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Abstract: The pathophysiology of many mood disorders is closely related with abnormal stress response
associated with the dysfunction of the hypothalamic-pituitary-adrenal (HPA) axis and  cortisol
overproduction. The hippocampus, key structure of the limbic system responsible for both cognitive and
emotional spheres, is selectively vulnerable to excess of glucocorticoids (GCs) inducing neuroinflammation
and neurodegeneration. The antiGC therapy of psychiatric diseases, in particular depressive disorders, may be
a useful additional treatment. Among other approaches, targeting glucocorticoid receptors, abounded in the
hippocampus, is regarded as highly promising. However, though the preclinical data provide firm evidence to
the concept of antiGC therapy for stress-related diseases, clinical studies still are at the proof-of-concept stage.
Noteworthy, chronic GC excess is associated not only with mood diseases, but also with cognitive decline,
metabolic disorders, diabetes. Potentially, antiGC (HPA axis modifying) therapy may alleviate affective
symptoms, cognitive disturbances, GC and insulin resistance and adverse side effects of conventional drugs
through beneficial effects on hippocampal dysfunction and neurodegeneration, neuroinflammation, and
neurogenesis. Since stress/GC-associated neuroinflammation-mediated pathology of the limbic system and,
specifically, the hippocampus, is a general feature typical for many brain diseases, the concept of antiGC
therapy may be extended, tested and validated in a wider spectrum of cerebral pathologies.
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1. Introduction

As B.S. McEwen & H. Akil have rightly stated, stress biology is one of the best understood
systems in affective neuroscience and is an ideal target for addressing the pathophysiology of many
brain-related diseases [1]. The hippocampus is the brain structure, essential for both episodic and
declarative memory and emotions, being at the crossroads of our response to stressful situations and
other experiences. The hippocampus is selectively vulnerable to different unfavorable external and
internal factors, and hippocampal dysfunction and atrophy was reported during aging and in
different psychiatric and neurological disorders, including depression, schizophrenia, bipolar
disorder, post-traumatic stress disorder, epilepsy, brain trauma, cognitive decline (e.g. Alzheimer's
disease) [2-4]. No wonder that atrophy of the hippocampus is one of the usual characteristics of
common psychiatric disorders since most of these disease are stress-associated, and the hippocampus
is specifically vulnerable to adverse effects of stress. Hippocampal atrophy may precede the
development of disease symptoms or proceed simultaneously with the development of symptoms.

2. Stress, glucocorticoids and the hippocampus

Normal functioning of the major neurohumoral adaptive system of the body, endocrine stress
axis, the hypothalamic-pituitary-adrenal (HPA) axis is implementing release of adrenal
glucocorticoids (GCs), cortisol or corticosterone, both according to the circadian cycle and episodic
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stress-induced secretion. GC release from the adrenals in hourly pulses and after stress supports
resilience (the ability to cope with threats, adversity, and trauma), being essential for body
homeostasis and adaptation to stressogenic factors [3,4]. Effects of GCs are cell-specific and context-
dependent, arranging the individual's response to changing environments. GCs have specific
receptors in virtually all cells in the brain and periphery which enables to regulate metabolic,
cardiovascular, immune, neuroendocrine processes, and behavioural activities as well. Circadian and
acute stress-induced increases in GCs are necessary adaptive changes underlying survival of
hippocampal neurons and memory formation. In addition to the documented immune suppressive
actions of GCs, circadian elevations potentiate acute defensive responses by priming immune
reactions [5].

In adult mammals and humans, GCs promote resilience, in particular, by controlling and
coordinating essential mechanisms of the hippocampal neuroplasticity, including glutamatergic
neurotransmission, neuroinflammation, neurotrophic factors, neurogenesis, functioning of microglia
and astrocytes, etc. [6,7]. GCs modify neural activity via two specific receptor types, high affinity
mineralocorticoid (MR) and lower affinity glucocorticoid receptors (GR). Both MR and GR regulate
gene transcription (act as transcription factors) and can rapidly operate non-genomically enhancing
or suppressing neural activity [8-10]. As a result, GCs regulate cellular function over diverse time
scales.

