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Discussion and Future Perspectives

DISCUSSION AND FUTURE PERSPECTIVES

In this thesis, we explored the relation between obesity, stress and mood (Fig. 1). We
identified new metabolic factors that likely affect fear and discovered new sites of
action in the brain for known fear-regulating metabolic factors (chapter 2). We applied
novel treatment strategies that target the glucocorticoid receptor (GR) and/or the
mineralocorticoid receptor (MR) to alleviate glucocorticoid-induced, or diet-induced
metabolic disease (chapter 3-6). We demonstrated that a full and specific antagonist
for GR, as well as a selective GR modulator reduced diet-induced obesity (chapter
4-5). The selective GR modulator also had striking lipid-lowering effects in the liver
(chapter 5). In chapter 6, we explored the metabolic effects of MR reactivation during
dexamethasone treatment. We showed that corticosterone add-on treatment reduced a
subset of the metabolic effects of dexamethasone, while exacerbating others (chapter
6). Finally, we concluded that in the hippocampus of the brain, mRNA levels of MR but
not GR reflect receptor activity at the tissue level, but not at the cellular level (chapter
7).

Specific receptor targeting: not a trivial thing

MR and GR mediate different glucocorticoid effects, but neither ligand binding nor
signaling mechanisms are fully specific [1]. GR and MR have a similar protein structure
that consists of a ligand binding domain (LBD), a DNA-binding domain (DBD) and activa-
tion function 1 (AF1) and 2 (AF2)-domains for coregulator binding [2]. The LBDs of GR
and MR are highly similar which allows binding of cortisol and corticosterone, although
MR has a 10-fold higher affinity for these glucocorticoids as compared to GR [3, 4].
Aldosterone is a selective ligand for the MR under physiological conditions, but can
bind to GR at supraphysiological levels [3]. The AF2-domain is part of the highly similar
LBD, and therefore GR and MR recruit many overlapping coregulators at this domain
[5]. In contrast, the AF1-domain is located in the ‘intrinsically unstructured’ N-terminal
transactivation domain of which neither length or sequence is comparable between GR
and MR [6, 7]. Therefore, coregulators that interact with the AF1-domain are believed
to be important for receptor-specific actions [8, 9]. Given that the DBDs of GR and
MR are 96% identical, both receptors have the glucocorticoid response element (GRE)
as their dominant binding motif in the brain and thus share a considerable number
of binding sites and target genes [10, 11]. GR and MR bind to the palindromic GRE as
homodimers, but also as heterodimers and higher order complexes [11, 12]. GR may
be the only steroid receptor to also bind to so called ‘negative GREs’ to repress gene
transcription. In the hippocampus, a degree of specificity for MR over GR binding seems
to be conferred by a NeuroD binding motif near the GRE [10]. Other mechanisms for
receptor specificity include the regulation of ligand bio-availability, the more restricted
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Chapter 8

How metabolic state may
regulate fear

Identification of:

. Metabolic factors that may
influence fear

. Their putative sites of action

in the brain

How GR and MR mRNA levels
predict expression of a shared
target gene in the hippocampus

. At the tissue level: MR, but
not GR mRNA levels can
predict receptor activity

. At the cellular level: mRNA

levels do not predict receptor
activity

Chapters 3 and 4

Characterization of selective GR
antagonist CORT125281

Antagonistic potential
. Fully effective in liver
. Partially effective in brown fat

and muscle

. Not effective in white fat and
brain

Functional effects

e In GC-induced metabolic
disease: Reduces glucose and
insulin levels

e In diet-induced metabolic
disease: Reduces obesity and
dyslipidemia

Selective GR modulator
CORT118335 in diet-induced
metabolic disease

*  Prevents and reverses diet-
induced liver steatosis

* Reduces fat mass and
glucose intolerance

Chapter 6

Corticosterone add-on during
dexamethasone treatment in
diet-induced metabolic disease

. Counteracts body weight and
fat mass loss

. Exacerbates  hyperglycemia
and hyperinsulinemia

Figure 1: Thesis summary. A disease triangle connects obesity, stress and (stress-related) mood disorders, such
as depression and anxiety disorders. The chapters of this thesis focused on different aspects of this disease
triangle. The main findings of each chapter are shown in the figure. GR = glucocorticoid receptor, MR = miner-
alocorticoid receptor, GC = glucocorticoid.
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expression pattern of MR, the different receptor binding affinities and the recruitment
of MR- and GR-specific coregulators [3, 5, 9, 13].

