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1
General introduction and outline

“Stress in health and disease is medically, sociologically, and philosophically the most 

meaningful subject for humanity that I can think of” – Hans Selye
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1
General introduction

Stress, stress-related mood disorders and obesity are highly prevalent in modern society 

[1-3]. Stress is a reactive state that allows for adaptation to a changing environment. It 

may be that the rapid social and technological changes of recent decades, such as the 

emergence of social media and the growing 24-hour economy, has increased the number 

of demands on us and contributed to an increased stress load. However, our era is not 

unique in its high stress burden. People in past societies also faced many difficulties such 

as infant mortality, warfare and epidemic diseases. Reports already date back to 1860 in 

which stress, or the then-called ‘American nervousness’, was linked to the ‘pressures of 

modern life’ [4]. Nevertheless, stress clearly plays a major role in our modern society, 

illustrated by recent reports showing that 1 out of 5 in the Dutch population has ever 

suffered from a diagnosed depression (considered a stress-related disease) and 17% 

of Dutch employees from a burn-out [1, 2]. A parallel trend related to recent societal 

changes is the global rise of obesity. According to the World Health Organization, the 

global prevalence of obesity has nearly tripled between 1975 and 2016 [3]. In 2016, 

up to 40% of the global adult population were overweight [3]. Since obesity increases 

the susceptibility for other, more severe complications such as cardiovascular disease 

and non-alcoholic fatty liver disease, these conditions have also become increasingly 

prevalent [5-7]. Interestingly, stress also affects metabolism in many ways.

While each of these conditions has its own etiology, diseases also aggravate each other 

and, therefore, often coincide [8-10]. The ‘disease triangle’ in Fig. 1 describes the bidirec-

tional relationships between obesity, mood and stress [8]. According to this disease triangle, 

different disease states can form a vicious cycle by triggering and reinforcing each other. 

Although psychological and social factors contribute to these associations, in this thesis we 

focused on the(neuro-)biological mechanisms that connect mood, obesity and stress.

Good and bad stress

Any threat to the homeostasis of an organism can be perceived as a stressor and can 

initiate a stress response. Stressors can largely be divided in psychological (for example 

work pressure) and physical stressors (for example cold stress, physical activity, inflam-

mation). The initial stress response typically is a fight, flight or fright reaction, which 

has the ultimate goal to restore or maintain the individual’s homeostasis in response 

to an external threat. Whether a stressor falls within the ability to cope (‘eustress’) 

or outside (‘distress’) will depend on the predictability, controllability, intensity and 

duration of the stressor [11]. Eustress is often referred to as (and literally means) ‘good 

stress’, as it allows for adaptation and self-preservation. Distress on the other hand 

is (at least in part) maladaptive, and can increase the vulnerability to stress-related 

complications such as depression, anxiety and post-traumatic stress disorder [12-14].
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The sympathoadrenal system and the hypothalamus-pituitary-adrenal-axis

The stress response in the body is mediated by two hormonal systems, the rapid sympa-

thoadrenal system with epinephrine (also known as adrenalin) as end product, and the 

slower, more thorough hypothalamus-pituitary-adrenal (HPA)-axis with glucocorticoids 

as end product. The sympathoadrenal nervous system modulates signal transmission 

between neurons in the brain and the peripheral sympathetic nervous system. In the 

brain, signal transmission is mediated by neurotransmitter norepinephrine that is 

released from the locus coeruleus (Fig. 2A) [15]. By binding to α-adrenoreceptors, 

norepinephrine increases arousal and affects emotions and memory. Norepinephrine 

also stimulates sympathetic outflow from the brain to peripheral tissues, which are all 

tissues outside the brain. In the adrenals, norepinephrine triggers the release of epi-

nephrine. Epinephrine binds to peripheral α- and β-adrenoreceptors and, together with 

norepinephrine, coordinates a body-wide sympathetic response [15]. Peripheral actions 

of norepinephrine and epinephrine are aimed to support the fight/flight response, and 

include increased heart rate, redistribution of blood to active organs, glucose mobiliza-

tion and dilation of pupils and lung bronchi (Fig. 2A) [15].

