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GENERAL DISCUSSION

Today’s Western society and work promotes a sedentary lifestyle, which from an evolutionary
perspective, is a relatively recent development. This, coupled with the high availability of foods
with high caloric content in Western cultures, superimposed on dated genotypes has given rise to
the pandemic of obesity with its related increase in prevalence of the metabolic syndrome (MetS),
type 2 diabetes (T2D) and cardiovascular diseases (CVD). At the same time, the perceived social
stress in everyday’s society has increased (1). Furthermore, lack of sleep and sleep disturbances
have become increasingly common and today we are, even voluntarily, sleep restricting ourselves
and sleep significantly less than thirty years ago (2).

The metabolic effects of perceived stress are mediated by glucocorticoids (GCs) that are
secreted by the adrenals as a result of stressor-induced activation of the hypothalmus-pituitary-
adrenal (HPA) axis. The effects of GCs include recruitment of energy storages from fat and muscle
(3, 4), but also central activation with adjustment of feeding behavior resulting in an increase in
the intake of palatable foods to compensate for the catabolic effects (loss of energy) in peripheral
tissues. These metabolic adaptations occur during the stressful event, with the purpose to be
enable the evolutionary “fight or flight” response (5). It is therefore not surprising that, in the
presence of such an evolutionary ‘pressure’ of stress, the consumption of “comfort food” as well as
“emotional eating” has increased (6), further facilitating the development of obesity, the MetS, T2D
and CVD (7). Epidemiological data show a clear association between increased plasma levels of the
GC cortisol and CVD and obesity, but animal models of the MetS are inconclusive with respect to
whether the HPA axis is activated or not. Thus, up till now, it was unknown if, and to what extent an
increased activity of the HPA axis plays a pathogenic role in the development of the MetS, and vice
versa, whether development of MetS leads to increased activity of the HPA axis, if there would be
a role of development of specific features of the MetS, i.e. obesity, on the activity of the HPA axis.

In this thesis we have chosen to evaluate both whether baseline, non-stressed, activity of the
HPA axis is affected during the development of obesity, and vice versa, to what extent a period of
exposure to increased endogenous GC levels would affect specific features of the MetS. The major
conclusions and implications of our findings will be discussed in this chapter.

Impact of the development of obesity on baseline, non-stressed, activity of
the HPA axis

As stated above, overweight and obesity have become prominent global health problems and are
no longer a health issue that only affects adults but also children and adolescents. Overweight and
obesity are often accompanied by other metabolic abnormalities, such as dyslipidemia and insulin
resistance, that can be clustered to define a clinical syndrome that is associated with increased
cardiovascular morbidity and mortality: the MetS (8).

The basal activity of the HPA axis, i.e. not induced by stress, has been reported only in a
limited number of studies in obese individuals (9-12), and these results have been inconclusive.
A key issue in this respect is the difficulty to assess the activity of the HPA axis in conditions were
individuals are exposed to social stress, as is present in everyday life. In this respect, animal models
can be very useful, since under laboratory conditions, in principle it is possible to control for many
potential stressors that might affect the outcome.
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In chapter 2 we critically evaluated the current literature available reporting the effects of high
fat diet (HFD) on the basal, non-stressed, activity of the HPA axis in mice by performing a structured,
and systematic review of all the available literature on this topic using the main medical databases.
We included only original mouse studies that reported parameters reflecting the activity of the HPA
axis after a prolonged period of HFD feeding, because there is extensive documentation that HFD
feeding perseis able to induce obesity and insulin resistance, especially in wild-type C57Bl/6 male
mice (13-16). For inclusion in the review, at least one basal corticosterone (CORT) measurement and
a proper control group was required. Studies with adrenalectomized mice, transgenic animals only,
HFD for less than two weeks, or other interventions besides the HFD, were excluded, as they do
not represent normal physiology. In addition, we excluded studies with an insufficient duration of
exposure to the HFD to be able to induce significant features of the MetS. We found twenty studies
that fulfilled our stringent inclusion criteria, but surprisingly, in only five studies the evaluation
of the HPA axis was the primary research question. Plasma CORT levels in these twenty studies
were found to be increased, unchanged, or even decreased. Additional parameters reflecting the
activity of the HPA axis, such as 11B-dehydrogenase (11B-HSD-1) expression in peripheral tissues
such as liver and fat, and corticotropin releasing hormone (CRH) and/or glucocrticoid receptor
(GR) expression in the central nervous system, were evaluated only in five out of these 20 studies,
and these data were also not consistent.

