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Abstract
Aims/hypothesis Glucagon-like peptide 1 (GLP-1) reduces appetite and energy intake in humans, whereas the other incretin
hormone, glucose-dependent insulinotropic polypeptide (GIP), seems to have no effect on eating behaviour. Interestingly, studies
in rodents have shown that concomitant activation of GIP and GLP-1 receptors may potentiate the satiety-promoting effect of
GLP-1, and a novel dual GLP-1/GIP receptor agonist was recently shown to trigger greater weight losses compared with a GLP-1
receptor agonist in individuals with type 2 diabetes. The aim of this study was to delineate the effects of combined GIP and GLP-
1 receptor activation on energy intake, appetite and resting energy expenditure in humans.
Methods We examined 17 overweight/obese men in a crossover design with 5 study days. On day 1, a 50 g OGTT was
performed; on the following 4 study days, the men received an isoglycaemic i.v. glucose infusion (IIGI) plus saline
(154 mmol/l NaCl; placebo), GIP (4 pmol kg−1 min−1), GLP-1 (1 pmol kg−1 min−1) or GIP+GLP-1 (4 and
1 pmol kg−1 min−1, respectively). All IIGIs were performed in a randomised order blinded for the participant and the investiga-
tors. The primary endpoint was energy intake as measured by an ad libitum meal after 240 min. Secondary endpoints included
appetite ratings and resting energy expenditure, as well as insulin, C-peptide and glucagon responses.
Results Energy intake was significantly reduced during IIGI+GLP-1 compared with IIGI+saline infusion (2715 ± 409 vs 4483 ±
568 kJ [mean ± SEM, n = 17], p = 0.014), whereas there were no significant differences in energy intake during IIGI+GIP (4062
± 520 kJ) or IIGI+GIP+GLP-1 (3875 ± 451 kJ) infusion compared with IIGI+saline (p = 0.590 and p = 0.364, respectively).
Energy intake was higher during IIGI+GIP+GLP-1 compared with IIGI+GLP-1 infusion (p = 0.039).
Conclusions/interpretation While GLP-1 infusion lowered energy intake in overweight/obese men, simultaneous GIP infusion
did not potentiate this GLP-1-mediated effect.
Trial registration ClinicalTrials.gov NCT02598791
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Introduction

The gut-derived incretin hormones, glucose-dependent
insulinotropic polypeptide (GIP) and glucagon-like peptide 1
(GLP-1), are important regulators of postprandial metabolism
and act in concert to promote deposition of nutrients [1].
Infusion studies have established GLP-1 as a potent regulator
of appetite and energy intake in humans [2, 3]. Moreover,
GLP-1 receptor activation may increase resting energy expen-
diture (REE) in humans [4, 5]. In contrast, studies with GIP
infusions have not revealed any independent effects on appe-
tite, energy intake or REE in humans [6]. Surprisingly, rodent
data have shown that GIP and GLP-1 receptor co-activation

elicits a synergistic effect with regard to energy intake: poten-
tiating the satiety-promoting and body weight-reducing effects
of GLP-1 [7–9]. The interest in GIP and GLP-1 receptor co-
activation emerged when Finan and colleagues showed, in
diet-induced obese mice, that co-administration of GIP and
GLP-1 receptor agonists decreased body weight and energy
intake to a greater extent than that elicited by either agonist
alone [7]. Following these results, unimolecular dual GIP/
GLP-1 receptor co-agonists were developed, also showing su-
perior reductions in energy intake and body weight in diet-
induced obese mice compared with administration of the
GLP-1 receptor agonists exendin-4 and liraglutide, respective-
ly [7]. In line with the results obtained by Finan and colleagues,
Gault and colleagues found in ob/ob mice that whereas daily
administration of either liraglutide or N-AcGIP(Lys37Myr)
alone did not alter body weight or energy intake, the combina-
tion (Lira-AcGIP) significantly reduced both body weight and
energy intake [8]. In addition, Nørregaard et al showed that co-
administration of liraglutide and a novel GIP receptor agonist
resulted in significant reductions in energy intake and body
weight in diet-induced obese mice compared with liraglutide
alone [9]. Only one study has so far evaluated the effects of co-
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infusion of GIP andGLP-1 on appetite, energy intake andREE
in humans and, because of a small sample size and thereby
high risk of statistical type 2 error, no firm conclusions could
be drawn [10].