According to E.R. de Kloet's neat expression, functional profile of the binary brain corticosteroid
receptor system is "mediating, multitasking, coordinating, integrating” [11]. MR and GR operate as a
binary system together with neurotransmitter and neuropeptide signals to modulate stress reactions.
The balance in signals mediated by MR and GR in specific brain regions , mainly in the limbic
system, is vital for neuronal activity, stress response, adaptation, ample behavioral programming.
This balanced function of MR and GR can be modified epigenetically, e.g. by a history of traumatic
(early) life events and the experience of repeated stressors as well as by predisposing genetic variants
in signaling pathways of these receptors [5,11]. Disturbed MR/GR balance makes nervous tissue
susceptible to injuries; such damage can adversely affect stress response and increase the risk for
psychopathology. MR occupation is believed to support pro-survival processes, specific GR
overactivation favors neurodegeneration, while the continued co-activation of MR and GR during
chronic stress results in less severe harmful effects [12]. Though GRs are ubiquitously expressed in
every cell in the nervous system, the expression level varies, suggesting that diverse cell types react
differently to GR activation. Stress/GCs induce cell type-specific plasticity changes in neurons,
Schwann cells, microglia, oligodendrocytes, and astrocytes. The stress-induced plasticity may
become maladaptive and contribute to neuropsychiatric disorders [13]. The mechanisms affecting
signaling through GRs are numerous and their study is one of the hot points in translational
neuroscience since GR malfunction may be an essential link in the pathogenesis of virtually all brain
diseases. One of example of such mechanisms is GR phosphorylation upon BDNF signaling in the
neurons of the mesolimbic (reward) and corticolimbic (emotion) neural networks underlying the
development of maladaptations to stress [14].

Activity of the HPA axis is tuned by GC feedback. Negative feedback by GCs involves various
machinery directed to limiting HPA axis activation to prevent deleterious effects of GC
overproduction. Ample GC release is tightly regulated by an intricate neural circuitry controlling
hypothalamic corticotrophin-releasing hormone (CRH) and vasopressin secretion, and in this way
regulating pituitary adrenocorticotropic hormone (ACTH) (Figure 1). Rapid feedback mechanisms
involve nongenomic actions of GCs through MR and GR, mediate the instant inhibition of
hypothalamic CRH and hypophyseal ACTH release, while long-term mechanisms are mediated by
genomic actions through GR and involve the modulation of limbic circuitry and peripheral metabolic
processess [5,8]. GCs, via genomic and nongenomic mechanisms, regulate hypothalamic stress
neuron function and output through synaptic plasticity, changes in intrinsic excitability, and
modulation of neuropeptide production [15].

3. HPA dysfunction and mood diseases: Rationale for antiGC development
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Brain cells are continuously exposed to GCs, which, in normal circumstances, is the key
condition of ample stress response. However, chronically elevated levels of GCs resulting in
sustained GC exposure have adverse influence on the brain, in particular, the hippocampus, where
excessive GCs impair synaptic plasticity inducing neuronal cell damage, dendritic atrophy, reduction
of hippocampal neurogenesis, hyperglutamatergic states and attenuation of brain-derived
neurotrophic factor (BDNF) expression and signaling [7,16,17]. Chronic hypercortisolism in patients
with Cushing's syndrome may be regarded as an extreme human model to study effects of cortisol
excess on the brain. In Cushing's syndrome, hypersecretion of cortisol is associated with a high
incidence of depression and anxiety, impairments in memory, and hippocampal atrophy [18]. These
patients display hippocampal damage with functional decline preceding structural abnormalities (as
detected by brain imaging), while normalization of hypercortisolism stops the progression of
hippocampal damage [19].

