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SUMMARY 
 
The main objective of this thesis was to study cerebral serotonin transporters (SERT) in the dien-
cephalon and striatal dopamine transporters (DAT) in humans in different metabolic conditions (i.e. 
lean, obese and insulin resistant state) in relation to feeding behavior. In addition, we aimed to in-
vestigate the early consequences of overeating on diencephalic SERT and striatal DAT, on a num-
ber of metabolic parameters including fat accumulation and insulin sensitivity, and on the 
autonomic nervous system in lean humans.  
 
Previous studies assessed the optimal time point to assess striatal DAT binding using 123I-FP-CIT 
SPECT in humans. However, the optimal time point to assess extrastriatal SERT binding with this 
imaging tool had not been determined yet.  We therefore first determined the optimal time point 
for imaging extrastriatal SERT binding using 123I-FP-CIT SPECT in the human brain in vivo.  From two 
hours after bolus injection, the specific to non-specific 123I-FP-CIT binding in the SERT-rich midbrain 
and diencephalon was stable, and it was concluded that the optimal time frame for assessing 123I-
FP-CIT binding to extrastriatal SERT was 2 h post-injection (chapter 2).  Next, using immunocyto-
chemistry on post-mortem human hypothalamic tissue, we confirmed that SERT protein was abun-
dantly present in the human hypothalamus (chapter 3). Moreover, SERT protein was most 
markedly expressed in the infundibular nucleus (IFN) of the hypothalamus and overweight/obese 
subjects showed lower IFN SERT protein expression than lean subjects. We next studied SERT in 
lean and obese women in vivo and found no difference between lean and obese subjects. How-
ever, when comparing SERT between insulin resistant obese and insulin sensitive obese women, 
the former showed lower SERT (chapter 4), suggesting that SERT in obese women is related to 
glucose metabolism rather than body weight per se. In contrast, striatal DAT binding did not differ 
between lean and obese women, nor between insulin resistant obese and insulin sensitive obese 
women (chapter 4).  
 
In lean humans, we showed that diencephalic SERT and striatal DAT are related to food motiva-
tion (chapter 5) since visual attention bias for food, which is a measure of food motivated behavior 
in humans, inversely correlated with both striatal DAT and diencephalic SERT binding. Moreover, 
visual attention bias positively correlated with actual food intake, indicating that food motivated 
behavior predicts food intake or vice versa. We next aimed to study how hypercaloric feeding af-
fects diencephalic SERT and striatal DAT and whether increasing meal size versus meal frequency 
may have differential effects. We showed that a high fat high sugar (HFHS), but not a high sugar 
(HS) only, snacking diet, reduces diencephalic SERT binding within 6 weeks without significantly 
affecting striatal DAT. Moreover, this effect was not observed in the subjects consuming the same 
macronutrients during their 3 major meals, i.e., by increasing meal size (chapter 6). This indicates 
that besides calories and dietary content, eating pattern in itself is able to modulate SERT in the 
human brain. Whether this is a direct effect or indirect effect through diet-induced changes in glu-
cose metabolism is at present unknown. Surprisingly, hepatic insulin sensitivity tended to decrease 
after the hypercaloric HFHS snacking diet only, further showing that eating pattern per se in com-
bination with macronutrient content in a hypercaloric setting differentially affects metabolism and 
likely independently contributes to insulin resistance next to the effects on the serotonergic path-
ways (chapter 7). Lower diencephalic SERT induced by a HFHS snacking diet might promote on-

 

going caloric intake through modulation of extracellular serotonin and since our current obesogen-
ic environment is characterized by snacking behavior, our findings might explain part of overeating 
in obesity. Striatal DAT binding on the other hand tended to be affected by hypercaloric feeding 
in general, without a differential effect of eating pattern or macronutrient composition of the diet 
(chapter 8), pointing to a more general relationship with excess calories or body weight gain. We 
also observed that sympathetic nervous system (SNS) activity was increased by the hypercaloric 
diet and this was related to the change in striatal DAT binding, suggesting a link between SNS ac-
tivity and the striatal dopamine system in response to overfeeding/weight gain (chapter 8).   
 