Importantly, there were many differences between the studies that precluded a reliable
comparison of the effects of HFD on the HPA axis between studies. For instance, the relative
energy contribution of fat in the diet varied between 32-65%, and different mouse strains were
used, resulting in a large variation in weight gain. In addition, there were different housing and
sampling conditions. All these factors are known to differentially affect the activity of the HPA
axis, and therefore, all can contribute to the different results observed in the studies. Most
importantly, different housing conditions, e.g. group-wise vs. individual housing, has shown to
dramatically affect both basal and stress-induced HPA axis activity, as in a group a social order is
about to form with dominant and subordinate individuals, that display different coping strategies
when faced with social stress (17, 18). In addition, the majority of the studies failed to report on
the sampling conditions for CORT (especially whether stress-free sampling was performed: at
best, some reported on the elapsed time between opening of the cage and sample collection).
Some studies even reported the use of anesthesia before sampling, which, by definition, requires
more handling of the animal, which has an additional effect (besides the anesthetic per se) on
the central nervous system.

Thus, the systematic review demonstrated that the effects of HFD on the basal activity of the
HPA-axis, and its contribution in the propensity to become obese and develop other manifestations
of the MetS on a HFD, remained unclear. For a proper and reliable evaluation of the basal activity
of the HPA axis, we reasoned that an appropriate study design is therefore a prerequisite. We
proposed that such an appropriate design should, at least, take the following factors into account:
1) choice of mouse strain (genetically modified or not, DIO-resistant or not, resistant to stress or
not), 2) duration and content of the diet, 3) standardization of housing conditions with a possibility
to acclimate in advance, 4) proper methods for stress free sampling of CORT, and 5) the timing of
the sampling to reflect circadian rhythmicity.

Therefore, in chapter 3 we applied the most appropriate study design as proposed in
chapter 2. In this study, the aim was to document the effects of HFD on the basal activity of



the HPA axis, both peripherally and centrally, in C57BL/6 mice with previous extensive available
documentation with respect to the development of obesity and insulin resistance when fed a HFD
(12-15). We measured plasma CORT using a stress-free sampling method both at the circadian nadir
and at the circadian peak (in the evening). HFD decreased diurnal peak CORT already at the first
week of HFD feeding and the levels remained significantly lower when compared to controls up
to twelve weeks (the end of the experiment). This finding is in line with a recent study reporting
decreased basal plasma CORT values in a similar study design, but with a shorter duration of the diet
(19). Furthermore, we observed that HFD induced complex changes in CRH and GR mRNA expression
in the central nervous system areas responsible for feeding behavior and limbic functions, namely
the paraventricular nucleus (PVN) of the hypothalamus, the amygdala, and hippocampus. In the
peripheral white adipose tissues, HFD induced a profound down regulation of 11B-HSD-1 enzyme
mRNA. Since this enzyme converts cortisone and 11-dehydrocorticosterone into their active forms
cortisol and CORT, this reflects decreased CORT exposure at the tissue level. In agreement with
these findings, we found no changes in 11B-HSD-2 enzyme mRNA expression, which converts
cortisol and CORT into their inactive forms, thus leading to a reduced net effect of CORT exposure
in the tissue level.

