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Abstract

Glucagon-like peptide-1 (GLP1) affects appetite, supposedly mediated via the central nervous 

system (CNS). In this study, we investigate whether modulation of CNS responses to palatable 

food consumption may be a mechanism by which GLP1 contributes to the central regulation of 

feeding. Using functional MRI, we determined the effects of endogenous GLP1 and treatment 

with the GLP1 analogue liraglutide on CNS activation to chocolate milk receipt. Study 1 included 

20 healthy lean individuals and 20 obese patients with type 2 diabetes (T2DM). Scans were 

performed on two occasions: during infusion of the GLP1 receptor antagonist exendin 9 – 39 

(blocking actions of endogenous GLP1) and during placebo infusion. Study 2 was a randomised, 

cross-over intervention study carried out in 20 T2DM patients, comparing treatment with 

liraglutide to insulin, after 10 days and 12 weeks. Compared with lean individuals, T2DM patients 

showed reduced activation to chocolate milk in right insula (P = 0.04). In lean individuals, blockade 

of endogenous GLP1 effects inhibited activation in bilateral insula (P ≤ 0.03). Treatment in T2DM 

with liraglutide, vs insulin, increased activation to chocolate milk in right insula and caudate 

nucleus after 10 days (P ≤ 0.03); however, these effects ceased to be significant after 12 weeks. 

Our findings in healthy lean individuals indicate that endogenous GLP1 is involved in the central 

regulation of feeding by affecting central responsiveness to palatable food consumption. In 

obese T2DM, treatment with liraglutide may improve the observed deficit in responsiveness to 

palatable food, which may contribute to the induction of weight loss observed during treatment. 

However, no long-term effects of liraglutide were observed.
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Introduction

The central nervous system (CNS) contributes to the 
maintenance of energy balance and is involved in the 
regulation of food intake. Altered CNS responses may play 
an important role in the dysregulation of food intake and 

consequently in the development of obesity and type 2 
diabetes (T2DM) (Volkow & Wise 2005, Trinko et al. 2007). 
Several studies on humans revealed that obesity and 
T2DM are indeed associated with altered CNS activation 
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to food cues (Rothemund et al. 2007, Stoeckel et al.  
2008, Stice et al. 2008a,b, van Bloemendaal et al. 2014), 
as measured with functional magnetic resonance imaging 
(fMRI). It was shown that obesity is associated with lower 
responsiveness to palatable food in reward areas of CNS 
(i.e. caudate nucleus and putamen), which may lead to 
an increase in food intake, thereby compensating for 
hypostimulation of the CNS reward system (Stice et al. 
2008a,b, Wang et al. 2009). Gaining further insight into 
the central signalling involved in the evaluation and 
regulation of food intake is therefore important.

Peripheral signals, hormonal and/or neuronal, 
convey information about the nutritional status of the 
body to the CNS, which influences the central regulation 
of feeding (Schwartz et al. 2000). In the search for 
therapeutic targets for obesity, several hormones have 
been explored for their effect on food intake and body 
weight, however mostly without success (Crawley & 
Beinfeld 1983, Costantini et al. 2011, Cummings 2013), 
except for glucagon-like peptide-1 (GLP1). GLP1 is a gut-
derived hormone, mainly known for its glucose-lowering 
effects (Kreymann et al. 1987, Mojsov et al. 1987); 
however, numerous preclinical and clinical studies have 
shown that GLP1 has a reducing effect on appetite and 
feeding (Flint et al. 1998, Rodriquez de et al. 2000, Szayna 
et al. 2000, Verdich et al. 2001, Chelikani et al. 2005). 
GLP1 receptor agonists (GLP1RA), used for the treatment 
of diabetes, have consistently been associated with 
reduced appetite and weight loss (Verdich et al. 2001, 
Vilsboll et al. 2012). It is likely that this effect is, at least 
partly, mediated through the effects of GLP1 on the CNS 
(Shugrue et  al. 1996, Turton et  al. 1996, Merchenthaler 
et al. 1999, Schick et al. 2003, Williams et al. 2009, van 
Bloemendaal et al. 2014, Secher et al. 2014, Sisley et al. 
2014); however, its mechanisms are not fully understood. 
We previously demonstrated that endogenous GLP1 
and administration of GLP1RA affect CNS activation 
in response to viewing pictures of food items (van 
Bloemendaal et al. 2014, Ten Kulve et al. 2015a,b), which 
is related to the predictive value of food consumption 
and craving for food. However, it is yet unclear whether 
endogenous GLP1 or treatment with GLP1RA affects CNS 
responsiveness to the actual palatable food consumption 
in humans. This is a very important aspect of central food 
evaluation, as the taste of palatable food can induce an 
immediate reward that can be a powerful drive for food 
consumption, therefore leading to an increase in energy 
intake. Interestingly, GLP1 receptors have not only 
been found in the CNS (Shugrue et al. 1996, Heppner  
et al. 2014), but also in the mammalian taste buds  

(Shin et  al. 2008), and GLP1 signalling was shown 
to mediate sweet taste perception (Shin et al. 2008). 
Therefore, we hypothesise that GLP1 and GLP1RA 
treatment may affect the central processing and reward 
value of palatable food and that this may be an important 
mechanism by which GLP1 contributes to the central 
regulation of feeding in humans.