Finally, we describe in chapter 7 that hypercaloric snacking, irrespective of dietary macronutrient 
composition, resulted in increased liver- and abdominal fat whereas isocalorically increasing meal 
size did not. Since BMI increased to a similar extent in all groups, this shows an independent ef-
fect of meal pattern on the accumulation of liver and abdominal fat, further setting the stage for the 
complexity of the underlying mechanisms of the metabolic complications of weight gain/obesity. 
 
In summary, we here show that SERT and DAT in the human brain are involved in food motivated 
behavior and that SERT is reduced in the hypothalamus of overweight/obese subjects and particu-
larly in obese women with insulin resistance. Moreover we provide evidence that consuming 
HFHS snacks in excess of caloric need reduces SERT in the diencephalon and reduces hepatic in-
sulin sensitivity in addition to the negative effects of snacking on liver and abdominal fat accumula-
tion. Increasing meal size only did not show these effects pointing to an independent effect of 
hypercaloric snacking behavior on peripheral glucose metabolism and on brain circuitries in-
volved in feeding behavior and central control of glucose metabolism. Further studies are needed 
to elucidate the underlying mechanisms explaining these associations in humans and to disentan-
gle the relationship between glucose metabolism and brain serotonergic pathways. This might 
lead to novel treatment modalities and dietary advice with the aim to combat obesity and insulin 
resistance. 
 
 

GENERAL DISCUSSION  
 
Our brain orchestrates energy metabolism by responding to signals from peripheral organs includ-
ing nutrients, peptides and afferent autonomic nerve signals. Within the hypothalamus this infor-
mation on energy status is integrated with signals from higher brain centers involved in reward 
processes resulting in neuroendocrine responses and behavioral adaptations to regulate energy 
intake and expenditure (for reviews (1;2)). Within this network, serotonin and dopamine are im-
portant neurotransmitters and, as can be appreciated from this thesis, their regulatory role extends 
beyond their long established effects on feeding behavior (3-9). We demonstrate associations be-
tween serotonin and dopamine transporter binding, motivation to eat, obesity and insulin re-
sistance. Furthermore, diencephalic serotonin transporter binding and hepatic insulin sensitivity both 
can be modulated in the short term by intake of specific macronutrients when consumed in be-
tween meals and in excess to caloric need, suggesting mutual interactions between diet composi-
tion, diet timing pattern, glucose metabolism and central serotonin signaling.  
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In general, genetically reduced SERT expression is associated with obesity and type 2 diabetes 
mellitus (T2DM) (10;11) and SERT knockout mice are (abdominally) obese and insulin resistant 
(12;13). Studying the serotonergic system in humans is challenging because the brain is not readi-
ly accessible for in vivo studies. So far it was known that serotonin and its metabolites are lower in 
cerebrospinal fluid (CSF) of obese compared to lean women (14) and SERT binding in subcortical 
regions is negatively correlated with BMI (15), though a recent study showed a positive correla-
tion between (hypo)thalamic SERT binding and BMI (16). However, these studies could not de-
termine a specific brain region responsible for the relationship with BMI/obesity.  In this thesis, we 
show in chapter 3 that SERT protein is highly expressed in the hypothalamic infundibular nucleus 
(IFN), and expression is lower in overweight/obese subjects compared to lean subjects while we 
show in chapter 6 that a hypercaloric HFHS snacking diet reduces SERT binding by 30% in the 
diencephalon of lean healthy men. This effect was independent of body weight gain and thus 
suggests a direct effect of nutrients and eating pattern on the serotonergic system in the brain, and 
this may in turn facilitate further excessive caloric consumption. Since in rodents neurochemical de-
pletion of hypothalamic serotonin leads to hyperphagia and obesity (5-7) and tryptophan (and 
thus serotonin) depletion lowers SERT binding (17), these findings indicate that overconsumption of 
fat and sugar snacks in between meals reduces extracellular serotonin, which may predispose to 
obesity because of serotonin’s inhibiting effects on food intake. In line, in humans serotonin is lower 
in CSF in the obese state (14). Interestingly in chapter 5, we show that lower diencephalic SERT 
binding is associated with higher visual attention bias for food, and in turn, higher visual attention 
bias for food correlates positively with actual food intake, again suggesting that a reduction in 
SERT binding predisposes to weight gain through its effects on food intake. Finally, the recently 
approved serotonin receptor 2c agonist lorcaserin has shown a weight reducing effect through 
lowering of food intake without affecting energy expenditure (18). Thus the serotonergic system in 
the human brain is involved in food intake and body weight regulation and is affected by nutrients 
and eating pattern. 
 
