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ABSTRACT 
Background: Striatal dopamine receptors and cerebral serotonin transporters are reduced in 
obese humans.  Obesity is associated with insulin resistance, but it is unknown whether brain sero-
tonin and dopamine relate to insulin sensitivity independently of obesity.  
Methods: To examine this relationship, we measured serotonin transporter (SERT) binding in the 
diencephalon and striatal dopamine transporter (DAT) binding using 123I-FP-CIT SPECT in insulin 
sensitive obese (ISO), insulin resistant obese (IRO) (total n=10) and matched lean women (n=8). 
We assessed insulin sensitivity using an oral glucose tolerance test.  
Results: Body mass index (BMI) was similar in ISO and IRO women. Striatal DAT binding was simi-
lar in lean, ISO, and IRO women, and did not correlate with BMI or insulin sensitivity. In contrast, 
SERT binding in the diencephalon was significantly lower in IRO women compared to lean and 
ISO women, and correlated positively with insulin sensitivity. SERT binding did not correlate with 
BMI. 
Conclusions: We conclude that available serotonin transporters in the diencephalon, but not stria-
tal dopamine transporters are positively correlated with insulin sensitivity in obese women inde-
pendently of BMI. Our results demonstrate an independent effect of hypothalamic SERT on 
glucose metabolism and indicate that SERT might be a potential target in the treatment of diabetes. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

INTRODUCTION 
 
Serotonin is a monoamine neurotransmitter involved in the regulation of food intake and body 
weight (1). In rodent studies, brain serotonin has been linked to obesity. Neurochemical serotonin 
depletion in the rodent brain results in obesity and hyperphagia (2-4).  Inversely, infusion of sero-
tonin into the hypothalamus decreases body weight in Zucker rats (5). In humans, pharmacologi-
cal challenge of the serotonin system induces weight loss (6;7). Recently, the serotonin-2C 
receptor agonist lorcaserin was approved by the Food and Drug Administration (FDA) as a weight 
loss treatment (8). Furthermore, short-term use of selective serotonin reuptake inhibitors (SSRIs), 
which inhibit reuptake of serotonin via the serotonin transporter (SERT), reduces body weight (7). 
This suggests that in humans an increase in serotonergic signalling, via a serotonin-2C receptor 
agonist or inhibition of SERT, may be favourable for body weight management. Furthermore, in 
humans, SERT binding in subcortical regions (caudate nucleus-putamen-thalamus) is negatively as-
sociated with BMI (9), suggesting that serotonergic signalling is diminished in obesity.   
 
Aside from the established association between body weight and the serotonin system, many stud-
ies point towards a regulatory role for serotonergic signalling in glucose metabolism. Mice lacking 
the serotonin-2C receptor in proopiomelanocortin (POMC) neurons have normal body weight but 
exhibit hyperglycemia, hyperinsulinemia, and insulin resistance (10).  SERT deficient mice are hy-
perglycemic and hyperinsulinemic and have reduced insulin signalling in liver prior to the occur-
rence of obesity (11). In overweight non-diabetic humans, levels of plasma serotonin metabolites 
decrease after oral glucose (12).  Short-term treatment with SSRIs decreases fasting blood glucose 
levels in nondiabetic patients (13) and SERT polymorphisms are linked to the occurrence of diabe-
tes (14). Most studies in humans address systemic serotonin, while body weight regulation and 
glucose metabolism are mainly orchestrated by the brain, and more specifically within the hypo-
thalamus. Therefore, we studied hypothalamic SERT binding in obese humans. In addition, to fur-
ther explore the relationship between body weight, insulin resistance, and hypothalamic SERT, we 
studied obese insulin sensitive and obese insulin resistant women and compared them to matched 
lean controls.  
 