We have previously shown that acute administration 
of GLP1RA in obese T2DM patients affects CNS 
responses to the consumption of palatable food  
(van Bloemendaal et al. 2015). In the present study on 
healthy lean individuals and obese patients with T2DM, 
we determined the effects of endogenous GLP1, using 
the GLP1 receptor antagonist exendin 9-39, on CNS 
activation, measured with fMRI, in response to palatable 
food. We also investigated the effects of treatment 
with the GLP1RA liraglutide in T2DM patients on CNS 
activation to palatable food.

Materials and methods

Subjects

This study (NCT 01363609) is part of a larger project 
investigating the effects of GLP1 on the CNS (Ten Kulve  
et al. 2015a,b). The study was performed in accordance with 
the Helsinki Declaration and was approved by the Medical 
Ethics Committee of the VU University Medical Center. 
All participants provided written informed consent. We 
included 20 healthy lean individuals and 20 overweight 
or obese patients with T2DM, matched for gender and 
age. Participants underwent a screening visit and were 
eligible if they were 40–65 years of age, right-handed and 
had a stable body weight (<5% reported change during 
the previous 3 months). Inclusion criteria for healthy lean 
individuals included a body mass index (BMI) < 25 kg/m2 
and normoglycaemia, defined by fasting plasma glucose 
<5.6 mmol/L and 2-h glucose <7.8 following a 75 g oral 
glucose tolerance test. Inclusion criteria for overweight 
or obese T2DM patients included BMI > 26 kg/m2 and 
HbA1c levels between 42 and 69 mmol/mol (6.0–8.5%). 
For the current treatment of diabetes, only the oral 
glucose-lowering agents metformin  ±  sulphonylurea 
derivatives were allowed. Exclusion criteria for all subjects 
were a history of neurological, cardiovascular, renal 
or liver disease, malignancies, the use of any centrally 
acting agent or oral glucocorticoids, substance abuse 
and psychiatric disorders (including eating disorders and 
depression, assessed with the Eating Disorder Inventory II 
and the Center for Epidemiologic Studies Depression scale 
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respectively (Garner & Olmsted 1986, Schroevers et  al. 
2000)) and the inability to undergo MRI scanning.

All T2DM patients were treated for diabetes with 
metformin and 12 patients were also treated with 
sulphonyl urea. Sulphonylurea drugs were temporarily 
discontinued 4 weeks before the start of the experiments, 
but treatment with metformin was continued. Ten 
patients used antihypertensive medication and 15 
patients used  cholesterol-lowering agents.

General experimental protocol

Study 1: endogenous GLP1 study Both healthy lean 
individuals and T2DM patients participated in this 
randomised, placebo-controlled, acute intervention 
study. The experimental protocol of this study has been 
described in detail previously (Ten Kulve et al. 2015a). 
Briefly, two visits were scheduled and participants arrived 
in the morning at the research unit after an overnight 
fast. A catheter was inserted into a cubital vein for infusion 
(in random order) of either placebo (0.9% sodium chloride 
solution) or the GLP1 receptor antagonist exendin 9–39 
(Bachem; Clinalfa products, Bubendorf, Switzerland) at a 
rate of 600 pmol/kg/min using a MRI-compatible infusion 
pump (MRIdium 3850 MRI IV pump, Iradimed, Winter 
Park, USA). Each infusion (placebo or exendin 9–39) 
started 2 h before the beginning of the standardised meal 
intake and was continued during the entire MR scanning 
period. MR imaging was performed 45  min after the 
intake of a standardised liquid meal (450 kcal, carbohydrate 
56.1 g, fat 17.4 g and protein 18.0 g; 300 mL Nutridrink 
yoghurt style, raspberry flavour; Nutricia, Zoetermeer, 
The Netherlands) in order to induce endogenous GLP1 
secretion. The participants were blinded for the type of 
infusion. Blood was drawn at the start of the test visit and 
every 30  min from the start of the standardised meal 
intake until 60 min to measure glucose, GLP1, insulin and 
glucagon levels.

Study 2: Treatment effects of liraglutide vs  
insulin glargine After study 1, we included the T2DM 
patients in a randomised, cross-over intervention study. The 
experimental protocol of this study has been described in 
detail previously (Ten Kulve et al. 2015b). Briefly, the study 
consisted of two treatment periods of 12 weeks each with 
a 12-week washout period in between. During one period, 
patients were treated with liraglutide, with a dose-escalation  
period, starting at 0.6 mg once daily (q.d.), with weekly 
increments of 0.6 mg, if well tolerated, reaching a final 

dose of 1.8 mg q.d. by the end of the second week. During 
the other treatment period, patients were treated with an 
active comparator, i.e. insulin glargine, started at an initial 
dose of 10  IU q.d. with dose-escalation period based on 
their fasting self-monitored blood glucose levels according 
to a predetermined treat-to-target algorithm (Bunck et al. 
2011). The order of treatment was determined by block 
randomisation, with a block size of four.

