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Abstract The evolutionary conserved control of behaviour by glucocorticoids
translates into a key role for glucocorticoids in the control of neuropsychological
functioning. In accordance, both animal and human models of uncontrolled expo-
sure to glucocorticoids show impaired stress responsiveness, cognitive dysfunc-
tion, and a broad spectrum of neuropsychiatric disorders, ranging from severe
depression and anxiety disorders to acute psychosis and delirium. Importantly,
exogenous glucocorticoid administration can induce the same phenotype, proving
the causal role of glucocorticoids per se on neurocognitive and neuropsychiatric
functioning. Recent findings now indicate that these effects may be long-lasting
and even may not be completely reversible because cognitive dysfunction and
maladaptive personality traits persist in patients long-term after successful correc-
tion of glucocorticoid excess in the presence of altered coping strategies and
affected illness perceptions. This implies that long-term care for both patients
with pituitary and adrenal disorders and patients using glucocorticoids should
incorporate self-management interventions that help to improve quality of life
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Introduction: Regulation of the Stress Response
(From an Evolutionary Perspective)

Evolution has provided us with powerful tools to ensure survival, and an adequate
response to a stressor in this respect is fundamental. A normal stress response is a
prerequisite for a normal behavioural and metabolic adaptation to the stressor. When
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an individual is exposed to a stressor, the response is characterized by stimulation of
the sympathetic nervous system (leading to catecholamine release) and activation of
the hypothalamus—pituitary—adrenal (HPA) axis. Cortisol, or corticosterone in the
rodent, is the main mediator of the adrenocortical stress response that ultimately
serves only one purpose: to induce the required behavioural and metabolic adapta-
tions enabling the individual to adequately cope with the stressor. Thus, activation of
the HPA axis, and consequently, increased cortisol secretion is fundamental for
modelling the stress response [1]. Corticotrophin releasing hormone (CRH), secreted
from parvocellular neurons of the paraventricular nucleus (PVN) in the hypothala-
mus, stimulates the pituitary to release adrenocorticotropin (ACTH) after cleavage
from the pro-opiomelanocortin precursor. Subsequently, activation of ACTH recep-
tors in the adrenal cortex leads to the synthesis and secretion of glucocorticoids.

The regulation of stress-induced HPA activation occurs by so-called negative
glucocorticoid feedback at the level of the anterior pituitary and hypothalamus. In
clinical endocrinology, this negative feedback action exerted at the pituitary by syn-
thetic glucocorticoids is exploited in the diagnostic workup and subsequent treat-
ment of primary and secondary adrenal insufficiency. However, this clinical model
of the HPA axis actually is a truncated model from a biological perspective, because
higher centres, including brain stem catecholamines, modulate CRH production by
the hypothalamus and limbic brain structures such as the amygdala [2]. This activa-
tion is of paramount importance in the responses to psychological stressors, which
trigger emotional arousal and require cognitive operations for coping and storing
the experience in the memory for future use. Glucocorticoids exert a strong feed-
back and feedforward action on these limbic forebrain areas [3]. Two nuclear recep-
tor types mediate this action exerted by these steroids: the mineralocorticoid (MR)
and the glucocorticoid receptor (GR) [1].

In addition to the well-known genomic actions of glucocorticoids, recent evi-
dence suggests that rapid, non-genomic effects of glucocorticoids are mediated
via lower affinity MR and GR variants localized in the cell membrane [4, 5].
This so-called fast negative-feedback control of glucocorticoid action appears to
be mediated by another pleiotropic physiological system: the endocannabinoid
system. Endocannabinoids play a pivotal role in the control of glucocorticoid
action, via modulation of the excitatory action of glutamate on CRH neurons in
the PVN [6]. Glutamate activation is a crucial step in the activation of the HPA
axis and the inhibition of glutamate release appears to be specifically mediated
by cannabinoids in the hypothalamic PVN.