The brain serotonin system might also affect glucose metabolism. Indeed, diencephalic SERT bind-
ing was reduced in obese individuals with insulin resistance (IR) compared to equally obese indi-
viduals without IR (chapter 4) while there were no differences in SERT binding between the lean 
and obese group, contradicting our IFN SERT data in post mortem hypothalamus as well as pre-
vious findings by others (15). This indicates that the relation between diencephalic SERT/serotonin 
and obesity is less straightforward than suggested and might be influenced by glucose metabolism 
as well. This is in line with rodent studies showing alterations in glucose metabolism in the absence 
of obesity in a SERT knockout model (12) and in mice lacking the serotonin 2C receptor specifi-
cally in POMC neurons (19). The spatial resolution of the current imaging techniques does not al-
low for further characterization of different hypothalamic nuclei and, although serotonin within (the 
POMC neurons of) the ARC is heavily involved in regulation of food intake and glucose metabo-
lism (19), other nuclei might be responsible for the association we describe in chapter 4. One 
candidate is the suprachiasmatic nucleus (SCN), as SCN-lesioned rats have higher plasma insulin 
levels compared to sham operated rats (20) and glucose intolerant hamsters have markedly re-
duced SCN serotonin metabolite levels compared to glucose tolerant hamsters (21). Moreover, 
SERT protein is present in the human hypothalamic SCN (chapter 3), but whether this expression 
relates to glucose metabolism is unknown. Moreover, additional cell populations in the hypothal-

 

amus could directly be involved in the relationship between SERT and body weight regulation or 
glucose metabolism since in post-mortem human hypothalamic tissue neuropeptide Y (NPY) and 
agouti-related peptide (AgRP), were related to BMI whereas α-melanocyte stimulating hormone 
(α-MSH) was related to the presence of T2DM (22).  
 
The question arises whether lower SERT binding is a cause or consequence of insulin re-
sistance/obesity. As mentioned above, SERT knockout mice are hyperglycemic and insulin re-
sistant (12) even when on a chow diet and mice lacking the serotonin 2C receptor specifically in 
POMC neurons show insulin resistance but normal body weight (19), suggesting that reduced 
serotonin signaling in specific neurons might contribute to the etiology of insulin resistance. This no-
tion is further supported by data showing that prolonged inhibition of SERT function with selective 
serotonin re-uptake inhibitors (SSRI’s) promotes insulin resistance (23) and weight gain and in-
creases the risk of developing T2DM (24;25), although it remains difficult to disentangle what the 
effect of the SSRI itself versus the effect of body weight gain is on glucose metabolism. In contrast, 
treatment with SSRI’s in the short term reduces body weight (26) suggesting that increased seroto-
nin signaling by increasing extracellular serotonin reduces food intake and/or increases energy 
expenditure, although the latter possibility is less likely. In addition, as described in chapters 6 and 
7, snacking HFHS drinks reduces diencephalic SERT binding and hepatic insulin sensitivity pointing 
to a dual effect of diet pattern and composition on brain SERT and glucose metabolism.  Again 
these associations do not reveal a molecular mechanism and cannot distinguish between direct ef-
fects of the diet on both parameters or indirect effects of glucose metabolism on diencephalic 
SERT.  
 
