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Glucose homeostasis

Most organs can utilize different fuels as energy source, however, under physiological 
conditions, the brain relies solely on glucose [1]. Since storage of energy is limited in the 
brain, blood glucose levels are held within strict boundaries through a counterregulatory 
neuro-hormonal system. Glucose in the circulation derives from dietary sources or from 
endogenous glucose production (EGP), which mainly takes place in the liver. EGP results 
from breakdown of glycogen into glucose in the liver (glycogenolysis) or from formation 
of glucose from other substrates (lactate, pyruvate, amino acids and glycerol under 
normal conditions). The latter is called gluconeogenesis and is especially important 
during fasting [2, 3].

When blood glucose levels rise, e.g., after a meal, glucose is transported through 
glucose transporter 2 (GLUT2) into β-cells of the endocrine pancreas and this stimulates 
insulin release which leads to 1) suppression of EGP by the liver; 2) increased glucose 
uptake by muscle and adipose tissue; and 3) hepatic glycogen synthesis. Furthermore, 
insulin decreases free fatty acid (FFA) levels in the circulation by increasing its clearance 
and by suppressing lipolysis in white adipose tissue, further suppressing EGP [4].

When glucose levels fall, a counterregulatory response is activated to restore 
normoglycemia: 1) insulin release is decreased and the α-cells of the pancreas, normally 
inhibited by insulin, release glucagon which acts directly on the liver to stimulate 
glycogenolysis and gluconeogenesis; 2) epinephrine release by the adrenals is increased, 
which: stimulates glycogenolysis and gluconeogenesis; reduces insulin secretion while 
increasing glucagon release from the pancreatic islets; reduces glucose uptake and 
utilization and increases glycolysis by muscle; and increases lipolysis in adipose tissue. 
Additionally, activation of the autonomic nervous system increases the amounts of 
norepinephrine at the nerve terminals and epinephrine in the circulation [5]; 3) Cortisol 
and growth hormone (GH) are released when fasting prolongs. These hormones induce 
changes over longer periods of time (hours) by stimulating lipolysis in adipose tissue, and 
ketogenesis and gluconeogenesis in the liver. Eventually when fasting continues, ketones 
become the most significant fuel source for the brain [5, 6].

Next to these major players in the control of blood glucose, several other factors 
released from peripheral organs can affect glucose metabolism either directly 
or indirectly via activation of neuronal circuits and autonomic innervation. The 
incretins, glucose-dependent insulinotropic polypeptide (GIP), glucagon like peptide 1  
(GLP-1), and cholecystokinin (CCK) secreted from the intestine upon meal ingestion, 
stimulate insulin release and thus enhance the effects of insulin to prevent or reduce 
hyperglycemia after a meal [7]. In contrast, ghrelin, a hormone which is mainly secreted 
from the stomach, decreases glucose-stimulated insulin secretion thereby increasing 
blood glucose [8]. Leptin, secreted from white adipose tissue, increases glucose uptake 
by skeletal muscle, via binding to leptin receptors present in the hypothalamus of the 
brain, thus indirectly affecting glucose metabolism via autonomic innervation [9-11]. 
Peripherally, leptin stimulates insulin release from the pancreas and fat oxidation in 
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skeletal muscle and adipose tissue, further contributing to glucose homeostasis [12-14]. 
A schematic overview of the above mentioned factors involved in glucose homeostasis 
is shown in figure 1.