Given that the signaling pathways and structures of GR and MR are highly similar, it
is @ major challenge to selectively target one of the receptors without affecting the
other. A complicating factor is that other members of the nuclear receptor family, in
particular the androgen and progesterone receptor, have a similar protein structure
of which the DBD and, to a lesser extent, the LBD is highly conserved [14, 15]. The
similar LBDs complicate the design of a receptor-specific ligand and thus many GR and
MR ligands show cross-reactivity with other (cortico)steroid receptors. Commonly used
GR antagonist RU486/Mifepristone, for example, has potent progesterone receptor and
androgen receptor activities while MR antagonist spironolactone also inhibits progester-
one and androgen receptor signaling (chapter 4, [16, 17]). Interestingly, CORT125281 is
one of the first GR antagonists that does not show cross-reactivity for any of the steroid
receptors (chapter 4), which makes the compound attractive for both scientific and
clinical purposes. In contrast to many GR antagonists, synthetic GR agonists typically do
not exhibit cross-reactivity for the androgen and progesterone receptor, but they vary
in their level of MR activation [18]. For example, prednisolone has similar affinity for
GR and MR, while beclomethasone and dexamethasone have a much higher affinity for
GR than for MR [18].

Another example of a mixed receptor binding ligand is CORT118335, which combines
selective GR modulation with MR antagonism [18]. CORT118335 has strong lipid-
lowering effects in the liver which we explained by selective GR modulation (chapter
5). However, it is possible that MR antagonism also played a role in this, with the effect
depending on the tissue and cell type expressing MR. MR is hardly expressed in hepato-
cytes, so it is unlikely that MR played a direct role in these cells [19]. However, MR is
expressed in other cell types present in the liver, such as immune and endothelial cells
[19]. MR antagonism in hepatic immune resident cells may reduce hepatic inflammation
[20]. In hepatic endothelial cells, MR antagonism might reduce the uptake of fatty
acids, as was previously found in cardiomyocytes treated with an MR antagonist [21].
In addition to these cell-specific effects of MR in the liver, liver steatosis can also be
affected by extra-hepatic tissues that express MR, such as the adipose tissues. Absence
of adipose MR expression indeed reduces lipid accumulation in the liver [22]. Interest-
ingly, CORT118335 was found to influence adipocyte functioning through its actions on
MR, as it counteracted the differentiation of cultured white pre-adipocytes induced by
aldosterone [23]. Therefore, the dual actions of CORT118335 on GR and MR is highly
relevant, and perhaps even essential to its effects.

Even with a selective synthetic GR ligand, the signaling pathway of MR can be affected
by endocrine effects that affect MR occupancy. Dexamethasone strongly suppresses the
hypothalamus-pituitary-adrenal (HPA)-axis, halting endogenous glucocorticoid produc-
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tion. Since dexamethasone has a low affinity for the MR, the resulting low endogenous
glucocorticoid levels deplete the MR of its ligand [24, 25]. This resulting MR hypoactiva-
tion can have major implications for metabolism (chapter 6) and mental wellbeing [26].
Conversely, selective inhibition of GR might lead to hyperactivated MRs. GR antagonists
such as RU486 raise glucocorticoid levels by interfering with GR-mediated negative
feedback on the HPA-axis [27, 28]. However, it is uncertain whether increased hormone
levels will lead to more MR activation. In rodents, brain MRs are already about 80%
occupied at basal (trough) levels of glucocorticoids, so an additional 20% may not have
a biologically relevant effect [4, 29]. In addition, receptor levels, and not ligand levels,
can be limiting for MR signaling (chapter 7). On the other hand, recent data showed
that two classically ‘MR-saturating’ doses of corticosterone induced differential binding
of MR in the hippocampus [10]. Likewise, the expression of an apparently MR-specific
target gene was induced by novelty stress [30]. These data show that ligand levels can
be of importance to the level of MR activation. Interestingly, GR antagonist CORT125281
did not disinhibit the HPA-axis, but did have a tendency to reduce peak corticosterone
levels after novelty stress (chapter 3, [31]). Thus, CORT125281 seems to inhibit GR
signaling while leaving MR occupancy essentially undisturbed.

