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Diet-induced changes in the Lean Brain:
Hypercaloric high-fat-high-sugar snacking
decreases serotonin transporters in the human
hypothalamic region%
Karin Eva Koopman 1, Jan Booij 2, Eric Fliers 1, Mireille Johanna Serlie 1,*,
Susanne Eva la Fleur 1,*,**
ABSTRACT
It is evident that there is a relationship between the brain's serotonin system and obesity. Although it is clear that drugs affecting the serotonin system regulate
appetite and food intake, it is unclear whether changes in the serotonin system are cause or consequence of obesity. To determine whether obesogenic eating
habits result in reduced serotonin transporter (SERT)-binding in the human hypothalamic region, we included 25 lean, male subjects who followed a 6-week-
hypercaloric diet, which were high-fat-high-sugar (HFHS) or high-sugar (HS) with increased meal size or -frequency (¼snacking pattern). We measured SERT-
binding in the hypothalamic region with SPECT. All hypercaloric diets significantly increased body weight by 3–3.5%. Although there were no differences in total
calories consumed between the diets, only a hypercaloric HFHS-snacking diet decreased SERT-binding significantly by 30%. We here show for the first time in
humans that snacking may change the serotonergic system increasing the risk to develop obesity.

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

Obesity is a worldwide health problem of epidemic proportions and is a
consequence of an ongoing dysbalance in energy intake and energy
expenditure. Why so many people are not capable to balance their energy
metabolism is still poorly understood. To target the obesity epidemic, it is
important to understand the mechanisms underlying the chronic intake of
energy surplus. The hypothalamus is viewed as the centre of feeding
regulation [1] and it has been shown that brain circuits involved in food intake
and appetite control are disturbed in rodent models of obesity. Besides the
hypothalamic control of food intake, nuclei in the brainstem and the
mesolimbic cortex are also involved in this complex regulatory system [2].
The neurotransmitter serotonin innervates most of these brain structures
and is therefore a likely candidate to coordinate hunger and satiety
signalling to and from the periphery. Indeed, serotonin acts as an
anorexigenic signal: food intake increases both extracellular serotonin
levels and serotonin turnover in the brain while serotonin inhibits food
intake and promotes satiety [3,4]. In addition, neurochemical depletion
of brain serotonin, as well as genetic and pharmacological
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manipulations of several parts of the serotonin system in rodents,
results in obesity and hyperphagia [5–7].
Serotonin transporters (SERTs) are determinants of serotonin
bioavailability in the synaptic cleft and are important regulators of
serotonergic transmission by facilitating reuptake of serotonin from
the synaptic cleft into the presynaptic neuron. After reuptake,
serotonin can be released into the cleft again and stimulate signal
transmission [8]. Lower cerebral SERT binding was reported in an
obese rat model [9] while in humans cerebral SERT binding
measured with PET was inversely related to body mass index
(BMI) [10]. In line with these findings, a SERT promoter polymorph-
ism has been identified as risk factor for obesity [11]. Finally,
methylation of the SERT promoter correlates with obesity measures
in monozygotic twins [12]. Interestingly, drugs that increase
extracellular serotonin via inhibition of SERT reduce food intake
and result in a decrease in body weight in both animals [13] and in
humans [4]. However, long-term use of selective serotonin reuptake
inhibitors (SSRIs) is associated with obesity [14,15]. The mechan-
isms underlying this difference remain unclear.
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Thus, lower SERT is clearly associated with obesity; however whether
this is cause or consequence, and whether this is explained by BMI
per se or excessive food intake remains to be determined. As obesity
may result from either change in meal pattern and/or meal composition
we here studied the relationship between cerebral SERT and different
patterns of excessive food intake. We therefore measured cerebral SERT
with SPECT before and after a 6 weeks hypercaloric diet intervention in
lean men.
2. METHODS

2.1. Subjects
We included 39 healthy lean men (age 22.673.5 years; BMI
22.471.5 kg/m2). All subjects had normal insulin sensitivity defined
as HOMA-IR o2.5. Subjects had no history of neuropsychiatric or
eating disorders and did not use any medication. They were not known
with substance abuse and did not perform shift work. All subjects had
healthy eating behaviour assessed via an online diet journal (eetmeter.
voedingscentrum.nl) defined as a eucaloric diet containing �45–50%
carbohydrates, �30–35% fat and �15–20% protein. The study was
approved by the medical ethics committee of the AMC Amsterdam.
Written informed consent was received from all participants prior to the
start of study participation.