 
Disrupted glucose metabolism in obesity and diabetes mellitus type II

Obesity, defined as excessive fat accumulation, results from a (chronic) disbalance 
of energy intake and energy need. The two main risk factors for obesity are increased 
intake of energy-dense foods that are high in saturated fat and sugars, and a sedentary 
life style. Obesity is growing to epidemic numbers in the Western world, and worldwide 
it has more than doubled since 1980. The World Health Organization estimated that in 
2014, over 600 million adults were obese (NWO; updated June 2016, www.who.int), not 
to mention the increasing number of children under the age of 5 with obesity (41 million). 
Metabolic consequences of obesity include hyperinsulinemia, insulin resistance and 
dyslipidemia, which are risk factors for chronic diseases such as diabetes mellitus type 2 
(DMII), cardiovascular disease and cancer. Decreased insulin action during the early stage 
of insulin resistance (IR), increases insulin production by pancreatic β-cells to maintain or 
restore glucose homeostasis after meal ingestion. Insulin resistance is characterized by a 
reduction in whole body glucose uptake (peripheral insulin resistance), and by diminished 
suppression of EGP (hepatic insulin resistance) and lipolysis (adipose tissue insulin 

Figure 1. Schematic overview of glucose homeostasis. Adapted from http://www.passbiology.
co.nz/biology-level-3/homeostasis. GIP, glucose-dependent insulinotropic peptide; GLP-1, glucagon 
like peptide 1; CCK, cholecystokinin; FFA, free fatty acids. 
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resistance). Over time, insulin resistance is accompanied by impaired fasting glucose and 
glucose intolerance, often progressing to overt hyperglycemia. The latter occurs when 
β-cells are unable to produce sufficient insulin to compensate for insulin resistance. 
During obesity, the increased amounts of fat can contribute to the development of insulin 
resistance and DMII. There is a clear link between obesity, especially increased visceral fat 
deposits, and insulin resistance [15]. Visceral fat has been shown to secrete inflammatory 
cytokines such as tumor necrosis factor-α (TNFα), which is elevated in obese humans 
and diet-induced obese rodents [16]. Of note, TNFα has been shown to induce insulin 
resistance [17]. Furthermore, the increased amount of circulating FFA from the different 
fat deposits promotes insulin resistance [18, 19]. Together, these factors contribute to the 
development of insulin resistance and DMII.

Hypothalamus and glucose metabolism

As mentioned before, the brain is crucial in the regulation of peripheral glucose 
metabolism and disturbances of these regulatory brain mechanisms are associated 
with obesity and diabetes [20]. Specifically the hypothalamus and brainstem receive 
hormonal, neural and nutrient-related signals about energy status and transduce these 
signals to restore or maintain glucose homeostasis. The hypothalamus is central in this 
process [21]. Therefore, in the first part of this thesis, we focused on glucose regulation by 
the hypothalamus and studied the effects of nutrients on this hypothalamic control using 
two different approaches: 1) an indirect approach where rats were provided with a diet 
high in saturated fats and sugar (the free-choice high-fat high-sugar diet (fcHFHS)); and 2) 
a direct approach by infusing glucose and lipids towards the brain via the carotid artery . 

The hypothalamus is part of the limbic system, lies below the thalamus and adjacent to 
the third ventricle and is in direct contact with the blood stream through its fenestrated leaky 
blood brain barrier (BBB) in its ventromedial part. This allows diffusion of small molecules, 
or (active) transport of nutrients and hormones over the BBB to sense peripheral energy 
needs. Depending on energy status, hypothalamic neurons are activated and secrete 
neuropeptides. This will, in turn, result in release of norepinephrine after sympathetic 
nerve activation or in release of acetylcholine after parasympathetic nerve activation. 
These neurotransmitters then act on tissue specific receptors, increasing or decreasing 
glucose production by the liver. In addition to the liver, skeletal muscle, adipocytes and 
the pancreas are also innervated by the autonomic nervous system to regulate energy 
homeostasis [22]. The hypothalamus consists of distinct hypothalamic nuclei including 
the arcuate nucleus (Arc), the paraventricular nucleus (PVN), the dorsomedial nucleus 
(DMN), the ventromedial nucleus (VMN), the suprachiasmatic nucleus (SCN) and the 
lateral hypothalamus (LH) that control diverse neuroendocrine functions including 
thermogenesis, circadian rhythmicity, food intake and glucose metabolism. 