Dysregulation of the activity of the HPA axis occurs when the glucocorticoid
response is either inadequate, or too extreme and prolonged. This aberrant gluco-
corticoid response to stressors can have deleterious consequences for the organism.
The inability to effectively terminate the stress response may lead to continued
hypersecretion of glucocorticoids, which eventually leads to wear and tear of tissues
and organs with an increased risk for metabolic and cardiovascular diseases, com-
promised immune responses, and psychopathology. Alternatively, an inadequate
cortisol response is unable to restrain the initial stress reactions, as is the case for
instance in inflammatory disorders and autoimmune diseases.
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The Regulation of Emotion and Cognition by the HPA Axis
(For Coping and Storing Experience in the Memory
for Future use)

As stated in the introduction, the action of cortisol in the central nervous system
is mediated by two steroid receptors, the mineralocorticoid (MR) and glucocorti-
coid receptor (GR). An appropriate balance of MR and GR activation is key for
optimal control of emotion and cognition that is regulated by the limbic system.
In accordance, MR and GR expression is high, especially in the hippocampus,
amygdala, and prefrontal cortex [7, 8]. Basal levels of cortisol via MR stimulate
neuronal excitation and determine the initial defence against the stressor, a finding
that translates to vulnerability and resilience to psychiatric disease [9]. In con-
trast, stress-induced activation of GR coordinates the recovery, processing of
information, and storage of the experience in the memory through reduction of
neuronal excitation. In a general sense, these effects on excitability affect the
overall activity of brain regions and circuits in ways that bias emotional and
behavioural responses towards survival (e.g. by increasing likelihood of habitual
rather than goal-directed responses [10]).

MR and GR activation depends foremost on binding of cortisol. High-affinity
MRs are already occupied by low, basal levels of hormone, whereas GR affinity is
such that substantial activation takes place during the circadian peak and after stress.
Thus, mildly elevated trough levels may bias receptor activation towards the MR
[11]. Intracellular prereceptor metabolism and differential tissue access are two
other factors that determine cortisol levels ‘seen’ by the receptors [12, 13].

Next to hormone levels, absolute and relative MR/GR activation depends on
expression and posttranslational modifications. Expression can vary as a conse-
quence of genetic variation [14], early life programming effects [15], and regulation
during adult life (see below). Because MRs can be considered tonically activated
even at relatively low levels of cortisol, it has been argued that regulation of receptor
amount is an important level of regulation. However, receptor regulation of expres-
sion is also a relevant variable for GR, for example, in view of its homologous
down-regulation upon chronic hormone exposure [16].

The MR- and GR-dependent effects are not autonomous, but occur in conjunc-
tion with central stress-responsive transmitters such as noradrenalin, corticotrophin-
releasing hormone (CRH), and urocortins. A prime example is the interaction
between noradrenalin and glucocorticoid hormones in the amygdala and hippocam-
pus that underlies stress-induced facilitation of memory consolidation [17]. The
effects of cortisol interact with those of other neurotransmitters in two ways.

First, because cortisol affects neuronal excitability rather than neuronal firing per
se [18], the effects are permissive: they bias how the brain responds depends on the
current state of activity and demands on the system. For example, neuropsychiatric
symptoms that can be induced by cortisol and its synthetic homologues include
psychosis [19]. It can be expected that this particular vulnerability is highest in
subjects that—in absence of any psychopathology—have high basal activity of
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dopaminergic signalling, or other pathways that can be causal to psychotic states.
Permissive effects imply that ‘moving parts’ of the circuit are affected most strongly.
A hypothesis that is testable is that this vulnerability becomes manifest in an inter-
action between high cortisol and variation in psychosis-related genes.

A second context-dependence lies in effects of neurotransmitters on functionality
of the MR and GR. Animal studies have shown that activation of brain-derived neu-
rotropic factor (BDNF) increases the phosphorylation of the GR in the hypothalamus.
This in turn potentiates many effects of GR on gene expression [20]. Likewise, a prior
history of stressful circumstances led to a dramatic change in the genes that were
regulated in the rat hippocampus upon treatment with a single dose of corticosterone.
Genome-wide analysis revealed that corticosterone could regulate the expression of
around 600 genes in the hippocampus both in naive and in chronically stressed rats.
Strikingly, only 50 % of these genes were common to both groups. This implies that
previous, recent history substantially remodels —via unknown mechanisms —the way
in which the neuronal circuits respond to glucocorticoid exposure [21].