Insulin resistance in obesity is a result of several factors, including low grade inflammation, oxida-
tive stress, higher circulating concentrations of fatty acids, ectopic lipotoxicity and more and there-
fore the association between SERT and insulin sensitivity is difficult to explain. Hyperinsulinemia 
might affect brain SERT in insulin resistance as insulin receptors are present in the hypothalamus 
(27) and it has been shown that peripherally infusing insulin increases hypothalamic tryptophan 
and 5-HIAA in lean but not in obese, insulin resistant Zucker rats (28).  Indeed in our study (chap-
ter 4) plasma insulin levels were higher in the insulin resistant subjects compared to the insulin sensi-
tive subjects, but did not correlate with diencephalic SERT binding. In addition to insulin, 
hyperglycemia might affect hypothalamic SERT protein levels.  An in vitro experiment in human in-
testinal epithelial cells showed that high levels of glucose in the short term decrease SERT activity 
but in the long term increase SERT activity (29). However, whether this is also the case in hypotha-
lamic cells and whether it can be translated to an in vivo situation is unknown.   

 
In addition to lower SERT immunoreactivity in the IFN in overweight/obese individuals and lower 
diencephalic SERT binding in the insulin resistant state, lower diencephalic SERT binding is associ-
ated with higher visual attention bias for high caloric food (chapter 5), and hypercaloric snacking 
of fat and sugar reduces diencephalic SERT binding (chapter 6). We therefore hypothesize that 
hypercaloric snacking in between meals increases body weight through its effect on SERT, with in-
creased motivation to eat and less inhibition of food intake despite being in a positive energy bal-
ance, in addition to the direct effects of excessive caloric consumption on body weight. The 
regulation of motivation to eat has traditionally been attributed to the striatal dopamine system 
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whereas hunger and satiety regulation to the hypothalamic serotonin system (30) and thus a link 
between serotonin and visual attention bias for high caloric food specially seems contradictory. 
However, the striatum and the hypothalamus are highly integrated (1;31) and serotonin and do-
pamine systems interact (32) to guarantee an integrated feeding response.  
 
In conclusion, the data described in this thesis show, in addition to earlier published data, an inter-
action between serotonin signaling and body weight and between serotonin signaling and glu-
cose metabolism independently of body weight. Studies in rodents suggest that serotonin signaling 
in the hypothalamus regulates glucose metabolism but whether this is also true for humans is un-
known. On the other hand, circulating factors associated with the insulin resistant obese state might 
affect serotonergic pathways and we show that diet composition and eating pattern both affect 
serotonin transporters in the diencephalon, including the hypothalamus and thalamus, in non-obese 
individuals. This indicates that dietary habits are independent modulators of serotonergic pathways 
in the human brain.  In view of these considerations, serotonin signaling might be a promising tar-
get to treat both obesity and insulin resistance/diabetes in humans. This could be achieved by ei-
ther pharmacologically targeting serotonin transporters or receptors or by designing hypocaloric 
diets aimed at increasing serotonin transporters. 
 
