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Dissociation of GLP-1 and insulin association
with food processing in the brain: GLP-1
sensitivity despite insulin resistance in obese
humans
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ABSTRACT

Objective: Glucagon-like peptide-1 (GLP-1) is released into the bloodstream after food intake. In addition to stimulating insulin release, it causes
satiety and contributes to the termination of food intake. In this study, we investigated whether endogenous GLP-1 affects food-related brain
activity and hunger.
Methods: Twenty-four volunteers (12 lean; 12 obese) underwent a 75 g oral glucose tolerance test that promotes GLP-1 secretion. Food cue-
induced brain activity was assessed by functional magnetic resonance imaging and GLP-1 concentrations were measured before, 30, and
120 min after glucose intake.
Results: The significant increase in GLP-1 levels negatively correlated with a change in the food cue-induced brain activity in the orbitofrontal
cortex, a major reward area. This association was independent of simultaneous alterations in insulin and glucose concentrations. The association
was present in lean and overweight participants. By contrast, postprandial insulin changes were associated with orbitofrontal activations in lean
individuals only.
Conclusions: The postprandial release of GLP-1 might alter reward processes in the orbitofrontal cortex and might thereby support the
termination of food intake and reduce hunger. While obese persons showed brain insulin resistance, no GLP-1 resistance was observed. Our
study provides novel insight into the central regulation of food intake by the incretin hormone GLP-1.

� 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

After food intake, humoral and neural signals from the periphery reach
the brain to cause satiety, terminate food intake, and induce brain-
derived regulation of whole-body metabolism.
One important endocrine signal is glucagon-like peptide-1 (GLP-1), a
peptide hormone released from intestinal L-cells after food intake
[1,2]. GLP-1 based therapies are used for the treatment of type 2
diabetes either by enhancing GLP-1 concentrations due to inhibition of
the degrading enzyme or by administering long-lasting analogues [1].
While the main therapeutic effect of these therapies was initially
thought to be the promotion of endogenous insulin secretion, it is now
clear that pleiotropic effects are present in a large number of other
organs [2,3]. Unlike many other diabetes drugs, GLP-1 analogues
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substantially reduce body weight [1,4] by reducing appetite and
enhancing satiety, thereby decreasing food intake [1,5]. Since, this
effect on eating behavior is not limited to specific drugs, it can also be
induced by native GLP-1 administration [5,6]. Many other satiety
signals are impaired in obesity, but activation of the GLP-1 receptor by
GLP-1 analogues can also reduce body weight in obese persons [1,5].
Activation of the GLP-1 receptor in the periphery transmits signals to
the brain via the vagus nerve [7,8]. The brain might also be directly
activated due to widely expressed GLP-1 receptors in the central
nervous system [5]. The importance of the latter mechanism is
underscored by the recent report that intranasal GLP-1 administration
introduced beneficially metabolic effects in patients with type 2 dia-
betes [9]. The authors suggest that a number of the effects observed
are due to absorption of GLP-1 directly into the brain [9]. Moreover, a
Nephrology and Clinical Chemistry, Eberhard Karls University Tübingen, Tübingen,
nter Munich at the University of Tübingen, Tübingen, Germany 3German Center for

r-Str. 10, 72076 Tübingen, Germany. Tel.: þ49 7071 29 82714; fax: þ49 7071 29

mber 16, 2015 � Available online 30 September 2015

en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 971

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.�0/
mailto:martin.heni@med.uni-tuebingen.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2015.09.007&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.�0/
http://www.molecularmetabolism.com


Brief communication
recent study established that treatment with a GLP-1 receptor agonist
influenced food-related activity in different appetite- and reward-
related brain areas [10].
Given GLP-1’s benefits for weight management and glycemic control
[1,2,5], it is vital to further elucidate the specific brain areas that
respond to endogenous GLP-1. On the basis of our recent publication
on food-related brain activity after oral glucose intake [11], we now
investigated whether endogenous GLP-1 correlates with food cue-
induced brain response independently of insulin in lean and obese
individuals.

2. MATERIAL AND METHODS

2.1. Participants
Twelve lean (23 � 2 years; body mass index [BMI] 21.2 � 1.1 kg/m2;
six women) and twelve obese (age 25 � 2 years; BMI 30.5 � 1.8 kg/
m2; six women) healthy volunteers participated in this study. More
details on patient characteristics can be found in [11]. Informed written
consent was obtained and the local ethics committee approved the
protocol.

2.2. Experimental setup and fMRI data analysis
All subjects underwent a 75 g oral glucose tolerance test. Whole-brain
fMRI data were obtained using a 3.0T scanner (Siemens TimTrio,
Erlangen, Germany). Brain response to food pictures was recorded
directly before, 30 and 120 min after glucose intake as already
described [11]. Pre-processing and statistical analysis of the fMRI data
were performed with SPM8 (Wellcome Trust Centre for Neuroimaging,
London, UK). To estimate brain activation changes to food cues in this
study, individual contrasts were computed after oral glucose intake
and compared to the baseline recording. The resulting contrasts were
used to evaluate the association between GLP-1 and the postprandial
response to food using a multiple regression analysis in SPM8
(p < 0.05, whole-brain family-wise-error (FWE) correction for multiple
comparisons). BOLD response of regions showing significant associ-
ation with GLP-1 was extracted for further statistical analyses.
To compare GLP-1 and insulin associations with orbitofrontal activity,
we additionally extracted BOLD response for the previously described
[11] insulin-responsive cluster in this brain region for 30 min.