Animal Models of HPA Axis Disturbances

Animal studies have been indispensable to gain insight in the many effects of corti-
costeroids and their underlying mechanisms [22]. Of note, the sole glucocorticoid
in rodents is corticosterone, which does differ from cortisol in some aspects, most
notably in relation to transport into tissues [12]. Such species differences become
even more pronounced when studying cortisol in the context of stress-related brain
circuitry, as readouts of psychological state are necessarily indirect in rodents. A
prime example has been the Porsolt forced swim test, in which active swimming/
struggling is compared to passive floating. This behaviour is surely strongly depen-
dent on glucocorticoids, but the interpretation of these effects has been given very
differently, either as inducing a depression-like state or rather as adaptive memory
processes [23].

Nevertheless, animal models do give insights on the brain effects of glucocorti-
coids per se and on their roles as mediators of the consequences of physical and
psychological stress. Classic models of glucocorticoid exposure include treatment
via implanted pellets and drinking water. Such studies—in absence of stressors—
have revealed many principles of feedback regulation [24] and genomic targets
predominantly in the hippocampus. Many of these targets are evolutionary con-
served [25]. Such studies have also shown the consequences of chronic hypercor-
tisolemia for the morphology of neurons and size of brain areas. Earlier studies
revealed the vulnerability of the hippocampus to glucocorticoid exposure, includ-
ing shrinking of dendrites of the principal cells in the CA3 area and effects on
adult neurogenesis in the dentate gyrus.

Of note, it is not only the overall amount of cortisol that is important, but also the
pattern of exposure over the day—as is clear from the imperfections of current
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replacement therapies. An elegant approach to studying the importance of circadian
variation has been to treat animals with low, constant levels of corticosterone, which
leads to suppression of the endogenous secretion at the time of circadian peak. This
regimen ensures flattened diurnal rhythms in absence of hypercorticism [26]. It has
been useful to study both negative feedback and corticosterone effects on hippo-
campal gene expression [11, 16]. Also, the importance of the ultradian rhythm of
glucocorticoid rhythms was revealed in rats, showing marked effects on behavioural
and endocrine stress responsiveness that correlated with changes in neuronal activa-
tion in the amygdala . Twelve hours of constant low, rather than absence of a corti-
costerone rhythm led to a blunted neuronal response to an acute stressor stressor, in
conjunction with a blunted ACTH response to the stressor. In this setting, also the
timing of the stressor relative to the phase of ultradian peaks was of consequence,
suggesting rapid feedback effects from these one-hour corticosterone peaks [27].

A last approach to study the effects of glucocorticoids on the brain makes use of
the fact that dexamethasone strongly suppresses ACTH secretion at the level of the
pituitary, but at low doses do not penetrate into the brain [28, 29]. In this way, a state
of selective central hypocorticism can be created [30]. This approach was used to
demonstrate the importance of glucocorticoid rhythmicity for the plasticity of den-
dritic spines—the contact points for synaptic contacts that form the structural basis
for plasticity of the brain. Circadian glucocorticoid peaks allowed the formation of
dendritic spine, while troughs were required for stabilizing newly formed spines,
which are important for long-term memory retention [31].

The role of MR and GR in individual cell types of the brain has also been
approached using transgenic methodologies, using either advanced transgenic mice
[32] or local manipulation of expression in adult mice [33, 34].

There is a plethora of models for glucocorticoids as mediators of the effects of
stress. Steroids in general can have either long-term programming effects, or more
adaptive activational effects. In line, there are models that focus on early life stress-
ors, stressors during adolescence, and stressors during adult life. The latter have a
logical extension to any animal model for disease that is available.

Early life experience—even in utero—can have major consequences for the
development of emotional reactivity in later life [35]. Consequences of early life
stress often include the development of anxiety and reprogramming of the HPA axis
[36, 37]. This type of programming was recognized in animal studies as early as the
1950s [38]. Many types of early life stressors have been used, ranging from 24 h
separation between mother and pup to creating ‘disorganized mothers’ by limiting
the amount of bedding material that is available to the dam [39]. The direct contri-
bution of glucocorticoids in the development of later life changes has mainly been
studied in the prenatal models, also in relationship to the barrier function of the
placenta for maternal cortisol [40].

