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ABSTRACT
Aims/Introduction: Glucose-dependent insulinotropic polypeptide (GIP) and glucagon-
like peptide-1 (GLP-1) are important incretin hormones. They are released from the gut
after meal ingestion and potentiate glucose-stimulated insulin secretion. Their release after
meal ingestion and oral glucose are well established and have been characterized
previously. During recent years, knowledge of other regulatory aspects that potentially
may affect GIP and GLP-1 secretion after meal ingestion have also begun to emerge.
Here, the results of human studies on these novel aspects of meal- and nutrient-
stimulated incretin hormone secretion are reviewed.
Materials and Methods: The human literature was revisited by identifying articles in
PubMed using key words GIP, GLP-1, secretion, meal, and nutrients.
Results: The results show that all macronutrients individually stimulate GIP and GLP-1
secretion. However, there was no synergistic action when given in combination. A pre-
load 30 min before a meal augments the GIP and GLP-1 response. GIP and GLP-1
secretion have a diurnal variation with a higher response to an identical meal in the
morning than in the afternoon. There is no difference in GIP and GLP-1 secretion whether
a meal is ingested slowly or rapidly. GIP and GLP-1 secretion after dinner are the same
whether or not breakfast and lunch have been ingested. The temperature of the food
may be of importance for the incretin hormone response.
Conclusions: These novel findings have increased our knowledge on the regulation of
the complexity of the incretin system and are also important knowledge when designing
future studies.

INTRODUCTION
Glucose-dependent insulinotropic polypeptide (GIP) and
glucagon-like peptide-1 (GLP-1) are produced in enteroen-
docrine cells, released into the blood after meal ingestion and
regulate islet function through the important incretin action, as
reviewed recently1–4. Some aspects of the secretion of GIP and
GLP-1 after meal ingestion have been established after results
in several studies, including the effects and mechanisms of indi-
vidual nutrients in a meal1–9, the reduced GIP and GLP-1
secretion in insulin resistance10, and the largely preserved GIP
and GLP-1 secretion in type 2 diabetes1–3,11,12. However, in
recent years, knowledge of other regulatory aspects that also

may potentially affect GIP and GLP-1 secretion after meal
ingestion have begun to emerge, such as potential diurnal regu-
lation13, dependency on the length of the preceding fast14,15,
the rapidity of meal ingestion16 and the meal size17. Here we
have reviewed these novel aspects of meal- and nutrient-
stimulated incretin hormone secretion in humans. We have
undertaken a survey of the literature by identifying articles in
PubMed using key words GIP, GLP-1, secretion, meal, and
nutrients, and we have revisited some of our own earlier studies
on these aspects.

GIP AND DLP-1 SECRETION AFTER A MIXED MEAL
Glucose-dependent insulinotropic polypeptide was discovered
in 196918 and GLP-1 was discovered in 198319. Very early afterReceived 13 November 2022; accepted 30 November 2022
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their discoveries it was shown that their plasma levels increased
after meal ingestion20,21. This has subsequently been repeated
in many studies and summarized in excellent reviews1–4. Since
the intact forms of GIP and GLP-1 that are released are rapidly
inactivated by dipeptidyl peptidase-421, the half-lives of the
intact forms of the two hormones are only �7 and 2 min,
respectively22,23. It is therefore important to measure both the
intact and inactivated forms (i.e., the ‘total’ forms) of the hor-
mones for an estimation of the total secretion after a meal24,25.
In the following review, it is the total GIP and total GLP-1 that
have been measured when we discuss incretin hormone secre-
tion, unless otherwise stated.
It has been demonstrated repeatedly that GIP and GLP-1

secretion increase within 10 min after a mixed meal ingestion
and reach their maxima after 30–45 min1,2,13–17,20,21,26. To char-
acterize the pattern of GIP and GLP-1 secretion, we have taken
advantage of a cohort of 12 healthy subjects who ingested the
same breakfast on three different occasions13. We measured
total GIP and total GLP-1 levels after the meal ingestion, which
allowed the characterization of GIP and GLP-1 secretion with a
minimized intraindividual variation. The results of the mean
GIP and GLP-1 levels are shown in Figure 1. It is seen that
both GIP and GLP-1 levels increase after meal ingestion. The
increase in total GIP and GLP-1 levels was rapid for both, as
there was already a significant increase after 5 min. This result
shows first that the GIP and GLP-1 producing cells are