In the present study, we evaluated the effects of separate
and combined infusions of GIP and GLP-1 on energy intake,
appetite and REE in overweight/obese men.

Methods

Research design, approval and ethics The study was designed
as a randomised, double-blind, placebo-controlled, crossover
study and was conducted from September 2015 to
July 2016 at Clinical Metabolic Physiology, Steno Diabetes
Center Copenhagen, Gentofte Hospital, Hellerup, Denmark.
The study was approved by the Scientific-Ethical Committee
of the Capital Region of Denmark (ID no. H-15008790) and
the Danish Data Protection Agency (J. No.: 2012-58-0004)
and registered at ClinicalTrials.gov (registration no.
NCT02598791). The study was conducted in accordance
with the Declaration of Helsinki as revised in 2008. Oral and
written consent were obtained from all participants before
inclusion.

Study participantsEligible study participants were white men,
aged 25–70 years, with BMI 25–40 kg/m2. Exclusion criteria
included diabetes or prediabetes (defined as HbA1c ≥ 6.1%
[≥43 mmol/mol]), anaemia, gastrointestinal disease that could
interfere with the endpoint variables, anorexia, bulimia or
binge-eating disorder, allergy or intolerance to the ingredients
included in the standardised meals, tobacco smoking, and any
physical or psychological condition that the investigator felt
would interfere with trial participation.

Experimental procedures, randomisation and blinding The
study included 5 study days for each participant. On study
day 1, a 50 g OGTTwas performed. On the following 4 study
days glucose was infused, aiming at copying the plasma glu-
cose excursions from the OGTT (isoglycaemic i.v. glucose
infusions [IIGIs]) during simultaneous infusion of GIP,
GLP-1, GIP+GLP-1 or saline (154 mmol/l NaCl; placebo).
All IIGIs were performed in a randomised order with at least
72 h between each study day. The randomisation order follow-
ed a prespecified random-numbers table generated fromwww.
random.org. The randomisation order was blinded for the
participants and investigators, and generated independently
for each study participant by a third person who was not
involved in participant enrolment or data collection.

All participants were instructed to abstain from alcohol and
strenuous physical exercise for 48 h prior to the study days to
ensure filled glycogen stores. To standardise baseline appetite
and macronutrient balance, participants were given a

standardised meal for dinner the evening before each study
day (552 g pasta Bolognese; energy content per 100 g:
616 kJ; 5.9 g fat, 17 g carbohydrates, 5.6 g protein). After
the meal, the participants were asked to remain fasting. On
the study day, the participants rested in a supine position with
a slight elevation of the head. A cannula was inserted in a
cubital vein for infusions, and another cannula was inserted
in a contralateral vein for blood sampling. The forearm, from
which blood samples were drawn, was wrapped in a heating
pad for arterialisation of the venous blood.

At time point 0 min, an OGTT or infusion of 20% glucose
(wt/vol. solution; Fresenius Kabi, Uppsala, Sweden) was
started, as well as infusion of either placebo (saline), GIP
(4 pmol kg−1 min−1), GLP-1 (1 pmol kg−1 min−1) or GIP+
GLP-1 (4 and 1 pmol kg−1 min−1, respectively). The infusions
were ended when the participants had finished eating from the
ad libitum meal (see below).

Incretin infusions Synthetic human GIP(1-42) and GLP-1(7-
36) were purchased from PolyPeptide Laboratories
(Strasbourg, France). The peptides were ≥96% pure. At the
pharmacy of the Capital Region of Denmark, Herlev,
Denmark, the hormones were dissolved in sterilised water
containing 1% human serum albumin and dispensed into vials
with enough peptide per vial for 1 study day. The contents of
the vials were tested for endotoxins and sterility. The vials
were stored at −20°C until use. On the morning of each study
day, the infusions were prepared by a third person diluting the
peptide solution or 0.9% saline in 0.9% saline (9 mg/ml;
Fresenius Kabi) with 0.5% human albumin (5% solution;
CSL Behring, Lyngby, Denmark) to a total of 250 ml each.

Energy intake The ad libitum meal was served 240 min after
glucose ingestion or the start of the infusion and consisted of
pasta Bolognese (same energy content per 100 g as the
standardised dinner served the night before), served together
with 500 ml of water. Participants were instructed to eat until
they felt comfortably full. The food was weighed before and
after the meal, and the difference in weight was used to cal-
culate the total energy intake (primary endpoint).