Selective targeting of MR can also influence the occupancy of GRs. MRs in the hippo-
campus regulate the basal tone of the HPA-axis by inhibiting its activity [32]. Therefore,
MR antagonists can raise glucocorticoid levels by disinhibiting the HPA-axis [32, 33].
Since ligand levels are mostly the limiting factor for GR signaling, elevated glucocorti-
coid levels are likely to be accompanied by increased GR activation (chapter 7, [3]).

In addition to inducing endocrine effects, selective MR or GR ligands can influence
each other’s signaling pathways through genomic interactions. Receptor crosstalk can
occur through epigenomic mechanisms such as ‘dynamic assisted loading’, where at
shared binding sites one receptor augments the DNA binding of the other receptor by
increasing DNA accessibility [34, 35]. Other crosstalk mechanisms include the regulation
of expression or activity of coregulators, transcription factors (such as NFkB and AP1)
or other up- or downstream signaling partners [36]. Given the large number of shared
binding sites and target genes, GR and MR can also functionally compete or cooperate
for binding sites as homodimers, or bind these sites as heterodimers or higher order
complexes [11, 12]. Depending on the cellular context, genomic interactions between
GR and MR may eventually lead to functional synergy or antagonism (chapter 7, [37]).

In a more general sense, nuclear receptors have extensive bidirectional cross talk
with MR and GR. Known examples include the receptors for androgens, progesterone
and estrogens, and the peroxisome proliferator-activated receptors (PPAR) [3, 38-42].
These crosstalk mechanisms again include regulation of ligand availability as well as ge-
nomic interactions [36, 43]. For example, androgens can influence the bio-availability
of glucocorticoids by regulating expression of 118-hydroxysteroid dehydrogenase 1 type
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1 [38]. At the genomic level, the androgen receptor and the GR may form heterodimers
that bind to shared DNA binding sites [39]. PPARa is able to antagonize GR-driven gene
expression by tethering to GR, which prevents the physical recruitment of GR to the
genome [41]. Conversely, GR induces PPARa expression to initiate PPARa-driven gene
programs [44]. Because of this receptor crosstalk, both beneficial and disadvantageous
actions of a compound can depend on the endocrine context. One of these endocrine
contexts is sex, which importantly determines the metabolic outcome of glucocorticoid
treatment [45-47]. While male mice develop hyperglycemia and hyperinsulinemia upon
glucocorticoid exposure, these effects are milder or not observed in females [46, 47].
Similarly, males but not females develop hyperlipidemia and adiposity upon glucocorti-
coid treatment [46, 47]. Androgens contribute to these sex differences, because effects
were lost in castrated males, while dihydrotestosterone triggered ‘male’ glucocorti-
coid effects in females [47]. In this light, it is important to investigate the efficacy of
CORT125281, CORT118335 and corticosterone add-on treatments in females as well.

In conclusion, direct and indirect crosstalk between GR, MR and other steroid recep-
tors is an important consideration when targeting GR or MR. Transgenic mouse models
can be used to experimentally exclude the contribution of cross-reactivity with other
steroid receptors. Inducible GR and MR knockout models, with temporal and/or spa-
tial control over the gene deletion, are preferred over constitutive knock-out models
because these models have a lower risk of compensatory mechanisms and are not post-
natally lethal [48, 49]. The involvement of MR during corticosterone add-on treatment
would therefore ideally be demonstrated with a kidney-sparing, or adipocyte-specific
inducible MR knockout model (chapter 6, [50]).

Cell autonomous or systemic effects of novel GR ligands?