The Arc is mainly comprised of two neuronal subsets; neuropeptide Y (NPY) and 
agouti-related protein (AgRP) containing neurons and pro-opiomelanocortin (POMC) 
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and cocaine- and amphetamine-related transcript (CART) containing neurons. NPY/AgRP 
and POMC/CART neurons express insulin and leptin receptors and upon binding, these 
hormones alter neuropeptide expression; leptin and insulin stimulate POMC and inhibit NPY 
expression [23]. Both NPY and melanocortins (derived from the POMC protein) influence 
glucose metabolism. For example, intracerebroventricular (ICV) NPY injections have been 
shown to diminish insulin-induced EGP suppression and this effect is dependent on an 
intact hepatic sympathetic innervation [24]. In addition to the effects of insulin and leptin 
upon receptor binding, these neurons are glucose sensing, i.e., they adjust their firing 
rate according to extracellular glucose levels. NPY/AgRP neurons are glucose inhibiting 
(GI) neurons, i.e., when glucose levels rise they decrease their firing rate [25]. POMC/
CART neurons are glucose excited cells (GE) and increase their firing rate with higher 
levels of glucose. Glucose has been shown to dose-dependently increase the release 
of α-melanocyte stimulating hormone (α-MSH) [26], which binds to the melanocortin 
receptor 4 (MC4) on second-order neurons in the PVN, thereby decreasing EGP [27]. In 
line, mice with impaired POMC glucose sensing show impaired glucose tolerance upon 
glucose infusions [26]. Recently it has also been shown that next to glucose, hypothalamic 
neurons can sense fatty acids either via activation of the ATP-sensitive K(+) channels or via 
the fatty acid translocator, FAT/CD36 [28, 29]. The mechanisms of hypothalamic nutrient 
sensing are discussed in detail in chapter 2 of this thesis.

Neurons in the Arc project to second order neurons in other hypothalamic regions 
including the PVN, VMN, DMN and LH, to exert their action. The LH is well-known for its 
involvement in food intake and glucose regulation. It contains the melanin concentrating 
hormone (MCH) and orexin expressing neurons. The latter has been shown to increase blood 
glucose by increasing EGP, an effect blocked by sympathetic denervation of the liver [30]. 

The hypothalamus has reciprocal connections with regions in the brainstem, such as 
the nucleus of the solitary tract (NTS), involved in the regulation of meal size and meal 
termination [31]. The brainstem is an important relay station since it: 1) receives input 
from the forebrain and midbrain areas; 2) receives vagal input from the gastrointestinal 
(GI) tract about food status; 3) senses concentrations of circulating metabolites and 
hormones from the periphery due to its incomplete BBB at the level of the area postrema; 
and 4) projects to other regions of the brain including the hypothalamus to provide 
information to nuclei involved in energy metabolism, altogether orchestrating energy 
homeostasis [31]. 

A free-choice high-fat high-sugar diet as an animal model of obesity 
The continuous reciprocal signaling between the brain and periphery is the basis 