The effects of stress-induced corticosterone have also been extensively stud-
ied using rodent models. The different types of stressors differ in physical and
psychological components, intensity, duration, predictability, and controllability.
Much is known on the role of glucocorticoids in models for single traumatic
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events, based on fear-conditioning paradigms [41]. However, many clinical issues
involve more chronic exposure to stress and cortisol. The often-used stressor of
repeated restraint can lead to substantial habituation of at least the HPA-axis
response [42], and while this is accompanied by strong changes in the brain reac-
tivity [21], it does not model chronically elevated cortisol. Therefore, many
recent studies have taken to the non-habituating models of chronic unpredictable
stress [43]. Certainly, many effects observed in these models depend on elevation
of glucocorticoid levels [44].

However, even if stress and glucocorticoids predispose to disease, a stress-
model per se may not suffice to study particular pathologies. In this respect, there
is more direct information in combining existing disease models and treatment
with MR and GR agonists or antagonists. A case in point is a recent impressive
study where the GR antagonist mifepristone was efficacious both in a rat model of
alcohol abuse and in a group of addicted human subjects [45]. In particular, such
studies using receptor antagonists (or cortisol-lowering agents [46]) point to
involvement of cortisol in pathogenic processes, even in situations without an
obvious or dominant stress-related component.

Human Models for the Effects of Glucocorticoids
on Neuropsychological Function

Cushing’s Syndrome

Cushing’s syndrome is a rare endocrine disorder characterized by long-term expo-
sure to elevated endogenous glucocorticoid levels. Cushing’s syndrome is caused
by either an ACTH secreting pituitary adenoma (70 % of cases), ectopic ACTH
secretion (mostly bronchial carcinoids), or by autonomous cortisol hyper-secretion
secondary to an adrenal adenoma/carcinoma, or adrenal hyperplasia. Cushing’s
syndrome can also be induced by long-term administration of supraphysiological
doses of synthetic corticosteroids, as is prescribed in clinical practice for a variety
of inflammatory conditions and autoimmune diseases. This so-called exogenous
Cushing’s syndrome is highly prevalent and insufficiently recognized in routine
clinical practice, especially in the milder cases.

In accordance with the earlier described biological effects of glucocorticoids, the
vast majority of patients with Cushing’s syndrome have both physical and psycho-
logical morbidity [47]. In patients with active or uncontrolled disease, neurocogni-
tive function (that includes cognition, mood, and personality) is affected, and
psychopathology is also often observed. In active Cushing’s syndrome, the fre-
quency of psychiatric symptoms was reported starting in the early 1980s, demon-
strating that symptoms like irritability, depressed mood, and anxiety were present in
the majority of the patients [48]. In accordance, depression was present in more than
50 % of patients in a large cohort of patients with Cushing’s disease reported by
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Sonino and colleagues, and was significantly associated with older age, female sex,
higher pretreatment urinary cortisol levels, a more severe clinical condition, and no
pituitary adenoma on pituitary imaging [49]. Intriguingly, an increased overall psy-
chiatric disability score was associated with increased cortisol secretion. In addition,
patients with active Cushing’s syndrome report cognitive impairments, like memory
problems and lack of concentration [50, 51]. Thus, the most common comorbid
disorder is major depression, and a severe clinical presentation of Cushing’s often
also includes depression (though to a lesser extent mania and anxiety disorders have
also been reported). These observations are in line with the pivotal evolutionary role
ascribed to cortisol in the control of mood and behaviour. Because limbic structures
like the hippocampus and the prefrontal cortex are rich in glucocorticoid-receptors,
these clinical observations suggest that these structures are particularly vulnerable to
the cortisol excess as is present in Cushing’s syndrome.