Ratings of REE and RQREE and RQweremeasured by indirect
calorimetry using a tight facemask connected to a calorimeter,
measuring gas exchange breath by breath (CCM Express,
MedGraphics, Medical Graphics Corp, St Paul, MN, USA).
Indirect calorimetry was performed for 15 min at baseline
(time point −15 to 0 min) and after 210 min of infusion. The
calorimeter was calibrated before each measurement.

Appetite ratings Every 30 min throughout the study day, the
participants rated their feelings of hunger, satiety, fullness,
prospective food consumption, comfort, nausea and thirst on
100 mm visual analogue scales.
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Blood samples and analysis For glucose measurements, blood
was sampled every 5–15 min into fluoride tubes and centri-
fuged immediately at 7400 g for 45 s at room temperature.
Plasma glucose was measured at the bedside using the glucose
oxidase method (Yellow Spring Instrument model 2300 STAT
Plus analyser; YSI, Yellow Springs, OH, USA). For the re-
maining blood analyses, samples were drawn at time −30, 0,
15, 30, 45, 60, 90, 120, 150, 180, 210 and 240 min. For
analyses of GIP, GLP-1 and glucagon, blood was collected
into chilled tubes containing EDTA and a specific dipeptidyl
peptidase 4 inhibitor (valine-pyrrolidide, 0.01 mmol/l final
concentration; a gift from Novo Nordisk, Måløv, Denmark).
The samples were immediately cooled on ice and centri-
fuged at approximately 2900 g and 4°C for 15 min. The
samples were stored at −20°C until analysis by RIAs, as
previously described [11, 12]. For analyses of insulin and
C-peptide, blood was collected into tubes containing se-
rum clot activator and was left to coagulate for at least
20 min at room temperature before centrifugation at ap-
proximately 2900 g and 4°C. Afterwards, the samples
were stored at −80°C until analysis using a two-sided
electrochemiluminescence immunoassay (ADVIA
Centaur CP, Siemens Healthcare, Ballerup, Denmark).

Statistical analysis and calculations According to our sample-
size calculation, 17 participants were needed to detect a dif-
ference in energy intake from the ad libitum meal of at least
500 kJ with a power of at least 80%, a two-sided significance
level of 5% and a within-subject SD of 734 kJ, based on data
from Gregersen et al [13]. To ensure enough power, 18 par-
ticipants were included and in case of dropouts it was
predefined that the participants should be replaced. Unless
otherwise stated, data are presented as means ± SEM.
p < 0.05 was considered statistically significant. AUC was
calculated using the trapezoidal rule. Insulin secretion rates
(ISRs) were calculated using the ISEC formula as previously
described [14]. Insulin resistance was calculated using
HOMA based on fasting plasma glucose and C-peptide
values obtained at the screening visit (HOMA2-IR calcu-
lator: www.dtu.ox.ac.uk/homacalculator). The combined
appetite score was calculated as (hunger + prospective
food consumption + [100 – satiety] + [100 – fullness]/4)
[14, 15]. For analyses of differences, one-way repeated
measures ANOVA (rmANOVA) was performed with
Geisser–Greenhouse correction, including the IIGIs. For
the REE measurements, we applied a linear mixed model
with the intervention as a fixed effect and the individual as
a random effect. To correct for multiple comparisons, the
Tukey test was applied for both the ANOVAs and the
mixed models. Statistical analyses were carried out using
GraphPad Prism version 7.02 for Windows (GraphPad
Software, San Diego, CA, USA) and SAS version 9.4 for
windows (SAS Institute, Cary, NC, USA).

Results

Study participants Twenty participants were included in the
study; 18 completed the five interventions, but one participant
was excluded from the data analysis because we could not
measure a rise in plasma GLP-1 on the day of supposed
GLP-1 infusion. The participants were all white men. None
had diabetes or prediabetes defined by HbA1c at the screening
visit, none were smokers, and all had stable weight for
3 months prior to inclusion. One participant was undergoing
steady treatment with latanoprost eyedrops for glaucoma,
which were continued throughout the study. The remaining
participants did not take any medication. Detailed participant
characteristics are shown in Table 1.