The metabolic system involves many organs, endocrine and cellular systems (chapter
2). CORT118335 and CORT125281 have pronounced metabolic effects on liver (Chapter
4-5) and brown fat (chapter 4), but it is unclear whether these effects were mediated
by corticosteroid receptors in those tissues, or by receptors in other organs. Some
of the systemic effects induced by CORT11835 can contribute to the decreased lipid
accumulation in the liver, such as the reduced food intake and improved glucose toler-
ance. Lower caloric intake reduces fat mass expansion, which in turn lowers the fatty
acid flux towards the liver [51]. Since insulin inhibits lipolysis in white adipose tissue,
improved insulin sensitivity can further decrease the fatty acid flux towards the liver
[51]. GR activity in adipose tissues can influence these processes and thus the develop-
ment of liver steatosis. The absence of adipose GRs reduces glucose intolerance and
liver steatosis induced by glucocorticoids and, albeit less consistently, by high-fat diets
[31, 52-56].
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CORT118335 may also reduce liver steatosis by lowering cholesterol levels in the liver
[57-59]. Part of this cholesterol-lowering effect may be due to decreased cholesterol
synthesis, because CORT118335 reduced the expression of the rate-limiting enzyme
of cholesterol synthesis (chapter 5). Simultaneously, CORT118335 increased very-low-
density lipoprotein production, which likely resulted in an efflux of cholesterol from the
liver. Cholesterol can also be converted into bile acids and bile acid excretion thereby
is the main route of cholesterol elimination. A fraction of these excreted bile acids is
reabsorbed by the intestines and returned to the liver. Glucocorticoids are known to
increase this ‘enterohepatic recycling’ of bile acids by regulating the expression of
bile acid transporters in the liver and intestine [60-62]. An indication that CORT118335
influences bile acid metabolism is the reduced hepatic expression of the farnesoid X
receptor, a master regulator of bile acid metabolism (chapter 5). However, functional
studies are needed to pinpoint the mechanisms by which CORT118335 affects choles-
terol and/or bile acid metabolism in the liver.

Indirect evidence supports a liver autonomous effect of CORT118335. First, most
other GR selective modulators and antagonists (RU486, CORT125281 and CORT108297)
induce a comparable reduction of food intake, fat mass and glucose intolerance as
CORT118335, but the liver lipid lowering-effects are unique to CORT118335 (Chapter 4,
[63]). However, this finding may also be related to the smaller xenobiotic response in-
duced by CORT118335, compared to CORT125281 and RU486 (data not shown). Second,
hepatic GRs control processes similar to those affected by CORT118335 treatment. This
includes lipoprotein production and fatty acid transport in the liver, but also regulation
of fat mass and glucose tolerance [55, 64, 65].

GRs in liver may well mediate most effects of CORT118335, but even then multiple
cell types will be affected. Lipoprotein production takes place in hepatocytes, while
fatty acid uptake depends on endothelial cells [66, 67]. Moreover, hepatic inflammation
aggravates liver steatosis, and so modulation of hepatic immune resident cells may
contribute to the liver steatosis-reducing effects of CORT118335 [68]. The putative
effects of CORT118335 on bile acid metabolism may point towards a role for GRs in
cholangiocytes (chapter 5, [69]). To unravel systemic and cell-autonomous effects of
CORT118335, cell type-specific GR and/or MR knock-out mice could be considered. A
first approach could involve the deletion of GR in both hepatocytes and/or endothelial
cells to investigate the effects of selective GR modulation on lipid metabolism in the
liver [55, 70]. Other approaches could focus on the involvement of other organs, includ-
ing the adipose tissues and the beta-cells in the pancreas [50, 54, 71].

It is unknown whether CORT125281 stimulated brown fat activity by directly acting
on GRs in brown adipocytes. CORT125281 is capable of directly influencing GR signaling
in brown fat, as it blocked the corticosterone-induced expression of some classical GR
target genes in this tissue (chapter 3). Glucocorticoids suppress the transcription of
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an essential gene for brown fat functioning, uncoupling protein 1 (UCP1). CORT125281
prevented the suppression of Ucp1 by glucocorticoids in cultured brown adipocytes,
supporting a brown adipocyte-autonomous effect (chapter 4). However, there is much
debate on the in vivo involvement of brown fat GRs in regulating tissue activity [53,
55, 72, 73]. Supporting a role for brown fat GRs, the absence of GR in brown and
white adipose tissue protects mice against glucocorticoid-induced lipid accumulation
in brown fat. It also reduces the induction of lipogenic genes in this tissue [53, 55].
Arguing against a role for brown fat GRs, a recent study showed that brown adipocyte-
specific deletion of GR did not influence brown adipose tissue activity [73]. Rather
than acting directly on brown fat GRs, CORT125281 may induce systemic effects that
indirectly activate brown adipose tissue. High-fat diet flattens the diurnal rhythm of
corticosterone, which may impair brown fat functioning (chapter 4, [74, 75]). Interest-
ingly, CORT125281 restored this diet-disrupted corticosterone rhythm, which may have
improved brown fat function (chapter 4). To elucidate the role of GRs in brown adipose
tissue, metabolic effects of CORT125281 could be investigated in mice in which the GR
is deleted in brown adipocytes specifically [73].