Two series of three visits with MRI sessions were 
scheduled. For each treatment, one at the start (baseline), 
one after 10 days (short term) of each treatment and one 
after 12 weeks (long term). All visits were similar to those 
described in study 1, however without exendin 9–39 
infusion. At each visit, anthropometric measurements 
were performed, body composition was measured using 
bioelectrical impedance analysis and a blood sample was 
taken for HbA1c and lipid measurements. Nausea was 
measured during each test visit at five fixed time points 
using a ten-point Likert scale.

fMRI paradigm

We previously investigated and described the results 
from these studies, presenting the effects of endogenous 
GLP1 and treatment with GLP1RA liraglutide on the CNS 
activation to visual food cues, i.e. viewing food pictures 
(Ten Kulve et al. 2015a,b). The current fMRI paradigm 
was developed to investigate the CNS activation to 
actual consumption of palatable food and has been 
described previously (van Bloemendaal et al. 2015). In 
short, chocolate milk (Chocomel, FrieslandCampina, 
per 100 mL: 86 kcal, 2.7 g fat, 11.8 g sugar) was used as a 
palatable food stimulus. As a neutral stimulus, a tasteless 
solution was used, designed to mimic the natural taste 
of saliva (consisting of 2.5 mM NaHCO3 and 25 mM 
KCl (Stice et al. 2008a)). This solution should provide a 
superior neutral condition compared with water, which 
has a taste that activates the gustatory cortex (Zald & 
Pardo 2000, O’Doherty et al. 2001). Participants received 
0.4 mL of the chocolate milk or tasteless solution per 
‘trial’. In each trial, participants were presented a picture 
of a orange triangle (coupled to chocolate milk) or a blue 
star (coupled to tasteless solution), which was followed 
by the receipt of the coupled solution. Participants were 
instructed to keep the solution within their mouth for 
6 s until the sign ‘swallow’ was presented. The described 
trials were the paired trials. However, on 40% of the trials, 
the solution was not delivered (unpaired trails), in order 
to maintain an unconditioned response to the receipt of 

Downloaded from Bioscientifica.com at 05/22/2023 11:03:16PM
via free access

http://dx.doi.org/10.1530/JOE-15-0461


4Research j s ten kulve and others Effect of GLP1 on CNS 
response to palatable food

http://joe.endocrinology-journals.org 2016 Society for Endocrinology
Printed in Great Britain

Published by Bioscientifica Ltd.
DOI: 10.1530/JOE-15-0461

Jo
u

rn
al

o
f

En
d

o
cr

in
o

lo
g

y
229:1

the solution. At the beginning of each trial, subjects were 
unaware whether the trial was paired or unpaired, and 
the order of trials was randomised. Figure 1 depicts the 
different trials and events.

The task was programmed and performed using 
E-prime 1.2 (Psychology Software Tools, Inc., Pittsburg, 
PA, USA). The taste solutions were delivered with two 
programmable infusion pumps (B. Braun, Infusomat 
P, Melsungen, Germany). The infusion pumps were 
connected with Vygon tubing, which was attached to the 
MRI head coil and inserted into the participant’s mouth.

MRI acquisition and analyses

MRI acquisition methods have been described 
previously (van Bloemendaal et al. 2014). In short, scans 
were acquired on a 3.0  Tesla GE Signa HDxt scanner 
(General Electric). Structural MRI was obtained using a 
T1-weighted sequence. FMRI data were acquired using an 
echo planar imaging T2* blood oxygen level-dependent 
pulse sequence with whole-brain coverage. Functional 
images were pre-processed and analysed with SPM8 
software (Wellcome Trust Centre for Neuroimaging, 
London, UK).

Functional scans were analysed in the context of 
general linear model. The receipt of chocolate milk and 
tasteless solution was considered as an event of interest 
and was modelled at the first (single-subject) level. 
Next, two contrast images were computed for each 
 subject and each scan, i.e. ‘chocolate milk vs baseline’, 
to determine in which areas activation was greater 

during chocolate milk receipt compared with during 
baseline, and ‘chocolate milk vs tasteless solution’, 
to narrow down the effects of chocolate milk receipt, 
as this contrast determined in which areas activation 
was greater during chocolate milk receipt compared 
with tasteless solution receipt, thus identifying only 
the added effect of the receipt of palatable solution 
(i.e. chocolate milk) and eliminating the effect of the 
receipt of a solution in general.

These first-level contrast images were entered into 
second-level two-way ANOVA. The model included the 
factor group (healthy lean, T2DM) and infusion (placebo, 
exendin 9-39) for study 1 and liraglutide and insulin 
glargine treatment and time point (baseline, 10 days and 
12 weeks of treatment) for study 2.