The HPA-axis mediates other, complementary aspects of the stress response, which 

will be the focus of this thesis. The HPA-axis controls the release of glucocorticoids 

at multiple levels. In the brain, the hypothalamic paraventricular nucleus releases 

corticotropin releasing hormone (CRH) which stimulates the pituitary to release ad-

renocorticotrophic hormone (ACTH) into the blood circulation (Fig. 2B). ACTH induces 

the secretion of glucocorticoids from the adrenal glands (Fig. 2B). Glucocorticoids are 

released in both stressed and non-stressed conditions. In non-stressed conditions, glu-

cocorticoids synchronize organs to the body’s internal clock (‘circadian rhythmicity’), 

which is essential for the proper functioning of peripheral tissues and the brain. As part 

of this circadian rhythmicity, glucocorticoid levels peak before, and fall after the active 

period of the 24 hour day-night cycle [16].

Glucocorticoids, such as cortisol and corticosterone, mediate their effects via binding 

to the high-affinity mineralocorticoid receptor (MR) and the lower affinity glucocorti-

Figure 1: A disease triangle connects obesity, stress and (stress-related) mood disorders, such as depression 
and anxiety disorders.
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coid receptor (GR) [17]. Affinity is a measure of the strength of attraction between a 

receptor and its ligand, which is the compound that binds the receptor (in this case: the 

glucocorticoid hormone) and thereby regulates the extent of receptor activation. Given 

that MR has a high-affinity for glucocorticoids, the MR is already bound at relatively 

low glucocorticoid levels. In contrast, the low-affinity GR requires higher glucocorticoid 

levels for its activation. Consequently, MR is important during the initiation phase of 

the stress response during which stressors are appraised and a coping style is chosen 

[18]. GRs are involved in the termination phase of the stress response and GRs in hypo-

thalamus and pituitary mediate two negative feedback loops that restore glucocorticoid 

levels to normal (Fig. 2B).

The hormonal basis of fear: CRH, glucocorticoid and the amygdala 

One of the psychological aspects of stress is the activation of the fear system. The 

core of the fear circuitry resides in the amygdala, which is the ‘emotion center’ of 

the brain. Since glucocorticoid levels only peak 15 to 30 minutes after the start of the 

stress response, CRH in the amygdala mediates the acute effects of fear independent of 

HPA-axis activation [19]. While the ‘overall’ effect of amygdaloid CRH is to increase fear 

(‘anxiogenesis’), the CRH receptor system is more complex, with two receptors and 

more than one ligand [20]. CRH is the primary ligand for CRH receptor 1 (CRHR1) which 

mostly increases fear (‘anxiogenic’). The closely related urocortin peptides are primar-

ily ligands for the CRH receptor 2 (CRHR2), which reduces fear levels (‘anxiolysis’). Via 

amygdaloid projections to other regions in the brain, CRH also mediates other acute 

Figure 2: The stress response is mediated by the sympathoadrenal system and the HPA-axis. A) In response 
to stress, the locus coeruleus (LC) secretes neurotransmitter norepinephrine (NE) that acts on the brain and 
increases sympathetic outflow to peripheral tissues. In the adrenals, NE stimulates epinephrine release. NE and 
epinephrine work together to coordinate the fight/flight/fright reaction by acting on multiple tissues, including 
the heart, liver, eyes and lungs. B) Glucocorticoid release is under control of hypothalamus-pituitary adrenal 
(HPA)-axis activity. In the brain, the paraventricular nucleus of the hypothalamus (PVN) releases corticotropin 
releasing hormone (CRH), which stimulates adrenocorticotropin hormone (ACTH) secretion from the pituitary. 
ACTH induces the secretion of glucocorticoids from the adrenals. Glucocorticoids suppress HPA-axis activity by 
activating two negative feedback loops (red arrows) at the level of the pituitary and PVN.
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aspects of the stress response, such as increased sympathetic outflow and freezing 

behavior.

During the later stages of the stress response, glucocorticoids also become important 

for fear regulation. Glucocorticoids potentiate the fear response by increasing CRH ex-

pression in the amygdala [21]. Glucocorticoids additionally promote the acquisition and 

long-term consolidation of (fear) memories, so that an individual is better prepared (or 

‘primed’) for future stressors [22]. As part of the termination phase of stress, glucocor-

ticoids support the extinction of fear [23]. Although these effects are adaptive on the 

short term, in particular the ‘priming’ glucocorticoid effects can become maladaptive 

when stressors are too severe, chronic, or out of context. In this way glucocorticoids 

can contribute to the development of anxiety disorders, depression and post-traumatic-

stress disorder [9].

