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Variation in the obesity risk gene FTO determines
the postprandial cerebral processing of food
stimuli in the prefrontal cortex%
Martin Heni 1,2,3, Stephanie Kullmann 2,3,4,*, Ralf Veit 4,5, Caroline Ketterer 1,2,3, Sabine Frank 4,5,
Fausto Machicao 2,3, Harald Staiger 1,2,3, Hans-Ulrich Häring 1,2,3, Hubert Preissl 2,3,4, Andreas Fritsche 1,2,3
ABSTRACT
Variation in FTO is the strongest genetic determinant of body weight and has recently been linked with impaired neural processing of food stimuli.
However, whether this brain-expressed gene affects neuronal processing of food-related stimuli after ingestion is still poorly understood.

In this study, twenty-four participants were examined before, 30 and 120 min after ingesting 75 g of glucose solution or water on two separate
days. Functional magnetic resonance imaging (fMRI) during visual food presentation was performed. All participants were genotyped for FTO SNP
rs8050136.

We detected significant differences between FTO genotypes in the prefrontal cortex 30 min post-glucose load in BOLD-response to food pictures
(p¼0.0017), while no differences were detected in response to water ingestion or 120 min post-glucose load.

Since the prefrontal cortex plays a major role in the inhibitory control of eating, we propose that reduced postprandial activity in FTO risk allele
carriers contributes to overeating and obesity.

& 2013 The Authors. Published by Elsevier GmbH. All rights reserved.
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1. INTRODUCTION

Obesity is a major risk factor for type 2 diabetes and other diseases
like hypertension, stroke, and coronary heart disease. Unfortunately,
prevalence of overweight and obesity is dramatically increasing
worldwide, mainly due to changes in eating behavior and physical
activity. Besides environmental factors, body weight is strongly
determined genetically [1], with heritability estimated to explain
more than 50% of the variance in body mass index (BMI) [1]. The
strongest genetic determinant, with the highest population-
attributable risk of increased body weight known today, is variation
in the FTO (fat mass- and obesity-associated) gene. Single nucleotide
polymorphisms (SNPs) within this gene explain up to 3 kg of weight
differences [2,3].
The FTO gene encodes an enzyme that demethylates nucleic acids [4–6]
and is involved in amino acid sensing [6,7]. While it is expressed in most
human tissues [2,8], the highest expression levels were detected in the
brain [2,4,8]. Interestingly, expression levels of FTO were found to be
strongly regulated by the feeding state in rodents [9,10] and seem to be
involved in dopaminergic signaling [11].
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In humans, recent neuroimaging studies have shown anatomical and
functional brain differences between FTO genotypes. Anatomical brain
differences revealed volume deficits [12] in frontal and occipital brain
regions in risk allele carriers, comparable to obese persons [12,13]. In
addition, Karra et al. [14] reported significant differences between
homozygote carriers of the non-risk and risk allele in reward and
homeostatic areas elicited by food versus non-food pictures. Regarding
obesity-prone behaviors, genetic variation in the FTO locus is associated
with food intake but not with energy expenditure [15–17].
Taken together, these findings suggest that the association of FTO SNPs
with human obesity might be related to processes in the central nervous
system (CNS) regulating eating behavior.
Given that the regulation of FTO expression is affected by the nutritional
state [10] and the associated neuronal response [14], we hypothesize
that FTO effects on human brain activity are affected by food intake. We
reported recently that a standard oral glucose tolerance test (OGTT)
significantly alters the central processing of food cues in areas important
for eating behavior [18]. We therefore investigated the neural processing
of food-related stimuli between FTO SNP rs8050136 genotypes not only
in the fasting state but also during an OGTT.
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2. MATERIAL AND METHODS