Blood sampling and assays

The measurement of blood glucose (study 1 and 2) was 
performed immediately after collection using the glucose 
dehydrogenase method (GlucoseAnalyzer, HemoCue, 
Ängelholm, Sweden). For other analyses, blood samples 
were cold centrifuged at −4°C directly after collection 
and plasma was stored at −80°C. Glucagon levels 
were determined using an immunoassay, as described 
previously (Lilly Research Laboratories, Indianapolis, IN, 
USA) (Sloan et al. 2012). Total GLP1 was analysed using 
a C-terminally directed radioimmunoassay for amidated 
GLP1 (antibody 89390 (Orskov et al. 1994)). Insulin 
levels were measured using an immunometric assay 
(Advia, Centaur, Siemens Medical Solutions Diagnostics, 

“swallow”

2                    3 2                                     6   2                1–7 2 3 1–7 (s)

jitter jitter

Chocolate milk / tasteless solution paired trials Chocolate milk / tasteless solution unpaired trials

Figure 1
fMRI paradigm of chocolate milk and tasteless solution receipt. The fMRI paradigm consisted of two types of trials: paired and unpaired trials, which 
were randomised in order and type. Paired trials: Subjects were presented a picture of an orange triangle or a blue star for 2 s. The orange triangle was 
coupled to chocolate milk receipt and the blue star to tasteless solution receipt. After the presentation of the picture, the subjects waited for 3 s, while 
watching a fixation cross, until receiving the coupled solution (for 2 s). The subjects were instructed to keep the solution within the mouth for 6 s and to 
refrain from swallowing until the sign ‘swallow’ was presented afterwards. Between the trials, a jitter of 1–7 s was used. In total, 40 paired trials were 
presented and half of them included the orange triangle and chocolate milk receipt. Unpaired trials: These trials were similar to the beginning of the 
paired trial, however without receiving the coupled solution. Between the trials, a jitter of 1–7 s was used. At the beginning of the trials, subjects were 
unaware whether it consisted a paired or unpaired trials. In total, 32 paired trials were presented and half of them included the orange triangle. A full 
colour version of this figure is available at http://dx.doi.org/10.1530/JOE-15-0461.
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Malvern, PA, USA). Total insulin, glucagon and GLP1 
levels were only determined in study 1.

Statistical analyses

Imaging data were analysed with SPM8. In study 1, 
between-group differences as well as effects within group 
of infusion were assessed. In study 2, differences at the 
three time points between treatments were assessed.  
A priori regions of interest were determined based on 
the previous studies (i.e. insula, striatum, amygdala and 
OFC) (Rothemund et al. 2007, Stoeckel et al. 2008, Tang 
et al. 2012, van Bloemendaal et al. 2014). CNS activations 
were reported as significant when these survived family-
wise error correction for multiple comparisons at the 
voxel level using small volume correction, as described 
previously (van Bloemendaal et al. 2014).

Clinical group data and treatment effects were 
analysed using Statistical Package for the Social Sciences 
version 20 (SPSS20). Data are expressed as mean ± s.e.m. 
(unless otherwise stated). In study 1, between-group 
differences were analysed with independent Student’s t-tests 
or, in case of more than one time point during one visit, 
with repeated measures ANOVA using time (minutes) as 
within-subject factor and group as between-subject factor. 
In study 2, to analyse the longitudinal difference between 
treatments, a generalised estimating equation approach 
was used. To investigate the effect of order of treatment 
on the changes in weight and HbA1c, an interaction term 
was added to the model. Associations among differences in 
CNS activation between treatments and clinical data were 
calculated with Pearson’s regression coefficient. Results 
were considered statistically significant when P < 0.05.

Results

Clinical characteristics, blood glucose and plasma 
hormone levels

Table 1 summarises the clinical characteristics of both 
groups from study 1, as described previously (Ten Kulve  
et al. 2015a). We included 20 obese patients with T2DM 
and 20 age- and gender-matched healthy lean individuals. 
All participants completed all visits. By design, the groups 
differed on weight, BMI, waist circumference, fasting 
plasma glucose and HbA1c (P < 0.001). Furthermore, 
systolic blood pressure was significantly higher in T2DM 
patients.

The glucose and hormone responses during the test 
visits of study 1 are shown in Supplementary Fig. 1 (see 
section on supplementary data given at the end of this 
article) (as described previously (Ten Kulve et al. 2015a)). 
As expected, T2DM patients had significantly higher  
glucose and glucagon levels compared with healthy 
lean individuals. Exendin 9-39 infusion, compared with  
placebo, had no effects on glucose levels in healthy lean 
individuals, but increased glucose levels in T2DM patients 
and increased glucagon levels in both groups. GLP1 levels 
did not differ significantly between healthy lean individu-
als and T2DM patients during placebo infusion but were 
significantly higher during the exendin 9-39 infusion  
compared with placebo.

In study 2, the effects of treatment with liraglutide 
and insulin glargine on clinical characteristics in T2DM 
patients are presented in Table 2, as described previously 
(Ten Kulve et al. 2015b). All participants completed all 
the visits. Treatment with liraglutide resulted in signifi-
cant weight loss after 12  weeks compared with insulin 

Table 1 Clinical characteristics of healthy lean individuals and T2DM patients.