Survivors of critical illness have been reported to be at considerably elevated risk of developing
long-term cognitive impairment and psychiatric disorders [20]. A critical illness is accompanied by
an acute elevation of blood cortisol, which usually returns to normal after recovery; however,
occasionally, prolonged deregulation of the HPA axis takes place. Excess of GCs can induce long-
term changes to the adaptive neuroplasticity of the hippocampus and prefrontal cortex, at all levels,
from structural and cellular plasticity to neuronal networks. This mechanism is believed to contribute
to impairments of affective sphere underlying mental disorders [7,21]. While GCs, well known as
anti-inflammatory drugs, may be neuroprotective during illness, they may also exacerbate
inflammation-related neural damage, continual glucocorticoid elevations increasing the risk of
unfavorable neuropsychiatric outcomes. Though a hypothesis describing how the anti-inflammatory
effects of GCs may transform into the pro-inflammatory ones in the hippocampus have been
proposed [20,22], mechanisms of such a functional transformation remain obscure.

A number of experimental studies demonstrated that treatment with compounds possessing
anti-glucocorticoid properties (antiGCs) can improve cellular effects of chronic stress and thus
provide a potentially important guide for therapy of stress-related disorders [2]. Theoretically,
multiple levels of potential "antiGC" targets include: a) the hypothalamic level: targeting CRH and
CRH receptors; b) the pituitary level: targeting ACTH generation; c) the adrenal level: targeting
cortisol metabolism in the adrenals; d) targeting extra-adrenal cortisol metabolism, and e) the
receptor level: targeting GR, MR, and respective post-receptor signal transduction pathways (Figure
1). Since the limbic system controlling the HPA axis is among the target tissues of cortisol, targeting
MRs and GRs of the hippocampus, frontal cortex and amygdala forms an additional, supra-
hypothalamic level of the HPA axis regulation. According to the available data, most promising
results of the preclinical and/or clinical studies include: effects of =~ GR antagonists,
extrahypothalamic actions on CRH using CRH receptors antagonists, inhibition of cortisol
production in adrenals by blocking steroid 11-hydroxylase that converts 11-desoxycortisol to cortisol
with metyrapon, reducing activity of reconverting enzyme 113-hydroxysteroid dehydrogenase type
1 (cortisone reductase, 113-HSD1) with specific inhibitors [23].
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Figure 1. The hypothalamic-pituitary-adrenal (HPA) axis and potential targets of antiglucocorticoid
therapies [4,5,8,12,16,23].

The schematic image shows a cascade nature of the HPA axis, the main neuroendocrine axis
underlying stress response. The key events of this cascade include the release of the secretagogues
corticotropin releasing hormone (CRH) and arginine vasopressin (AVP) from the medial
parvocellular paraventricular nucleus (PVN) of the hypothalamus in the portal circulation of
pituitary; cleavage of pro-opiomelanocortin (POMC) to adrenocorticotropic hormone (ACTH) and
ACTH release from the pituitary into systemic circulation; synthesis of glucocorticoids (cortisol in
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humans or corticosterone in others species, including rodents) in the adrenal cortex and their
release into the systemic circulation; binding of glucocorticoids (GCs) with glucocorticoid receptors
(GR) and mineralocorticoid receptors (MR) in the central and peripheral target tissues, including the
brain after passing the blood-brain-barrier, and thus executing cellular effects of GCs. GRs are
expressed in most brain structures and regions associated with the HPA axis, while limbic structures,
primarily the hippocampus, are also rich in MR. Multi-level feedback loops from the hypothalamus,
pituitary, adrenals as well as signals from the hippocampus and frontal cortex contribute to the
regulation of the HPA axis, in particular tuning the circadian changes of circulating levels of GCs and
decreasing them after the end of the stressor. The excitatory hippocampal output provides the
inhibitory GABAergic input to the PVN, while gamma-aminobutyric acid (GABA) inhibits secretion
of hypothalamic hormones. Circulating GCs inhibit secretion of CRH from the hypothalamus and the
secretion of ACTH from the pituitary, while circulating ACTH also inhibits hypothalamic secretion
of CRH.