The most striking example of antagonist effects that are not cell-autonomous
is the CORT125281-induced reduction of fat mass (chapter 4). We established that
CORT125281 is not able to antagonize the induction of any of the classical GR target
genes by corticosterone in white adipose tissue (chapter 3). Therefore, CORT125281
likely affects the lipid flux in other tissues which causes a net efflux of lipids from white
adipose tissue. Interestingly, absence of GR in adipocytes protects against obesity after
high-fat diet [31, 56]. Thus, GR antagonism that does not involve white adipocytes, and
specific adipose GR knockout can have a similar outcome.

Although several organ systems have been investigated in this thesis, unexamined
organ systems may have contributed to (metabolic) effects of our manipulations. GR
modulating drugs may interfere with the intestinal absorption which is known to be
controlled by enterocyte GRs [76-78]. Treatment strategies in this thesis may also
have influenced skeletal muscle or the insulin-releasing beta cells of the pancreas [79,
80]. Skeletal muscle strongly contributes to energy expenditure and influences insulin
sensitivity by releasing myokines and by taking up nutrients from the blood through
insulin-dependent and independent pathways [81-84]. CORT118335 treatment reduced
lean mass, which is probably explained by its effects on protein metabolism in skeletal
muscle (chapter 5, [85-87]). Glucocorticoids are known for their catabolic effects on
skeletal muscle, so the effect of CORT118335 on lean mass likely reflects its agonistic
properties on the GR [87]. Amino acids derived from skeletal muscle not only serve
as fuel and substrate for de novo gluconeogenesis, but can also have other (signaling)
functions [88]. Glucocorticoid-elevated amino acids include arginine, which regulates
insulin release, and alanine, which stimulates both insulin and glucagon release [89].
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The effects of CORT118335 on glucose metabolism could thus be mediated via amino
acids derived from skeletal muscle, which is subject for future investigation.

High-fat diet affects HPA-axis activity and glucocorticoid signaling

In this thesis, metabolic effects of GR and MR ligands have primarily been investigated
under diet-induced obese conditions, in view of the potential clinical applications of
targeting glucocorticoid signaling in subjects with metabolic syndrome. However, actions
of glucocorticoids are highly context-dependent, and so the observed effects of GR/MR
manipulating drugs may have depended on the high-fat diet context. For example, a
high-fat diet can affect HPA-axis activity and thereby the basal tone of glucocorticoid
signaling against which an antagonist competes. High-fat diet was previously shown to
flatten glucocorticoid rhythmicity and to alter corticotropin-releasing hormone and GR
expression in the hypothalamus (chapter 4, [74]). Metabolic factors may act on nutrient
sensors in the hypothalamus including the PPARs and sucrose sensors which in turn
influence HPA-axis activity and rhythmicity. [90, 91]. Metabolic factors may also act on
the adrenals to directly influence glucocorticoid secretion, which has been described
for leptin [92]. GR is likely involved in the diet-induced disturbances of corticosterone
rhythm, since GR antagonist CORT125281 restored corticosterone rhythmicity in obese
mice, but did not affect rhythmicity in lean mice (chapter 3-4). However, we observed
that diet-induced disturbances of HPA-axis activity are highly variable, as corticoste-
rone rhythm was flattened in the CORT125281 experiment (chapter 4) while the effects
were minimal in another, unpublished 3-week experiment.