In addition to the hypothalamic serotonergic system, the striatal dopaminergic system has been as-
sociated with body weight and glucose metabolism. Obese subjects have lower striatal dopamine 
D2/3 receptor (D2/3R) binding availability (15;16) and striatal D2/3R binding is associated 
with insulin sensitivity in humans (17). Additionally, D2R knockout mice have a blunted insulin re-
sponse and are glucose intolerant (18). Increasing dopaminergic signalling using the dopamine 
receptor agonist bromocriptine in rodents and humans improves glucose metabolism (19;20), and 

in obese rodents this was accompanied by an increase in striatal dopamine transporter (DAT) ex-
pression (21). The latter finding suggests that DAT is a representative reflection of dopaminergic 
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signalling.  To study whether striatal DAT is different in lean versus obese subjects and affected by 
the metabolic state, we also measured DAT binding in the same group of obese insulin sensitive 
and obese insulin resistant subjects, as well as in the lean controls.  Finally, we measured SERT 
binding in the diencephalon and striatal DAT binding with 123I-FP-CIT SPECT and assessed insulin 
sensitivity via an oral glucose tolerance test using the Matsuda Index.  
 
 

MATERIALS AND METHODS 
 
SUBJECTS  
Study subjects included ten obese premenopausal women (mean age: 31.3±9.7 years; mean 
BMI: 37.2±4.8 kg/m2) and 8 matched lean controls (mean age: 30.9±10.5 years; mean BMI: 
21.3±1.3 kg/m2). Participants were in self-reported good health, had normal liver, renal, and thy-
roid function, did not smoke and did not use any medication. A 75 g glucose tolerance test was 
performed to exclude undiagnosed diabetes (22). Substance abusers, shift workers, and subjects 
with a history of psychiatric or eating disorders (e.g. binge eating, restraint eating) were excluded. 
All subjects had a self-reported stable weight during the 3 months prior to inclusion. We divided 
the obese group in ISO and IRO subgroups, based on the Matsuda Index cut-off point for insulin 
resistance of 5.0 (23). The study protocol was approved by the institutional review board/ medi-
cal ethics committee of the Academic Medical Center Amsterdam. Written informed consent was 
received from all participants after explanation of the nature of the study. 
 
IMAGING OF THE SEROTONIN TRANSPORTER (SERT) AND DOPAMINE TRANSPORTER 
(DAT) 
Each participant underwent single photon emission computed tomography (SPECT) imaging with 
the radioligand [123I]FP-CIT (DaTSCAN). A total dose of 115 MBq (range: 110-120 MBq; specif-
ic activity > 750 MBq/nmol; radiochemical purity > 98%, produced according to GMP criteria at 
GE Healthcare, Eindhoven, The Netherlands) was given intravenously. This tracer can be used to 
image striatal DAT and extrastriatal SERT binding. SERT and DAT binding can be visualized and 
quantified adequately in the diencephalon ((hypo)thalamic region) and striatum at 2 and 3 hours 
after bolus injection as described previously (24). Participants were scanned at 10:30 AM after 
an overnight fast. 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, 810, Strichman Medical Equipment, Cleveland, OH, USA) using 
an acquisition protocol as described previously with slight modifications (interslice distance: 5 mm; 
acquisition time: 210 sec/slice) (24). All scans were reconstructed in 3D mode and corrected for 

attenuation. For quantification, a region-of-interest (ROI) analysis to determine specific binding ac-
tivity in the striatum and diencephalon was performed by a well-trained researcher as described 

 

previously (25). Briefly, the 4 consecutive slices with the highest binding were selected to assess 
binding to DAT and SERT. Activity in the cerebellum (3 consecutive slices) was assumed to repre-
sent non-displaceable activity (nonspecific binding and free radioactivity). A specific-to-nonspecific 
binding ratio (SNS-BR) was calculated as [ROI-binding minus cerebellar-binding / cerebellar-
binding]. The outcome measure was SNS-BR. 
 
ORAL GLUCOSE TOLERANCE TEST  
Within one week of the SPECT scan and following an overnight fast, the oral glucose tolerance 
test (OGGT) was performed using 75 grams of glucose dissolved in 300 ml of water. An intrave-
nous catheter was inserted in the right forearm and the subjects remained seated during the entire 
OGTT. Venous blood samples were drawn after ingestion of the glucose load, at T=0, 30, 60, 
90, and 120 minutes. 
 