The limited numbers of patients who have been reported after treatment indicate
that a significant improvement occurs within the first year after treatment [52, 53].
In addition, reduction of glucocorticoid synthesis or action, either with metyrapone,
ketoconazole, or mifepristone, rather than treatment with antidepressant drugs, is
generally successful in relieving depressive symptoms, as well as other disabling
symptoms [54, 55]. Thus, following successful correction of hypercortisolism, both
physical and psychiatric signs and symptoms improve substantially. In the long-
term, however, it now becomes evident from an accumulating number of studies
that patients do not completely return to their premorbid level of functioning. These
studies demonstrated residual physical and psychopathological morbidity despite
long-term biochemical remission [56-59]. In addition, patients with long-term
remission of CD reported persistent impairments in cognitive functioning [58, 60]
and a reduced quality of life [61]. To which extent psychopathology still affects
general well-being after long-term cure of CS is still, however, not clear.

An emerging topic of interest in this respect is the relation between glucocorti-
coid excess and changes in brain structure and function, and consequently, its
relation with neuropsychological dysfunction.

The first observations in the human indicating that long-term exposure to
elevated glucocorticoids may affect the brain were reported by Lupien and col-
leagues [62]. In that particular study, exposure to prolonged elevated cortisol
levels in aged humans led to reduced hippocampal volumes as well as memory
deficits (when compared to controls with normal cortisol levels). In later studies,
however (in healthy young men), a larger hippocampal volume got associated
with a greater cortisol response both in a social stress test (Trier social stress
test) and in the cortisol awakening response, questioning the relevance of the
former finding in aged individuals for younger individuals [63]. Many psychiat-
ric diseases, like major depressive and bipolar disorder, have been linked to
alterations in the HPA axis [64, 65], and GC receptor polymorphisms that alter
glucocorticoid sensitivity have been associated with depression (reviewed in
[66]). In addition, other studies in patients with psychiatric diseases indicate that
limbic structure volumes, like the hippocampus and the amygdala, are smaller
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[67, 68], though these changes may also be associated with brain aging and
interact with the progression of the disorder [69].

The effects of Cushing’s syndrome on the brain, reflecting long-term excessive
overexposure to endogenous cortisol, were recently reported in a systematic review
[52]. This review systematically evaluated all studies in patients with active and
remitted Cushing’s disease or syndrome using MRI (n=19). These studies demon-
strated that structural abnormalities in the grey matter were present in patients with
active disease, which were characterized by smaller hippocampal volumes, enlarged
ventricles, and cerebral atrophy (see also: [70]). In addition, functional changes
occurred, characterized by alterations in neurochemical concentrations and func-
tional activity. Intriguingly, the reversibility of structural and neurochemical altera-
tions after correction of cortisol excess was incomplete, even when patients were
evaluated after long-term remission. The structural alterations after long-term
remission included smaller grey matter volumes of the anterior cingulate cortex,
greater grey matter volume of the left posterior lobe of the cerebellum [71], and
widespread reductions in white matter integrity [72, 73]. Long-lasting functional
alterations included increased resting state functional connectivity between the lim-
bic network and the subgenual subregion of the anterior cingulate cortex [74] and
altered neural processing of emotional faces [75]. Some findings as obtained using
MRI were related to the severity of the cortisol excess, and others also to neuropsy-
chological functioning (as reflected by mood, cognition, and emotional functioning)
and quality of life. This points towards persistent changes in brain function after
previous exposure to hypercortisolism.

Adrenal Insufficiency

Adrenal insufficiency per se, by definition, will result in impaired stress respon-
siveness. In the human, this is best exemplified by the clinical application of the
insulin tolerance test that is considered the golden standard for the diagnosis of
adrenal insufficiency. The test is based upon induction of the stress response by
insulin-induced hypoglycaemia, which from an evolutionary perspective is one of
the most potent physiological stressors because it is potentially lethal. In accor-
dance, the response to severe hypoglycaemia is characterized both by a sympa-
thetic noradrenergic response (tachycardia, agitation, sweating, etc.) and
stimulation of cortisol secretion through activation of the HPA axis. Patients with
adrenal insufficiency (regardless the cause) are not able to secrete sufficient corti-
sol after hypoglycaemia (and fail this test). The subsequent metabolic and behav-
ioural adaptations orchestrated by cortisol via the mineralo- and glucocorticoid
receptor are not or insufficiently induced. Thus, by definition, these patients
exhibit impaired stress responsiveness, and in accordance, even patients with
adrenal insufficiency that were on stable hydrocortisone replacement reported
impairments in quality of life [76-78].
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Cognitive function in patients with adrenal insufficiency on hydrocortisone
replacement has been reported only in seven studies involving a total of 195 patients
[79-85]. These studies indicate that mild cognitive deficits may persist, especially
in memory and executive functioning tasks. Intriguingly, patients performed better
on concentration and attentional tasks when compared with controls [83], and cog-
nitive function was neither affected by the dose used (high vs. low daily dose) [85],
nor by postponement of the first daily dose by a few hours [83].