2.2. Diets
Subjects were randomised into one of 4 hypercaloric diet groups or a
control group. Subjects in the control group (N¼5) underwent all the
measurements but did not follow a diet.
Figure 1: Randomisation flowchart. Number of subjects initially included and randomised; drop-o
HFHS¼high-fat-high-sugar; HS¼high-sugar. S¼ increased meal size; F¼ increased meal freque
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All hypercaloric diets were based on a 40% caloric surplus on top of the
ad libitum diet. The diet was followed for 6 consecutive weeks. Subjects
were contacted weekly. Randomisation is displayed in Figure 1. The
hypercaloric diet groups were:
1.
ut an
ncy.

&

High-fat high-sugar (HFHS) diet using a liquid meal (Nutridrink Compact,
Nutricias Advanced Medical Nutrition; Zoetermeer; The Netherlands) 3 times
a day to be consumed together with the 3 daily main meals. This group
represents the HFHS-increased meal size (HFHS-S) group.
2.
 High-fat high-sugar (HFHS) diet using a liquid meal (Nutridrink Compact,
Nutricias) 3 times a day in between the 3 daily main meals (2–3 h after each
meal).Thisgroup represents theHFHS-increasedmeal frequency (HFHS-F)group.
3.
 High-sugar (HS) diet using commercially available sugar-sweetened bev-
erages 3 times a day to be consumed together with the 3 daily main meals.
This group represents the HS-increased meal size (HS-S) group.
4.
 High-sugar (HS) diet using commercially available sugar-sweetened bev-
erages 3 times a day in between the 3 daily main meals (2–3 hours after
each meal). This group represents the HS-increased meal frequency
(HS-F) group.

The nutritive value of Nutridrink Compacts was as follows: 240 kcal/
100 ml; 16 En% protein (mainly casein), 49 En% carbohydrates (mainly
maltose and polysaccharides) and 35 En% fat (mainly mono- and poly-
unsaturated fat). As high-sugar liquids, the subjects consumed com-
mercially available soft drinks. A list of drinks with comparable nutritive
value of which subjects could choose their favourite beverage was used.
The soft drinks contained no fat or protein and were mainly sweetened
with sucrose. The ad libitum diet was monitored online. Subjects
registered their daily food consumption on a website (eetmeter.
d reason for drop-out and final number of subjects on which data analysis was performed.
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voedingscentrum.nl). When caloric intake was lower than caloric need,
assessed by measured resting energy expenditure (REE), subjects were
instructed to increase their healthy ad libitum diet.
2.3. Resting energy expenditure (REE)
REE was measured by use of indirect calorimetry. VO2 and VCO2 were
measured in the supine position during 30 min using a ventilated hood
system (Sensor Medics, Vmax Encore 29 N, Anaheim, CA). REE and
respiratory exchange ratio (RER) were calculated as described pre-
viously.[16] The abbreviated Weir equation was used to calculate the
24-h energy expenditure.
2.4. SPECT imaging
After an overnight fast subjects underwent a single photon emission
computed tomography (SPECT) scan 2 h after intravenous administration
of 115 MBq 123I-FP-CIT (range 110–120 MBq; specific activity
4750 MBq/nmol; radiochemical purity 498%, produced according
to GMP criteria at GE Healthcare, Eindhoven, The Netherlands). In a
previous study, we showed that this is the optimal time-point to
measure SERT with 123I-FP-CIT SPECT [17]. Each participant was pre-
treated with potassium iodide to block thyroid uptake of free radioactive
iodide. SPECT imaging was performed using a 12-detector, single slice
brain-dedicated scanner (Neurofocus), using an acquisition protocol as
described earlier with slight modifications (interslice distance 5 mm,
acquisition time 210 s per slice) [18]. All scans were reconstructed in
3D and corrected for attenuation.
2.5. Image analysis
For quantification, a ROI analysis was performed to determine specific
binding activity in the diencephalon, which includes the hypothalamus
and thalamus, as described previously [18]. Briefly, the 4 consecutive
slices with the highest diencephalic binding were selected to assess
binding to SERT. Activity in the cerebellum (3 consecutive slices) was
assumed to represent non-displaceable activity (nonspecific binding and
free radioactivity). Finally, a specific-to-nonspecific binding ratio was
calculated as activity in ROI minus cerebellar binding/cerebellar binding
[19]. This ratio was used as the outcome measure.
2.6. Statistics
For body weight and food intake data we used a 1-way ANOVA to
determine overall effects. If a significant result was found, posthoc
analysis (Students t-test) was performed with Bonferroni correction to
compare data between the different groups. For analysis of SERT
binding changes within the hypercaloric diet groups, we used 2 way
ANOVA's to determine overall effects. If significant effects were
determined, we used paired student t-tests to compare the data before
and after the diet intervention within the different hypercaloric
diet group.
HFHS-S HFHS-F HS-S