LABORATORY ANALYSIS 
Plasma glucose concentrations were measured with the glucose oxidase method using a Biosen 
C-line plus glucose analyzer (EKF Diagnostics, Barleben/Magedeburg, Germany). Insulin and 
cortisol were both measured on an IMMULITE 2000 system (Siemens Healthcare Diagnostics 
B.V., Breda, The Netherlands). Cortisol was measured with a chemiluminescent immunoassay (in-
tra-assay variation: 7–8%; total-assay variation: 7–8%; detection limit: 50 nM). Insulin was meas-
ured with a chemiluminescent immunometric assay (intra-assay variation: 3–6%; total-assay 
variation: 4%; detection limit: 15 pM). C-peptide levels were measured with a 125I radioimmunoas-
say (Merck Millipore, St. Charles, MO, USA) (intra-assay variation: 6–9%; total-assay variation: 
7–11%; detection limit: 50 pM). Glucagon was measured with the 125I radioimmunoassay (Merck 
Millipore) (intra-assay variation: 9–10%; total-assay variation: 5–7%; detection limit: 15 ng/l). 
 
INSULIN SENSITIVITY 
We used the Matsuda Index (MI) to assess insulin sensitivity. MI is calculated from plasma insulin 
and glucose responses during a 2-hour OGTT and is well validated with clamp derived peripheral 
glucose disposal rates (26;27).  
 
MI = 10.000/ √([FPG x FPI] x [mean glucose (mmol/L) x mean insulin (pmol/L)]).  
 
STATISTICS  
All data were analysed using SPSS for Windows, version 20.0 (SPSS Inc. Chicago, Illinois, USA). 
Data were tested for normality. To compare data between the lean, ISO, and IRO groups we 
used 1-way ANOVA with a posthoc Bonferroni. To compare data between the lean and obese 

group, we used the Student’s T-test. We used Pearson correlations for correlation analysis in the 
whole cohort and the obese and lean subgroups. For all analyses, a P < 0.05 was considered 
statistically significant and P < 0.1 was considered a trend. Sample size calculation was based on 
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a previous study that showed that diencephalic SERT binding in lean subjects was 0.51±0.17 
(24). To detect a difference with a significance level α=0.05, power=80%, variance of means = 
0.029 and common standard deviation=0.17, we needed n=5 subjects per group (calculated 
with nQuery Advisor 7.0 software).  
 
 

RESULTS 
 
Baseline characteristics are presented in Table 1. Based on the Matsuda Index (MI), the obese 
subjects were divided into ISO and IRO subgroups (Table 2). Subjects with MI ≥ 5.0 were con-
sidered ISO and subjects with MI < 5.0 were considered IRO (23). We could not calculate the 
MI from one obese subject, due to haemolytic samples that precluded adequate performance of 
the insulin assay. Based on the curve for C-peptide and a calculated HOMA-IR of 0.47 (HOMA-
IR:[(FPG*(FPI*6.945))/22.5] with a suggested cut-off value for insulin resistance >2.2 (28)), this 
obese participant was considered insulin sensitive. 
 
LEAN VERSUS OBESE SUBJECTS 
As expected, the obese subjects had higher fasting glucose concentrations, C-peptide concentra-
tions, and a trend towards higher fasting insulin concentrations, as well as reduced insulin sensitivity 
compared to the lean subjects (Table 1).  

 
INSULIN SENSITIVE VERSUS INSULIN RESISTANT OBESE SUBJECTS 
ISO subjects were comparable to lean subjects for all measured parameters except BMI, while  
BMI did not differ between the ISO and IRO groups (Table 2 and Figure 1A). Plasma concentra-
tions of cortisol and glucagon did not differ between the three groups (Table 2). 

 

SERT BINDING, BUT NOT STRIATAL DAT BINDING, IS LOWER IN INSULIN RESISTANT 
WOMEN 
Overall, SERT binding in the diencephalon was not different between the lean and obese subjects 
(Table 1). However, IRO women had significantly lower SERT binding compared to the ISO and 
lean women, while there was no difference between the lean and ISO subjects (Table 2 and Fig-
ure 1C). Striatal DAT binding did not differ between the lean and obese subjects (Table 1). In ad-
dition, no differences in striatal DAT binding were found between lean, ISO, and IRO subjects 
(Table 2). 