stimulated within minutes after a meal ingestion, and, second,
that the two incretin hormones are released in parallel after
meal ingestion, although GIP levels achieve approximately 3
times higher values than GLP-1 levels. The rapid stimulation of
GIP and GLP-1 secretion is thought to be achieved by nutrients
rapidly reaching the enteroendocrine cells potentially in combi-
nation with an activation of the enteric nervous system27.
We also estimated the 30 min area under the curve (AUC)

for GIP and GLP-1 and estimated the coefficiency of variation
(CV) for these measures, since the test was repeated three times
in all subjects. The CV values were 18.2% for AUCGIP and
19.9% for AUCGLP-1. Also the glucose and insulin levels
increased after meal ingestion (Figure 1). GIP, GLP-1, glucose,
and insulin levels all increased linearly during the first 30 min.
The linear relation between the concentrations and time for the
parameters during the first 30 min after meal ingestion was
2.0t + 8.4 pmol/L for GIP, 0.4t + 12.9 pmol/L for GLP-1,
0.5t + 4.4 mmol/L for glucose, and 13t + 28 pmol/L for insu-
lin, where t is minutes. This means that for each minute during
the first 30 min after breakfast, there was an increase in the
GIP levels of 2.0 pmol/L, in GLP-1 levels of 0.4 pmol/L, in glu-
cose levels of 0.5 mmol/L, and in insulin levels of 13 pmol/L.

GIP AND GLP-1 SECRETION OVER THE DAY
Incretin hormones are released not only after breakfast, but
after all meals throughout the day28,29. This was confirmed
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Figure 1 | GIP, GLP-1, glucose, and insulin levels after ingestion of a standardized breakfast consisting of 524 kcal (63% from carbohydrates, 19%
from proteins, 18% from fat) as rye and wheat bread (60 g), margarine (10 g), ham (15 g), cheese (15 g), orange juice (150 g), green pepper
(40 g), light sour milk, fat 0.5% (200 g), and muesli with fruit (40 g) in 12 healthy non-diabetic men (mean age 22 years, mean BMI 22.7 kg/m2).
Data are mean – SEM for 36 tests in the 12 subjects, three tests in each subject. Original data from reference13 and previously unpublished from
the same project.
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in one study, when the 24 h secretion of GIP and GLP-1
after ingestion of standardized breakfast, lunch, and dinner
were examined in 24 subjects with well-controlled
metformin-treated type 2 diabetes30. Figure 2 shows that after
all meals, there was a typical pattern of increase in the GIP
and GLP-1 levels. However, the relative magnitude of the
responses after breakfast, lunch, and dinner was different
between GIP and GLP-1. Thus, GIP levels increased to their
highest values after the lunch meal, whereas GLP-1 levels
increased to their maximum after breakfast. This is also illus-
trated in Figure 2 where the relative contribution of 3 h
AUC for GIP and GLP-1 after each of the three meals to
the total post meal AUC over the day is displayed in a pie
chart. It is seen that the contribution to the 24 h postpran-
dial GIP secretion was larger after lunch (42%) than after
breakfast (24%) and dinner (34%), whereas the contribution
to the 24 h postprandial GLP-1 secretion was larger after
breakfast (38%) than after lunch (31%) and dinner (31%). A
similar finding with the highest GIP levels after lunch has
been demonstrated before, whereas in that study, the peak
GLP-1 levels after each meal were similar28. A difference
between the meals over the day is the composition which
may explain the different release patterns over the day for
GIP and GLP-1 and may, perhaps, indicate that the relative
importance of GIP vs GLP-1 varies over the day.

