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Abstract
Aims/hypothesis Liraglutide is a glucagon-like peptide-1
(GLP-1) analogue that has been demonstrated to successfully
treat diabetes and promote weight loss. The mechanisms by
which liraglutide confers weight loss remain to be fully clar-
ified. Thus, we investigated whether GLP-1 receptors are
expressed in human brains and whether liraglutide adminis-
tration affects neural responses to food cues in diabetic indi-
viduals (primary outcome).
Methods In 22 consecutively studied human brains, expres-
sion of GLP-1 receptors in the hypothalamus, medulla
oblongata and parietal cortex was examined using

immunohistochemistry. In a randomised (assigned by the
pharmacy using a randomisation enrolment table), placebo-
controlled, double-blind, crossover trial, 21 individuals with
type 2 diabetes (18 included in analysis due to lack or poor
quality of data) were treated with placebo and liraglutide for a
total of 17 days each (0.6mg for 7 days, 1.2 mg for 7 days, and
1.8 mg for 3 days). Participants were eligible if they had type 2
diabetes and were currently being treated with lifestyle chang-
es or metformin. Participants, caregivers, people doing mea-
surements and/or examinations, and people assessing the out-
comes were blinded to the medication assignment. We studied
metabolic changes as well as neurocognitive and neuroimag-
ing (functional MRI) of responses to food cues at the clinical
research centre of Beth Israel Deaconess Medical Center.
Results Immunohistochemical analysis revealed the pres-
ence of GLP-1 receptors on neurons in the human hypothal-
amus, medulla and parietal cortex. Liraglutide decreased
activation of the parietal cortex in response to highly desir-
able (vs less desirable) food images (p< 0.001; effect size:
placebo 0.53 ± 0.24, liraglutide −0.47 ± 0.18). No signifi-
cant adverse effects were noted. In a secondary analysis,
we observed decreased activation in the insula and putamen,
areas involved in the reward system. Furthermore, we showed
that increased ratings of hunger and appetite correlated with
increased brain activation in response to highly desirable food
cues while on liraglutide, while ratings of nausea correlated
with decreased brain activation.
Conclusions/interpretation For the first time, we demonstrate
the presence of GLP-1 receptors in human brains. We also
observe that liraglutide alters brain activity related to highly
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desirable food cues. Our data point to a central mechanism
contributing to, or underlying, the effects of liraglutide on
metabolism and weight loss. Future studies will be needed to
confirm and extend these findings in larger samples of diabetic
individuals and/or with the higher doses of liraglutide (3 mg)
recently approved for obesity.
Trial registration ClinicalTrials.gov NCT01562678
Funding The study was funded by Novo Nordisk, NIH UL1
RR025758 and 5T32HD052961.
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Introduction

Diabetes mellitus is a significant and growing problem world-
wide affecting more than 25 million people in the USA, with
an estimated lifetime prevalence of one-third for individuals
born in 2000 [1]. A related condition, obesity, is also a grow-
ing problem in industrialised countries, affecting over one-
third of the population, with an additional third being over-
weight [2]. There is a clear need for understanding the under-
lying mechanisms of and identifying effective therapies to
treat type 2 diabetes and obesity.

Recently, incretin therapies have come to the forefront of
potential treatments for type 2 diabetes and obesity [3]. The
major source of endogenous glucagon-like peptide-1 (GLP-1)
in humans is the intestinal L cell [3]. Accumulating evidence
from both animal and human studies has shown that GLP-1
has an anorectic effect and may lead to weight reduction [4].
The GLP-1 analogue liraglutide has been approved by the US
Food and Drug Administration, at a dose of 1.8 mg, for use in
individuals with diabetes as an adjunct to diet and exercise [5].
Most recently, liraglutide 3.0 mg has been approved for the
treatment of obesity.

In addition to acting on pancreatic and gastric targets,
GLP-1 and liraglutide may act on the brain to produce satiety
and suppress food intake [6, 7]. In rats and monkeys, GLP-1
receptors have been identified in several areas of the brain,
including the hypothalamic nuclei and brainstem [8]. In
mice, the weight-reducing effects of liraglutide were con-
firmed to be induced centrally, as this effect was moderated

by the presence of neuronal GLP-1 receptors [9]. GLP-1
receptors have been identified in the hypothalamus, stria-
tum, midbrain and hindbrain of primates but expression of
these receptors has not been studied in humans [10]. The
central effects of liraglutide also remain to be confirmed in
humans, in whom the control of feeding involves other
brain areas such as the prefrontal cortex which is responsi-
ble for cognitive control and decision-making, a rather
complicated system which cannot be studied in mice or rats.
The reward system also differs between mice and humans.
Thus, although GLP-1 has been found to act on the
mesolimbic dopamine system of mice [11], this remains to
be studied in humans.