HFD
Liver e, ACTH(?) \
CORT (-)
11-bHSD-1 (-) #==========
11b-HSD-2 (%)
¥
11-bHSD-1 (-) Adrenals

11b-HSD-2 ()
White adipocytes

Figure 1. Tentative model of the effect of HFD on the HPA axis activity. See text for explanation

The results found in the first two studies, first of all indicate that a proper study design is
crucial for reliably evaluating the HPA axis. In addition, it appeared that the development of obesity
leads to secondary adaptive responses of the HPA axis that cannot be interpreted by just measuring
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circulating CORT concentrations only. Fundamental in this respect is the fact that obesity per se
increases body fat and thus the distribution volume for CORT (which is fat soluble), and therefore
decreases circulating CORT levels and stimulates central activation of the HPA axis as discussed in
the introduction. However, the net result of HPA axis activation in obesity is complex and is also
influenced by central and peripheral interactions with orexigenic hormones (like leptin) (20-24), by
changes in adrenal sensitivity for adrenocorticotropic hormone (ACTH) (25, 26), and by changes in
enzymatic (de)activation of CORT in peripheral tissues (by the 11B-HSD type 1and 2) (27, 28). Thus,
it can be argued that the adaptation of the HPA axis to the HFD, at least in part, is secondary to
the increasing body weight. Pair-feeding (29), in which less HFD is given to a caloric amount that
is consumed in chow-fed animals, provides an experimental set up that eliminates the effect of
energy intake and possible subsequent weight gain, thus allowing to observe the “true” effect of
HFD on the HPA axis parameters. These results, however, could be hampered by the stress induced
by the reduced feeding (30), and if so, periods of hunger experienced by the pair-fed group would
also no longer represent a stress-free model.

The present study was performed in adult mice naive for HFD. Therefore the results should
be interpreted with caution and cannot simply be extrapolated to neonates, pups, adolescent mice,
or to the offspring of HFD-fed mothers. Previous studies have shown that maternal exposure to
HFD during pregnancy and postnatally, even without developing obesity, resulted into increased
weight and insulin as well as leptin resistance of the offspring, both in adolescence and adulthood
(31-36). Exposure to maternal HFD resulted in increased plasma CORT in rat pups (37) but weaning
of pups to HFD decreased 11B-HSD-1 activity in the liver and adipose tissues (38). Furthermore,
maternal exposure to HFD led to changes in melanocortin expression and disturbances of the
pro-opiomelanocortin (POMC) system in the fetal offspring of nonhuman primates (39). Finally,
some studies have also demonstrated altered stress-induced responsiveness of the HPA axis:
adult offspring of HFD-fed rats exhibited an increased reactivity to acute stress (40) and neonatal
pups from HFD-fed mothers showed a decreased response to stress whereas in adulthood stress
responsiveness was increased (41). These findings demonstrate that HFD exposure may result
in multiple effects on both basal and stimulated activity of the HPA axis, and that these effects
are dependent on the duration of the exposure as well as on the timing (age) of the exposure.
Therefore, it should be noted that the results obtained from different studies reflect the particular
experimental set up.

Thus, HFD, which is abundantly available in today’s society, induces complex changes in the
diurnal regulation of various components of the HPA axis. This is of paramount importance because
activation of the HPA axis in the central nervous system, for instance, not only affects metabolic
‘sensing’ but is also a key modulator for the limbic system, facilitating learning, memory formation
and retrieval (42), thereby affecting individual (psychological) well being.

For future studies, it would be interesting to investigate whether the effects of HFD on both
the basal activity of the HPA axis and stress responsiveness are reversible. This is of importance
since it has been shown that obesity is a risk factor for Alzheimer’s disease (43) and depression
(44), both of which are also associated with alterations of the HPA axis. Futher more, there is no
awereness on whether development of obesity leads to secondary adaptive changes of the HPA
axis which may, in turn, lead to altered set points of hormone release and tissue sensitivity as has
already been extensively documented for pituitary-gonadal axis (45).



The effects of a period of endogenous GC excess on the MetS and
atherosclerosis

The fundamental question that arises from our previous observations is whether the HPA axis is
able to adapt sufficiently during the development of obesity in the presence of chronic (social)
stress. From an evolutionary point of view, social stress is considered to be a chronic challenge, as
cortisol, secreted during stress response, promotes feeding behavior (46) to compensate for the
energy loss that takes place during the “fight or flight” responses. However, in the given context,
such an energy loss might never take place and thus the individual, driven by the evolutionary
drive orchestrated by the central nervous system, only further promotes a positive energy balance
resulting in weight gain and insulin resistance, continuing the vicious cycle.