GIP AND GLP-1 SECRETION AFTER INDIVIDUAL
MACRONUTRIENTS
Several studies have now demonstrated that individual
macronutrients in a meal stimulate both GIP and GLP-1
secretion8,9,15,31. The secretion of GIP and GLP-1 after oral glu-
cose administration was demonstrated early after their discover-
ies32,33 and has been repeated in many studies over the
years1–5,7. Commonly, a 75 g glucose test has been used, but
also other glucose doses have been used9 and as little as 25 g
glucose also results in a robust stimulation of GIP and GLP-1
secretion34. The response to oral glucose is rapid and propor-
tional to the emptying of the stomach2. Also fat ingestion stim-
ulates GIP and GLP-1 secretion as has been demonstrated after
oral intake of corn oil31,35, oleic acid36, or double cream29. Fur-
thermore, protein administration in terms of beef extract35,
milk and egg protein36 and purified whey proteins34 stimulate
GIP and GLP-1 secretion, whereas ingestion of a grilled lean
turkey, while increasing GLP-1 levels, did not increase the GIP
levels29. Oral ingestion of an amino acid mixture increased
plasma levels of GIP but not GLP-137. This suggests that for
protein ingestion, the resulting effect on incretin hormone
secretion may depend on the degradation of the protein to
smaller peptides and amino acids, which may differ between
protein sources, as reviewed recently38, and also differently
impact GIP and GLP-1 secretion.
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Figure 2 | GIP and GLP-1 levels after ingestion of standardized breakfast (525 kcal; 60% from carbohydrate, 20% from protein and 20% from fat),
lunch (780 kcal; 40% from carbohydrate, 25% from protein, 35% from fat), and dinner (560 kcal; 40% from carbohydrate, 25% from protein, 35%
from fat) in 24 subjects with metformin-treated type 2 diabetes (mean age 63 years, BMI 31 kg/m2, HbA1c 45 mmol/mol). Mean – SEM are shown.
Pie chart shows the numerical proportion of 3 h postmeal area under the curves for GIP and GLP-1 after breakfast, lunch, and dinner. Original data
from reference30.
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Nutrients use different mechanisms to stimulate insulin
secretion as reviewed by Gribble and Reimann6. Thus, glucose
is absorbed through sodium glucose transporter 1 (SGLT-1) fol-
lowed by intracellular metabolism, long-chain fatty acids acti-
vate free fatty acid receptors 1 (FFAR1), monoglycerides active
the G protein coupled receptor 119 (GPR119), and amino acids
and small peptides stimulate enteric hormone secretion through
the calcium sensing receptor (CASR). Therefore, several meal
components, when given alone, stimulate GIP and GLP-1
secretion through different signaling mechanisms.
To compare the relative effects of macronutrients on GIP

and GLP-1 secretion requires that they are administered in the
same study. We performed such a study in which the GIP and
GLP-1 levels were compared after ingestion of glucose (83 g),
whey protein (30 g), and a mixture of long chain triglycerides
(12 g), alone and together, in 18 healthy subjects with a mean
age of 62 years, and a mean BMI of 25 kg/m2 39. The design
of the study allowed conclusions on both the relative potency
of the individual macronutrients as well as whether there is a
synergistic effect when they are given together. We have here
revisited this study and Figure 3 shows the data after giving the
individual macronutrients. It is seen that GIP and GLP-1 levels
increased after ingestion of all three macronutrients with a peak
level after 30 min. After glucose and fat ingestion, suprabasal
AUCGIP during the first 30 min was significantly higher than
AUCGLP-1, whereas AUCGIP and AUCGLP-1 did not differ sig-
nificantly after protein ingestion. It can therefore be concluded
that carbohydrate, protein, and fat all stimulate GIP and GLP-1
secretion, that GIP secretion is stimulated more potently than
GLP-1 secretion by fat and glucose ingestion, and that GIP and
GLP-1 secretion are stimulated to a similar potency after pro-
tein ingestion. Furthermore, the study also explored the effect
of giving all macronutrients together, and it was found that
GIP and GLP-1 levels increased even further than when the
individual nutrients had been ingested. However, there was no
synergistic action of nutrients when given together.

INFLUENCE OF THE TIME OF THE DAY, RAPIDITY OF
MEAL INGESTION, CALORIC LOAD, AND
TEMPERATURE ON GIP AND GLP-1 SECRETION
Most studies on meal-related GIP and GLP-1 secretion have
examined the responses to breakfast ingested in the morning
after an overnight fast. However, since the incretin hormones
are secreted after each meal, it is of interest to also explore the
regulation of GIP and GLP-1 secretion at times of the day
other than the morning. This is of particular importance since
we have shown that there is a diurnal variation in the meta-
bolic responses to the same meal ingested at different times
over the day. We thus compared the GIP and GLP-1 responses
to a standardized breakfast (524 kcal) when ingested at 8 am
vs at 5 pm in healthy subjects13. When the breakfast was
ingested at 5 pm, no lunch was ingested to allow a similar
length of fast before meal ingestion in the two conditions. It
was found that GIP secretion was 85% higher and GLP-1
secretion was 25% higher when the breakfast was ingested in
the morning vs in the afternoon (Figure 4). This result there-
fore suggests that there is a diurnal pattern of incretin hormone
secretion. This coincided with the glucose response to the
breakfast which was lower in the morning than in the after-
noon.
Another study examined whether the rapidity of a meal