In this study, we used immunohistochemistry to explore
whether GLP-1 receptors exist in human brains. We also
investigated whether liraglutide administration could change
the functional activation (using functional MRI [fMRI]) of
brain centres important in energy homeostasis. A low dose
of liraglutide was administered in a 2.5-week-long, dose-es-
calation, randomised, placebo-controlled, crossover study in
diabetic individuals. To optimise this study, we gave the
highest dosage (1.8 mg [as 3.0 mg had not yet been ap-
proved]) for a short time period (3 days) so that although the
study took place at steady state and after any nausea initially
caused by the medication, no weight loss would have occurred
at the end of the study period and changes in body weight,
per se, would not have confounded the results.

Methods

Study 1 Samples of hypothalamus, medulla oblongata and
parietal cortex were obtained from discarded tissue taken from
22 autopsies (13men, 9 women, aged 34–95 years) carried out
less than 24 h after death. The selected paraffin blocks were
analysed for the presence of GLP-1 receptors using standard
immunohistochemical methods, employing the antibody
against the human GLP-1 receptor (MAb 3F52) as previously
described [10–12]. See electronic supplemental material
(ESM) Methods for further details. To further validate the
results, fixed sections were blocked and another GLP-1
receptor antibody (MAb28141; R&D Systems, Minneapolis,
MN, USA) was used to confirm staining.

Study 2 Nine men and nine women with type 2 diabetes
(defined as fasting plasma glucose > 6.94 mmol/l and/or
HbA1c>6.5% or 47.5 mmol/mol) provided written informed
consent to participate in this randomised, crossover, placebo-
controlled, double-blind study, approved by the Beth Israel
Deaconess Medical Center (BIDMC) Institutional Review
Board (details in ESM Fig. 1). Participants first came in for
a screening visit to the BIDMC clinical research centre (CRC)
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to ensure that they met the inclusion/exclusion criteria for the
study. See ESM Methods for further details.

After the screening visit, participants were randomised to
receive either liraglutide or placebo for the first arm of the
crossover study. They received the opposite treatment in the
second arm of the study. Thus, all 18 participants completed
both the liraglutide and placebo visits. Both arms were iden-
tical and separated by a wash-out period (minimum 3 weeks,
maximum 3 months). Each arm consisted of four visits in
total. At the first three visits, separated from each other by
1 week, physical examination and blood draws were per-
formed for monitoring safety. To minimise side effects (e.g.
nausea), the dose of liraglutide was gradually increased
(0.6 mg at the first visit, 1.2 mg at the second and 1.8 mg at
the third). The final visit occurred 3 days after the third visit
(i.e. when each participant had been on 1.8 mg liraglutide for
3 days). At the final visit of each arm, participants attended the
BIDMC CRC for a visit during which an overnight fast of at
least 12 h was followed by an fMRI scan during the fasting
state. Before and after the scan, participants used a visual
analogue scale (VAS) to record subjective feelings of hunger,
appetite and nausea. See ESM Methods for further details.
Detailed anthropometric data (e.g. dual energy x-ray absorp-
tiometry) were collected and resting metabolic rate was
recorded.

Biochemical measurements and analysis Fasting blood was
drawn by venipuncture by a registered nurse. Samples were
immediately processed for plasma and serum isolation accord-
ing to standard operating procedures and stored at −80°C until
analysis as previously described (ESM Table 1; [13, 14]). All
samples and standards were assayed in duplicate and only
results with a CV<15% were used.

Data were analysed using the Statistical Package for Social
Sciences (SPSS; IBM Corporation; Armonk, NY, USA) v.19
and first summarised with descriptive statistics. The treatment
effect was assessed using a general linear mixed model. The
variables of treatment, visit and sequence were included in the
model as fixed effects and patient-within-sequence was in-
cluded as a random effect. Baseline values from the first visits
in each arm were included as covariates. The values of anthro-
pometric, clinical and laboratory variables at visit 4 and visit 8
were compared and used as dependent variables. Dependent
variables that did not fulfil the normality assumptions were
log-transformed before analysis. VAS and neurocognitive test
results, collected at the endpoints for each phase (visits 4 and
8), were analysed with paired t tests between the treatment and
placebo conditions. See ESM Methods for further details.

fMRI protocol and analysisMRI scanning took place at the
Center for Biomedical Imaging, Boston University School of
Medicine, using a 3-T Philips Intera whole-bodyMRI (Philips
Medical Systems, Best, the Netherlands) equipped with a 32-

channel Synergy-L Sensitivity Encoding (SENSE) head coil.
See ESM Methods for further details.

The fMRI protocol consisted of six runs during which par-
ticipants viewed blocks of images of highly desirable foods
high in energy or fat content (e.g. cakes, onion rings and other
similar foods), less desirable foods low in energy or fat content
(e.g. vegetables and fruits) or non-food items (e.g. flowers,
rocks and trees). Participants reported their response to each
image (how much they liked each image, on a scale of 1–3),
using a response box held in their right hand. Blocks consisted
of five images, each image being shown for 3 s (15 s total for
each block), and 18 blocks were shown during each of the six
runs.