Incretin hormones At baseline, GIP plasma concentrations
were 6.3 ± 0.6 and 7.8 ± 0.7 pmol/l during OGTT and IIGI+
saline (p = 0.061) and <5 pmol/l during IIGI+GIP, IIGI+GLP-
1 and IIGI+GIP+GLP-1 infusion (elevated limit of quantifica-
tion due to dilution of the samples to accommodate high con-
centrations during infusions). During GIP infusion, plasma
GIP reached supraphysiological concentrations with mean
steady-state (60–240 min) concentrations of 275 ±
11.9 pmol/l (IIGI+GIP) and 265 ± 10.3 pmol/l (IIGI+GIP+
GLP-1) (IIGI+GIP vs IIGI+GIP+GLP-1, p = 0.257)
(Fig. 1a). Mean baseline GLP-1 levels were 12 ± 0.5, 14 ±
0.7, 10 ± 2.5, 14 ± 0.9 and 14 ± 1.0 pmol/l during OGTT,
IIGI+saline, IIGI+GIP, IIGI+GLP-1 and IIGI+GIP+GLP-1,
respectively (p = 0.021, all 5 days included, no significant
between-day differences according to post hoc multiple

Table 1 Participants’ characteristics

Characteristics (n = 17 men) Median Interquartile range

Age, years 34 29–51

BMI, kg/m2 33 27–35

Body weight, kg 100 88–115

Waist circumference, cm 111 96–121

Waist/hip ratio 0.97 0.9–1.0

Systolic BP, mmHg 138 131–142

Diastolic BP, mmHg 87 85–93

Total cholesterol, mmol/l 4.6 4.5–5.6

HDL-cholesterol, mmol/l 1.1 0.9–1.2

LDL-cholesterol, mmol/l 3.1 2.6–3.6

Triacylglycerol, mmol/l 1.4 1.0–2.2

HbA1c, mmol/mol 33 29–37

HbA1c, % 5.2 4.8–5.5

Fasting plasma glucose, mmol/l 5.8 5.4–6.3

Fasting C-peptide, pmol/l 616 493–816

Insulin resistance, HOMA-2 1.4 1.2–1.9

Beta cell function, % 87.6 71.7–100.3

668 Diabetologia (2019) 62:665–675

http://www.dtu.ox.ac.uk/homacalculator


testing with Tukey’s correction). DuringGLP-1 infusion, plas-
ma total GLP-1 levels increased rapidly and reached
supraphysiological concentrations with mean steady-state
(30–240 min) concentrations of 107 ± 4.3 pmol/l (IIGI+
GLP-1) and 99 ± 5.0 pmol/l (IIGI+GIP+GLP-1) (IIGI+GLP-
1 vs IIGI+GIP+GLP-1, p = 0.063) (Fig. 1b).

Plasma glucose and glucose infused Baseline plasma glucose
levels were 5.6 ± 0.1, 5.4 ± 0.2, 5.5 ± 0.2, 5.4 ± 0.2 and 5.4 ±
0.2 mmol/l during OGTT, IIGI+saline, IIGI+GIP, IIGI+GLP-
1 and IIGI+GIP+GLP-1, respectively (p = 0.214). During the
OGTT, plasma glucose rose to a peak value of 9.8 ± 0.3 mmol/
l after 47 ± 4 min and returned to baseline levels after 138 ±
6 min. As evident from Fig. 1c, we obtained isoglycaemic
conditions on the other study days (mean CV% compared
with the OGTT: 6.4 ± 0.3 [IIGI+saline], 6.2 ± 0.3 [IIGI+
GIP], 7.1 ± 0.3 [IIGI+GLP-1] and 7.6 ± 0.3% [IIGI+GIP+
GLP-1]). The mean amount of administered glucose varied
significantly between all interventions except for IIGI+GLP-
1 vs IIGI+GIP+GLP-1, for which statistically similar amounts
were infused (p = 0.895; Fig. 1d).

Energy intake The ad libitum meal was overall evaluated as
tasty, with no reported differences in palatability between the
interventions (see electronic supplementary material [ESM]
Table 1). Energy intake was significantly lower during IIGI+
GLP-1 than during IIGI+saline infusion (2715 ± 409 vs 4483
± 568 kJ, p = 0.014). Furthermore, IIGI+GLP-1 resulted in a

significantly lower energy intake compared with IIGI+GIP
(4062 ± 520 kJ, p = 0.027) and compared with IIGI+GIP+
GLP-1 infusion (3875 ± 451 kJ, p = 0.039). There were no
significant differences in energy intake during IIGI+GIP
(4062 ± 520 kJ) or IIGI+GIP+GLP-1 infusion (3875 ±
451 kJ) compared with IIGI+saline (p = 0.590 and p = 0.364,
respectively) (Fig. 2a).