GCsare also potent anti-inflammatory agents that are widely used for theirimmunosuppressive
properties but they also play a major role in glucose, lipid, and protein metabolism (47-49). In
humans, an increased activity of the HPA axis has been linked to the development of the MetS (50).
In addition, manipulation of cortisol exposure at the tissue level in mice, through stimulation or
abrogation of 11B-HSD-1and 11B-HSD-2 activity can increase, or regress, visceral fat accumulation,
as well as other features of the MetS (27, 28). However, as discussed extensively in the previous
paragraphs, these associations should be interpreted with caution and do not prove causality. In
agreement, however, with these observations is the rare clinical syndrome of Cushing’s syndrome
(CS). CSinthe human is the result of prolonged excessive exposure to GCs (in the majority of cases
caused by ACTH secreting pituitary adenoma with subsequent adrenal overstimulation) and is
typically associated with an increased prevalence of the MetS, albeit with a specific phenotype,
with increased cardiovascular morbidity and mortality (51). Intriguingly, patients treated for CS
remain at increased cardiovascular risk, even after long-term successful correction of GC excess
(52). Although this is the best human model representing a (transient) period of GC excess, in the
absence of other pathology or auto-immunity, the causal relation between the episode of cortisol
overexposure and long-term changes in cardiovascular risk factors is not established and is difficult
to assess because of the rarity and heterogeneity of CS in humans.

Therefore, in chapter 4 we used a mouse model that has previous extensive documentation of
development of certain features of the MetsS, in this case obesity and insulin resistance, when exposed
to HFD (13-16). In that study, we aimed to identify factors that modulate metabolic recovery from a
period of overexposure to GCs. Male C57BI/6J mice, fed a low fat diet (LFD) or HFD, received CORT
or vehicle in the drinking water for 4 wks, followed by a washout period of 8 wks. CORT treatment
increased plasma CORT, food intake and plasma insulin and lipids in both diets. Abrogation of CORT
treatment normalized plasma CORT levels diet-dependently: mice fed LFD had normal circadian
plasma CORT levels already after 4 weeks of washout whereas the CORT peak was still decreased
in the HFD-fed mice when compared to their respective controls. Food intake and body weight
normalized after removal of the CORT treatment. Intriguingly, at week 12 (i.e. after an eight weeks
washout period and 6 weeks after normalization of body weight in the HFD-fed mice), plasmainsulin
levels were still significantly higher in CORT-treated mice on both diets, and HFD-fed CORT-treated
mice had persistently decreased lean body mass and increased fat mass. Thus, in mice, a period
of CORT excess induced long-lasting increase in plasma insulin levels and fat mass. However, the
changesin body composition were present only in the presence of HFD. Interestingly, the recovery
of the HPA axis, when measured as circadian plasma CORT levels, occurred earlier with LFD.
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This can be of importance because CS patients, like allhumans exposed to chronic stress, are
likely to make dietary choices directed towards highly palatable foods (53) which would negatively
affect the recovery of the HPA axis after treatment. In addition, it has been shown that HFD reduces
the adrenal cortex sensitivity to ACTH (25, 26) and, therefore, could aggravate the withdrawal
from, at least, synthetic steroids and postpone the recovery of endogenous adrenal cortisol
production. Furthermore, slower recovery of the HPA axis secondary to HFD could also contribute
to the psychopathologies as observed in CS patients even after long term correction from the
supraphysiological cortisol levels (54). These observations are in complete agreement with the
evolutionary drive of the stress response and points at a crucial role for dietary composition in
the development of the MetS in conditions with periodic excessive GC exposure, like is the case
in patients treated for CS, but possibly also in the general population exposed to chronic stress.

Genetic/epigenetic | Primining life events
predisposition (stress, diet etc.)