Blood oxygenation level dependent (BOLD) data was pre-
processed using SPM8 (Statistical Parametric Mapping; The
Wellcome Trust Centre of Neuroimaging, London, UK). The
contrast images (highly desirable > less desirable food images
and all food [both highly desirable and less desirable] cues >
non-food images) of the first-level analysis were used for the
second-level group statistics. At the second level, we per-
formed paired t tests between participants’ scans while on
liraglutide and placebo for the two contrasts (highly desirable
food cues > less desirable food cues and all food cues > non-
food cues). See ESM Methods for further details.

Neurocognitive testing Neurocognitive testing was done af-
ter the completion of the fasting MRI scan and the consump-
tion of a meal on the CANTAB device (Cambridge Cognition,
Cambridge, UK) (ESM Table 2).

Results

Study 1: expression of GLP-1 receptors in the human
brain In the parietal cortex, GLP-1 receptors stained with
various intensity all neurons (small pyramidal, large pyrami-
dal and polymorphous cells) in all cases examined (Table 1,
Figs 1 and 2). Large pyramidal cells were usually the most
immunoreactive while the polymorphous cells stained weakly
and in two cases faintly. Glial cells (oligodendrocytes and
astrocytes) were not immunoreactive in any case.

In the hypothalamus, the arcuate nucleus, paraventricular
nucleus and the complex of ventromedial nucleus neurons were
immunopositive in the vast majority of the cases (21/21, 17/18
and 18/18, respectively). Stain intensity varied from weak to
very strong, with the paraventricular and arcuate nuclei
displaying strong immunoreactivity in eight cases each. Even
though the neurons of the ventromedial nuclei were less immu-
noreactive, they were the structures that presented a distinct
paranuclear (Golgi-like) stain pattern.

Area postrema and the dorsal motor nucleus of the vagus in
the medulla oblongata expressed GLP-1 in all cases (10/10
and 11/11, respectively) with the former displaying vigorous
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Table 1 Results of immunohistochemical analyses for areas of the hypothalamus, medulla oblongata and parietal cortex

Case no. Sex SPC LPC PmC NSol AP DMNV SON SCN ARC PVN VMH

1 M ++ + + + ++

2 M + + −/+ − + ++ ++ +

3 F + ++ + −/+ + + + −/+
4 M + − −/+
5 F ++ ++ + ++ ++ + ++

6 M ++ ++ ++ −/+
7 M − −/+ −/+ −/+ ++ −/+
8 M −/+ + −/+ + + +

+
++

9 M ++ +++ ++ ++ ++ +

10 F ++ +++ ++ ++
++

+ ++

11 M + −/+ + −/+ + − −/+
12 F + ++ + ++ ++ +

13 M + −/+ −/+ + ++ + −/+ + −/+
14 F + −/+ −/+ −/+ + ++

15 M −/+ ++ + ++ + + +

16 F −/+ ++ + −/+
+

+ +

17 M −/+ ++ −/+
+

+ +

18 M + ++ + + +

19 F −/+ + −/+ + +
+

−/+ ++
+

20 F + ++ + + + ++ ++
++

++
+

+
+

21 M + ++ + - + + + + ++ −/+
22 F + ++

AP, area postrema; ARC, arcuate nucleus of the hypothalamus; DMNV, dorsal motor nucleus of the vagus; LPC, large pyramidal cells of the parietal
cortex; NSol, nucleus solitarius; PmC, polymorphous cells of the parietal cortex; PVN, paraventricular nucleus of the hypothalamus; SPC, small
pyramidal cells of the parietal cortex; VMH, ventromedial nucleus of the hypothalamus; −, no staining; −/+, weak staining; +, moderate staining; ++, strong
staining; +++, very strong staining; cells that are blank were not examined in that case; cells with two values show results of immunohistostaining in
two consecutive paraffin blocks; e.g. ‘++ ++’ indicates that tissues examined from two different paraffin blocks yielded strong staining in this area
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Fig. 1 Expression of GLP-1 receptors in human brain tissue. AP, area
postrema; ARC, arcuate nucleus of the hypothalamus; DMNV, dorsal
motor nucleus of the vagus; LPC, large pyramidal cells of the parietal
cortex; NSol, nucleus solitarius; PmC, polymorphous cells of the parietal
cortex; PVN, paraventricular nucleus of the hypothalamus; SPC, small

pyramidal cells of the parietal cortex; VMH, ventromedial nucleus of the
hypothalamus. White bars with grey border, no staining; light grey bars,
weak staining; dark grey bars, mild staining; black bars, strong staining;
diagonal stripe bars, very strong staining
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stain intensity. The dorsal motor nucleus of the vagus moder-
ately expressed the GLP-1 receptor antigen in the majority of
the cases. Weak, almost faint, immunoreactivity for this anti-
gen was also demonstrated in the nucleus solitarius (7/10 pos-
itive, of which five were weak/faint).