ingestion would affect the GIP and GLP-1 responses. However,
this was not the case since a rapid ingestion of a breakfast
within 5 min had the same incretin hormone response as a
more slow ingestion over 12 min16 (Figure 4). We also exam-
ined the influence of caloric load on GIP and GLP-1 responses
by serving a lunch meal with the same composition but with a
different caloric content (511, 743, and 1,034 kcal with 50%
from carbohydrates, 18% from protein, and 32% from fat)17. A
limitation in this study is, however, that we only measured the
intact (active) forms of the hormones, and therefore this study
does not compare GIP and GLP-1 secretion, but instead the
active GIP and GLP-1 responses. In any case, as expected, the
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Figure 3 | GIP and GLP-1 levels after oral ingestion of glucose (83 g), whey protein (30 g), and fat emulsion with 50% long-chain triglycerides
(24 mL) in 18 healthy non-diabetic subjects, mean age 62 years, mean BMI 25 kg/m2, after an overnight fast. Right figure shows area under the
GIP and GLP-1 curves (AUC) for the first 30 min after nutrient ingestion. Mean – SEM are shown. Asterisks indicate probability level of random
difference between AUCGIP and AUCGLP-1 after each nutrient ingestion; *P < 0.05, **P < 0.01. Original data reported in reference39.
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intact GIP and GLP-1 responses increased by increasing the
meal size, as shown in Figure 417. By calculating how much the
increased caloric load increased GIP and GLP-1 responses, the
30 min AUC for GIP increased by 85 – 8 pmol/L min per
100 kcal, and the corresponding factor for AUCGLP-1 was
21 – 3 pmol/L min per 100 kcal. This confirms a previous
study that the caloric delivery of a meal to the gut is a regula-
tory factor for incretin hormone responses40.
It was also recently examined whether the temperature of

food ingredients affects the incretin hormone responses41. In
the study, 19 healthy subjects and 22 subjects with diabetes
were served a 75 g glucose solution which was either hot
(59°C) or cold (8°C). It was found that the glucose responses
were higher after the hot glucose load in both groups. In con-
trast, GIP levels were not different between the hot and cold
challenge, whereas the GLP-1 levels were lower after hot than
after cold glucose in healthy subjects but not in subjects with
type 2 diabetes. The mechanisms for these effects are not
known but may be associated with effects on gastric emptying

or on glucose absorption. In any case, the study shows that
food temperature may be important for the incretin hormone
responses to food ingestion.

EFFECT OF PRE-LOAD AND PRE-MEAL FASTING ON
GIP AND GLP-1 SECRETION
It has been demonstrated that the incretin hormone response
to a mixed meal is augmented if the meal had been preceded
by ingestion of a protein pre-load before the meal. This was
first demonstrated in 2009 in eight subjects with type 2 dia-
betes. A 55 g whey protein pre-load 30 min before a mixed
300 kcal breakfast augmented the GIP and GLP-1 responses to
the breakfast42. A similar study was performed in 2014 in 15
subjects with type 2 diabetes43. In that study, the subjects were
served a mixed 330 kcal breakfast with or without a preceding
50 g whey protein load 30 min before. It was found that the
GLP-1 response was more than two-fold higher if the breakfast
had been preceded by a pre-load; the 30 min AUCGLP-1 after
the breakfast was 642 – 64 pmol/L in the control situation and
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Figure 4 | Area under the curve (AUC) for concentrations of total GIP and total GLP-1 (blue bars) or intact GIP and intact GLP-1 levels (green bars)
during the first 30 min after meal ingestion. In the ‘diurnal’ study, standardized breakfast (524 kcal, 60% from carbohydrates, 20% from proteins,
20% from fat) was ingested at 8 am or 5 pm in 12 young healthy subjects (mean age 22 years, original data from reference13). In the ‘prolonged
fast’ study, standardized dinner (690 kcal, 40% from carbohydrates, 25% from proteins, 35% from fat) was ingested at 5 pm following 4, 8, or 18 h
fast in 12 healthy non-diabetic subjects (mean age 22 years; original data from reference15 and previously unpublished). In the ‘rapid/slow’ study,
standardized breakfast (524 kcal, 60% from carbohydrates, 20% from protein, 20% from fat) was ingested at 8 am after an overnight fast, either
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nal data from reference16). In the ‘calories’ study, a lunch with standardized composition (carbohydrate 50%, protein 18%, fat 32%) in three different
sizes (511, 743, and 1,034 kcal) was ingested at 1 pm after a standardized breakfast had been given in 24 young, healthy, non-diabetic subjects
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1,631 – 114 pmol/L min when the pre-load was added43. Simi-
larly, a study in 2016 reported that a 25 g whey protein pre-
load 60 min before a breakfast consisting of 65 g powdered
potato, 20 g glucose, and one egg yolk augmented both GIP
and GLP-1 responses to the breakfast44. Hence, following a
30 min pre-load the GIP and GLP-1 response to breakfast was
augmented. The reason is probably that amino acids and small
bioactive peptides released by the protein preload have stimu-
lated GLP-1 secretion45.
Whether the length of the preceding fast period before a