REE and RQ No significant differences in REE among inter-
ventions were observed at baseline (p = 0.269) or at the 210–
225 min measure (p = 0.394) (Fig. 2b), or between baseline
and the 210–225 min measure for the individual interventions
(all p > 0.05). Mean RQ at the 210–225 min measure differed
between the interventions and amounted to 0.84 ± 0.02
(OGTT), 0.83 ± 0.02 (IIGI+saline), 0.83 ± 0.01 (IIGI+GIP),
0.96 ± 0.02 (IIGI+GLP-1) and 0.92 ± 0.02 (IIGI+GIP+GLP-
1), with an overall difference of p < 0.0001, reflecting the
differences in the amount of glucose administered.

Ratings of appetite, comfort, nausea and thirstAt baseline, no
significant differences among the interventions were observed
for the appetite measures (including hunger, prospective food
consumption, satiety, fullness, thirst and a combined appetite
score) or for nausea and comfort (Table 2). At the end of the
clamp, just prior to the serving of the ad libitum meal, hunger
and prospective food consumption were numerically lower
during IIGI+GLP-1 and IIGI+GIP+GLP-1 infusion than dur-
ing IIGI+GIP and IIGI+saline infusion (Table 2, ESM Fig. 1).
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Comfort and nausea were both stable over time, with a mean
high level of comfort and a low level of nausea during all
interventions (ESM Fig. 1).

Insulin, C-peptide, ISR and glucagon responsesNo significant
differences in insulin, C-peptide or ISR were present at base-
line. All interventions resulted in significantly greater concen-
trations of insulin and C-peptide and higher ISR compared
with IIGI+saline (Fig. 3a–c, Table 3). IIGI+GLP-1 and
IIGI+GIP+GLP-1 resulted in statistically similar insulin and
C-peptide responses and ISR. Glucagon concentrations did
not differ between interventions at baseline. During IIGI+
GLP-1 infusion, glucagon was suppressed and remained at
or lower than the detection level throughout the intervention.
AUC for glucagon during IIGI+GIP+GLP-1 infusion was
higher than during IIGI+GLP-1 infusion. During IIGI+saline
and IIGI+GIP, glucagon concentrations reciprocally followed
the glucose excursion (Fig. 3d, Table 3).

Discussion

In a randomised, crossover setting we compared the effects of
GIP, GLP-1, GIP+GLP-1 and placebo (saline) on energy in-
take, appetite and REE during isoglycaemic conditions in
overweight/obese individuals. The main findings are that
while GLP-1 infusion lowered energy intake significantly,
co-infusion of GIP+GLP-1 did not lower energy intake more
than GLP-1 infusion alone.

The present study is a human proof-of-concept study based
on promising rodent studies showing synergistic energy intake
and body weight-lowering effects from co-activation of the
GIP and GLP-1 receptors, compared with GLP-1 alone
[7–9]. The clinical data from the present study contrast these
rodent findings. In fact, we observed that GIP seemed to re-
peal some of the energy intake-lowering effect of GLP-1.
Regarding REE, we found no differences between the inter-
ventions that could explain the weight loss observed in

rodents. This is in agreement with a study in mice, where
energy expenditure, RQ and locomotor activity were similar
among vehicle, liraglutide and GIP/GLP-1 receptor co-agonist
administration [7].

To date, only one previous study has evaluated the ef-
fects of GIP and GLP-1 co-infusion on energy intake and
appetite in humans. Daousi and colleagues infused GIP
(2 pmol kg−1 min−1), GLP-1 (1 pmol kg−1 min−1), GIP+
GLP-1 (2 and 1 pmol kg−1 min−1, respectively) or placebo
(dextrose) for 4 h in six healthy individuals, and found that
GIP infusion resulted in greater hunger, desire to eat and pro-
spective food consumption compared with placebo [10].
Furthermore, in six individuals with type 2 diabetes, GIP+
GLP-1 co-infusion resulted in a stronger desire to eat com-
pared with placebo [10]. No effect on appetite was found
during GLP-1 infusion in either group. Further, no differences
were found in energy intake from an ad libitum meal among
any of the study days in either group [10], which is in contrast
to the majority of studies reporting energy intake and appetite-
lowering effects of GLP-1 [1, 2, 16].