Study 2: metabolic impact of liraglutide Eighteen adults (9
women; age 48.9±2.4 years) with type 2 diabetes participated
in this study. Weight, BMI and waist circumference remained
unchanged with l i raglut ide treatment (Table 2) .
Immunoreactive GLP-1 was increased in response to
liraglutide (F statistic [degrees of freedom]) (F[32]) = 40.8;
p<0.001). The energy intake of participants was less while
on 1.8 mg liraglutide than while on placebo (placebo [aver-
aged]: 7,456 ± 803 kJ/day [1,782 ± 192 kcal/day]; 0.6 mg:
7,209 ± 937 kJ/day [1,723 ± 224 kcal/day]; 1.2 mg: 6,862
±586 kJ/day [1,640±140 kcal/day]; 1.8 mg: 6,000±795 kJ/
day [1,434±190 kcal/day]; t statistic [degrees of freedom]
t[7] =2.11; p<0.07, two-tailed; p<0.03, one-tailed). Fasting
blood glucose levels improved with liraglutide treatment
(F[19] = 24.5; p < 0.001), although neither HbA1c nor
fructosamine improved within this short time period. The

decrease in glucose remained significant in the treatment
group when adjusted for BMI (F[19]=22.7; p<0.001).

Side effects of liraglutide Nausea was reported equally by
participants while receiving liraglutide and placebo at earlier
visits (n = 7 participants in each arm; 38.9%; χ2 = 0;
p>0.999). VAS ratings of nausea were no different at the time
of the MRIs (t[17]=0.9; p<0.27; liraglutide: 5.45±0.61; pla-
cebo: 6.51± 0.73). Although amylase showed no changes,
lipase increased with liraglutide (F[15] = 12.1; p< 0.003)
within the normal range (Table 2).

Neurocognitive impact of liraglutide There were no signif-
icant changes in any of the neurocognitive testing results when
comparing liraglutide with placebo (Table 3). With a paired-
samples t test, participants showed less inferior parietal cortex
activation (297 mm3; XYZ: −48, −26, 46; z=4.13) in re-
sponse to highly desirable vs less desirable food images while
on 1.8 mg liraglutide vs placebo at p<0.001, uncorrected
(Fig. 3). In a secondary analysis, using small volume correc-
tions on data from highly desirable vs less desirable images in
the fasting state, we saw similar decreases in activation to
those obtained with exenatide reported by van Bloemendaal
et al [15] for insula and putamen (Fig. 4). Notably, we did not
observe any changes in the hypothalamus.

Impact of neuroimaging Using the VAS for rating hunger,
participants rated themselves as being fuller when taking
liraglutide while fasting (liraglutide: 3.97 ± 0.77; placebo:
2.12±0.67; t[17]=3.25, p<0.006). The participants trended
towards feeling that it would be less pleasant to eat during the
fasting state on liraglutide, although this rating did not reach
significance (liraglutide: 5.45 ± 0.61; placebo: 6.52 ± 0.06;
t[17]=1.94, p<0.09, one-tailed based on an a priori hypoth-
esis for a decrease). However, while receiving liraglutide, par-
ticipants’ ratings of how pleasant it would be to eat correlated
with the parietal activation shown in the whole-brain analysis
(i.e. those who showed the least activation of the parietal cor-
tex in response to highly desirable food images thought it
would be least pleasant to eat) (r = 0.820; p < 0.024). In
whole-brain regression analyses of the VAS ratings and brain
activity during the fasting-state scan while on liraglutide,
when comparing response to images of highly desirable vs
less desirable food we observed that participants’ ratings for
concepts related to hunger and appetite showed a positive
correlation with activation in many brain areas, including the
parietal cortex, precuneus, cuneus and other areas of the oc-
cipital cortex (Table 4; Fig. 5a–c). On the other hand, partic-
ipants’ ratings of nausea inversely correlated with brain acti-
vation in the cingulate cortex, cuneus, precuneus and some
areas of prefrontal cortex (Table 4; Fig. 5d).

Fig. 2 Staining for the GLP-1 receptor (magnification × 400) in the
paraventricular nucleus of the hypothalamus (a), ventromedial hypothal-
amus (b), parietal cortex in small (c) and large pyramidal cells (d); stain-
ing in islets of Langerhans as a positive control (e) and glial and pyrami-
dal cells without MAb 3F52 as a negative control (f). The arrow in (e)
points to the non-neuroendocrine cells outside islets of Langerhans,
which do not display immunopositivity, thus making them a valid posi-
tive control
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Discussion

This study provides novel information on the expression of
GLP-1 receptors in human brains as well as on how liraglutide
1.8 mg may influence short-term appetite regulation among
individuals with diabetes. This is the first randomised,
placebo-controlled, crossover trial to examine potential neural
mechanisms activated by subcutaneous liraglutide therapy.
More specifically, we observed changes in activation of the
parietal cortex, insula and putamen in response to highly
palatable food cues with liraglutide as compared with
placebo. Our results suggest that liraglutide may exert
central effects by decreasing attention to highly palatable
foods, given decreased parietal cortex activation; addi-
tional central mechanisms will need to be explored more

fully by means of larger trials and/or using higher doses
of liraglutide.