meal affects the incretin hormone responses has also been
examined. The interest in this topic was initiated by a study in
subjects with type 2 diabetes which showed that the GLP-1
response to a lunch was reduced if breakfast had not been
ingested, and this was associated with higher glucose levels14.
This was later confirmed in healthy subjects46. This would sug-
gest that a prolonged fasting reduces a subsequent GLP-1
response which may be caused by metabolic perturbations by
the fasting, such as increased levels of free fatty acids and/or
glucagon, or the results might be explained by changes in the
circadian rhythm by omitting breakfast. A limitation in that
study, however, was that it was only the intact form of GLP-1
that was measured, and, therefore, the results could also be
explained by regulation of GLP-1 inactivation rather than by
GLP-1 secretion. To examine whether it is the secretion that is
perturbed, whether this difference is seen also for GIP secretion,
and to examine whether the importance of the length of the
fast is of relevance also for the incretin hormone responses to
dinner ingestion, we performed a study in healthy subjects in
which the total forms of both GIP and GLP-1 were measured
after dinner when a preceding lunch was omitted. We found,
however, that prolonging the fast from 4 to 9 h by omitting
lunch did not affect the GIP or GLP-1 response to dinner15.
Also, in the same subjects, we further prolonged the fasting
period by omitting also breakfast, i.e., the subjects ingested din-
ner at 5 pm with a fast for 18 h (previously unpublished). Fig-
ure 4 shows the GIP and GLP-1 responses to a dinner under
these three different conditions: a regular dinner with preceding
intake of breakfast and lunch (4 h fast), a dinner with a pre-
ceding breakfast but no lunch (8 h fast), or a dinner without a
preceding breakfast or lunch (18 h fast). The responses were
very similar under these three conditions with no significant
difference at any of the individual time points. From these
results, we therefore conclude that at least up to 24 h, a preced-
ing fast does not affect the incretin hormone response to a din-
ner meal in healthy subjects.

CONCLUSIONS
While the stimulation of GIP and GLP-1 secretion after meal
ingestion and oral glucose have been known and characterized
for a long time, and, in fact, is the basis for the incretin effect,
many novel aspects of the regulation of the secretion have
emerged only during the recent decade. This review has summa-
rized some of these novel aspects and the main conclusions are:

• GIP and GLP-1 secretion after meal ingestion are rapid and
increased levels are already seen 5 min after the start of
ingestion with maximum levels after 30–45 min,

• All macronutrients individually stimulate GIP and GLP-1
secretion but there is no synergistic addition of their effects
when they are given in combination,

• A protein ingestion as a pre-load 30 min before a meal aug-
ments the GIP and GLP-1 response to the meal,

• GIP and GLP-1 secretion have diurnal variations with a
higher response to an identical meal in the morning than in
the afternoon,

• There is no difference in GIP and GLP-1 secretion whether a
meal is ingested slowly or rapidly,

• GIP and GLP-1 secretion after dinner are the same whether
or not breakfast and lunch had been ingested on the same
day,

• The temperature may be important for incretin hormone
secretion.

The knowledge presented and summarized here therefore
underscores the complexity of the regulation of GIP and GLP-1
secretion and is important not only for understanding the regu-
lation of incretin hormone secretion but also for the design of
standardized studies.
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