GR and MR are nuclear receptors that cooperate or oppose each other

Although rapid actions of GR and MR have been described that occur within minutes 

after receptor binding (‘non-genomic’) [24], GR and MR are best understood as ligand-

activated transcription factors belonging to the nuclear receptor family. When activated 

by a hormone ligand, the ligand-receptor complex translocates from the cytoplasm to 

the nucleus of a cell. Here it recruits coregulator proteins that influence DNA accessibil-

ity and gene transcription [25]. GR and MR transactivate genes by direct binding of their 

DNA binding domain to accessible glucocorticoid response elements (GRE) in the DNA. 

Since the DNA binding domains of GR and MR are highly similar, GR and MR recognize 

the same GRE and therefore share a large number of target genes [26]. Despite the high 

similarity, GR and MR also have unique binding sites in the genome that may depend on 

MR-specific coregulators and other transcription factors that bind nearby GREs [27-29]. 

GR can also transrepress gene transcription, which either involves the binding to nega-

tive GREs, or is mediated via indirect mechanisms like tethering to other transcription 

factors [30, 31].

The GR is widely expressed in the body, while the MR is expressed in a more restricted, 

tissue-specific manner. At the functional level, GR and MR are classically known to 

oppose each other in the brain [32]. These opposing actions have formed the basis of 

the GR:MR balance theory, which states that an imbalance of GR- and MR–mediated 

actions may compromise initiation and/or management of the stress response and 

may ultimately disrupt neuro-endocrine and behavioral functioning [33, 34]. However, 

recent work underlines that GR and MR can also act synergistically, and that GR-MR 

interactions may also occur in peripheral tissues [35, 36].
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Glucocorticoids increase nutrient fluxes

Metabolic effects of glucocorticoids help to support the body’s metabolic needs in 

response to (metabolic) stressors such as (heavy) physical activity or during a fight/

flight response. Glucocorticoids promote the overall flux of nutrients through the body 

by promoting the build-up and the breakdown of nutrients [37]. In this way, metabolic 

flexibility is promoted during stress, and nutrient stores are replenished during stress 

recovery. However, overexposure to glucocorticoids, for example due to prolonged use 

of the glucocorticoid-like drug prednisolone, leads to adverse metabolic effects, such 

as obesity, elevated blood glucose and insulin levels (‘hyperglycemia’ and ‘hyperinsu-

linemia’), non-alcoholic fatty liver disease and increased blood pressure (‘hyperten-

sion’) [38]. These symptoms are highly similar to the cluster of metabolic disorders 

linked to obesity, referred to as the ‘metabolic syndrome’, including hyperglycemia, 

hyperinsulinemia, hypertension and abnormal triglyceride and cholesterol levels (’dys-

lipidemia’). The high similarity between the metabolic syndrome and glucocorticoid ef-

fects underlies the hypothesis that inhibition of glucocorticoid signaling during obesity 

may improve the metabolic profile [8].

Effects of glucocorticoids on the liver, white adipose tissue and muscle

The liver is central to metabolism, as it is the first organ to receive the nutrient-rich 

portal blood from the intestines, and is the distribution center for lipids and glucose. 

The liver is the only site where new glucose can be produced (‘de novo gluconeogen-

esis’), which is essential to keep blood glucose levels constant [39]. The liver, along 

with muscle tissue, is also the major storage site of glucose in the form of glycogen. 

Glucocorticoids raise blood glucose levels by stimulating both gluconeogenesis and the 

breakdown of glycogen stores (‘glycogenolysis’) in the liver (Fig. 3) [40]. To this end, 

glucocorticoids increase expression of respective enzymes, and increase substrate for 

de novo gluconeogenesis by promoting the breakdown of proteins (‘proteolysis’) in 

muscle.