for tight control of energy metabolism, but the system is challenged and can undergo 
maladaptive changes when energy intake chronically exceeds energy needs, such as in 
obesity. Overconsumption of the so-called Western diet, consisting of an overload of 
carbohydrates and fat, plays a major role in obesity development. Animal studies aimed 
at unraveling the effect of diets on body weight regulation and food intake frequently 
use high fat diets provided in pellets, while modern society offers an abundance of food 
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choices. To develop a humanized rodent model which mimics the hyperphagia linked to 
obesity development, we introduced the free-choice high-fat high-sugar diet (fcHFHS), 
where rodents are subjected to different choices of palatable items in addition to their 
nutritionally balanced chow and tap water. The choice consists of a 30% sugar water 
bottle, a dish of saturated fat, regular chow and tap water. Using this paradigm, we showed 
that the fcHFHS diet leads to hyperphagia, increased adiposity and plasma FFA, glucose 
intolerance and insulin resistance within one week [32, 33]. Interestingly, providing 
animals with only the fat component (fcHF) or the sugar component (fcHS) in addition 
to regular chow and tap water, does initially lead to overconsumption, however animals 
normalize their food intake thereafter and develop less severe obesity and less metabolic 
disturbances, remaining glucose tolerant even in the fourth week on the diet [33]. This 
indicates that the specific combination of these nutrients has differential effects on 
feeding behavior and it was shown that the specific nutrients exert differential changes in 
the hypothalamus. One week exposure of fcHFHS diet increased mRNA expression of NPY 
and decreased POMC mRNA expression in the Arc [34]. The changes in the melanocortin 
system were shown to be associated with the amount of fat intake, whereas the changes 
in NPY were specifically related to the combined intake of fat and sugar [34, 35].  
Furthermore, while NPY expression in rats on a fcHFHS diet at 4 weeks on the diet was 
not significantly different from chow-fed rats, NPY sensitivity at this point was clearly 
increased [34]. As mentioned before, NPY and POMC neurons are glucose sensitive and 
are involved in regulation of EGP, and therefore disruptions of both neuropeptide systems, 
when on a fcHFHS diet, may contribute to the observed alterations in glucose metabolism. 
Leptin, the anorexic hormone secreted from white adipose tissue, has been shown to be 
increased in obese subjects and animal models of obesity, however hyperleptinemia does 
not result in lower food intake, pointing to leptin resistance. In line, rats on the fcHFHS diet 
become leptin resistant; that is they do not decrease their food intake upon intraperitoneal 
(i.p.) injection of leptin when exposed to the diet for 1 or 4 weeks [34]. Centrally, leptin has 
been shown to regulate food intake by binding to leptin receptors in NPY/AgRP and POMC/
CART neurons [36]. Upon i.p. leptin injection in chow fed animals, NPY mRNA expression 
is decreased whereas POMC mRNA expression is increased, in line with the expected 
inhibiting effects of leptin on food intake. Interestingly, in our leptin resistant fcHFHS diet 
model, leptin does not affect hypothalamic neuropeptide expression, further pointing 
to leptin resistance. However, infusing leptin ICV did decrease food intake in fcHFHS-fed 
animals [37], which might indicate that leptin does not cross the BBB in these conditions. 
Therefore, a possible explanation for leptin resistance could be altered permeability or 
transporter/receptor expression at the BBB level. Indeed, several studies have shown that 
the BBB is affected by a high-fat diet (HFD) where triglycerides have been shown to cause 
leptin resistance at the BBB via an increase in the expression of hypothalamic occludin, 
a tight junction protein [9, 38], without altering expression of the leptin transporter. 
Furthermore, other studies showed increased permeability of the BBB after a HFD [39-
41]. We hypothesized that the changes in neuropeptide expression and induction of leptin 
resistance after a fcHFHS diet is partly explained by a disrupted BBB physiology (chapter 3).  
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Nutrient sensing in the hypothalamus
As has been shown previously, glucose and fatty acids (FA’s) have direct effects on 

the activity of neurons in the hypothalamus [42]. We hypothesized that nutrients can 
indirectly modulate glucose metabolism via affecting these hypothalamic nutrient 
sensing pathways. In this thesis, we studied the direct effects of glucose and FA’s on 
the hypothalamus and assessed glucose metabolism in these conditions. To this end, 
we needed a model that delivers nutrients directly into the brain without changing the 
levels of circulating glucoregulatory factors or nutrients. One way to accomplish this is 
by ICV infusions, however, infusion via this route is unphysiological since blood-borne 
molecules have to cross the BBB, which is bypassed during an ICV infusion. An alternative 
for ICV infusions is the intracarotid infusion technique. Infusions via this route have been 
shown to activate structures of the hypothalamus bilaterally [43] and infusion of a small 
amount of glucose and/or FA’s does not increase systemic glucose and/or FA levels (data 
not published). It has been shown that a 10 minutes intracarotid infusion of Intralipid®, an 
emulsion containing both saturated and unsaturated triglycerides, decreased food intake 
[44] and infusion of Intralipid for 24 hours led to increased EGP during a hyperinsulinemic 
euglycemic clamp [45]. However, the effect of short-term intracarotid infusion of either 
glucose, Intralipid or the combination of both, on EGP and glucoregulatory hormones, 
remains to be investigated. 