2.1. Participants
Twenty-four participants participated in the imaging study. Their
mean age was 2472 years and their mean BMI was 25.875.0 kg/
m2. All participants were normal glucose tolerant as tested by OGTT.
Details on the metabolic and anthropometric characteristics are
reported in Table 1 and supplementary Figure 1. All participants were
healthy as ascertained by a physician. Any volunteer with diabetes or
with a family history of diabetes was excluded, as well as those with
chronic disease or taking any kind of medication other than oral
contraceptives.
Informed written consent was obtained from all participants and the
local Ethics Committee approved the protocol.
2.2. Genotyping
DNA from whole blood was isolated using a commercial DNA isolation
kit (NucleoSpin, Macherey&Nagel, Düren, Germany). Genotyping for FTO
SNP rs8050136 was performed using the TaqMan assay (Applied
Biosystems, Forster City, CA, USA). The TaqMan genotyping reaction
FTO SNP rs8050136 CC CA AA punadjusted padjusted

Gender

(female/male)

6/4 5/5 1/3 0.5 –

Age (yr) 2473 2473 2371 0.5 –

BMI (kg/m2) 26.874.9 24.975.3 25.675.2 0.6 –

Fasting glucose (mmol/l) 4.870.4 5.070.3 5.270.3 0.0419 0.0229

Glucose120 min (mmol/l) 5.771.1 6.171.8 4.170.8 0.1 0.3

AUC Glucose (mmol/l) 12.872.2 14.572.6 11.871.6 0.9 0.9

Fasting insulin (pmol/l) 64736 54731 49732 0.4 0.8

Insulin30 min (pmol/l) 5827222 7197338 6157256 0.7 0.4

Insulin120 min

(pmol/l)

3267182 4827349 168762 0.5 0.8

AUC Insulin (pmol/l) 8057260 11777713 6767165 0.9 0.6

Insulin sensitivity index,

OGTT-derived (AU)

15.478.3 14.178.4 17.976.7 0.7 0.5

HOMA-IR

(mmol/l�mU/ml)
1.9071.15 1.6870.10 1.5971.10 0.6 0.9

HbA1c (%) 5.470.2 5.470.3 5.170.1 0.1 0.6

Table 1: Characteristics of the participants.
Data are given as means7SD. punadjusted¼p-values of the comparison of unadjusted loge-
transformed data by ANOVA. Distribution of gender was compared by chi-square test.
padjusted¼p-values of the comparison of loge-transformed data adjusted for gender, age, BMI by
multiple linear regression analyses. AUC – area under the curve; FTO – fat mass- and obesity-
associated, HOMA-IR – homeostatic model assessment of insulin resistance, OGTT – oral
glucose tolerance test.
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Figure 1: Course of the experiment. The experiment started at 7.00a.m. with an fMRI
measurement under basal conditions (fMRI basal). After this basal measurement, participants
ingested the 75 g glucose solution or water on two different days in randomized order. After
30 min, the second fMRI measurement was performed (fMRI 30), and after 120 min, the third
measurement was carried out (fMRI 120).
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was amplified on a GeneAmp PCR system 7000 and fluorescence was
detected on an ABI PRISM7000 sequence detector (Applied Biosystems).

2.3. OGTT
All participants participated in a standard OGTT after an overnight fast.
The experiment started at 7.00a.m. with an fMRI measurement under
basal conditions (fMRI basal). After this basal measurement, participants
ingested the 75 g glucose solution. After 30 min, the second fMRI
measurement was performed (fMRI 30), and after 120 min, the third
measurement was carried out (fMRI 120). Venous blood samples were
obtained every half hour and both plasma glucose and insulin
concentrations were determined (Figure 1).

2.4. Analytical procedures
Blood glucose was determined using the glucose oxidase method by a
bedside glucose analyzer (Yellow Springs Instruments, Yellow Springs,
OH, USA). Plasma insulin was measured by commercial chemilumines-
cence assays for ADVIA Centaur (Siemens, Fernwald, Germany).

2.5. Experimental protocol
We used the same experimental protocol as previously described [18].
In short, we used a block design with food and non-food pictures,
presented either during a one-back visual recognition task or a null-back
control task separated by baseline blocks (fixation cross). For the one-
back task, participants had to press a button at each picture depending
on whether the presented picture was the same or different as the one
before (yes¼ left button, no¼ right button). For the control task (food
and non-food pictures combined), participants had to press only the left
button as soon as they saw the picture.