\Chronic stress

1

Metabolic changes
dependent on individual
coping styles

!

Long-lasting effects after remission:
-Increased fat mass

-Decreased lean muscle mass
-Increased insulin levels

-Increased HOMA-IR

Figure 2. Individual experiencing chronic stress, like in CS, can, dependent on genetic/
epigenetic predisposition, priming life events and individual coping styles, develop MetS and
increase risk for CVD. Certain effects such as altered body composiotion, decreased insulin
sensitivity and cardiovascular mortality can prevail long even after remission.

In chapter 4 we chose to give CORT in the drinking water as opposed to supplementing the mice
with e.g. subcutaneous (sc) CORT pellets. As expected, this non-invasive supplementation of CORT
via the drinking water allowed the preservation of a certain degree of variability of circulating plasma
CORT in the experiment, thereby preventing excessive tissue desensitation to CORT. Previous



studies that have used sc pellets for CORT supplementing resulted in abolishment of the ultradian
rhythm, which restored after removal of the pellets in intact rats (55). In patients with CS, the diurnal
variation in cortisol secretion is abolished in most patients. Cortisol secretion in these patients
was further characterized by markedly amplified total daily hormone secretion secondary to an
approximately 7-fold higher basal secretion rate, and increased secretory burst mass (ACTH and
cortisol) and frequency (cortisol) (56). To be able to distinct between the preserved rhythm and
continuously increased CORT levels and their long term effects, both methods of supplementation
should be compared in one experiment. In the studies performed in chapter 4, the mice were given
LFD or HFD with or without CORT treatment and no choice of diet was applied. We know, however,
that GCs direct the choice of food toward more palatable, high energy foods rich in fat and sugar
(53). Therefore, to truly estimate the effects of CORT treatment on body weight and composition
as well as on insulin resistance, a study would be needed where choice of food is available during
the tretament and washout.

In chapter 5 we investigated the effects of a period of high GC exposure vs continuous
overexposure on the development of atherosclerosis in a mouse model with human-like lipoprotein
metabolism, namely ApoE*3-Leiden.CETP (E3L.CETP ) female mice on a C57BI/6J backtground.
These mice represent a well-established model for the development of atherosclerosis when fed
a cholesterol-rich diet (57). We induced high plasma CORT levels by adding CORT to the drinking
water for either 5 wks (transient high exposure) or 17 wks (continuous high exposure). We found
that CORT treatment increased body weight and food intake for the duration of the treatment and
increased white adipose tissue weight in both treatment groups in the long-term. Both transient
and continuous CORT treatment decreased total atherosclerotic lesion area to the same extent,
without reducing plasma cholesterol levels. This was accompanied by a decrease in macrophage
content of the plaque to a similar extent after both treatments.

The fact that CORT treatment reduced atherosclerotic lesion area, and tended to decrease
lesion severity to a similar extent in transiently vs continuously exposed mice suggests that GCs are
able toinduce long-term effects in the preliminary processes of atherosclerotic plaque formation
such as inhibiting the uptake of oxidized low-density lipoproteins (LDL) by macrophages (58, 59).
Subsequent transformation of macrophages into foam cells that produce a variety of cytokines will
further accelerate the process of plaque formation (60, 61) as well as the regulation of the expression
of adhesion molecules in the vascular endothelium, thereby restricting the number of neutrophils
entering the vessel wall (62, 63). The macrophage content of the plaque was significantly reduced
inthe continuously exposed group, and a similar trend was also observed in the transiently exposed
group. We did not observe any differences in the number of monocytes adhering to endothelium
between the groups. More likely, CORT excess stimulated the inhibition of macrophage growth
and/or maturation instead of monocyte recruitment. GCs have been shown to inhibit oxidized
LDL-induced macrophage growth by suppression of granulocyte/macrophage colony-stimulating
factor (M-CSF) (64), thereby inhibiting atherosclerotic plaque formation.