The striatal dopamine system is involved in signaling the rewarding properties of food. Extracellular 
dopamine (DA) is regulated by presynaptic dopamine transporters (DAT) that facilitate reuptake of 
DA from the synaptic cleft. Inhibiting or genetically knocking down DAT results in enhanced DA 
signaling (33). Dopamine release in the striatum is related to experienced pleasure after consum-
ing a meal (34) and to ratings of hunger and desire for food in humans (35). In line, as described 
in chapter 5, lower striatal DAT binding, which could reflect higher extracellular dopamine (36), is 
associated with a higher visual attention bias for food and in turn, visual attention bias for food is 
associated with actual food intake, thus providing further evidence for a role of dopamine in food 
motivated behavior in lean healthy humans. Obesity has been related to lower responsiveness of 
the reward circuit as result of a reduced dopaminergic tone (referred to as the reward deficit theo-
ry) (37), supported by the findings that a) when food is consumed or consumption is imagined, 
obese humans show less striatal activation compared to lean individuals (38;39), b) dopamine re-
lease to an amphetamine challenge is diminished in obese humans (40), c) striatal dopamine 
D2/3 receptors are reduced in obese humans (37;40-42) and rats (43;44), and d) DAT expres-
sion (42) has been shown to be reduced in obesity-prone rats. The data on striatal DAT binding in 
humans are less convincing as only one out of 3 studies reported an association between striatal 
DAT binding and BMI (44-46). In line we could not demonstrate a difference in striatal DAT bind-
ing between lean and obese individuals (chapter 4). It is not clear whether the reduced dopamin-
ergic tone is a cause or a consequence of obesity. Genetic studies show that adults with a 
polymorphism in the dopamine D2 receptor gene, associated with compromised striatal dopamine 
signaling, are at higher risk of becoming obese (47) suggesting that genetically low dopaminergic 
tone might lead to obesity. In contrast, children with this polymorphism show enhanced striatal re-
sponsiveness to consumption of palatable food (48), suggesting that the assumed reward defi-
ciency is acquired later in life. Rodent studies show that high fat diets reduce striatal dopamine 
D2/3 receptor binding (49;50), supporting that lifestyle factors besides genetics play a role in re-
ducing striatal dopaminergic tone. These D2/3 receptor changes might subsequently influence 

 

feeding behavior because it was shown that lentivirus-mediated knockdown of striatal D2 recep-
tors rapidly accelerated the development of addiction-like reward deficits and the onset of com-
pulsive-like food seeking in rats (51). In chapter 8, we show that hypercaloric diets tend to reduce 
striatal DAT in healthy humans while we found a clear effect on diencephalic SERT in those indi-
viduals that consumed hypercaloric high fat high sugar snacks in between meals, suggesting that in 
the short term striatal DAT is less affected than SERT by caloric overconsumption or specific mac-
ronutrients and eating pattern. Whether the hypercaloric diet intervention affected D2/3R binding 
availability is unknown because we were not able to image DAT and D2/3R simultaneously. In 
addition, short term clinically significant weight loss through bariatric surgery did not restore lower 
striatal D2/3 receptor availability in obese humans (52) pointing to a less straightforward relation-
ship between the striatal dopamine system and body weight. Reduced dopaminergic tone is 
probably a consequence of chronic caloric overconsumption and/or obesity itself rather than a 
cause of obesity, although genetic factors might contribute. The exact underlying molecular mech-
anisms and series of events taking place in the striatal dopaminergic system upon weight gain re-
mains to be elucidated. In addition, the changes that occur in striatal dopaminergic signaling might 
differ during the course of the weight gain with an initial rise in extracellular dopamine and subse-
quent decrease, since a positive correlation between BMI and dopamine release was described 
in lean and overweight/mildly obese subjects (53) while dopamine release is reduced in obese 
compared to lean subjects (40). Longitudinal studies are needed to explore this further in humans. 
In addition, it should be studied in rodents how lower DAT and lower D2/3R affect dopamine 
signaling. This will potentially enable the development of therapeutic strategies aimed to modulate 
dopaminergic pathways in the setting of obesity (prevention). 
 
During weight gain and in overt obesity, the activity of the sympathetic nervous system (SNS) is al-
tered. Excess body fat is associated with increased SNS activity measures in humans (54). In addi-
tion, striatal dopamine D2/3 receptors correlate positively with sympathetic activity in healthy 
volunteers (55).  In chapter 8 we show enhanced sympathetic activity in lean males after a 6 
weeks hypercaloric diet. Interestingly, the increase in sympathetic activity after the hypercaloric di-
et was associated with a trend towards a decrease in striatal DAT binding. A connection between 
striatal dopamine and blood pressure, a cardiovascular outcome regulated by the autonomic 
nervous system (ANS), has previously been shown in rodents (56). Therefore, our data might point 
to a diet-induced increase in extracellular dopamine, resulting in increased sympathetic activity. 
This remains speculative and more detailed studies aimed at unravelling the relation between stria-
tal dopamine and cardiovascular outcomes are needed.  
 