2.6. fMRI blood oxygen level dependency (BOLD) imaging procedures
Whole-brain fMRI data was obtained using a 3.0T scanner (Siemens
TimTrio, Erlangen, Germany). Each of the 6 sessions consisted of 226
scans (TR¼2 s, TE¼30 ms, matrix 64� 64, flip angle 901, voxel size
3� 3� 3.75 mm3, slice thickness 3 mm, 0.75 mm gap, 30 slices)
lasting for approximately 8min; the images were acquired in ascending
order. In addition, high-resolution T1-weighted anatomical images
(MPRage: 176 slices, matrix: 256� 224, 1� 1� 1 mm3) of the brain
were obtained.
Pre-processing and statistical analysis of the fMRI data were conducted
using SPM8 (Wellcome Trust Centre for Neuroimaging, London, UK).
Images were realigned and resliced to the first image after unwarping
in the phase encoding direction. A mean image was created and co-
registered to the T1 structural image. The anatomical image was
normalized in MNI space, and the resulting parameter file was used to
normalize the functional images (voxel size: 3� 3� 3 mm3). Finally the
normalized images were smoothed with a three-dimensional isotropic
Gaussian kernel (FWHM: 6 mm). fMRI data were highpass (cutoff
period 128 s) filtered and global AR(1) auto-correlation correction was
performed.

2.7. Image processing
For the first level of analysis, a design matrix was created individually for
glucose and water day (as described in [18]). For each participant, the blocks
of high- and low-caloric food pictures (in relation to the implicit baseline) were
modeled separately for the three different time points (fMRI basal, fMRI 30
and fMRI 120) using a fixed effect analysis. Food pictures were selected for
the analysis based on our recent finding of a specific insulin modulation on
brain activation elicited by food pictures [19]. Individual contrast images
& 2013 The Authors. Published by Elsevier GmbH. All rights reserved. www.molecularmetabolism.com



were computed to estimate activation changes to food cues after oral
glucose and water ingestion compared to the basal measurement.
These differential contrasts were used for a multiple regression analysis to
evaluate the association between FTO genotypes (additive model) and the
postprandial response to food stimuli 30 and 120 min after glucose and
water ingestion separately (po0.05, corrected for multiple comparisons).

2.8. Statistical analyses of anthropometric and metabolic data
Data was logarithmically transformed prior to statistical analysis. Unless
otherwise stated, data is given as mean7SD. For those statistical
analyses, the software package JMP10 (SAS Institute, Cary, NC, USA)
was used. Associations with FTO genotype were studied under an
additive inheritance model.
3. RESULTS

3.1. fMRI results
Since FTO variants showed an additive effect on BMI in previous studies
(e.g. [2,20]), we investigated the differences between genotypes under
an additive inheritance model. The 24 participants showed no significant
differences between FTO genotypes for BMI, which allowed us to study
the effect of FTO independent of FTO-induced BMI changes (all pZ0.5,
Table 1). Fasting glucose levels were slightly higher in carriers of the A-
risk allele (p¼0.0419, Table 1), whereas fasting insulin levels did not
differ between genotypes (p¼0.4, Table 1).
The fMRI measurements showed no significant whole-brain effect
between FTO genotypes on the cerebral processing of food-stimuli in
the fasting state and 120 min after glucose intake (both p40.05,
corrected for multiple comparisons). However, 30 min after glucose
ingestion, we detected significant differences between FTO genotypes in
the prefrontal cortex (peak coordinate: x¼21, y¼27, z¼45, Brodmann
area 9; z¼4.41; po0.05, corrected for multiple comparisons). Food-
elicited activity in this area was only markedly reduced in obesity
risk allele carriers (Figure 2, p¼0.0017). These differences remained
significant even after adjustment for the possible confounders of gender,
age, and BMI (p¼0.0002).
Because we previously found this specific area to be insulin responsive
[18], we analyzed possible interactions between FTO genotype and
changes in insulin levels after glucose intake. However, no such
interactions were present (ANCOVA p¼0.6). Accordingly, the differential
Figure 2: Differences between FTO genotypes in the processing of food stimuli 30 min after gluco
the prefrontal cortex between FTO rs8050136 genotypes, overlaid on a normalized brain. Color b
carrying two non-risk alleles (CC), with one copy of the obesity risk allele (CA), and participants w
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prefrontal response between FTO genotypes (p¼0.0004) remained
significant after additional adjustment for insulin levels. Furthermore,
the prefrontal activity was associated with changes in plasma insulin
independent of FTO genotype (p¼0.0004). Both associations remained
significant after further adjustment for gender, age, and BMI (po0.0001
and p¼0.0034, respectively).
4. DISCUSSION

