no “compensatory” increase in 
GIP secretion, when GLP-1 action is blocked.

Glucose-Dependent Insulinotropic 
Polypeptide Receptor Antagonism

Various methods for producing GIP antagonism have been 
implemented in animal experiments during previous dec-
ades, but only recently has it been possible to antagonize GIP 
action in humans (see Fig. 2). In a systematic search for an-
tagonistic effects of truncations and substitutions of the GIP 
sequence, a peptide with a high affinity for the GIP receptors, 
which also turned out to be a potent competitive antagonist, 
was identified, namely GIP 3-30 NH2 (58, 59). A truncated 

Figure 3. Exendin(9-39)NH2 actions on pancreatic δ (delta), α (alpha), 
and β (beta) cells, which can result in increased insulin secretion. 
Glucagon-like peptide-1 (GLP-1) receptors are red, glucagon recep-
tors are blue, and somatostatin receptors black. The yellow peptide 
is exendin(9-39)NH2, GLP-1 is red, glucagon is blue, and somatostatin 
black. Blockage of the GLP-1R on δ cells by exendin(9-39)NH2 prevents 
somatostatin inhibition of α cells. Increasing glucagon secretion may 
stimulate insulin secretion via the glucagon receptor in the β cells. 
Exendin(9-39)NH2 may also inhibit GLP-1 action on beta cells or act as 
inverse agonist.
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form of GIP, GIP 1-30 NH2, which is a full and equipotent 
agonist of the GIP receptor, had been known to exist for 
some time (60), and because GIP, like GLP-1, is substrate for 
the proteolytic activity of dipeptidyl peptidase-4 (DPP-4), an 
N-terminally truncated form of this molecule, GIP 3-30NH2, 
was predicted to exist. GIP 1-30 NH2 is found in the cir-
culation in very low picomolar concentrations (57), so the 
concentrations of endogenous GIP 3-30NH2 are likely to be 
similarly low. However, infused in sufficient quantities, the 
antagonist dose-dependently blocks all the actions of GIP to 
a very high degree (> 80%), be it on insulin secretion, stimu-
lation of adipose tissue blood flow and triglyceride uptake, or 
inhibition of bone resorption (61, 62). Whereas Ex-9 works 
equally well in experimental animals and humans, the GIP 
system shows clear differences between species, necessitating 
the use of species-specific agonists and antagonists in studies 
of GIP receptor–mediated activities (59).

Combinations of Glucose-Dependent 
Insulinotropic Polypeptide and Glucagon-
Like Peptide-1 Receptor Antagonism

In a recent study (57), antagonists of GIP and GLP-1 were 
combined in an attempt to finally define the incretin actions 
of the 2 hormones during an oral glucose tolerance test in 
healthy volunteers. Indeed, and as expected, both of the ant-
agonists significantly impaired glucose tolerance, and when 
given together their effects were additive, bringing the glu-
cose responses into the range of pathologically impaired 
glucose tolerance (peak levels increasing by ~ 3 mmol/L and 
2-hour values from 6.4 to 7.5 mmol/L), clearly confirming 
the importance of the incretin hormones for postprandial 
glucose tolerance. Their immediate effect on insulin secre-
tion was difficult to gauge because of the increasing blood 
glucose concentrations (compared to the saline control 

infusion). However, when C-peptide responses (as a more 
accurate measure of β-cell secretion) were adjusted for the 
different glucose responses, a clear impairment of glucose-
induced insulin secretion became apparent, more with the 
GIP antagonist GIP(3-30)NH2 than with Ex9, and again 
roughly additively with the combination of the 2 antag-
onists. In an accompanying editorial, Nauck and Meier 
calculated the individual contributions to the effects (63) 
and concluded that the incretin effect, deduced from the 
contributions of each of the components, was distributed 
with 26% from glucose alone (similar to the value found 
in traditional estimates of the incretin effect) and with 45% 
from GIP and 29% from GLP-1. These figures were subse-
quently confirmed by calculations from the individual data 
(Fig. 4) (64). Thus, it may be concluded that in healthy in-
dividuals, GIP is the most important incretin, perhaps con-
sistent with the proximal location of the K cells (duodenum 
and proximal jejunum) and their immediate dependence on 
the outflow of carbohydrate from the stomach, whereas the 
GLP-1 effect sets in when ingested glucose reaches a bit 
farther down into the intestine. Indeed, after a gastric by-
pass operation, as alluded to earlier, the nutritional load 
is pushed farther down the small intestine, and the GLP-1 
responses are huge (typically 10-fold increased), whereas 
GIP responses are unchanged, and almost all the increased 
insulin secretion disappears with Ex-9 (55). It should not 
be forgotten, as discussed previously, that Ex-9 is a difficult 
tool to work with; therefore, the quantitative data obtained 
may be somewhat misleading.