Metabolic state can also affect glucocorticoid signaling through crosstalk with the
signaling pathways of other metabolic factors, such as insulin, leptin and free fatty
acids [40, 93, 94]. Fatty acids and their derivatives activate the PPARs, which activate
a cascade of metabolic pathways that serve adaptation to a changing metabolic status
[95]. GR crosstalk with PPARy may be especially important for the metabolic effects of
dexamethasone and corticosterone add-on treatment. The lipid redistribution induced
by dexamethasone seemed to be largely driven by increased lipolysis in adipose tis-
sues, likely mediated by increased activity of the rate-limiting lipolysis enzyme adipose
triglyceride lipase (Atgl). Corticosterone add-on counteracted this lipid redistribution
as well as the induction of Atgl expression (chapter 6). Interestingly, Atgl is also under
direct transcriptional control of PPARy, which strongly potentiates the Atgl induction
by dexamethasone in cultured white adipocytes [96]. Thus metabolic status determines
the level of PPARy activation, which in turn may determine effects of dexamethasone
on lipolysis and, probably, lipid redistribution. Therefore, it would be worthwhile to
investigate the effects of dexamethasone and corticosterone add-on treatment in lean
mice as well.
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The influence of metabolic state on glucocorticoid signaling is also illustrated by
the different effects of CORT125281 and CORT118335 in lean and obese rodents.
CORT125281 reduced fat mass in obese mice but not in lean mice (Chapter 4).
CORT118335 increased plasma triglyceride levels (likely reflecting VLDL levels) in obese
rats only, which was not caused by a different hepatic lipid content [97]. Crosstalk with
signaling pathways of insulin and PPARs may be involved in this, as both factors control
lipoprotein production [98, 99]. However, not all metabolic effects of glucocorticoids
depend on the metabolic state, as glucocorticoids invariably increase plasma fatty acid
and triglyceride levels and hepatic lipid accumulation in both lean and obese rodents
[100, 101]. Accordingly, CORT125281 reduced plasma fatty acid and triglyceride levels
in both obese and lean mice (Chapter 4).

Interactions with other components of the disease triangle

Obesity, stress and mood can be conceptualized in a disease triangle (Fig. 1). While the
above discussion focused on the relation between stress and obesity, stress and obesity
can also influence the emotional brain. Glucocorticoids increase fear and promote the
consolidation of fear memories by binding to receptors in the brain and are implicated
in the pathogenesis of depression [102-104]. Since metabolic status influences fear
behavior and depression, glucocorticoids can also indirectly affect mood through their
metabolic actions (chapter 2, [105-107]). Accordingly, CORT125281, CORT118335 and
corticosterone add-on may also influence fear and mood via direct and indirect mecha-
nisms.

It is unlikely that CORT125281 has direct central effects, given that it neither reaches
the brain nor has substantial effects on HPA-axis activity. However, CORT125281 could
indirectly influence mood by changing the metabolic status (chapter 2). For example,
CORT125281 decreases plasma free fatty acid levels, which may affect fatty acid recep-
tors expressed in monoaminergic brain regions (chapter 2). Next to restoring corticos-
terone rhythmicity, CORT125281 also improved food intake rhythm that is disturbed
upon high fat-diet feeding (data not shown). CORT125281 thus affects feeding behavior,
suggesting the involvement of central factors that regulate food intake. Some of these
factors, such as neuropeptide Y and a-melanocyte stimulating hormone, are known to
affect the fear response as well (chapter 2, [105, 108, 109])

Similarly, CORT118335 may indirectly influence mood through factors that regulate
feeding behavior, as the compound reduced food intake (chapter 5). CORT118335 also
has known direct central effects. CORT118335 mainly has antagonistic actions on GR and
MR in the brain [18]. For example, it blocks the strengthening of memory consolidation
that occurs after glucocorticoid treatment. However, it does not affect depressive-like
behavior [18, 110]. Although effects on fear regulation have never been investigated,
GR and MR antagonism would result in anxiolysis and anxiogenesis respectively, making
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the ultimate effect on fear difficult to predict [103, 111]. CORT118335 is also effective
in counteracting addictive behavior and currently is in trial as potential drug to reduce
alcohol craving in alcohol addicts [112, 113].