Main approaches to antiglucocorticoid therapies include: targeting CRH and CRH receptors,
targeting cortisol synthesis in the adrenals and extra-adrenal cortisol catabolism as well as GR, MR,
and respective post-receptor signal transduction pathways. Since the limbic system controlling the
HPA axis is one of the target tissues of cortisol, targeting MR and GR of the hippocampus, frontal
cortex and amygdala may provide HPA axis regulation on supra-hypothalamic level.

4. What cortisol level is abnormal: Cautionary notes

Abnormal HPA axis and high blood cortisol levels have been implicated in a variety of mood
disease as well as neurodegenerative diseases, epilepsy and a number of other brain diseases.
However, the aim of the following cautionary notes is to draw attention to some ambiguity of "high
cortisol" definition. Normal values of cortisol for a blood sample taken at 8 in the morning are 5 to 25
mcg/dL or 140 to 690 nmol/L.[24]. In other words, the minimal and maximal cortisol levels in the
normal range may differ by five times! Normal values depend on the time of day, the clinical context
and may vary slightly among different laboratories, however, in any case it is obvious that "normal”
cortisol levels may differ dramatically between different individuals apart from circadian changes.
This may be less important in studies comparing different cohorts of patients falling into the normal
interval, though the variability of cortisol levels within a group can create a problem since bigger
groups are needed for a decent statistical analysis. An alternative would be select within one cohort
of patients groups with higher or lower cortisol in the biomaterial and compare the subgroups, how
it was done in studies exploring cortisol involvement in consequences of focal brain damage [25-27].

However, once we turn from cohorts to individual patient without previous history of cortisol
measurement, we face a difficult problem understanding how tricky is it to evaluate a personal
cortisol norm. Indeed, this is an important issue since in mood disorders baseline cortisol may be
associated with the efficacy of antiGC therapy [28]. Lack of consideration of this factor may be among
major causes of inconsistencies in the results  of antiGC treatment effectiveness reported by different
groups.

5. GR antagonism

The GR antagonism is believed to be of considerable therapeutic value in stress-related
psychopathologies. There is a body of pre-clinical evidence that GR antagonists should prevent pro-
inflammatory effects caused by GC overdrive [9]. Yet, it has been shown that blockade of all GR-
dependent processes in the brain may exert unfavorable effects, such as elevated endogenous cortisol
levels [29] which is not surprising considering an essential role of GR in balancing stress response.

5.1. Mifepristone (RU 486) as a prototypic GR antagonist

Though a number of substances with different mechanisms of action (Figure 1) have been used
as antiGC treatment in both experimental and clinical premises, the majority of the published data is
related to mifepristone (RU 486, 11-[4-(dimethylamino) phenyl]-17-hydroxy-17-[1-propynyl]-[11,17]-
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oestra-4,9-diene-3-one). Mifepristone (MIF), used mainly for termination of pregnancy, is a synthetic
orally active steroid with powerful antiGC, antiprogestogen and a weak anti-androgen activity acting
as a competitive receptor antagonist at the progesterone receptor in the presence of progesterone,
and as a partial agonist in the absence of progesterone [30]. MIF at higher doses than needed for
progesterone antagonism shows an 18-fold higher affinity for GR than cortisol.

In experiments, MIF was able to inhibit the GC overdrive in different animal models of CNS
disorders, from various stress-induced pathologies, to diabetes, alcohol abstinence and Alzheimer's
disease. Atrophy of the hippocampus and its impaired function induced by either a single traumatic
experience, chronic stress, early adversity or exogenous corticosterone can be rapidly restored with
a brief MIF treatment. This striking effect of the mixed progesterone/glucocorticoid antagonist is
mimicked by more specific anti-GCs such as e.g. CORT 108297, Dazucorilant, or CORT 113176. MIF
and related GR antagonists rapidly reverse neurodegeneration and excessive neuronal activation,
restore neurogenesis and ameliorate hippocampal cognitive deficits [30,31]. In the rodent
hippocampus, MIF and related more selective GR antagonists can rapidly reset markers of pro-
inflammatory activity, excitotoxicity, neuronal activation, and structural features of hippocampal
atrophy [31]. According to a recent analysis [32], MIF is able to "reset" stress system activity as a result
of prevention by GR antagonism the damaging effects of high GC concentrations via GR
overactivation; continuing rebound suppression of HPA axis activity; action of MIF as an agonist in
transrepression promoter of cell- and context-dependent recruitment of coactivators and co-
repressors in brain stress circuitry; augmentation of brain MR activation and modifying MR:GR
balance. The GRs targeted by MIF are located in elements of the HPA axis, but most probably also in
limbic-frontocortical and mesocortical dopaminergic circuits involved in mood, anxiety, reward, and
motivation.