Besides cognition, neurocognitive functioning also includes mood and person-
ality. Adrenal insufficiency may present solely with psychiatric manifestations
[86, 87] and epidemiological studies indicate that patients with adrenal insuffi-
ciency may be at increased risk of developing severe affective disorders. When
hospitalized patients with Addison’s disease were compared to hospitalized
patients with osteoarthritis, the former had a more than two times greater rate of
affective disorders and 1.7 times greater rate of depressive disorders [88]. In the
Leiden cohort, we observed more psychosocial morbidity (irritability and somatic
arousal) in the presence of impairments in quality of life when patients with adre-
nal insufficiency were compared with controls. Patients and controls did not dif-
fer regarding maladaptive personality traits; however, the daily hydrocortisone
dose proved to be strongly associated both with the prevalence of maladaptive
personality traits and with depression [78].

Patients Using Glucocorticoids

Glucocorticoids are frequently prescribed for various conditions like chronic
obstructive pulmonary diseases and autoimmune diseases to inhibit the inflamma-
tory response. Soon after their introduction in the 1950s, the first cases were
reported on severe neuropsychiatric manifestations after the initiation of gluco-
corticoid therapy [89, 90]. In agreement with the studies in endogenous CS
reported by Sonino and colleagues, more than 50 % of patients exposed to gluco-
corticoids for more than 3 months developed neuropsychiatric symptoms/mani-
festations [91]. A recent review beautifully summarized the topic of the adverse
neuropsychological consequences of glucocorticoid therapy [19]. The acute and
long-term effects on both mood and cognition have been studied in prospective
studies, and the severe neuropsychiatric effects in case studies and with the use of
epidemiological databases [92]. The observed rates and spectrum of manifesta-
tions of depression, anxiety disorders, and cognitive dysfunction are similar to
those as observed in endogenous Cushing’ syndrome and exemplifies that gluco-
corticoids can induce the same neuropsychological phenotype (in pre-disposed
individuals). The most prominent risk factors identified were gender (male
patients being more prone to develop mania and delirium, and female patients
being more prone for depression), a past history for psychiatric disorders, and the
initial daily glucocorticoid dose (in general above 40 mg of prednisone daily
equivalent). Finally, withdrawal from long-term glucocorticoid therapy also
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increases the risk for severe psychiatric manifestations. Again, a past history of
psychiatric disease and also the use of long-acting glucocorticoids (especially
dexamethasone) increased the risk for depression and delirium following
discontinuation of glucocorticoid therapy [93].

Summary and Conclusions

Glucocorticoids play a key role in the control of neuropsychological functioning,
which is exemplified by the evolutionary conserved control of behaviour in the ‘fight
or flight response’. In accordance, both animal and human models of uncontrolled
(and therefore abnormal) exposure to glucocorticoids show impaired stress respon-
siveness, cognitive dysfunction, and a broad spectrum of neuropsychiatric disorders,
ranging from severe depression and anxiety disorders to acute psychosis and delir-
ium (for a summary, see Table 1). The fact that the same phenotype can be induced
by exogenous glucocorticoid administration proves the causal role of glucocorti-
coids per se on neurocognitive and neuropsychiatric functioning. Finally, it now
becomes clear that these effects may be long-lasting and even may not be completely
reversible because cognitive dysfunction and maladaptive personality traits persist
in the presence of altered coping strategies and affected illness perceptions despite
long-term optimal treatment. This implies that long-term care for both patients with
pituitary and adrenal disorders and patients using glucocorticoids should incorporate
self-management interventions that help to improve quality of life.
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