 
SERT binding, but not striatal DAT binding, correlates with insulin sensitivity 
SERT binding did not correlate with BMI in either the lean or obese subjects (p=0.105 (lean + 
obese); p=0.709 (lean only) and p=0.249 (obese only) respectively); neither did striatal DAT 
binding (p=0.891 (lean + obese); p=0.562 (lean only) and p=0.350 (obese only) respectively). 
In the lean subjects, no correlation was found between SERT availability and insulin sensitivity 
(p=0.865).  In the obese subgroup, SERT binding positively and significantly correlated with insulin 
sensitivity (p=0.025, R=0.73, r2=0.5332, Figure 2). DAT availability did not correlate with insulin 
sensitivity in lean or obese subjects.  

 
 

DISCUSSION 

 
Our data reveal a robust correlation (r2 > 0.50) between SERT binding in the diencephalon and 
insulin sensitivity, independent of BMI in obese women. In contrast, striatal DAT, an important regu-
lator of dopamine signalling, did not correlate with insulin sensitivity. Neither SERT nor DAT binding 
were associated with BMI.  
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Figure 1. 
Differences in BMI (A), Matsuda Index (B) and 
SERT binding (C) between lean (green circle), insu-
lin sensitive obese (ISO, orange circle), and insulin 
resistant obese (IRO, red circle) subjects. Matsuda 
Index in ISO group N=4. *p<0.05; **p<0.01, 
*** p<0.001.; ns = non significant.  

 

 

SERT is an essential part of the serotonergic signal transmission cascade. Although the interaction 
between SERT, extracellular serotonin, and serotonin signal transmission is dynamic and complex, 
it is clear that SERT is the driving force of rapid reuptake of extracellular serotonin and thereby an 
essential regulator of serotonergic neurotransmission (29). However, although acute inhibition of 
SERT function results in increased levels of extracellular serotonin (30), chronic inhibition of SERT 
might result in decreased serotonergic signalling, given the detrimental long-term effects of SSRI 
use on food intake and body weight (31;32). In addition, it has been shown that SERT deficiency 
in mice results in decreased expression of brain serotonin-2A/C receptors and SERT, while over-
expression in mice results in increased brain serotonin-2A/C receptors (33), suggesting that pro-
longed reduction of SERT function corresponds with lower serotonergic signalling. Since obesity 
and insulin resistance represent a chronic state of metabolic perturbation, we interpret our finding 
of lower hypothalamic levels of SERT in the insulin resistant obese subjects as an indication of re-
duced serotonergic signalling.  
 
To the best of our knowledge, this is the first study examining SERT binding in the human dien-
cephalon in relation to metabolic health, i.e. insulin sensitivity in obesity. Although one rodent study 
showed that hypothalamic infusion of serotonin results in insulin resistance (34), our results are con-
sistent with a larger number of rodent studies demonstrating that long-term inhibition of SERT induc-
es insulin resistance (11;35), and with human studies indicating an increased risk of type-2 
diabetes (T2DM) in subjects on SSRIs (36;37) and an association between a polymorphism in the 
SERT promoter region and the occurrence of diabetes (14). An association between the use of 
SSRIs and the occurrence of T2DM might be biased by the relationship between obesity and de-
pression (38). However, Brown, et al showed that SSRIs, but not tricyclic antidepressants, are as-
sociated with T2DM, which indicates that modulating brain serotonin activity independently affects 
glucose metabolism (37). 
 
Our results are consistent with earlier studies demonstrating that modulation of serotonergic signal-
ling by targeting the serotonin-2C receptor or the SERT itself affects glucose metabolism (6-8). 
While most studies in humans pharmacologically manipulate systemic serotonergic signalling, we 
focused specifically on SERT in the diencephalon in a stable weight and stable metabolic state 
condition. Therefore, our results may indicate an independent effect of hypothalamic SERT on glu-
cose metabolism.  

 
The underlying pathways explaining the relationship between insulin resistance and SERT binding 
remain speculative. The absence of a relationship with BMI precludes a straightforward fat mass-
induced reduction in SERT activity. However, the development of insulin resistance in obese hu-