Corticolimbic input to the hypothalamus to regulate 
glucose metabolism

The hypothalamus receives direct and indirect input from a range of brain areas, 
together forming a complex network of brain circuits and signaling molecules to adapt 
to external cues. The mesolimbic dopaminergic system, which includes the ventral 
tegmental area (VTA), amygdala, prefrontal cortex and nucleus accumbens (NAc) is 
sometimes referred to as the reward pathway of the brain and plays a central role in 
addictive behavior. Neurotransmitters produced in and/or delivered to mesolimbic areas 
are also implicated in motivational and reward-related food behavior, and there are (in)
direct projections from mesolimbic areas to the hypothalamus [46]. Whether these 
projections are functional with regard to glucose regulation is unknown. Circulating 
hormones, including insulin and leptin, have been shown to regulate appetite via these 
networks [47] and more recent evidence points to a role of this network in regulation of 
glucose metabolism as well. The NAc is of special interest with regard to glucoregulation, 
because of its dense projections to the LH (figure 2). 

Ventral tegmental area and glucose metabolism
The ventral tegmental area (VTA) mainly consists of dopaminergic and GABAergic 

neurons that project to the striatum, amygdala and prefrontal cortex [48]. Dopaminergic 
neurons of the VTA express insulin receptors, via which insulin can increase dopamine 
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(DA) reuptake by the DA transporter, and thus decrease DA availability. This pathway has 
been shown to decrease food intake [49]. VTA neurons also express leptin receptors and 
leptin injected in the VTA reduces DA neuron firing in the VTA and decreases food intake 
[50]. The presence of receptors of glucoregulatory hormones could point to involvement 
of the VTA DA pathway in glucose metabolism. 

Nucleus accumbens and glucose metabolism
The NAc is part of the ventral striatum and consists of a core (cNAc) and a shell (sNAc), 

which form two functionally distinct nuclei [51]. The primarily GABAergic medium spiny 
neurons of the NAc receive dense dopaminergic input from the substantia nigra, that 
predominantly projects to the cNAc, and the VTA, mainly projecting to the sNAc [46, 51]. 
Several observations have led to the hypothesis that the NAc, besides being involved in 
motivational behavior, is an important regulator for food intake itself as well as of glucose 
metabolism [52]. For instance, NPY receptors are highly expressed in the NAc and our 

Figure 2. Overview of hypothalamic nuclei and input areas involved in energy metabolism. Designed 
with permission after [66].
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lab has shown that injection of NPY in the NAc increases fat intake and that NPY neurons 
in the Arc project to the NAc [53]. Furthermore, the NAc contains glucose-responsive 
neurons [54] and insulin receptors [55]. Interestingly, axons of DA neurons and cholinergic 
interneurons in the NAc also contain insulin receptors and can modulate DA release [56]. 
In the latter study, it was also shown that acute DA depletion decreased insulin sensitivity. 

The sNAc projects to the LH [57], which can be either a direct projection or via the 
ventromedial part of the ventral pallidum (VPvm) [58, 59], where neurons are mainly 
GABAergic. As a result, projections from the sNAc to the LH can be either inhibitory or 
excitatory, depending on which route is activated. Interestingly, the NAc also expresses 
lipoprotein lipase (LpL), which hydrolyzes TG’s [60]. Recently it was shown that central 
intracarotid infusion of Intralipid, abolished preference for palatable food, whereas NAc-
specific LpL knockdown increased palatable food intake [60]. The findings that the NAc 
contains 1) glucose sensing neurons and enzymes involved in TG metabolism, and 2) 
projects to the LH, led us to propose a new role for a functional NAc-LH pathway in the 
regulation of glucose metabolism.