It is difficult to compare our data with the limited data available from other mouse studies
that evaluated the effects of GC on atherosclerosis. For instance, many of these studies used
chronic stress as a model to increase endogenous GC but this will also induce other endocrine and
metabolic changes (65) that may affect atherosclerosis development. Other studies used ApoE-
deficient mice that harbor a different pro-inflammatory state (66) in contrast to the low-grade
inflammation model of E3L.CETP mice used in our study (67, 68).

AIVWWNS ANV NOISSNOSIA TvYINID

93



94

Whereas our observations in mice in chapter 4, i.e. insulin resistance, dyslipidemia and
changes in body composition, are in a good agreement with the phenotype found in CS patients
(49, 69-71), our findings in chapter 5 are striking because in humans, increased GC secretion, like
in patients with CS, is associated with CVD, although the exact role of GC in the development of
atherosclerosis is not yet clearly established. Intriguingly, patients with CS remain at increased
CVD risk, even after long-term successful correction of GC excess (52). Although limited, data
in patients with CS indicate that carotic intima media thickness (IMT) is increased and vessel wall
plaques are more common (69, 72, 73). Apart from atherosclerosis, CS patients have abnormal fat
distribution, coagulopathy, and osteoporosis. Recent data indicate that remission of CS improved
some but not all cardiovascular risk markers (74, 75).

Thus, increased CORT exposure in mice with human-like lipoprotein metabolism has long-
lasting, beneficial effects on atherosclerosis, although it negatively affects body fat distribution
and insulin sensitivity, by promoting fat accumulation in the long-term. This indicates that the
increased atherosclerosis observed in humans in states of GC excess may not be related to cortisol
per se, but may be the result of circulating GC (endogenous or synthetic) concentrations and of
complex effects of GCs on the endothelium and/or coagulation (74, 75), and, finally, of epigenetic
mechanisms (76, 77).

The results in chapter 5 were obtained in adult mice and therefore age can be a factor
determining the outcome. In the present study, the mice were allowed to age to adulthood without
developing atherosclerosis and then were given a cholesterol trigger to start the development
of the atherosclerotic plaques simultaneoulsy with the CORT treatment. Therefore, the timing
of the treatment is fundamentally directed to the initiation of the atherosclerosis development.
However, in humans the development of the plaques and thickening of the intima start already
earlier in life (adolescence) (78) and thus the period of high GC exposure, like seen in CS, takes
place in the later stages of the development of the atheroslerosis rather than during the initiation
of the process. Therefore, it would be interesting to investigate the effects of CORT treatment on
atherosclerotic plaque development in a model where the development would be initiated earlier
in life and the CORT treatment would take place at a later stage in plaque development. It must be,
however, considered that the processes triggering the development of atherosclerosis in mice can
be crucially different from humans, in which it is thought to be a complication of dyslipidemia in
combination with insulin resistance. Thus the timing of the GC excess should be critically applied
inthe investigation of the relationship between the developent of atherosclerosis and dyslipidemia
and insulin resistance. Since E3L.CETP on a cholesterol-rich diet become hyperlipidemic without
developing insulin resistance, the mouse model could be further improved i.e. by adjusting the
fat content of the diet. Finally, it is possible that the immunosuppressive potency of cortisol is not
exactly the same as that of CORT, precluding perfect comparisons.

GCs have potent immunomodulatory properties, and synthetic GCs are widely used in
the treatment of auto-immune diseases, like rheumatoid arthritis and inflammatory bowel
disease. Conversely, inflammatory cytokines like TNF-alpha (TNF-a) and interleukin-6 (IL-6), can
modulate pituitary hormone secretion, in particular ACTH secretion (79). This implicates that
the neuroendocrine (central nervous system and hormones) and immune systems communicate
bi-directionally. Recent data also showed that receptors belonging to the native immune system,
the toll-like receptors (TLR), are stimulated by fat containing substances. Fatty acids are able to do
so by mimicing the fatty acid moieties of the lipid A-moiety of bacterial lipopolysaccharide (LPS).