2.3. Hormone measurements
We measured total GLP-1 before, 30 and 120 min after glucose
ingestion and ascertained that GLP-1 levels increased rapidly after
glucose ingestion and remained high for a considerable period of time,
as described by others (e.g. [12]). For 120 min post glucose, samples
were available from only 21 of 24 subjects. After drawing blood,
samples were immediately placed on ice and stored at �80 �C until
analysis. Total GLP-1 was quantified by a specific commercial ELISA
(Millipore, Watford, UK) which had been selected on the basis of its
reliability in a recent comparison of GLP-1 assays [13].
Details on measurements of plasma insulin and glucose can be found
in [11].

2.4. Calculations and statistical analyses
Changes from before to after glucose ingestion were calculated by
subtracting the measurement “after” from the measurement “before”.
We used the software package JMP 10 (SAS, Cary, USA) for all sta-
tistical analysis. Correlations and adjustments were calculated by
multiple linear regression analyses. Results with values of p < 0.05
were considered statistically significant. Data are given as
means � SE.
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3. RESULTS

3.1. Plasma GLP-1 levels
From baseline levels of 3.4 � 1.1 pmol/l, GLP-1 plasma levels
significantly increased after glucose intake to 49.8 � 2.9 pmol/l at
30 min and remained high at 51.1 � 2.5 pmol/l at 120 min (both time
points vs basal p< 0.0001). There were no differences in GLP-1 levels
between lean and overweight participants (all p > 0.2, Supplementary
Table 1).
The increase in GLP-1 at 30 min positively correlated with the con-
current increase in insulin levels (p ¼ 0.0024).

3.2. Brain activity
To investigate the effects of GLP-1 on brain processing of food cues,
we analyzed the relationship between the increase in GLP-1 and
changes in food-related brain activity. This was carried out on a whole-
brain level, i.e. in a hypothesis-free approach testing all regions within
the brain.
We found a significant, negative correlation between GLP-1 changes
and food cue-induced orbitofrontal activity from before to 120 min after
glucose intake (p < 0.0001, Figure 1, MNI-coordinates: þ/�3, 45,
�18). This association remained significant after adjustment for the
possible confounders gender and BMI (p < 0.0001) as well as for
gender, BMI, and age (p ¼ 0.0001). Furthermore, this association
remained significant after adjustment for the concurrent change in
insulin and glucose concentrations (p < 0.0001).
In addition, an association between change in GLP-1 and brain activity
from before to 30 min after glucose intake was observed at the trend
level (p ¼ 0.06, r2 ¼ 0.2).
The relationship between the change in plasma GLP-1 and change in
orbitofrontal response from before to 120 min post glucose intake did
not interact with BMI (ANCOVA p ¼ 0.7). The negative association was
therefore present in both lean and obese persons (p ¼ 0.0317 and
p ¼ 0.0007, respectively; Figure 2B,D).
As previously shown [11,14], the orbitofrontal cortex is also influenced
by insulin. We therefore specifically compared associations of insulin
and GLP-1 with regional brain activity in this area (Figure 2). The
insulin-responsive cluster in the orbitofrontal cortex (MNI-coordinates:
24, 42, �12) was based on our recent publication, in which we
detected significant associations at 120 min [11]. Unlike GLP-1
(Figure 2B,D), divergent results for both weight groups were detec-
ted for insulin: The steep increase in plasma insulin from baseline to
30 min post glucose load was significantly associated with the
concomitant change in food-induced orbitofrontal activity in lean
participants only (p ¼ 0.0348, Figure 2A). In obese participants, no
significant correlation was detected (p ¼ 0.2, Figure 2C).