Healthy controls  

(n = 20)

Obese patients  

with T2DM (n = 20) P-value

Age (years) 56.3 ± 1.4 59.5 ± 0.9 0.06
Gender, male/female (n) 10/10 11/9 0.8
Weight (kg) 69.9 ± 2.5 95.4 ± 3.4  < 0.001
Body mass index (kg/m2) 22.5 ± 0.4 32.0 ± 1.1  < 0.001
Waist circumference (cm) 81.4 ± 1.8 108.9 ± 2.5  < 0.001
Systolic blood pressure (mmHg) 113 ± 3.5 128 ± 2.0 0.001
Diastolic blood pressure (mmHg) 72.9 ± 2.5 78 ± 1.8 0.1
HbA1c (mmol/mol) 37 ± 0.4 56 ± 2.2  < 0.001
Fasting plasma glucose (mmol/L) 5.2 ± 0.1 8.4 ± 0.3  < 0.001
Diabetes duration (years) – 7.8 ± 1.1 –
Blood pressure-lowering medications (n) 0 10  < 0.001
Cholesterol-lowering medications (n) 0 15  < 0.001

Data are means ± s.e.m.
T2DM, type 2 diabetes.
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glargine (Δ −3.3 kg vs Δ +0.8 kg, respectively, P < 0.001). 
HbA1c levels decreased during both treatments, however, 
significantly more with liraglutide compared with placebo  
(Δ −8 mmol/L (−0.7%) vs −3 mmol/L (−0.2%), respectively, 
P < 0.001). There was no significant interaction between 
the order of treatment and the effect of treatment on both 
body weight and HbA1c levels (P = 0.1 and P = 0.3 respec-
tively). Supplementary Fig. 2 shows that both liraglutide 
and insulin glargine lowered glucose levels compared with 
baseline (P < 0.001); however, this effect was larger with 
liraglutide compared with insulin glargine. Nausea scores 
during the test visits did not differ between treatments 
after 10 days or 12 weeks (P = 0.5 and P = 0.4 respectively).

Decreased CNS activation in response to  
chocolate milk receipt in obese T2DM patients vs  
healthy lean individuals

Supplementary Table 1 (see section on supplementary 
data given at the end of this article) shows the results 
of the effects of group on CNS activation in response to 
chocolate milk receipt. Obese T2DM patients, compared 
with healthy lean individuals, showed less CNS activation 
in right insula (P = 0.04) and left OFC (P = 0.003) in 
response to chocolate milk (Fig. 2). In the analyses using 
the contrast chocolate milk receipt vs tasteless solution 
receipt, similar results were observed in right insula 
(P = 0.04).

Table 2 Clinical characteristics before and during treatment in obese T2DM patients.

Patient characteristics (n = 20)

Baseline 10 days 12 weeks

Insulin Liraglutide Insulin Liraglutide Insulin Liraglutide

Weight (kg) 94.6 ± 3.5 95.0 ± 3.4 94.4 ± 3.5 93.9 ± 3.4 95.4 ± 3.6 91.7 ± 3.5†

BMI (kg/m2) 31.7 ± 1.1 31.9 ± 1.0 31.6 ± 1.1 31.5 ± 1.0 31.9 ± 1.0 30.7 ± 1.0†

Waist circumference (cm) 108 ± 2.5 108 ± 2.2 108 ± 2.4 108 ± 2.2 108 ± 2.4 105 ± 2.3†

Systolic blood pressure (mmHg) 126 ± 1.8 127 ± 1.9 125 ± 2.4 125 ± 1.9 125 ± 2.5 123 ± 1.9
Diastolic blood pressure (mmHg) 78 ± 1.9 79 ± 3.2 77 ± 1.6 77 ± 1.9 76 ± 1.8 76 ± 1.5
Heart rate (beats/min) 67 ± 1.7 68 ± 2.4 67 ± 2.0 72 ± 1.8* 67 ± 2.4 71 ± 1.7
HbA1c (mmol/L) 54 ± 1.8 55 ± 2.0 54 ± 2.0 54 ± 2.2 51 ± 1.7 47 ± 1.6†

Fasting glucose (mmol/L) 8.1 ± 0.4 8.3 ± 0.4 6.8 ± 0.3 6.0 ± 0.3† 5.2 ± 0.2 6.2 ± 0.3†

Total cholesterol (mmol/L) 4.6 ± 0.3 4.2 ± 0.2 4.3 ± 0.3 4.0 ± 0.3 4.3 ± 0.3 4.0 ± 0.2
Triglycerides (mmol/L) 1.8 ± 0.3 1.6 ± 0.2 1.4 ± 0.1 1.4 ± 0.1 1.4 ± 0.2 1.4 ± 0.2
Nausea score 0.37 ± 0.16 0.76 ± 0.37 0.35 ± 0.24 0.51 ± 0.20 0.36 ± 0.17 0.33 ± 0.16

Data are means ± s.e.m.; *P < 0.05; †P < 0.001 for differences between liraglutide and insulin glargine treatment change from baseline.
T2DM, type 2 diabetes.