N 8 5 5

Age (yr) 22.672.7 21.071.4 21.87

BMI (kg/m2) 22.270.9 22.671.7 22.37

Body weight (kg) 78.075.6 80.679.6 79.87

Resting Energy Expenditure (REE) 1926791 19757179 19657

Caloric intake (kCal) 25667317 26927341 26317

Table 1: Baseline characteristics.
Data are displayed as mean7SD; ns¼not significant.
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3. RESULTS

3.1. Randomisation and Body weight
39 subjects were randomised and completed the 6-week diet period.
Two subjects were excluded because compliance with the diet was
uncertain and one subject was excluded because of excessive alcohol
consumption during the days prior to the second study day. In 6 subjects
the SPECT images could not be used because of technical failure.
Randomisation and drop-out rate is displayed in Figure 1. The final data
analyses were performed on 30 subjects with a mean age of 22.172.5
years and a mean BMI of 22.571.3 kg/m2. Baseline characteristics are
described in Table 1. Subjects in all 4 diet groups significantly gained
body weight compared to the control group (Figure 2A; Table 2), on
average 3–3.5% of total body weight, yet BMI after the diet remained
within the normal range (20–25 kg/m2). There was no statistical
significant difference in percentage weight gain between the diet
intervention groups. Subjects in the control group (n¼5) did not change
significantly in body weight (Figure 2A).

3.2. Caloric intake
Ad libitum nutrient intake was similar between the diet groups. Diet
intervention data are displayed in Table 2 and Figure 2B and C. The subjects
in the 4 diet groups all consumed a hypercaloric diet compared to the control
group (po0.0001). Control subjects consumed a eucaloric diet of
�2400 kCal/day consisting for �45–50% of carbohydrates, �30–35%
of fat and for �15% of protein. As expected, the subjects in the HS groups
consumed excessive carbohydrates (�60% of total caloric intake;
p¼o0.0001 compared to baseline diet), which was significantly higher
compared to the control and HFHS group (po0.0001). Absolute intake of
protein (�103 gram per day at baseline versus �112 gram per day during
the diet, p¼0.02), and fat (98 gram per day at baseline versus 112 gram per
day during the diet, p¼0.001), were higher during the HS diet. However, due
to excessive carbohydrate intake, relative intake of protein (�16% at
baseline versus �12% during the diet , po0.0001) and fat (�35% at
baseline versus �27% during the diet po0.0001) were decreased. There
was no difference in carbohydrate intake between both HS groups (p¼0.33).
Subjects in the HFHS groups consumed both excessive fat (�94 gram per
day at baseline versus �147 gram per day during the diet, po0.0001) and
carbohydrates (�297 gram per day at baseline versus �441 gram per day
during the diet, po0.0001) with no difference between the HFHS groups
(p¼0.35). Both HFHS groups had a higher absolute intake of protein (�98
gram per day before versus �146 gram per day during the diet;
po0.0001). Relative diet composition remained stable at �45% carbohy-
drate, �35% fat and �15% protein. Subjects in both HFHS-groups
consumed similar amounts of Nutridrinks.