mans is a complex interplay of many tissue-specific and circulating factors, including cytokines, ad-
ipokines, gut peptides, and hormones, and which of these components contributes to diminished 
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(15;16). Moreover, based on previous publications, a relationship between insulin resistance and 
the dopamine system is evident. Stimulating the dopaminergic system with bromocriptine (a D2R 
agonist) results in improvements in insulin sensitivity in T2DM patients and is approved by the FDA 
as an antidiabetic therapy (19;43). Inversely, blocking the D2R in mice that are inherently resistant 
to the harmful effects of high-fat food induces an unfavourable metabolic profile (44). Dopaminer-
gic signalling, like serotonergic signalling, is complex and highly dynamic. Extracellular dopamine 
levels are mainly regulated by DAT, but how this relates to D2/3R activity or dopamine release is 
not completely understood (45). It is unknown whether lower striatal D2/3R activity in human obe-
sity is caused by lower available extracellular dopamine, regulated by DAT, or active downregu-
lation of the receptors by chronically higher extracellular dopamine. However, the current results 
make the first mechanism less likely. It might be that the effects of the dopamine system on body 
weight and insulin sensitivity are postsynaptic rather than presynaptic and that this is not reflected 
by altered striatal DAT. In addition, it is important to remember that interactions between the sero-
tonergic and dopaminergic signalling pathways might play a significant role in metabolic function 
(46). 
 
Our study has some limitations: first, it was conducted exclusively in small groups of premenopau-
sal women. Although in our sample, age and SERT binding did not correlate, a negative correla-
tion between SERT binding and age has previously been described (47). Therefore the correlation 
between SERT and insulin sensitivity might be different for the elderly or the very young. Second, 
we used mathematic models to calculate insulin sensitivity instead of the hyperinsulinemic 
euglycemic clamp, which is considered the gold standard for measuring insulin sensitivity. Howev-
er, the Matsuda Index correlates well with clamp-derived insulin sensitivity (r=0.73) and therefore 
provides a reasonable estimation (27).Third, because of the limited spatial resolution of SPECT, 
we cannot identify the hypothalamic nuclei involved in the observed correlation at this stage. 
However, we previously measured SERT immunoreactivity in post-mortem human hypothalamic tis-
sue and found that SERT is mainly located in the hypothalamic infundibular nucleus (IFN) and is 
lower in the IFN of obese compared to lean subjects (48).  
 
 

CONCLUSION 

 
In obese women, SERT binding in the region of the hypothalamus is positively correlated to insulin 
sensitivity independently of BMI. It remains to be studied whether lower SERT binding in the pres-
ence of obesity induces insulin resistance or whether factors determining metabolic health in hu-
man obesity also affect SERT expression in the diencephalon. 

 
 

SERT activity is unknown. In addition, lower SERT activity itself might induce insulin resistance, as 
studies in rodents with SSRIs have found that inhibiting SERT activity precedes insulin resistance 
(14, 34). Subjects with genetically determined lower SERT levels might be more vulnerable to de-
velop insulin resistance during weight gain; however, longitudinal studies in humans are needed to 
prove this. Surprisingly, the correlation between SERT binding and measures of insulin sensitivity 
was only present in the obese subjects, suggesting that the interplay between caloric intake, meta-
bolic health, and SERT binding in the diencephalon is altered in obesity. Furthermore, diet compo-
sition and diet pattern might contribute to changes in SERT binding in obese insulin resistant 
individuals, as we recently showed that in lean individuals a Western style diet, i.e. a hypercaloric 
high-fat-high-sugar snacking diet (39) reduces SERT binding in the diencephalon.  
 
A negative relationship between BMI and cerebral SERT binding has been demonstrated in hu-
mans. However, in that study, insulin sensitivity was not measured and it is therefore unknown 
whether the correlation between SERT and BMI is primary or an epiphenomenon of a correlation 
between SERT and insulin sensitivity (9). Moreover, in that study SERT availability was assessed in 
the cortex and subcortex and not specifically in the area of the hypothalamus. 
 
In contrast to the findings for SERT, we did not find a correlation between BMI and striatal DAT 
binding or insulin sensitivity and striatal DAT binding. Although a recent rodent study reported that 
both striatal DAT and D2R density are decreased in an animal model of diet-induced obesity (40), 
our data are consistent with two recently published European multi-centre studies in humans finding 
no association between BMI and striatal DAT binding in lean and overweight humans (40-42). 
Whereas DAT binding may not be affected by BMI in humans, we and others have previously re-
ported on lower striatal D2/ D3 dopamine receptors in obese compared to lean individuals 

Figure 2.  
Correlation between SERT binding in the 
diencephalon and insulin sensitivity 
(p=0.025, Pearson R=0.73, r2=0.5332) 
in obese women.  
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