4. DISCUSSION

In the current study, the increase in endogenous GLP-1 after an oral
glucose load was associated with the postprandial processing of food
cues in the orbitofrontal cortex. Food response in the orbitofrontal
cortex was associated with plasma insulin in lean persons only,
whereas the association with GLP-1 was present in both lean and
obese participants.
In humans, there is evidence that the orbitofrontal cortex reacts to the
hormone insulin [14,15], which is released in response to GLP-1 and is
also tightly correlated to GLP-1 in our study. We had already detected
associations of plasma insulin and orbitofrontal activity at 120 min,
with significance at the whole-brain level [11], in a cluster directly
adjacent to the cluster currently found to correlate with GLP-1. We now
H. This is an open accessarticle under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Increase in GLP-1 after oral glucose is associated with change in food cue-induced orbitofrontal activity. The left panel shows a color-coded F-value map with
significant associations of increase in GLP-1 concentration from baseline to 120 min post glucose load with the concomitant change in orbitofrontal activity. In the right panel,
increase in GLP-1 concentration from baseline to 120 min post glucose load is plotted against change in food picture-induced orbitofrontal activity. Line represents fit
line � confidence intervals from an unadjusted model. N ¼ 24.
also confirmed this correlation for 30 min post glucose load for lean
participants. This finding is underscored by interventional studies that
also detected insulin effects in prefrontal areas in lean persons [14e
16]. However, the associations of GLP-1 with orbitofrontal activity were
independent of insulin in our current study. Thus, insulin and GLP-1
might both decrease activity in the orbitofrontal cortex and might
synergistically contribute to the regulation of regional brain activity in
the postprandial state.
It is worth mentioning that our GLP-1 results showed no differences
between lean and obese persons. By contrast, postprandial insulin was
associated with the orbitofrontal response in lean individuals only, but
not in obese persons, an observation pointing towards brain insulin
resistance. It is known that obesity results in the brain becoming
resistant to a number of satiety-inducing peptide hormones including
insulin [17,18] and leptin [19]. Our current results indicate, however,
that the brain could still be sensitive to endogenous GLP-1. This tallies
well with the clinical observation that GLP-1 agonists evolve their
weight-reducing effect in obese patients also [1,5]. Therapeutic ap-
proaches addressing central GLP-1 pathways therefore seem appro-
priate when treating obese patients.
The orbitofrontal cortex is modulated by feeding with reduced activity
after eating [20,21]. Besides its well-characterized function for the
integration of multiple sensory systems, the orbitofrontal cortex is one
major reward center [22,23]. This area is very important in the eval-
uation of food-related stimuli [24e26]. Pictures of highly caloric food
activate this area in hungry individuals [25]. However, the exact
mechanism underlying the modulation of reward in this area are still
under investigation [22,24]. The GLP-1 receptor is expressed in pre-
frontal areas ([27] via BioGPS [28]). Accordingly, exogenous admin-
istration of GLP-1 together with the peptide hormone PYY reduced
orbitofrontal activity [29] and a current study identified pharmacolog-
ical levels of a GLP-1 receptor agonist to modulate orbitofrontal activity
[10] and reward [30]. Furthermore, cerebral glucose metabolism in this
area was modulated by a GLP-1 receptor agonist in a study with lean
men [31]. Our current results suggest that endogenous GLP-1 may
contribute to food-related reward processes in the orbitofrontal cortex.
Beyond reward, recent data indicate that orbitofrontal activity might
also contribute to the regulation of whole-body glucose metabolism
[16], which is indeed modulated by GLP-1 via the brain in rodents
[32,33]. It remains to be investigated whether orbitofrontal GLP-1
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action is involved in such homeostatic outputs and if other brain re-
gions such as the hypothalamus also play a role [32]. One previous
study using positron emission tomography showed that increases of
endogenous GLP-1 levels after a liquid formula meal were associated
with increases of cerebral blood flow in the prefrontal cortex and the
hypothalamus [34]. Due to different experimental protocols, nutritional
stimuli, GLP-1 assays with much lower stimulation of GLP-1 levels and
different imaging techniques [34], it is difficult to draw comparisons
between the two studies.
The postprandial response to GLP-1 in the orbitofrontal cortex sug-
gested by our current data could contribute to the immediate termi-
nation of food intake and may also prevent further excessive food
intake. These findings can, at least in part, explain how incretin-
mimetic drugs reduce food intake and decrease body weight [1,2].
Additional brain areas detected in pharmacological studies [10,35]
might also be involved. Due to our sample size of 24 participants
and the stringent correction for multiple comparisons, smaller effects
in other areas may have been overlooked. Unfortunately, no appro-
priate material was available for measurement of active GLP-1 in this
study. Furthermore, besides insulin and glucose, there are many other
hormones and metabolites that change in response to glucose intake.
For example, circulating PYY is also increased that has been demon-
strated to affect orbitofrontal brain activity as well [29,36]. Therefore,
we cannot exclude that further factors contribute to the change in
orbitofrontal activity detected in this study.
In summary, our current data support a model in which GLP-1 is
secreted after food intake, and subsequently reaches the brain where it
regulates food-related activity of the orbitofrontal cortex, independently
of insulin. While obese persons seem to be insulin-resistant in this
brain area, they might remain sensitive to GLP-1. The orbitofrontal
GLP-1 response might regulate reward and reduce hunger, which
could help individuals to stop eating and prevent further food intake.
Our study provides novel insights into the regulation of food intake,
metabolism, and body weight by GLP-1 in the postprandial state.
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Figure 2: Divergent associations of glucose-induced increase in insulin and GLP-1 and change in food cue orbitofrontal activity between lean and obese persons. Increase in
plasma insulin concentration from baseline to 30 min post glucose load is significantly associated with concomitant change in orbitofrontal activity in lean (A) but not in obese
persons (C). By contrast, increase in GLP-1 from baseline to 120 min post load is significantly associated with change in orbitofrontal activity between baseline and 120 min post
load in both lean (B) and obese participants (D). Line represents fit line � confidence intervals from an unadjusted model. N ¼ 24 for A and C; N ¼ 21 for B and D.
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