3.3. SERT in the hypothalamic region
A 2 way ANOVA detected an overall effect of size versus frequency on
SERT specific-to-nonspecific binding ratio (SNS-BR) in the hypothalamic
region (p¼0.01), with lower SERT binding when surplus calories were
HS-F CP ANOVA

7 5

1.6 21.772.9 23.073.1 ns

0.8 23.071.3 22.372.1 ns

7.8 82.578.4 76.677.7 ns

130 20027152 18937110 ns

165 24267301 24907262 ns
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Figure 2: Body weight gain and food intake. HFHS¼high-fat-high-sugar; HS¼high-sugar. S¼ increased meal size; F¼ increased meal frequency.(A) All hypercaloric diet groups showed
significantly increased body weight compared to the control group. There were no differences in body weight gain between the hypercaloric diet groups (data are depicted in mean 7SEM;
*po0.01). (B) Caloric intake in kCal/day during the intervention period: Ad libitum intake is depicted in light grey and added HFHS or HS calories are depicted in dark grey. Total intake, and also ad
lib and diet intake were similar in all hypercaloric diet groups, whereas intake for all hypercaloric diet groups were increased compared to the control group (data depicted as mean77SEM;
***po0.0001). (C) Carbohydrate- and fat intake in kCal/day during the intervention period displayed as mean and SEM. Subjects on HFHS consumed more fat and carbohydrate calories
compared to the controls, whereas subject on HS consumed more carbohydrate calories, but equal fat calories, compared to controls. No significant differences were detected between HFHS-S and
HFHS-F, and between HS-S and HS-F (data depicted as mean77SEM; ***po0.0001).
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consumed in between the meals (frequency) compared to surplus
calories consumed with the meals (size) (Figure 3A). When analysing the
changes in SERT binding within the specific hypercaloric diet groups and
within the control group, SERT binding activity in the HFHS-F group was
30% reduced after the diet (0.6570.15 vs. 0.4670.13; p¼0.004)
(Figure 3B). In the other 3 hypercaloric diet groups and in the control
group, there was no significant change in SERT binding over the
6 weeks of treatment (data not shown).
4. DISCUSSION

We here show for the first time that in lean healthy male subjects SERT
binding in the diencephalon, which includes the hypothalamus,
decreases after a hypercaloric HFHS diet. This decrease is only observed
420 MOLECULAR METABOLISM 2 (2013) 417–422
when the caloric surplus is consumed in between meals but not when
caloric surplus is consumed together with the meals. This suggests a
selective effect of hypercaloric snacking on SERT in the hypothalamic
region that is absent following increased meal size. Our data are in line
with, and extend, previous findings showing a negative correlation
between SERT and BMI [10,12], and could imply that a hypercaloric
snacking diet, and not so much obesity itself, underlies these changes in
SERT in obese individuals. Thus, overeating by high-fat high-sugar
snacking might contribute to a disturbed appetite control with a risk of
obesity through modulation of cerebral serotonin metabolism.
Understanding the role of SERT in the hypothalamus in the regulation of food
intake and body weight regulation is difficult. The interaction between SERT,
extracellular serotonin and serotonin signal transmission is dynamic and
complex [20]. Moreover, serotonin is produced not only in the brain but also
in the enteric nerve system. Total SERT depleted animals have increased
& 2013 The Authors. Published by Elsevier GmbH. All rights reserved. www.molecularmetabolism.com



Control HFHS HS

Baseline T¼6 weeks Paired t-test Baseline Hypercaloric Paired t-test Baseline Hypercaloric Paired t-test

BMI (kg/m2) 22.372.1 22.272.2 ns 22.471.2 23.171.2 *** 22.771.1 23.471.2 ***

Caloric intake (kCal/

24 h)