Expression of GLP-1 receptors in the human brain We
observed expression of GLP-1 receptors in the hypothalamic
nuclei and medulla oblongata of humans, confirming the find-
ings of studies in rodents and primates [10–12]. This suggests
that GLP-1 analogues may confer some of their effects on
appetite through actions on the hypothalamus. The identifica-
tion of GLP-1 receptors in the area postrema may also explain
why nausea is a relatively common side effect of GLP-1 ana-
logues [16], considering the area postrema has a large role in
nausea and vomiting [17].

Interestingly, we observed for the first time GLP-1 recep-
tors on neurons in the parietal cortex, suggesting our findings

Table 2 Body composition data
and hormonal measurements for
each phase before (visit 1) and
after 17 days of liraglutide or pla-
cebo (visit 4)

Variable Placebo Liraglutide p value

Visit 1 Visit 4 Visit 1 Visit 4

Anthropometry

BMI (kg/m2) 31.2 ± 1.7 30.5 ± 1.4 31.9 ± 1.7 31.5 ± 1.7 0.94

Body weight (kg) 93.4 ± 4.8 91.1 ± 1.0 94.7 ± 4.7 91.0 ± 1.0 0.42

WC iliac (cm) 105.1 ± 3.5 104.1 ± 3.4 106.8 ± 3.5 105.3 ± 3.4 0.34

Fat body mass (kg) 30.9 ± 3.1 29.2 ± 1.1 31.5 ± 2.9 31.2 ± 2.8 0.69

Fat (% of body mass) 32.3 ± 1.9 32.6 ± 1.9 32.5 ± 1.9 32.7 ± 2.0 0.14

Bone mass density
(g/cm2)

1.26 ± 0.03 1.26 ± 0.03 1.26 ± 0.03 1.26 ± 0.03 0.58

Lean body mass (kg) 62.9 ± 2.8 63.0 ± 2.6 63.5 ± 2.6 62.4 ± 2.6 0.06

Total energy intake (kJ/
day) [kcal/day]

ND 7,456 ± 803
(1,782 ± 192)

ND 6,000 ± 795
(1,434 ± 190)

0.07

Metabolic profile

GLP-1 (pmol/l) 49.8 ± 8.6 38.2 ± 1.2 89.3 ± 12.1 912.3 ± 1.2 <0.001

Glucose (mmol/l) 6.60 ± 0.35 6.79 ± 0.35 6.92 ± 0.34 5.29 ± 0.23 <0.001

Fructosamine (μmol/l) 296.2 ± 10.2 273.5 ± 8.5 300.3 ± 9.3 271.2 ± 8.3 0.35

HbA1c (% [mmol/mol]) ND 6.7 ± 0.2 (50 ± 2) ND 6.7 ± 0.2 (50 ± 2) 0.82

Insulin (μU/ml) 16.2 ± 2.8 11.5 ± 2.6 15.6 ± 2.3 11.2 ± 1.4 0.47

Safety tests

GGT (U/l) 36 ± 10.7 29.5 ± 8.5 34.6 ± 9.8 33.6 ± 11.5 0.71

ALP (U/l) 73.7 ± 5.3 64.2 ± 4.0 69.7 ± 4.7 64.2 ± 4.1 0.48

AST (U/l) 21.2 ± 2.5 17.7 ± 1.6 18.1 ± 1.1 18.1 ± 1.4 0.74

ALT (U/l) 24.6 ± 4.7 17.5 ± 1.9 19.9 ± 1.9 18.3 ± 2.3 0.72

Haematocrit (%) 43.2 ± 2.9 38± 0.8 39.6 ± 0.8 38.8 ± 0.8 0.11

Lymph (%) 33.2 ± 1.7 37± 2.1 37.3 ± 2.3 36.6 ± 1.8 0.81

Amylase (U/l) 74.7 ± 6.8 73.8 ± 8.4 72.2 ± 7.1 76.32 ± 8.1 0.59

Lipase (U/l) 28.5 ± 2.5 27.5 ± 2.0 29.2 ± 2.0 38.5 ± 4.0 0.003

Data are shown as means ± SEM

The p value shown in the right column is from a general linear mixed model analysis of visit 4 values of the
liraglutide and placebo phases. The variables of treatment, visit and sequence were included in the model as fixed
effects and patient-within-sequence was included as a random effect. Baseline values from the first visits in each
arm were included as covariates

ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate aminotransferase; GGT, γ-glutamyl
transferase; ND, no data available; WC waist circumference
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of altered parietal activation with liraglutide could be a direct
rather than an indirect effect (e.g. acting through hypothalamic
circuitry) of the medication. This needs further study. Our
findings are strengthened by the translational finding that ac-
tivation of this area in fMRI was directly correlated with the
desirability of food to patients. Our findings are also distinct
from those of other studies, using the same antibody,
reporting that there were no GLP-1 receptors in the parietal
cortex of non-human primates [10]. Although we did not
see changes in the hypothalamus in response to food cues
while participants were taking liraglutide, this may be due
to the limitations of MRI, due partly to the size of this
structure and partly to its proximity to the sinuses, which

creates artefacts [18]. As far as identification of GLP-1 in
the human brain, Drucker and Asa described in 1988 GLP-
1 (also known as GCG) mRNA-positive neurons in the
region of dorsal motor nucleus of the vagus nerve in the
medulla oblongata [19]. Recently, GLP-1-immunopositive
neurons within the human medulla oblongata have been
observed in two patients [20]. Immunoreactivity was

Table 3 Outcomes of neurocognitive testing while on liraglutide vs
placebo

Test Measure Placebo Liraglutide p value

IED Total errors 59.88 ± 9.45 48.41 ± 7.86 0.22

Stages completed 7.53 ± 0.42 7.88± 0.30 0.41

SSP Span length 4.94 ± 0.28 4.76± 0.32 0.60

SST Go signal errors 10.59 ± 5.48 5.71± 1.16 0.33

Stop success % 0.53 ± 0.03 0.47± 0.03 0.15

GoRT 561.68± 39.02 525.38± 39.57 0.28

SSRT 261.70± 31.18 234.85± 28.23 0.15

SWM Between errors 62.53 ± 2.83 67.53 ± 4.44 0.29

Strategy 33.06± 0.74 33.41 ± 0.54 0.69

VRM Free recall 5.71 ± 0.32 6.18± 0.53 0.36

Recognition 22.24± 0.60 22.18 ± 0.49 0.87

Delayed recognition 21.59± 0.73 21.53 ± 0.62 0.93

Data are shown as means ± SEM

The p values are from a paired-samples t test between liraglutide and
placebo

GoRT, median reaction time for go trials; IED, intra and extra dimension-
al set shift; SSP, spatial span; SSRT, stop signal reaction time; SST, stop
signal task; SWM, spatial working memory; VRM, verbal recognition
memory

Fig. 3 Brain activation in inferior
parietal cortex in response to
highly desirable compared with
less desirable food images
decreases with liraglutide
treatment (whole-brain paired-
samples t test). BOLD contrasts
are superimposed on a T1
structural image in neurological
orientation. The colour bar
represents voxel T value

Fig. 4 In a secondary analysis, small volume corrections were performed
on contrast images for highly vs less desirable food cues in the insula and
putamen; to be compared with results from van Bloemendaal et al (Fig. 3)
[15]. The y-axis represents effect size of the activation (z scores). BOLD
contrasts are superimposed on a T1 structural image in neurological ori-
entation. The colour bar represents voxel T value. Lira, liraglutide
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displayed in the nucleus of the solitary tract, in area
postrema and in the dorsal motor nucleus of the vagus
nerve. We will expand our findings to determine whether
the GLP-1 receptor also exists in these areas and explore its
presence in more patients.

Metabolic impact of liraglutide In our trial GLP-1 immuno-
reactivity in the circulation of individuals increased in a step-
wise manner with increasing doses of liraglutide.
Additionally, fasting blood sugar levels improved without
weight loss in this short course of 1.8 mg liraglutide therapy.

Table 4 Results from a whole-
brain regression analysis andVAS
data during the liraglutide fMRI
session for the contrast of highly
desirable vs less desirable food
images in the fasting state

Cluster size
(voxels)

Voxel z value MNI coordinates
(mm)

Side Identified region General brain area

x y z

Correlation with ‘How hungry do you feel right now?’

30 4.25 8 −54 56 C Precuneus Precuneus

49 4.20 −40 −42 54 L Inferior parietal G Parietal cortex

70 4.05 24 −58 56 R Precuneus Precuneus

Correlation with ‘How pleasant would it be to eat right now?’

214* 5.03# 14 −76 −8 R Occipital G Occipital cortex

3.98 12 −80 0 R Cuneus Cuneus

100 4.09 −28 −92 8 L Middle occipital G Occipital cortex

3.73 −18 −98 16 L Cuneus Cuneus

46 3.86 24 −84 26 R Precuneus Precuneus

71 3.83 6 −86 18 C Cuneus Cuneus

30 3.66 −14 −56 −2 L Occipital G Occipital cortex

3.33 −14 −64 2 L Cuneus Cuneus

30 3.62 32 −88 2 R Middle occipital G Occipital cortex

49 3.56 −58 −32 −10 L Middle temporal G Temporal lobe

35 3.48 −36 −84 0 L Middle occipital G Occipital cortex

Correlation with ‘How much do you think you could eat right now?’