Corticosterone add-on treatment likely influences mood directly. In fact, first evi-
dence for a possible metabolic benefit of corticosterone add-on was provided by studies
showing that cortisol add-on reduced emotional and psychological side effects induced
by dexamethasone [26]. The rationale to reactivate MR with corticosterone add-on is
that MR activity in the brain reduces anxiety, improves sleep and protects from de-
pression [111]. In line with these expected effects of MR reactivation, cortisol add-on
treatment reduced emotional symptoms and sleep problems induced by dexamethasone
in pediatric leukemia patients [26]. While effects on depressive and anxiety-related
symptoms were not included in this study, these will be measured in an ongoing clinical
trial in brain tumor patients [114].

Next to direct central effects, we propose an alternative mechanism for the efficacy
of corticosterone add-on during dexamethasone treatment. Corticosterone add-on
may counteract the hypocorticoid state of the brain caused by low-to-moderate dose
dexamethasone. This central hypocorticism is caused because dexamethasone does
not reach the brain at a moderate dose [115]. However, dexamethasone still fully
suppresses HPA-axis activity at this dose, likely by acting on pituitary GRs [116]. The
strongly reduced endogenous glucocorticoid levels in combination with the poor brain
penetrance of dexamethasone likely leads to central hypocorticism [116]. This theory
is supported by reduced expression of GR and MR target genes in the brain after mod-
erate dose dexamethasone treatment (chapter 6, [116]). While the phenomenon of
central hypocorticism after dexamethasone has previously been described, the effects
on metabolism and fear have not been extensively investigated [116]. We show that
corticosterone, which easily penetrates the blood-brain-barrier, counteracted the
dexamethasone-induced reduction of GR target gene expression in the brain, likely
by restoring brain corticosteroid levels (chapter 6). Therefore, part of the effects of
corticosterone add-on may be attributed to the reversal of dexamethasone-induced
central hypocorticism, next to direct effects on brain corticosteroid receptors and
changes in metabolic status.

General outlook

In this thesis, we pharmacologically targeted glucocorticoid signaling to reduce diet-
induced and glucocorticoid-induced metabolic effects. While it is not surprising that
GR antagonism counteracts glucocorticoid-induced metabolic effects (chapter 3), it is
remarkable that GR antagonism also improves metabolic features of obese mice without
overt hypercorticism (chapter 4). This suggests that the HPA-axis does not need to be
severely deregulated for GR antagonists to be effective in metabolic disease. This find-
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ing also supports that deregulated glucocorticoid signaling contributes to the adverse
effects of a high-fat diet [117]. From a translational perspective, GR antagonism should
thus not only be reserved for patients with hypercortisolism, but can be applied for a
broader range of diseases in which glucocorticoid signaling is deregulated, including
(aspects of) the metabolic syndrome.

Conclusions of chapter 2 were mostly based on the mRNA levels of receptors, which
were used to identify brain region that are regulated by metabolic factors. However, in
chapter 7, we have observed that mRNA levels of receptors do not necessarily reflect
receptor activity. It would be useful to decipher to what extent receptor mRNA levels
must differ in order to be biologically relevant. In chapter 7 mRNA levels of receptors
were used for a quantitative assessment of receptor activity, in chapter 2 we aimed for
a qualitative outcome. For qualitative assessments, it appears that mRNA levels suffi-
ciently differentiate to identify expression patterns of receptors. In chapter 1, we used
these expression patterns to measure ‘enrichment’ of metabolic receptors in the fear
circuitry to identify receptors involved in fear. A remarkable amount of these identified
receptors were already known to affect fear, supporting the validity of the approach.
For quantitative purposes, mRNA levels should be interpreted with more caution, as we
and others have shown that mRNA levels do not necessarily translate to receptor activity
(chapter 7, [118]). Multiple factors eventually determine receptor activity, including
the type of receptor, ligand levels and the cellular context. Nevertheless, mRNA levels
can reflect the activity of some receptors, especially when receptor expression levels
are limiting for signaling, as is the case with MR (chapter 7).