24907262 25027271 ns 26157319 38627251 *** 25127266 39547257 ***

Carbohydrate (g) 322768 299751 ns 297742 441737 *** 272746 546761 ***

Carbohydrate (En%) 5178 4679 ns 4675 4673 ns 4374 5773 ***

Fat (g) 7979 84711 ns 94719 147714 *** 98720 112713 **

Fat (En%) 2974 3475 ns 3274 3573 ** 3576 2773 ***

Protein (g) 92717 89714 ns 94712 146711 *** 103716 112716 *

Protein (En%) 1573 1573 ns 1572 1571 ns 1672 1272 ***

Table 2: BMI and food intake before- and after a hypercaloric diet.
Data are displayed as mean7SD. HFHS¼hypercaloric high-fat-high-sugar diets (N¼13); HS¼hypercaloric high-sugar diets (N¼12). Within the HFHS- and the HS-group there were no
significant differences (see Figure 2) and for legibility the groups are combined in this table. Paired t-tests: ns¼not significant.

*po0.01. **po0.001. ****po0.0001.

Figure 3: SERT binding. HFHS¼high-fat-high-sugar; HS¼high-sugar. S¼ increased meal size; F¼ increased meal frequency. (A) SERT binding activity in diencephalon in the 4 hypercaloric diet
groups displayed as % change. A hypercaloric diet with surplus calories in between the meals (frequency) showed lower SERT binding activity compared to hypercaloric diet with the surplus given
with the meals (size) (overall effect of meal pattern (freq vs. size): p¼0.01). (B) SERT binding activity decreased 30% after 6 weeks in a HFHS-F diet (paired t-test”: **p¼0.004). There was no
significant change in SERT binding activity in the other diet groups or the control group (not shown).
extracellular serotonin and display an obese insulin resistant phenotype
without an increase in food intake [21] while the short-term use of SERT
inhibitors is associated with lower food intake and body weight [4]. On the
other hand, chronic use of SSRI's might increase the risk for obesity in
humans [14,22]. It could well be that there is a difference between acute and
chronic SERT inhibition on extracellular serotonin levels and thereby on food
intake and body weight control. The change in SERT binding in our subjects
might be a physiological response to reduce food intake through increasing
extracellular serotonin. However, one would then expect a decrease in all
hypercaloric diet groups, but we found a decrease only in the HFHS-F group.
Therefore it seems more likely that a decrease in SERT results in a decrease
in extracellular serotonin, also explaining the failure of SSRIs for long-term
weight loss maintenance. A decrease in extracellular serotonin might result in
less inhibition of food intake predisposing especially snacking individuals to
obesity. However, this remains to be investigated.
The HFHS groups consumed more protein, which was inevitable since
the liquid meal (Nutridrinks) contained protein. Dietary proteins are
involved in brain satiation mechanisms: they induce gut peptide
secretion (e.g. GLP-1, PPY) and production of hormones such as insulin
and ghrelin. These neuropeptides and hormones can signal to brain
regions involved in hunger and satiety including the hypothalamus [23].
There is currently no evidence for the presence of a relationship
between SERT and dietary proteins. A few rodent studies have
investigated the possibility of a relationship between dietary protein
and serotonin in the brain but did not report a consistent association
MOLECULAR METABOLISM 2 (2013) 417–422 & 2013 The Authors. Published by Elsevier GmbH. All
[24,25]. One study showed activation of the hypothalamic serotonin
system after ingestion of animal proteins in rats [26]. However, in the
present study the protein surplus is casein and not animal proteins.
Moreover, the reduction in SERT binding was found only in the HFHS-F
group while protein intake did not significantly differ from the HFHS-S
group making it unlikely that the effect on the brain is explained by
higher protein intake.
In the present study we investigated SERT binding in the diencephalon. The
diencephalon includes the hypothalamus, which is a key regulatory brain
centre for energy balance [1]. Future studies will need to establish in which
specific nucleus or nuclei SERT is decreased after similar diet interventions. A
hypercaloric snacking high-fat high-sugar diet during 6 weeks in lean men
decreases SERT binding in the hypothalamic region while increasing glucose
intake or increasing meal size did not affect SERT binding. Interestingly, in
today's society there is increasing snacking behaviour and it has been shown
that snacking is associated with obesity [27–29]. We propose that a decrease
SERT in the hypothalamic region caused by high-fat-high-sugar snacking
might be considered as a mechanism for disturbed appetite control resulting
in hyperphagia and obesity.
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