Based on the results from the study of Daousi and col-
leagues, we designed the present study and tried to refine the
methods. First, we chose an OGTT/IIGI design to avoid ap-
petite being influenced by differences in plasma glucose con-
centrations from the insulinotropic abilities of GIP and GLP-1
[17]. We could have clamped the glucose concentration at a
fixed glucose concentration, but chose the OGTT/IIGI design
as we found it more physiologically relevant. However, as the
main purpose of the OGTT was to have a template for the
glucose excursions, OGTT results were not included in the
data analyses. To decrease the risk of a type 2 statistical error
we included more participants than in the study of Daousi and
colleagues, who enrolled six healthy individuals and six with
diet-controlled type 2 diabetes, compared with the 17
overweight/obese individuals in the present study. We chose
to include overweight/obese participants as wewanted to use a
group of individuals for whom an appetite-lowering effect
would be beneficial. Furthermore, compared with the study
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by Daousi et al, we chose a higher dose of GIP (4 vs
2 pmol kg−1 min−1) to ensure that the concentration of GIP
was sufficiently supraphysiological. Finally, we continued the
hormonal infusions until the end of the ad libitum meal, as the
half-life of GIP and GLP-1 are only approximately 4 and
2 min, respectively [18, 19]. The differences in design be-
tween the two studies might explain why we, in contrast to
Daousi et al, were able to reproduce the well-known energy
intake-reducing effect of GLP-1 [20].

We observed less glucagon suppression during GIP+GLP-
1 infusion than during GLP-1 infusion. This is in line with
previous results obtained in individuals with type 2 diabetes

co-administered GIP and GLP-1 also in supraphysiological
doses [21].

After the promising results in animal models, a dual GIP/
GLP-1 receptor co-agonist has been tested in phase 1b [22]
and phase 2a trials [23] in individuals with type 2 diabetes,
among other measures evaluating changes in plasma glucose
and body weight. The phase 1b trial found numerical but not
statistically significantly greater improvements in blood glu-
cose and body weight in the dual agonist arm compared with
the placebo arm [22]. The phase 2a trial compared the dual
GIP/GLP-1 receptor agonist with placebo, and found that par-
ticipants randomised to the dual agonist achieved significant

Table 2 Visual analogue scale measures of appetite, comfort, nausea and thirst

Measures/intervention (rated 0–100) OGTT IIGI+saline IIGI+GIP IIGI+GLP-1 IIGI+GIP+GLP-1 p (rmANOVA)

Hunger (100 = never been more hungry)

Baseline 42 ± 5 46 ± 5 45 ± 5 47 ± 6 45 ± 5 0.912

End of clamp 75 ± 5 64 ± 5 64 ± 5 52 ± 5 51 ± 7 0.031

AUC 13,523 ± 1074 13,282 ± 936 13,510 ± 1051 11,826 ± 1059 12,579 ± 1094 0.188

Prospective food consumption (100 = can eat a lot)

Baseline 60 ± 4 54 ± 5 57 ± 5 52 ± 6 57 ± 5 0.633

End of clamp 78 ± 4 69 ± 5 70 ± 4‡ 60 ± 4† 62 ± 5 0.028

AUC 16,321 ± 947 15,019 ± 905 15,261 ± 1087 13,772 ± 1047 14,679 ± 1157 0.192

Satiety (100 = cannot eat another bite)

Baseline 46 ± 6 50 ± 6 48 ± 6 50 ± 5 48 ± 4 0.971

End of clamp 21 ± 4 30 ± 5 32 ± 4 39 ± 4 38 ± 5 0.142

AUC 8010 ± 874 9072 ± 957 8717 ± 996 10,432 ± 969 9680 ± 1039 0.145

Fullness (100 = totally full)

Baseline 40 ± 4 45 ± 6 41 ± 6 45 ± 6 41 ± 5 0.733

End of clamp 16 ± 3 30 ± 4 37 ± 5 35 ± 6 35 ± 4 0.543

AUC 7253 ± 901 8850 ± 1036 8369 ± 992 9494 ± 920 8802 ± 956 0.226

Nausea (100 = high level of nausea)

Baseline 8 ± 2 5 ± 2 5 ± 2 5 ± 2 4 ± 1 0.211

End of clamp 11 ± 4 11 ± 4 5 ± 1 12 ± 5 9 ± 3 0.354

AUC 1961 ± 650 1614 ± 471 1355 ± 414 2274 ± 774 1611 ± 433 0.312

Comfort (100 = very comfortable)