78 4.24 24 −58 56 R Superior parietal
lobule

Parietal cortex

115 3.96 −18 −92 24 L Cuneus Cuneus

3.77 −26 −86 14 L Middle occipital G Occipital cortex

55 3.64 6 −92 20 C Cuneus Cuneus

Inverse correlation with ‘How nauseous do you feel right now?’

465* 4.7 20 −16 52 R Cingulate G Cingulate cortex

105 4.53 −12 −50 28 L Cingulate G Cingulate cortex

4.25 −6 −56 18 C Posterior cingulate G Cingulate cortex

62 4.47 38 −12 28 R Postcentral G Somatosensory
cortex

98 4.05 −50 −38 4 L Superior temporal G Temporal lobe

3.84 −36 −30 −2 L Hippocampus Hippocampus

162* 3.86 18 −48 26 R Cingulate G Cingulate cortex

31 3.83 52 −50 18 R Superior temporal G Temporal lobe

35 3.82 12 −84 20 R Cuneus Cuneus

49 3.74 −6 −72 18 C Precuneus Precuneus

32 3.68 30 −58 22 R Cuneus Cuneus

78 3.68 −24 −10 44 L Superior frontal G Superior frontal

3.29 −30 −8 52 L Precentral G Sensorimotor

Clusters which pass a threshold of p< 0.001, uncorrected and have an extent of at least 20 voxels are shown.
Peaks shown for clusters are the most significant along the same identified region

Statistical threshold: p < 0.001, uncorrected; extent, 30 voxels; *p< 0.05, family-wise error corrected for cluster;
† p< 0.05, family-wise error corrected for peak

C, centre, G, gyrus; L, left; R, right
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No significant changes were noted in fructosamine, HbA1c,
lipid profiles, blood pressure or anthropometric measure-
ments, such as BMI and fat mass, as expected with the short
duration of therapy designed to eliminate weight loss as a
potential confounder. We did notice decreased energy intake
with the 1.8 mg liraglutide dose with no accompanying chang-
es in resting energy expenditure; this would likely lead to
weight loss with a study of longer duration.

Central mechanisms of liraglutide We observed that, in re-
sponse to liraglutide treatment, parietal activation decreased
when participants viewed images of highly desirable food.
The inferior parietal cortex is a well-known part of the
fronto-parietal attention network, which demonstrates in-
creased activation to salient or important and, in this case,
highly desirable stimuli [21–23]. Thus, we suggest that this
decreased activation represents the decreased significance or
appeal of more desirable (high-energy) foods while partici-
pants were taking liraglutide. Parietal activation in response
to images of high-energy foods inversely correlated with

weight loss in another fMRI study, suggesting that decreased
attention to these images leads to greater weight loss [24].
Additionally, our participants rated themselves as feeling full-
er in the fasting state while receiving liraglutide and had a
lower energy intake with increasing liraglutide doses, alto-
gether suggesting that they would indeed lose weight. Those
with the least inferior parietal activation identified in the
whole-brain analysis also reported it would be less pleasant
to eat while on liraglutide during the fasting state, further
supporting this notion. This change in activation may indicate
neural changes that could proceed to and predict future weight
loss with liraglutide, a notion to be fully evaluated by long-
term studies.

Further supporting these findings are our whole-brain re-
gression results, which show that activation of areas related to
attention and saliency processing, including the occipital cor-
tex, cuneus, precuneus and parietal cortex, were correlated
with ratings of hunger and appetite. Greater activation in these
areas in response to highly desirable vs less desirable food
cues during the fasting state while on liraglutide were

a Correlations with ratings of ‘How hungry do you feel right now?’ 

b Correlations with ratings of ‘How pleasant would it be to eat right now?’

c Correlations with ratings of ‘How much do you think you could eat right now?’

d Negative correlations with ratings of ‘How nauseous do you feel right now?’ 

3.6     4.2      4.8      5.4     6.0 3.6     4.2      4.8      5.4     6.0

Fig. 5 Results from a whole-brain regression with VAS data during the
liraglutide fMRI session for the contrast of highly desirable vs less desir-
able food images in the fasting state. Participants’ ratings of the VAS
questions along a 10 cm line were regressed with whole-brain activations:
‘How hungry do you feel right now?’ (a); ‘How pleasant would it be to
eat right now?’ (b); ‘How much do you think you could eat right now?’