Finally, striatal dopamine has been implicated in the regulation of glucose metabolism (57). Mod-
ulation of central dopamine by D2 receptor agonists has an insulin sensitizing effect on glucose 
metabolism in hamsters (58). Reports on the relation between striatal D2/3R availability and 
measures of insulin sensitivity in obese women are somewhat contradictory (52;59) but treatment 
of diabetic patients with dopamine agonists showed improved glucose tolerance (60). Reciprocal-
ly, insulin also affects dopamine signaling by acutely enhancing the clearance of synaptically re-
leased dopamine via increased DAT function (61;62) and insulin receptors are present on 
dopaminergic neurons in the VTA (63).  Moreover, Zucker fatty rats that are hyperinsulinemic also 
show increased DAT mRNA expression (64) and dopamine antagonists are associated with insu-
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lin resistance independently of obesity (65). It was therefore unexpected that striatal DAT binding 
did not correlate with insulin sensitivity and that there were no differences between insulin resistant 
obese and insulin sensitive obese individuals (chapter 4). Based on the work presented in this the-
sis, the focus of future studies on the role of the dopamine system in peripheral glucose metabolism 
should be on extrastriatal dopaminergic brain areas or on striatal dopamine receptors or dopa-
mine release instead of on DAT. Specific dopamine receptor agonists might improve insulin re-
sistance besides lowering food intake, and this might lead to novel medical treatment strategies for 
T2DM.  
 
In conclusion, as for the serotonergic system, dopaminergic pathways are involved in food intake 
and glucose metabolism. Many questions regarding underlying molecular mechanisms, pathways 
and causes explaining the changes observed in obesity and during caloric overconsumption re-
main to be answered before new safe treatment modalities can be developed. Our data and 
available other data point towards the brain as a potential new therapeutic target in the battle 
against obesity. 
 
CRITICAL NOTES AND FUTURE STUDIES 
The conclusions drawn from the measurements of diencephalic SERT and striatal DAT binding 
need some critical appraisal. First, when visualizing SERT and DAT binding with 123I-FP-CIT, we 
measure binding potential of the tracer to the transporter. Binding potential is related to the density 
of available transporters when a secular equilibrium is reached (66), but we cannot differentiate if 
a change in binding potential is due to a change in density of available SERT or DAT or due to a 
change in the affinity (Kd) of the radiotracer for the transporter. In addition, after bolus injection of 
123I-FP-CIT a transient equilibrium is reached 2 h later (Chapter 2) which might lead to an overesti-
mation of SERT and DAT densities (66;67). Second, 123I-FP-CIT is a non-selective ligand which gives 
the opportunity to measure diencephalic SERT and striatal DAT simultaneously, but might also lead 
to an over- or underestimation of the binding potential to SERT or DAT. Moreover, it does not al-
low us to measure striatal SERT or diencephalic DAT. Therefore, our studies should be repeated us-
ing selective ligands to confirm our findings and to investigate SERT and DAT binding in other brain 
regions. Third, measurement of SERT and DAT binding with SPECT is static, whereas the regulation 
of SERT and DAT in response to stimuli is spatial and dynamic (68;69). Therefore, dynamic meas-
urement of SERT and DAT in response to, for instance, food or food cues in vivo would be of great 
interest. Unfortunately, the neuroimaging techniques for that are not yet available. Fourth, there 
might be a gender effect as has been demonstrated for the relationship between central SERT ex-
pression and body weight: female SERT knockout rats become abdominally obese but the males 
do not (13), and in humans obese females have higher thalamus/hypothalamus SERT binding 
than their lean monozygotic co-twins, with no difference for male twin pairs (70). In lean subjects 
gender differences in SERT binding have been described (71), but not consistently (72;73), and 
whether the relationship between insulin sensitivity and diencephalic SERT is affected by gender is 
unknown. Similarly for striatal DATs, an effect of gender in humans has been demonstrated with 
females having higher striatal DAT binding (as measured with 123I-FP-CIT SPECT) than males 
(74;75) but this is not a consistent finding (44). Nevertheless, our studies were performed in either 
males or females only and extrapolation to the other gender should be done with caution. The re-
lationships between SERT and extracellular serotonin, and between DAT and extracellular dopa-