Baseline 74 ± 3 79 ± 5 82 ± 4 81 ± 4 80 ± 4 0.572

End of clamp 74 ± 4 80 ± 5 85 ± 3 79 ± 5 82 ± 4 0.468

AUC 18,980 ± 650 19,609 ± 921 20,207 ± 759 19,048 ± 1005 19,480 ± 902 0.162

Thirst (100 = very thirsty)

Baseline 60 ± 6 56 ± 6 54 ± 6 56 ± 6 53 ± 6 0.854

End of clamp 70 ± 6 70 ± 6 75 ± 5 70 ± 6 73 ± 5 0.456

AUC 14,070 ± 1074 14,924 ± 1321 15,443 ± 1349 15,624 ± 1445 15,557 ± 1288 0.747

Combined appetite score (100 = high appetite)

Baseline 56 ± 4 51 ± 5 54 ± 5 51 ± 5 53 ± 3 0.901

End of clamp 79 ± 4 68 ± 4 67 ± 4 59 ± 4 60 ± 5 0.064

AUC 15,647 ± 886 14,597 ± 879 14,904 ± 968 13,479 ± 951 14,236 ± 992 0.189

Data are means ± SEM; n = 17

Statistical analyses: one-way rmANOVAwith Geisser–Greenhouse corrections and post hoc Tukey’s test. †p < 0.05 vs IIGI+GIP; ‡p < 0.05 vs IIGI+
GLP-1
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reductions in body weight from baseline to week 8, but not to
week 12. Further, the trial included an open-label liraglutide

arm as reference (liraglutide with a 2-week dose escalation
uptitrated to 1.8 mg once daily), which resulted in similar
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Table 3 Insulin, C-peptide, ISR and glucagon

OGTT IIGI+saline IIGI+GIP IIGI+GLP-1 IIGI+GIP+GLP-1 p (rmANOVA)

Insulin

Baseline (pmol/l) 97.7 ± 12.1 104 ± 11.0 112 ± 17.4 104 ± 14.1 98.2 ± 14.2 0.556

Peak (pmol/l) 865 ± 122 435 ± 88.3†, ‡, § 1323 ± 252*, ‡, § 4063 ± 689*, † 3706 ± 502*, † <0.0001

Time to peak (min) 45 ± 4 68 ± 7†, ‡, § 52 ± 4*, ‡, § 92 ± 6*, † 95 ± 9*, † <0.0001

AUC (nmol/l × min) 75.6 ± 11.0 53.3 ± 9.10†, ‡, § 126.2 ± 21.2*, ‡, § 486.1 ± 81.0*, † 413 ± 46.0*, † <0.0001

C-peptide

Baseline (pmol/l) 680 ± 61.7 686 ± 56.0 715 ± 82.9 694 ± 66.8 669 ± 57.7 0.514

Peak (pmol/l) 2692 ± 228 1925 ± 172†, ‡, § 3852 ± 372*, ‡, § 6935 ± 519*, † 7538 ± 575*, † <0.0001

Time to peak (min) 63 ± 6 82 ± 8†, ‡, § 66 ± 6*, ‡, § 103 ± 8*, † 105 ± 9*, † 0.0005

AUC (nmol/l × min) 370 ± 27 302 ± 24†, ‡, § 535 ± 44*, ‡, § 1062 ± 65*, † 1139 ± 78*, † <0.0001

ISR

Baseline (pmol kg−1 min−1) 1.78 ± 0.16 1.85 ± 0.15 1.99 ± 0.22 1.93 ± 0.19 1.83 ± 0.17 0.399

Peak (pmol kg−1 min−1) 8.39 ± 0.69 6.24 ± 0.53†, ‡, § 12.6 ± 1.13*, ‡, § 21.3 ± 1.75*, † 23.2 ± 1.65*, † <0.0001

Time to peak (min) 44 ± 5 69 ± 7†, ‡, § 56 ± 6*, ‡, § 81 ± 8*, † 94 ± 7*, † <0.0001

AUC (pmol/kg) 982 ± 69.5 827 ± 249†, ‡, § 1443 ± 104*, ‡, § 3037 ± 199*, † 3241 ± 232*, † <0.0001

Glucagon

Baseline (pmol/l) 4.85 ± 0.87 4.82 ± 0.90 5.18 ± 1.03 5.18 ± 1.20 5.21 ± 1.11 0.801

End of OGTT/IIGI (pmol/l) 5.71 ± 0.60 3.82 ± 0.94* 3.18 ± 0.77 <1 ± 0* 1.18 ± 0.13 0.006