With regard to lipid metabolism, the liver receives dietary triglycerides from the in-

testines and non-dietary free fatty acids from the white adipose tissue. In white adipose 

tissue, lipids are stored as triglycerides. When necessary, triglycerides are broken down 

(‘lipolysis’) in white adipocytes and released as free fatty acids into the circulation 

[41]. In the liver, triglycerides and fatty acids are taken up by transporters. Fatty acids 

are converted back to triglycerides, which are either stored in the liver or packaged as 

very-low-density-lipoprotein particles. These particles are secreted into the circulation 

to provide triglycerides to the rest of the body [42]. A healthy liver does not store many 

triglycerides, but when exposed to a high lipid and/or glucose load, it will serve as an 

‘ectopic’ storage site [43]. This increased hepatic lipid storage, or liver steatosis, is 

the first step in the development of non-alcoholic fatty liver disease. Glucocorticoids 
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increase the influx of lipids in the liver by increasing the hepatic expression of lipid 

transporters, and by increasing lipid flow towards the liver by stimulating lipolysis in 

the white adipose tissue (Fig. 3) [37]. Simultaneously, glucocorticoids stimulate efflux 

of lipids by upregulating expression of genes involved in lipoprotein production (Fig. 3). 

Glucocorticoids also allow for replenishment of lipid stores by stimulating the produc-

tion of new lipids (‘de novo lipogenesis’) [37]. While glucocorticoids promote both 

the build-up and breakdown of energy stores, the net effect of chronic glucocorticoid 

exposure on the liver is to increase lipid storage, which ultimately leads to develop-

ment of non-alcoholic fatty liver disease [44].

Effects of glucocorticoids on brown adipose tissue

In contrast to white adipocytes, brown adipocytes do not store triglycerides but 

rather utilize triglycerides to produce heat (‘thermogenesis’). The majority of brown 

adipocytes can be found in the brown adipose tissue, but there is also a inducible 

brown adipocyte population (‘beige/brite adipocytes’) in the white adipose tissue. 

These beige/brite adipocytes are derived from white adipocytes that underwent the 

process of ‘browning’ [45]. In response to cold, brown adipose tissue is activated by 

norepinephrine released from sympathetic nerve terminals [46]. Norepinephrine rapidly 

induces lipolysis of the small lipid droplets present in brown adipocytes, which raises 

intracellular free fatty acids levels. In the mitochondria, these fatty acids are oxidized 

for thermogenesis for which uncoupling protein 1 (UCP1) is essential. Without UCP1, the 

energy obtained from fatty acid oxidation is chemically stored as ATP, which can later 

Figure 3: Summary of metabolic effects of glucocorticoids. Glucocorticoids stimulate the metabolic processes 
depicted in italics. In the muscle, glucocorticoids catabolize proteins to amino acids (AA) which serve as sub-
strate for gluconeogenesis in the liver. Glucose is either used as substrate for de novo lipogenesis, or directly 
released into the circulation to provide the rest of the body with energy. In the white adipose tissue, glucocorti-
coids break down stored triglycerides (TG) into free fatty acids (FFA). FFA are taken up by the liver and converted 
back to TG. Glucocorticoids increase expression of lipid transporters and de novo lipogenesis enzymes, which 
increases the TG available for very-low-density lipoprotein (VLDL) production. The VLDL particles released into 
the circulation supply the rest of the body with TG.



15

General introduction and outline

1
be used for other cellular processes. However, in the presence of activated UCP1, the 

energy is not stored, but rather released directly as heat.

The effect of glucocorticoids on brown adipose tissue is complex and not completely 

understood. Classically, glucocorticoids are believed to inhibit activation of the tissue, 

especially in chronic treatment settings [47]. Glucocorticoid suppress UCP1 expression 

and replenish lipid stores by increasing lipid transporters in brown adipose tissue, and 

increasing lipid flow towards the tissue. However, it is debatable whether the reduced 

UCP1 expression and increased lipid storage really reflect a reduced thermogenic ca-

pacity [47]. It is also unclear whether the GRs and MRs in brown adipose tissue mediate 

these processes [48-50]. Effects of glucocorticoids additionally depend on treatment 

duration, as in acute treatment regimens, glucocorticoid can also increase brown fat 

activation [51].