It remains of interest whether corticosterone add-on treatment is also of benefit for
other commonly used glucocorticoid-like drugs that have similar properties as dexa-
methasone. This includes drugs with a higher affinity for GR than for MR and with strong
HPA-axis suppressing activities, such as beclomethasone [119, 120]. The potential of
a drug to induce central hypocorticism can additionally be considered, which can be
estimated by the degree of P-glycoprotein-mediated efflux from the brain [121]. Since
the HPA-axis needs to be suppressed for corticosterone add-on to be effective, corti-
costerone is likely only beneficial in combination with GR agonists that are systemically
administered. Because synthetic GR agonists are used for immunosuppression and MR
acts pro-inflammatory, it should always be monitored whether the add-on treatment
interferes with the treatment efficacy of the GR agonist.

For all treatment strategies in this thesis, the question is how the preclinical find-
ings translate from rodents to humans (chapter 3-6). Depending on treatment dose
and regimen, dexamethasone can induce a severe, almost cachexic loss of fat mass
in rodents, but this effect is not observed in humans (chapter 6, [100, 122-124]). We
found that corticosterone add-on counteracted this loss of fat mass in mice. Although
this effect is beneficial in rodents, the question is whether this is also the case in
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humans, especially since dexamethasone does not reduce fat mass in this species [125].
Another factor to consider is that corticosterone has slightly different properties than
cortisol. Corticosterone but not cortisol is selectively exported of adipose tissues in
humans and corticosterone penetrates the blood-brain-barrier more easily than cortisol
[115, 126, 127]. Therefore, corticosterone may more effectively reduce the central
side effects of dexamethasone in humans than cortisol, while inducing fewer metabolic
side effects. So far, there is only one clinical trial that investigated metabolic effects
of cortisol add-on, which showed no effect on body weight and waist-hip ratio [26].
However, this study used a very young study population and did not stratify for obesity.
Therefore, a dedicated study is needed to elucidate the metabolic effects of cortisol
and corticosterone add-on treatment in humans.

Inter-species differences are also relevant to the therapeutic effects of CORT118335.
The ability of a drug to reduce liver steatosis can differ significantly between mice and
humans [128]. Part of this translational gap is related to the fact that some drugs reduce
fat mass and glucose intolerance in rodents, but not in humans. The question whether
CORT118335 can still reduce liver steatosis in humans is currently being investigated
in a phase Il trial [129]. Furthermore, the fat mass-reducing effects of CORT118335 are
further explored in trials aimed to reduce metabolic side effects of drugs for psychosis,
bipolar disease and schizophrenia [129-132].

The development of liver steatosis, likely related to liver toxicity, is the most im-
portant adverse effect of CORT125281 in our studies in mice. The question is whether
CORT125281 induces similar effects in humans. It is possible that it induces less or no
liver toxicity in humans, because this has previously been observed with RU486 which
activates the same xenobiotic pathway as CORT125281 in mice, but not in humans
(chapter 4, [133-136]). CORT125281 has been tested in a phase 1 clinical trial, and its
therapeutic potential as GR antagonist is currently further investigated in patients with
metastatic castration-resistant prostate cancer [137, 138].

For all tested therapeutic approaches, the eventual treatment response will vary be-
tween patients. Factors that could influence treatment response include sex, subjective
and objective measures of perceived stress, metabolic profile, diet and psychological
factors such as history of mental illness [45, 139]. In addition, treatment response may
be influenced by the MR and/or GR haplotype that a patient carries [139-145]. Various
GR and MR variants exist in the general population that are associated with altered
receptor sensitivity and a different risk of developing metabolic or psychiatric diseases
[139-144]. It is possible that MR haplotypes differ in their affinity for glucocorticoid-like
drugs, which may be relevant to the action of CORT118335 and corticosterone add-on.
In addition, certain MR haplotypes are associated with increased receptor sensitiv-
ity, which may protect against the effects of dexamethasone that are related to MR
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hypoactivation [146]. Consequently, these subjects may benefit less, or not at all of
corticosterone add-on treatment.

This thesis adds to the understanding of two compounds that are currently inves-
tigated in phase Il trials (CORT118335, CORT125281), and one that is prescribed to
millions of patients every year (dexamethasone) [147]. We shed light on the biological
processes linking stress to obesity and obesity to fear. We showed that targeting glu-
cocorticoid signaling successfully reduces obesity and associated complications. These
therapeutic strategies could be a step towards breaking the vicious circle of obesity,
stress and mood disorders, which could ultimately affect the lives of many, given the
high prevalence of these conditions in modern society [148-150].
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