AUC (pmol/l × min) 833 ± 139 716 ± 123‡ 704 ± 108‡ 465 ± 60.0*, †, § 553 ± 64.0‡ 0.002

Data are means ± SEM; n = 17

Statistical analyses: one-way rmANOVAwith Geisser–Greenhouse corrections and post hoc Tukey’s test

*p < 0.05 vs IIGI+saline; † p < 0.05 vs IIGI+GIP; ‡ p < 0.05 vs IIGI+GLP-1; § p < 0.05 vs IIGI+GIP+GLP-1
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body weight reductions compared with the dual GIP/GLP-1
receptor agonist (although not directly comparable) [23].
Recently, treatment with a new dual GIP/GLP-1 receptor ag-
onist was reported to result in significant reductions in body
weight compared with dulaglutide in individuals with type 2
diabetes [24]. However, it remains a challenge to evaluate the
contribution of GIP receptor engagement in the dual GIP/
GLP-1 compounds in humans [25], which seems highly rele-
vant, particularly in the light of the present findings.

The reasons for the observed discrepancies between rodent
and human findings regarding reduction in energy intake and
body weight need further elucidation. It should be noted that
the effect of GIP alone on energy intake and body weight
remains equivocal in rodents, and that the pro- vs anti-
obesity effects of GIP in rodents are still being discussed
[26–30]. However, there are significant differences between
the rodent and human GIP systems, which could be responsi-
ble for the apparent differences between species [31]. This
includes differences in the GIP receptor, which is only 81%
conserved between humans and rodents, as well as differences
in potency and efficacy of GIP between humans and rodents
[31]. Hence, human GIP has been reported to be significantly
less potent at the human GIP receptor compared with mouse
and rat GIP ligands at their respective GIP receptors, suggest-
ing that the human GIP system is less active than the rodent
system [31].

The double-blinded crossover design is an important
strength of the present study as, typically, there are large
inter-individual differences in energy intake and assessment
of appetite. Further, the infused doses of GIP and GLP-1 were
based on previous studies examining responses to physiolog-
ical and supraphysiological doses of the two hormones [6,
32–34], and resulted in clear supraphysiological steady-state
concentrations of both GIP and GLP-1 compared with the
OGTT. Hence, the use of an inappropriately low dose of
GIP does not explain the lack of effect. Nonetheless, in
healthy individuals, GIP and GLP-1 have previously been
shown to induce an additive insulinotropic effect that we did
not observe in the present study [35]. Thus, the very robust
insulin response to the GLP-1 infusion obtained in the present
study may have somewhat masked the effect of GIP during
the GIP+GLP-1 co-infusion. If we had used a smaller dose of
GLP-1 then the insulinotropic effect of GIP would perhaps
have been more evident. Furthermore, the participants includ-
ed were all overweight or obese. As obese individuals with
normal glucose tolerance exhibit a significantly reduced
incretin effect compared with lean individuals [36], and as
the insulinotropic response to GIP might be impaired in obe-
sity [37], it could be hypothesised that GIP sensitivity in this
group of overweight/obese individuals was diminished. Thus,
although the findings of Daousi and colleagues in lean indi-
viduals are in line with the present findings regarding energy
intake [10], we cannot be certain if lean individuals would

have a different response to GIP infusion than that observed
in the present study.

Because GIP and GLP-1 possess different insulinotropic
potencies, insulin concentrations differed among the study
days. This impacted the amount of glucose needed to be in-
fused to obtain isoglycaemia, causing differences in intracel-
lular glucose availability among the interventions. Whether
such differences influenced our results is uncertain.
Importantly, the insulin concentrations, as well as the amount
of glucose infused during IIGI+GLP-1 and IIGI+GIP+GLP-1,
did not vary. Hence, differences in plasma concentrations of
glucose and insulin, respectively, are unlikely to explain the
reduced food intake observed during IIGI+GLP-1 infusion
compared with IIGI+GIP+GLP-1 infusion.

Finally, we used a relatively short study period with 4 h of
intervention, and we cannot rule out the possibility that the
effect of GIP and GLP-1 co-receptor activation on energy
intake/appetite/REE and ultimately body weight may surface
with a longer period of administration.

In conclusion, the present study confirms the energy
intake-reducing effect of GLP-1 administration alone, but this
was not further enhanced by co-administration of GIP in the
supraphysiological dose applied. None of GIP, GLP-1 or
GIP+GLP-1 administration changed REE.
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