The Incretins and Type 2 Diabetes

As mentioned, patients with type 2 diabetes have an im-
paired or absent incretin effect, and in an experiment in 
patients with rather long-standing diabetes, infusions of 
the 2 hormones in amounts recapitulating normal meal 
responses, there was absolutely no effect on insulin se-
cretion during the conditions of a 15-mmol/L hyper-
glycemic clamp (65). In agreement with these findings, 
infusion of the GIP antagonist in patients with type 2 dia-
betes had no effect on postprandial glucose levels (66), 
whereas Ex-9 slightly increases postprandial glucose (67). 
Likewise, whereas even very high rates of GIP infusion 
had very little effects on insulin secretion and glucose 
turnover in additional individuals with type 2 diabetes 
(68), supraphysiological GLP-1 infusions were capable of 
restoring insulin secretion levels to values similar to those 
observed in healthy controls during glucose infusion 
alone (whereas glucose alone was similarly ineffective 
in the patients). The reason for this difference between 
the 2 incretin hormones is still unknown. In a careful 

Figure 4. Contribution of gut-derived factors to postprandial insulin 
secretion, expressed in per cent of the total C-peptide secretion (area 
under curve, 0-240 minutes) following ingestion of 75-g glucose orally 
with or without incretin receptor antagonist infusions in healthy indi-
viduals. Calculations performed by Gasbjerg et  al (64). GIP, glucose-
dependent insulinotropic polypeptide; GLP-1, glucagon-like peptide-1.
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dose-response study involving increasing infusion rates of 
GLP-1 on top of a step-wise clamping of plasma glucose 
at increasing levels, the slopes of the GLP-1 effects on 
the β-cell responsiveness to glucose (the latter calculated 
from cross-correlations of insulin secretion rates and glu-
cose clamp levels) could be determined (69). This slope 
was clearly impaired in patients compared to controls, 
even if adjusted to the estimated maximal β-cell perform-
ance. This clearly illustrated the decreased responsiveness 
of the diabetic β cells to GLP-1, but it also showed that 
GLP-1, even at relatively low infusion rates, was capable 
of restoring β-cell function to the same levels as those ob-
served in the controls given glucose alone (69). In other 
words, in patients with type 2 diabetes, supraphysiological 
administration of GLP-1 may improve β-cell secretion to 
levels similar to those of healthy controls in response to 
glucose alone (whose responses to combinations of glu-
cose and GLP-1 would, of course, be much larger). This 
effect of GLP-1 forms the background for its therapeutic 
use in patients with type 2 diabetes, in whom a GLP-1 
infusion may actually restore fasting glucose levels to 
completely normal levels (70). It must be emphasized, 
however, that the β-cell responses of the individual pa-
tient with type 2 diabetes depend strongly on the residual 
β-cell function, and in patients with very poor β-cell re-
serve, the effect of GLP-1 may not be sufficient to nor-
malize glucose levels (71). Thus, in patients with fasting 
glucose levels between 7 and 10  mmol/L, a “standard” 
1.2-pmol/kg × min infusion of GLP-1 was capable of 
completely normalizing glucose levels (72); in those with 
fasting glucose levels between 10 and 15 mmol/L, glucose 
levels were much improved and reached 6 to 7 mmol/L 
within 4 hours; and in those with fasting values greater 
than 15  mmol/L there was a decrease in glucose levels 
of up to 10  mmol/L, but in spite of extended infusion, 
levels did not fall below 8 mmol/L, indicating that even 
the slightest meal stimulus would bring glucose levels up 
again, so it would never be possible to cause a sufficient 
and lasting improvement in glycemic control in this way 
(72). In such a patient, a combination of basal insulin and 
GLP-1 works wonders (73).

As is evident from the process described earlier, the 
focus has been on the development of GLP-1 analogues for 
type 2 diabetes, whereas GIP was considered unattractive. 
Some experiments indicated that improved glycemic con-
trol in the patients might lead to recovery of some of the 
insulinotropic effects of GIP (74). But the truth is that 
these improvements were very small and far from levels 
that would be therapeutically relevant. However, more re-
cently monomolecular GIP/GLP-1 coagonists have been 
developed, and one of these, tirzepatide, showed very 

strong antidiabetic properties in phase 2 studies, exceeding 
those of an established, long-acting GlP-1 receptor agonist 
(dulaglutide), and it was suggested that its effectiveness was 
due to a combination of the GIP and the GLP-1 effect (75). 
The coagonist also has strong inhibitory effects on appetite 
and food intake (and eventually body weight), something 
that has never been observed in human studies with acute 
GIP administration (and it has not yet been excluded that 
the effect could be due solely to GLP-1 receptor agonism). 
In contrast, in other experimental studies, GIP antagon-
ists lowered body weight, particularly in combination with 
GLP-1 (76). The surprising effects of the coagonism are 
currently under intense investigation, and some studies in-
dicate that differential internalization of the GIP and GLP-1 
receptors after exposure to the coagonist may explain its 
unexpected effect (77). At any rate, the phase 3 studies with 
tirzepatide (78) support its suitability for therapy of type 
2 diabetes (according to press releases from Eli Lilly), and 
future studies will probably show whether GIP agonism or 
antagonism is preferable for metabolic interventions.

However, the incretin story presented here clearly shows 
that in healthy individuals the β cells do not work alone—for 
normal glucose tolerance, the gastrointestinal tract and the 
incretin hormones are absolutely indispensable. Although 
not expected originally, the incretin system also plays an im-
portant role in the regulation of food intake, and the most 
recent research has shown that GLP-1 receptor agonists 
and surprisingly also GIP/GLP-1 receptor coagonists have 
powerful effects on the treatment of not only diabetes but 
also obesity. The incretins certainly have come of age.
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