Pharmacokinetics: pre-receptor metabolism

When hormones or drugs reach the bloodstream, the eventual effect of a compound 

strongly depends on various pharmacodynamic factors (how does the compound affect 

the body), and pharmacokinetic factors (what the body does to the compound in terms 

of distribution and excretion). Body processes that affect (local) ligand concentrations 

include compound conversion enzymes, drug efflux pumps, tissue-barriers and enzymes 

in the liver and kidney that break down the molecules [52]. In addition, the mode of 

administration strongly determines the dynamics of compound concentrations in the 

blood [52]. For example, intravenously administered compounds tend to induce higher 

peak compound concentrations in the blood, but disappear more rapidly from the blood 

than orally administered compounds [53]. One tissue barrier that is especially relevant 

is the blood-brain-barrier, which selectively controls the entrance of compounds into 

the brain. Due to this blood-brain-barrier, the amount of compound ‘seen’ by the brain 

and other, peripheral tissues can differ substantially. This is especially relevant for 

drugs such as dexamethasone, which is actively pumped out of the brain by drug efflux 

pump p-glycoprotein [54]. In adipose tissues similar pumps are present, which may limit 

the access of particular steroid hormones to these tissues [55].

Apart from adrenal secretion and uptake by tissues, local glucocorticoid concentra-

tions are determined by 11β-hydroxysteroid dehydrogenase type 1 (11βHSD1) and 

11β-hydroxysteroid dehydrogenase type 2 (11βHSD2) activity. 11βHSD1 amplifies the 

local glucocorticoid signal by converting inactive glucocorticoids (e.g. cortisone) to 

their active form, while 11βHSD2 inactivates glucocorticoids [56]. In some tissues, the 

11βHSD1-induced increase of glucocorticoid levels is essential for proper GR activation 

[57, 58]. 11βHSD2 is especially relevant for the MRs expressed in the tubular cells of 

the kidney. Aldosterone is a steroid hormone that acts on MRs in these tubular cells to 

regulate the salt and water balance in the body. Given that glucocorticoids are more 
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abundant than aldosterone, aldosterone is normally outcompeted in the binding of MR 

by glucocorticoids. By co-expressing MR and 11βHSD2, tubular cells make the MR avail-

able for aldosterone-binding, as inactivated glucocorticoids cannot bind MR.

Pharmacodynamics: ligand types

The effect of a compound on receptor activation depends on the type of ligand. Various 

ligand types can best be discriminated by their relative efficacy and potency [52]. The 

efficacy is the maximum effect that can be achieved with an agonist (Fig. 4A). The 

potency depends on the affinity of the ligand for its receptor, and reflects the concen-

tration of compound that is needed to produce a given effect. Potency is quantified by 

the EC50, which is the concentration of compound that causes 50% of the maximum ef-

fect. A more potent agonist thus has a lower EC50 (Fig. 4A). A partial agonist activates 

a receptor at a lower efficacy compared to a full agonist. An antagonist also binds the 

receptor but has no efficacy. Consequently, in presence of both agonist and antagonist, 

antagonists inhibit agonist action by competing for the same receptor binding site (Fig. 

4B). The IC50 describes the potency of an antagonist and is the amount of antagonist 

needed to inhibit receptor action by 50% (at a given agonist concentration). A selective 

receptor modulator has mixed agonist and antagonist properties. While a full agonist 

of a steroid receptor recruits the complete set of coregulators, a selective receptor 

modulator recruits a subset of coregulators [59]. Since coregulators differentially influ-

ence transcription of genes, a selective receptor modulator stimulates expression of 

certain genes but not others. These dual actions makes selective receptor modulation 

Figure 4: Effects of various ligands on receptor activation. A) Effects of ligands measured in ‘agonist mode’: 
ligands are titrated at increasing doses and receptor activation (%response) is measured. Efficacy is determined 
by the maximum effect that a drug produces. The EC50 describes the potency of an agonist, and is the amount 
of agonist needed to cause 50% of the maximum effect. B) Effects of ligands measured in ‘antagonist mode’: 
Antagonists are titrated at increasing doses in the presence of constant agonist levels. The IC50 describes the 
potency of an antagonist, and is the amount of antagonist needed to inhibit receptor action by 50%.
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an attractive treatment strategy, as it has the potential to separate desired therapeutic 

outcome from undesired side-effects.

Thesis outline

In this thesis, we investigated the relation between obesity, the HPA-axis and mood. We 

aimed to identify metabolic factors that affect fear and their sites of action in the brain 

(chapter 2). We explored novel pharmacological treatment strategies that selectively 

target glucocorticoid signaling to alleviate diet-induced, or glucocorticoid-induced 

adverse metabolic effects (chapter 3-6). Finally, we investigated whether absolute GR 

and MR mRNA levels and GR:MR balance can predict the expression of shared target 

genes at both the cellular and tissue level (chapter 7).
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