(c) and ‘How nauseous do you feel right now?’ (d). Hot colours show
positive correlations, cold colours show negative correlations. BOLD
contrasts are superimposed on a T1 structural image in axial sections from
z=−15 to z = 60, in neurological orientation. The colour bars represent
voxel T value
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associated with higher levels of hunger, larger appetite and a
feeling of how pleasant it would be to eat. These occipital
areas (cuneus, precuneus and occipital cortex) are known to
respond to food cues and this has been attributed to the emo-
tional salience of food cues [25, 26]. Indeed, increased activa-
tion of occipital cortex has also been linked with emotional
images [27, 28]. This may indicate individual differences in
response to liraglutide, where participants who have decreased
activation in these areas show less hunger and appetite.
Interestingly, ratings of nausea while on liraglutide correlated
inversely with activations in some of the same attention-
related brain areas, likely indicating that participants are less
interested in food items while feeling nauseous, as would be
expected.We also report changes in activation in sensorimotor
areas, including the cingulate, superior frontal and somatosen-
sory cortex, which are often linked with feelings of nausea
[29, 30]. These may be deactivated in response to highly de-
sirable food cues simply due to the feeling of nausea and lack
of desirability of these types of foods when one is feeling
nauseous. Additionally, nausea is a side effect of medication,
so these changes might be a result of increased medication
effects for certain individuals at 17 days.

There are limited other studies examining the effects of
other GLP-1 analogues in the human brain. One study has
demonstrated changes in resting-state hypothalamic con-
nectivity with a single continuous infusion of exenatide in
obese responders (e.g. those who consumed less food at a
subsequent ad libitum buffet) [31]. A recent study using
exenatide found changes in brain areas of the reward sys-
tem, including the insula and orbital frontal cortex, with a
similar task [15]. Nausea could be considered a confounder
in that study which used a single dose, whereas in our study,
nausea had subsided for most patients but weight loss had
not yet occurred [15]. We did observe similar activation in
the insula and putamen with the same small volume correc-
tion on our data. It remains to be seen whether statistically
significant results would also be observed with a higher
dose of liraglutide (3 mg) or more participants. More re-
cently, another study comparing liraglutide with insulin
showed similar decreases in activation to food cues after
10 days, but not 12 weeks, in the insula and putamen
[32]. It is well known that the insula is involved in saliency
processing and satiety [33–35]. Insular activity has been
shown to be modulated with ratings of hunger and fasted/
fed states [34, 35], indicating a role in the salience of food
images similar to the parietal cortex, consistent with its
activity during non-food salient stimuli [36]. Some studies
have suggested that the putamen may be involved in the
reward processing of food [15, 37–39] and have shown
links between activation in the putamen and future weight
gain [38]. Thus, since these areas decrease in activation on
liraglutide, we would assume that participants find highly
palatable foods less rewarding or relevant while on

liraglutide. We report such data as only preliminary, how-
ever, and they need to be confirmed by future studies.

Limitations and future directions We demonstrate a central
role for GLP-1 analogues in mediating weight loss in humans.
Results from immunohistochemical studies support the find-
ings of our fMRI study, suggesting that liraglutide likely acts
through the parietal cortex directly to decrease attention to
highly palatable food cues. Due to the crossover design of
our study with randomly assigned sequence, we are confident
that potential covariates are well-controlled and data are ap-
propriately analysed, since each individual serves as his or her
own control. However, the strength of our findings could be
amplified by the addition of more participants and/or with
studies of longer duration.

We did not see any changes in fMRI activation of the hy-
pothalamus with liraglutide, in contrast to immunohistochem-
istry findings in rodents and primates [10, 12]. This may be
due to differences in terms of control of eating between ro-
dents and humans; in the latter the homeostatic control of
eating is often overridden by more complex cortical systems
regulating the rewarding value of food [18]. This may also be
a limitation of fMRI in general, as the hypothalamus is diffi-
cult to detect with typical fMRI measures due in part to its
small size and in part to its proximity to the sinuses, which
create artefacts [18].

The fMRI outcomes of our study need to be studied in
different time frames after administration to explore possible
sequential effects (e.g. changes at first dose and after longer-
term use). Additionally, comparative studies to explore poten-
tial differences between types of GLP-1 analogues would be
useful. Also, different doses (e.g. 3.0 mg vs 1.8 mg liraglutide)
need to be examined further. It is possible that more pro-
nounced changes could have been observed with the newly
recommended higher dose of liraglutide (3.0 mg), which has
been shown to cause weight loss more dramatically [40]. In
fact, despite no difference in gastric emptying or nausea, the
3.0 mg dose of liraglutide caused greater weight loss than the
1.8 mg dose, suggesting greater central/brain changes [40].
Thus, future studies need to examine how this higher dose
alters brain activations.

We did not see any significant changes with respect to
neurocognition; the variable closest to significance was the
stop signal reaction time (i.e. the most appropriate test as per
our a priori hypotheses), which can be used for future power
calculations with higher doses and/or longer duration. The
stop signal reaction time is a measure of inhibitory control,
where a lower time indicates greater inhibitory control, which
has been shown to be impaired with obesity [41]. This may
indicate that with higher doses and/or more participants,
liraglutide may increase inhibitory control, but this will need
to be confirmed.
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