Figure 2
Group differences on CNS activation to chocolate milk receipt. Coronal slice showing differences in group averages of activation in brain regions where 
T2DM patients (n = 20) vs healthy lean individuals (n = 20) had reduced activation in response to chocolate milk receipt. The colour scale reflects the T value 
of the functional activity. Results are presented at the threshold of P < 0.05, FWE corrected (correction for multiple comparisons on the voxel level) on cluster 
extent. In the graphs, BOLD signal intensity (effect size) is plotted (arbitrary unites), mean ± s.e.m. BOLD, blood oxygen level dependent; FWE, family-wise 
error; HC, healthy lean individuals; T2DM, type 2 diabetes patients. A full colour version of this figure is available at http://dx.doi.org/10.1530/JOE-15-0461.
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Study 1: Endogenous GLP1 affects CNS responses to 
chocolate milk receipt in healthy lean individuals

In healthy lean individuals, blockade of endogenous GLP1 
effects with the GLP1 receptor antagonist exendin 9-39 
resulted in a blunted CNS activation in response to the 
receipt of chocolate milk in bilateral insula (right insula, 
P = 0.03; left insula, P = 0.02) (Fig. 3). In T2DM patients, we 
did not detect an effect of blockade of the GLP1 receptor. 
In the analyses with the use of the contrast chocolate 
milk vs tasteless solution, comparable effects of the GLP1 
antagonist were found in the healthy lean individuals (right 
insula, P = 0.01; left insula, P = 0.03), and again no effects 
were observed in T2DM patients (Supplemental Table 1).

Study 2: Treatment with liraglutide vs insulin glargine 
increases CNS activation to chocolate milk receipt after 
short-term treatment

We compared the effects of liraglutide and insulin glargine 
at baseline, after 10 days and after 12 weeks of treatment 
in a cross-over study. As expected, no differences were 
observed between treatments at baseline in response to 
chocolate milk receipt. After 10  days of treatment with 
liraglutide, compared with insulin glargine, CNS activation 
to chocolate milk compared with baseline was increased 
in right caudate nucleus (P = 0.013) and right insula 
(P = 0.032) (Fig. 4). After 12 weeks, we did not observe the 
differences between treatments in our regions of interest. 
However, insulin glargine, in comparison to liraglutide, 
increased the activation in response to chocolate milk in 
right amygdala region (P = 0.001) (Supplementary Table 1).

We also compared the effects of liraglutide and  
insulin glargine using the contrast chocolate milk vs 
tasteless solution receipt. Again as expected, we did 
not observe the differences between treatments at  
baseline. However, after 10 days of treatment, there were no  
differences between treatments. After 12  weeks, results 
with this contrast were similar to those obtained with the  
contrast chocolate milk receipt vs baseline, with increased 
activation with insulin glargine in response to chocolate 
milk in right amygdala region (P = 0.001).

Correlation between differences of treatment in CNS 
activation and weight changes

The difference between treatments (after 10 days) in CNS 
activation to the receipt of chocolate milk in the caudate 
nucleus and the right insula was positively correlated with 
the difference in weight change between treatments after 
12 weeks; however, this was only statistically significant 
for the right insula (right caudate nucleus r = 0.4, P = 0.1; 
right insula r = 0.5, P = 0.03) (Fig. 5).

Adverse events

In study 1, four individuals reported mild abdominal 
discomfort after meal intake (one during exendin 9-39, 
one during placebo and two during both visits) (Ten 
Kulve et  al. 2015a). During exendin 9-39 infusion, one 
individual vomited shortly after the intake of meal and 
another individual experienced dizziness after the first 
fMRI session.

Figure 3
Effects of endogenous GLP1 on CNS activation to chocolate milk receipt. Coronal slice showing the areas where (n = 20) blockade of endogenous GLP1 
effects reduced the activation in response to chocolate milk receipt in healthy lean individuals. The colour scale reflects the T value of the functional 
activity. Results are presented at the threshold of P < 0.05, FWE corrected (correction for multiple comparisons on the voxel level) on cluster extent. In the 
graphs, BOLD signal intensity (effect size) is plotted (arbitrary unites), mean ± s.e.m. BOLD, blood oxygen level dependent; ex9-39, exendin 9-39; FWE, 
family-wise error; GLP1, glucagon-like peptide-1; plac, placebo. A full colour version of this figure is available at http://dx.doi.org/10.1530/JOE-15-0461.
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In study 2, during treatment with insulin glargine, 
three patients reported one or more mild hypoglycae-
mic episodes (Ten Kulve et al. 2015b). During treatment 
with liraglutide, one patient reported a mild hypoglycae-
mic episode. During the first days of treatment or after 
dose escalation with liraglutide, ten patients reported 
gastro-intestinal side effects (mild nausea, n = 7; moder-
ate nausea, n = 1; diarrhoea, n = 2). At the beginning of 
the test visit after 10 days of treatment with liraglutide, 
two patients reported a mild feeling of nausea. When 
we excluded these patients from the analyses at that 
time point, the results of the effect of liraglutide on CNS  
activation remained similar.