In this study, we investigated the neural processing of food-related stimuli
before and after a 75 g OGTT in FTO risk and non-risk allele carriers.
Since the studied polymorphism is associated with obesity [20] and
obesity is known to markedly alter brain response to food [21,22],
participants were matched for BMI, gender, and age. Additionally, insulin
levels were comparable between FTO genotypes. Thus, our study allowed
us to investigate the effect of the FTO genotype on brain function without
the influence of these important metabolic determinants, which have been
shown to considerably influence cerebral processes [21,23].
In the fasting state, we found no significant differences between FTO
genotypes in response to food stimuli. Interestingly, marked genotype
differences became visible in the prefrontal cortex 30 min after glucose
ingestion. Hereby, FTO risk allele carriers showed an attenuated
prefrontal food-cue response after glucose ingestion.
This is well in line with expression profiles showing that the prefrontal
cortex has the strongest FTO expression of the whole body in human
tissue ([8] accessed via BioGPS [24]). By integrating sensory informa-
tion, the prefrontal cortex in humans is evolutionarily one of the newest
areas and it is largely increased in humans compared to primates and
other animals [25]. The primary function of the prefrontal cortex is top-
down control of human behavior, which is important in diverse cognitive
functions, e.g. working memory, inhibitory control, and executive
function [25]. Regarding eating behavior, the prefrontal cortex con-
tributes to the inhibitory control of eating [26,27]. Accordingly, higher
activity in the prefrontal cortex was associated with the selection of
healthy rather than tasty food in persons on a diet [28]. Furthermore, it
is well established that activity in this area is regulated by feeding state
with lower activity when hungry and higher activity when satiated
[27,29]. Our present imaging results indicate that the postprandial
response of the prefrontal cortex is modulated by FTO genotype with
lower activity in obesity risk allele carriers.
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Of interest, we recently identified insulin as one modulator of activity in the
prefrontal cortex [18,30,31]. Given recent data on potential interactions
between ghrelin and FTO [14], indirect insulin effects via ghrelin could also
possibly be a contributing factor. We therefore investigated whether FTO
genotype determines the insulin responsiveness of the prefrontal cortex.
However, FTO genotype and plasma insulin seem to be two independent
mechanisms influencing the activity of this brain area. This is especially
interesting since the variation in FTO is a novel factor besides insulin that is
associated with prefrontal activity in the postprandial situation in humans.
Clearly, studies on the molecular level are needed to dissect the underlying
molecular pathways and to define the type of neurons involved in either
insulin or FTO effects. A recent study by Karra et al. [14] suggested that
FTO influences ghrelin, and that this hormone might be the molecular
mediator of FTO on ingestive behavior. This study reported widespread
differences in brain networks associated with homeostatic and reward
processing between 10 homozygote risk- and 10 homozygote non-risk
allele carriers. They found differences in the fasted state for food versus
non-food pictures and also interactions for high-caloric versus low-caloric
food pictures and nutritional status (fasted versus satiated) 60 min after
standardized meal ingestion. In our study the major effect was observed
30 min after glucose ingestion, indicating also to a highly dynamic effect of
FTO on the interaction of brain activity and nutritional status.
Our metabolic and neuroimaging study is relatively small for genetic
associations and some conclusions are speculative. Therefore, our
analyses could not detect small effect sizes that might be present at
baseline or in other brain regions. Our findings, nevertheless, need
replication in larger cohorts.
In conclusion, we detected postprandial differences between FTO
genotypes in the prefrontal cortex, a major region for the inhibitory
control of eating. Thus, reduced prefrontal activity in postprandial risk
allele carriers could contribute to their overeating and promote obesity
risk. Our findings help understand why FTO variants are associated with
human obesity. They provide novel insights into how genetic background
influences body weight via the brain.
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