To investigate the role of the NAc, and especially of the sNAc, in glucose metabolism we 
previously applied deep brain stimulation (DBS) in the sNAc of rats and measured blood 
glucose and plasma concentrations of the glucoregulatory hormones glucagon, insulin 
and corticosterone. We observed an increase in blood glucose and plasma glucagon 
concentrations, without changes in plasma concentrations of insulin and corticosterone 
[61]. Importantly, DBS in the sNAc elicited neuronal activation in the LH, as measured 
by c-fos immunohistochemistry, suggesting a double inhibition by GABAergic projections 
via the VPvm. The sNAc is, next to dopaminergic input from the VTA, innervated by 
serotonergic neurons from the raphe nuclei and periaqueductal grey [62] forming synaptic 
contacts with cells in the sNAc [63]. Next to dopamine, central serotonin has been shown 

Figure 3. Schematic overview of studied subjects per chapter (ch.). DA: dopamine, 5-HT: serotonin.
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to regulate glucose metabolism [64], and others have shown that DBS in the rat sNAc (and 
not in the cNAc) increases serotonin as well as dopamine concentrations [65]. 

In summary, the NAc contains glucose-sensing, and leptin and insulin receptor are 
expressed in this area. This suggest a role for the NAc beyond reward-related motivational 
behavior. Its direct and indirect projections to the LH set the stage for glucose control 
through the hypothalamus. Preliminary evidence points to a role for serotonin as well as 
dopamine in these glucoregulatory actions. 

Outline of the thesis

The first objective of this thesis was to gain more insight into the role of nutrients acting 
in the hypothalamus to subsequently affect glucose metabolism. Chapter 1 provides an 
overview of the pathways in the hypothalamus which are involved in nutrient sensing and 
how different energy-dense diets affect these pathways. Here we also describe the effect 
of a short-term fcHFHS diet exposure on mRNA expression of genes in the hypothalamus 
involved in the nutrient sensing pathway. In chapter 2 we investigated whether our short-
term fcHFHS diet affects BBB permeability.

Next, we aimed to study the direct effect of nutrients on the brain and their regulation 
of glucose metabolism. To this end, we first developed a new methodology using double 
carotid catheters for direct infusion of glucose and/or lipids towards the brain and draw 
blood samples simultaneously in freely moving animals. In addition, we used a catheter 
in a jugular vein to infuse a stable isotope tracer for EGP measurements. With this 
new method, we were able to study the direct effect of centrally infused nutrients on 
blood glucose and EGP. The methodology is described in chapter 3. In chapter 4, we 
used this method to study the effect of intracarotid infusion of either FA’s, glucose or the 
combination of both, on EGP and glucoregulatory hormones. Furthermore, we assessed 
protein phosphorylation and mRNA expression of genes involved in glucose and FA 
utilization in the hypothalamus after infusion. 

The second aim of this thesis was to study areas projecting to the hypothalamus to 
alter glucose metabolism. We focused on the NAc, a reward related structure which 
recently gained attention as an area regulating glucose metabolism. We hypothesized 
that serotonin and dopamine release especially in the sNAc plays an important role in 
glucoregulation. Here we first infused a selective serotonin reuptake inhibitor in the 
sNAc and assessed EGP and glucoregulatory hormones. Results are shown in chapter 
5. As described in chapter 6, we further explored the role of dopamine by infusing the 
dopamine reuptake inhibitor vanoxerine into the sNAc. A schematic overview of the 
studied subjects per chapter is provided in figure 3. 
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