Discussion

Previously, we demonstrated the effects of endogenous 
GLP1 and treatment with GLP1RA on CNS activation in 
response to viewing food pictures. This study was performed 
to investigate the effects of endogenous GLP1 and 
treatment with GLP1RA on CNS activation in response to 
palatable food consumption, as the taste of food can induce 
reward-related CNS responses, which can be a powerful 
drive for food consumption. We found that healthy lean 
individuals have greater activation, compared with obese 
T2DM patients, in the insula in response to receipt of 
chocolate milk. In healthy lean individuals, blockade of 

endogenous GLP1 effects precluded these activations in 
the insula. In obese T2DM patients, 10 days of treatment 
with the GLP1RA liraglutide, compared with insulin, 
improved the reduced activation in the insula and caudate 
nucleus in response to chocolate milk receipt of which the 
insula activation predicted decreases in body weight after 
12 weeks. This suggests that the GLP1RA liraglutide may 
improve the observed deficit in responsiveness in T2DM 
compared with lean individuals. However, this treatment 
effect on the CNS ceased to be significant after long-term 
treatment (12 weeks). Together, these findings indicate that 
endogenous GLP1 modulates central responses to palatable 
food consumption and that short-term treatment with 
GLP1RA may normalise CNS responses to palatable food 
consumption in obese T2DM individuals.

It has been suggested that altered CNS responses may 
contribute to the development of obesity (Volkow & Wise 
2005, Trinko et al. 2007). These altered CNS responses 
in obesity to food stimuli often parallel observations in 
individuals with drug addiction in response to addiction-
related stimuli. Obese individuals showed increased 
responsiveness to viewing pictures of food, which could 
be regarded as the addictive substance, in areas involved 
in reward circuits (such as the insula, putamen, caudate 
nucleus and amygdala) (Rothemund et al. 2007, Stoeckel 
et al. 2008, van Bloemendaal et  al. 2014), which may 
resemble craving effects. They also showed a reduced 
responsiveness to actual receipt of palatable food in the 

Figure 4
Effects of GLP1RA treatment in obese T2DM patients on CNS activation to chocolate milk receipt. Axial slice showing areas where after 10 days of 
treatment with liraglutide vs insulin, increased responses were observed in response to chocolate milk receipt in obese T2DM patients. The colour scale 
reflects the T value of the functional activity. Results are presented at the threshold of P < 0.05, FWE corrected (correction for multiple comparisons on 
the voxel level) on cluster extent. In the graphs, BOLD signal intensity (effect size) is plotted (arbitrary unites), mean ± s.e.m. BOLD, blood oxygen level 
dependent; FWE, family-wise error; GLP1, glucagon-like peptide-1; T2DM, type 2 diabetes patients.  A full colour version of this figure is available at 
http://dx.doi.org/10.1530/JOE-15-0461.
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caudate nucleus and putamen, probably reflecting (acquired 
or premorbid) hyposensitivity (Stice et al. 2008a,b).  
In line with these findings, we observed a reduced 
responsiveness to the receipt of palatable food in our group 
of obese T2DM patients. This deficit in responsiveness of 
the reward circuitry to palatable food intake may lead 
to an increase in food intake, as a means to compensate 

for under-stimulation of the CNS reward system, in an 
effort to achieve a sufficient degree of satisfaction (Blum 
et al. 1996, Wang et al. 2004). Interestingly, we found 
that short-term treatment with the GLP1RA liraglutide, 
compared with insulin, increased the responsiveness to 
palatable food consumption in the insula and caudate 
nucleus in T2DM, suggesting improved stimulation in the 
reward circuitry, which may prevent the compensatory 
increase in food intake.

The insula is important in the reward evaluation 
of food consumption, therefore the regulation of food 
intake. The insula is known to receive gustatory and  
visceral afferents, therefore regarded as the primary  
gustatory cortex, and to be involved in taste memory 
(Levy et  al. 1999). It is involved in the processing and 
evaluation of rewarding aspects of food cues and in  
craving for food (Small et al. 2001, Pelchat et al. 2004). 
Moreover, the insula is connected to other reward-related 
areas (Frank et al. 2013). Also the caudate nucleus is known 
to be involved in the process of reward evaluation (Hare 
et al. 2008). Our findings of endogenous GLP1 effects and 
treatment with liraglutide in these areas in response to 
chocolate milk consumption indicate a role for GLP1 in 
the central regulation of feeding behaviour.

In contrast to the healthy lean individuals, an effect 
of endogenous GLP1 on chocolate milk receipt was not 
observed in T2DM patients. In these patients, CNS acti-
vation to the receipt of chocolate milk during placebo 
infusion was lower compared with the healthy lean indi-
viduals. It is possible that this lower activation in T2DM 
patients might have hampered the likelihood to detect a 
further decrease caused by blockade of endogenous GLP1 
effects. The absence of measurable effect of endogenous 
GLP1 on CNS activation in T2DM patients cannot be 
explained by lower GLP1 levels, as GLP1 levels did not 
differ between groups.