 

mine are not clear which limits the explanation of our findings. Unfortunately at present, local sero-
tonin and dopamine concentrations in the brain cannot be measured in vivo in humans and there-
fore, it is necessary to repeat the hypercaloric diet experiments in rodents to further explore 
underlying mechanisms. This would also allow for determining in which specific nuclei within the 
diencephalon SERT (and DAT) is changed upon a hypercaloric diet intervention. In humans, using 
positron emission tomography (PET) as a neuroimaging technique would allow to visualize smaller 
brain areas than when using SPECT. Still, it is not sensitive enough to visualize distinct hypothalam-
ic nuclei. Furthermore, studies in rodents are needed to elucidate which pathways are involved in 
the consequent finding of lower striatal D2/3R in obese humans. In addition, longitudinal studies in 
humans and rodents are needed to follow the sequence of events occurring during the course of 
weight gain. Finally, studying insulin resistant versus insulin sensitive obese humans and rodents 
might reveal which brain circuits protect from metabolic deterioration. 
 
 
CLINICAL IMPLICATIONS 
The relationship between diencephalic SERT and insulin resistance suggests that the brain sero-
tonergic system is a potential future pharmacological target in the treatment of T2DM. Indeed, it 
has been shown that pharmacologically increasing extracellular serotonin concentrations by short-
term SSRI treatment or by agonizing the serotonin 2C receptor is beneficial for glycemic control 
(76;77). However, as mentioned before, there are differences in outcome between short-term and 
long-term pharmacological targeting of the serotonin system and more insight in these differences 
is necessary before any conclusions on therapeutic implications can be drawn. Moreover, thor-
ough research of possible side effects is necessary as fenfluramine and fenfluramine-like deriva-
tives, drugs that induce a massive release of serotonin and were previously on the market for the 
treatment of obesity, have been withdrawn due to serious cardiovascular side effects (78).  
 
In addition, dopamine agonists targeted at the striatal D2 and D3 receptors or modulating striatal 
DAT might be beneficial in reducing food intake and ameliorating insulin resistance in the obese 
state.  
 
Obviously, weight loss is a major goal in the treatment of insulin resistance and obesity. Dieticians 
often advice obese individuals, that it is best to eat frequent smaller meals to reduce the feelings of 
hunger that occur in a hypocaloric state. Indeed, when this advice is strictly followed, eating more 
frequent smaller meals results in more weight loss compared to eating fewer larger meals (79) alt-
hough this has recently been challenged in patients with T2DM (80). However, when consuming 
food in between the main meals the extra calories from the snack are rarely compensated for in 
the next meal (81), which suggests that it may not be free of risk to advice obese humans who 
clearly have problems regulating their caloric intake, to consume meals more frequently. In fact, 
we showed that eating pattern and macronutrient composition are an intertwined independent fac-
tor of increasing liver and abdominal fat and reducing diencephalic SERT in a hypercaloric setting. 
Overall this suggests that reintroducing cycles of hunger and satiety (instead of exposing our body 
to ingested nutrients more frequently during the day) might be beneficial in restoring diencephalic 
SERT and reducing abdominal and liver fat. However this has to be studied and verified in future 
studies.  
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