This moiety is a high affinity ligand for TLR4. Stimulation of these TLRs with saturated fatty acids
appeared to evoke a pro-inflammatory response, that eventually resulted in insulin resistance and
atherosclerosis (80). In agreement, a population=based study recently reported increased TLR type
2 and -4 expression and activity in the monocytes of patients with MetS, but without diabetes or
CVD, vs controls (81). This novel observation in the human clearly indicates that indeed increased
TLR activity could contribute to an increased risk for diabetes and cardiovascular disease. Thus,
the purpose for the bi-directional communication between the neuroendocrine (central nervous
system and hormones) and immune systems is evident from an evolutionary point of view: it is
crucial for survival to have an integrated system that informs the individual about threats, but also
about opportunities. As a consequence, nutritional status and infectious pressure are integrated
and lead to autonomous decisions to fight or flight, on reproduction or ageing, and on sleep or
vigilance. In case of HFD, apparently we can simulate a bacterial attack, and mislead the body with
unnecessary reactions and undesired effects (82).

To evaluate the effects, long lasting or otherwise, of HFD and/or CORT, on the functionality of
the HPA axis more detailed than what has been described in chapters 3, 4 and 5, it is necessary that
future studies evaluate, and control for, stress induction, recovery from it and behavioral changes
which they may induce. This is imperative in order to understand the behavior and choices of the
individual induced by the adaptation of the HPA axis. Based on this knowledge, advice can be given
to counteract the metabolic and psychological pathologies, which may help the individual to cope
better and recover faster even in the presence of altered set points of hormone production and
tissue sensitivity.

Implications and future perspectives

Chapters 2 and 3 described in this thesis clearly demonstrate that studies with the aim to evaluate
the effects of an intervention on the HPA axis have to fulfill certain methodological criteria to enable
a reliable evaluation. Although such a statement seems obvious, our studies indicate that this was
clearly not evident to researchers involved in metabolic studies and illustrates that the metabolic
and behavioural effects of the stress response cannot be easily separated. Thus, such an appropriate
design should, at least, take the following factors into account: choice of mouse strain, duration
and content of the diet, standardization of housing conditions with a possibility to acclimate in
advance and methods for stress-free sampling of CORT, and the timing of the sampling. This
standardization and correction for parameters, which might otherwise hamper the interpretation
of the results, is of importance since measures of the circulating plasma CORT only might not be
sufficient enough when evaluating HPA axis activity since secondary effects might mask the “true”
effects. This is the case in human obesity where increased cortisol levels are not present, whereas
cortisol secretion is increased, primarily because of increased clearance and increased distribution
volume of the circulating cortisol resulting in secondary central activation of the HPA axis (10, 11).
In the same lines, diurnal CORT levels may reflect counteracting mechanisms directed towards
regaining homeostasis both centrally and peripherally (18, 19-23).

As we showed in chapter 3, HFD alone is able to modulate basal HPA axis activity and CORT
metabolism in the central nervous system and in peripheral tissues. This might be the case also
in the presence of a period of increased GCs (chapter 4), and could affect metabolic recovery
and cardiovascular risk. Thus, it would be of interest to further elucidate the contribution of
various diets during regular treatment of patients with CS, both before and after remission, to
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metabolic abnormalities and behavior. These observations then could serve as a framework for

guidelines for referral of patients who are prescribed steroid for (preventive) dietary advice. The
profound inhibitory effect of high CORT on atherosclerotic plaque formation found in Chapter 5

was remarkable. Increased CORT exposure in mice with human-like lipoprotein metabolism had

beneficial, long-lasting effects on atherosclerosis, but negatively affected body fat distribution and

insulin sensitivity, by promoting fat accumulation in the long-term. This indicates that the increased

atherosclerosis observed in humans in states of GC excess may not be related to cortisol per se,

but may be the result of complex and perhaps indirect, effects of cortisol on the cardiovascular

system. Given the widespread distribution of GCs and their immunosuppressive indications, these
complex effects that include the effects on the endothelium and coagulation, apparently outweigh

the immunosuppressive effects on plaque formation and merit further research.
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