Although we found an effect of treatment with  
liraglutide after short-term treatment, we did not observe 
an effect after 12  weeks. Because the effects on the 
CNS precede the weight reduction, it therefore may be  
suggested that effects of liraglutide on the CNS contribute  
to the induction of weight loss, as seen during the  
initial period of treatment; however, it is unclear whether 
the effects on the CNS contribute to the maintenance of 
weight loss. Results from clinical studies show that the 
weight loss observed during treatment with liraglutide 
(1.8 mg) is most pronounced in the first 10 weeks, but is 
only maintained during long-term treatment (Buse et al. 
2009, Russell-Jones et al. 2009). As we could not detect an 
enhancing effect of liraglutide after long-term treatment 

Figure 5
Correlation between difference in CNS activation in (A) the right insula 
and (B) the right caudate nucleus after 10 days and difference in weight 
changes over 12 weeks between treatments. Correlation analyses were 
performed between the differences in CNS activation in response to 
chocolate milk receipt after 10 days of treatment with liraglutide vs 
insulin and the differences between treatments in weight change from 
baseline to 12 weeks. A positive correlation was found in both areas 
where a difference was observed of liraglutide vs insulin in response to 
chocolate milk response after 10 days of treatment (insula, r = 0.5; 
caudate nucleus, r = 0.4); however, this was only significant for the 
activation in the insula (insula, P = 0.03; caudate nucleus, P = 0.1).
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on the CNS, it is to suggest that liraglutide maintains 
weight loss via other mechanisms than those involving 
the CNS or that the effects on the CNS may be smaller 
after long-term treatment. This may explain why the 
weight loss does not proceed after long-term treatment.

For the effects of T2DM and endogenous GLP1, the 
results were similar using the contrast chocolate milk 
receipt vs baseline and using the contrast chocolate milk 
vs tasteless solution receipt. In study 2, using the choco-
late milk receipt vs baseline, we observed an increasing 
effect after 10 days of treatment with liraglutide; however,  
this finding was not observed in the analyses using 
tasteless solution as a comparator. This latter contrast 
was created to eliminate possible effects of receipt of a  
solution in general, thus to identify only the added effect 
of the receipt of palatable solution (i.e. chocolate milk). 
Nevertheless, we consider the contrast chocolate milk vs 
baseline also of interest. However, it could be argued that 
this contrast is less accurate, as it is not corrected for the 
receipt of a solution in general. However, it is very well 
possible that, although designed not to do so, the receipt 
of tasteless solution may also have a certain rewarding 
effect. This will decrease the quantitative difference in 
activation within the contrast chocolate milk vs tasteless 
solution, compared with the more robust contrast using 
baseline as comparator.

It is to suggest that the central effects of exendin 9-39 
and liraglutide may be mediated by their concomitant 
glucometabolic effects. Both glucose and glucagon have 
satiating effects in the CNS (Inokuchi et al. 1984, Geary 
et al. 1992, Page et al. 2011). Although these levels were 
higher in the T2DM patients and during exendin 9-39 
infusion in study 1, we observed less satiating effects, i.e. 
reduced central responses to the receipt of chocolate milk. 
Hence, differences in glucose and glucagon cannot explain 
our findings in study 1. In study 2, differences in glucose 
levels after 10 days of treatment with liraglutide also cannot 
explain the effects of liraglutide on the CNS because we 
found lower glucose levels and enhanced satiating effects 
of liraglutide. We did not measure glucagon levels in this 
study. If anything, it could be expected that treatment with 
liraglutide decreases glucagon levels (Garber et al. 2011), 
which is associated with lower satiating effects (Inokuchi 
et al. 1984) and thus expected to reduce the responsiveness 
to palatable food consumption. Changes in glucagon 
levels can therefore not explain the observed increased 
responses after short-term treatment with liraglutide.

It could be argued that the gastro-intestinal side 
effects of GLP1 and GLP1RA play a role in the central 
changes in response to palatable food. However, we do 

not expect gastric emptying to play an important role 
in our findings. The effects of exendin 9-39 infusion on 
gastric emptying are subtle and start only 45 – 60 min. 
after meal intake (Deane et al. 2010), whereas we started 
our fMRI measurements 45  min after meal intake. In 
addition, during treatment with liraglutide, several 
patients did report one or more mild gastro-intestinal 
complaints or nausea; however, these complaints were 
transient and at the beginning of treatment or after  
dosage escalation. After 10  days of treatment with  
liraglutide, i.e. the time point where we observed the 
effects of liraglutide on the CNS, only two patients 
reported mild nausea and nausea scores did not differ 
between treatments. Moreover, the effects of liraglu-
tide on the CNS were similar after exclusion of the two 
patients with nausea.

In conclusion, healthy lean individuals showed 
greater CNS activation in response to palatable food 
consumption, compared with obese T2DM patients. 
In the healthy lean individuals, we demonstrated that 
endogenous GLP1 is a physiological signal contributing to 
central rewarding effects of the consumption of palatable 
food. Furthermore, treatment with liraglutide improved 
the reduced CNS activation in obese T2DM patients 
after short-term treatment, which was associated with 
body weight loss observed after longer-term treatment. 
However, long-term effects of GLP1RA treatment on CNS 
responses to food stimuli were not demonstrated. This 
may explain why weight loss does not proceed after the 
initial treatment period with liraglutide (1.8 mg). Taken 
together, our data emphasize the role for GLP1 in the 
central processing and regulation of palatable food intake 
and show a potential mechanism by which treatment 
with GLP1RA leads to body weight loss.
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