Effect of MIF on the HPA axis is dependent on the dose, route, and daily frequency of
administration (available data are summarized in [9] and [32]). As compared with experimental
animals, in humans bio-availability of MIF is expanded because it circulates bound to al glycoprotein
and therefore has a longer half-life than in rodents where this binding protein is absent. In spite of
problems in specificity, MIF has been shown to be clinically effective in the treatment of pathological
conditions characterized by hypercortisolemia. During last decades medical uses of MIF are being
actively explored for Cushing's syndrome and major psychotic depression [33]. MIF is an effective
drug for the treatment of endogenous Cushing’s syndrome of all etiologies, and in mental diseases
effects of MIF spread beyond the affective symptoms. MIF (Korlym®), indicated for treatment of
hyperglycemia in patients with Cushing’s syndrome, causes a significant metabolic improvement,
lessens depressive symptoms, improves cognitive performance, and increases quality of life [34]. MIF
treatment appears to be effective and well tolerated in the treatment of psychosis in psychotic major
depression [35]. However, it should be noted that the data on MIF effects in mental diseases remain
contradictory, at least partially because of its non-specificity regarding antiGC mechanisms.

5.2. Development of GR antagonists

Although clinical usage of the currently available antiGC drugs remains limited by their low
specificity and some adverse side effect profiles, development of drugs specifically targeting the GR
may lead to innovative strategies in the treatment of mood disorders.

Unpredictably, selective GR modulators are ligands that can act both as agonist and as
antagonist like the high-affinity GR ligand C108297 (4Ar)-4a-(ethoxymethyl)-1- (4-fluorophenyl)-6-
[4-(trifluoromethyl)phenyl]sulfonyl-4,5,7,8-tetrahydropyrazolo[3—glisoquinoline), shown to be a
selective GR modulator in the rat brain. C108297 possesses a unique interaction profile between GR
and its downstream effector molecules, the nuclear receptor coregulators, as compared with the full
GR agonist dexamethasone and GR antagonist MIF. C108297 has incomplete agonistic activity
suppressing CRH gene expression and enhancing GR-dependent memory consolidation, though it
lacks agonistic effects on the expression of CRH in the central amygdala and antagonizes GR-
mediated reduction in hippocampal neurogenesis after chronic corticosterone exposure [9]. It is
suggested that C108297 represents a class of ligands with a potential to more selectively abolish
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pathogenic GR-dependent processes in the brain, while retaining beneficial aspects of GRs.
CORT108297 pharmacologically disrupts GR signaling and reverses at least some of the effects of
adolescent stress on emotional behavior and circuit development in rodents [36]. CORT108297
prevents the GC-induced decrease in hippocampal neurogenesis in normal mice, normal rats, and
Wobbler mice, prevents spinal cord pathology, while displaying anti-inflammatory and anti-
glutamatergic activity; it also inhibits diet-induced obesity and inflammation [30,32]. MIF, C-108297,
and another GR antagonist, C-113176, reversed the precipitation of Alzheimer-like pathology and
cognitive impairment in an animal model generated by hippocampal amyloid-325-35
administration. Thus, more selective GR modulators may be used for targeted treatment.

5.3. Endogenous antiGCs

Unlike cortisol, dehydroepiandrosterone (DHEA) and its sulphated form DHEA(S), endogenous
neuroactive steroids with antiGC properties, have been associated with neuroprotection and healthy
aging. From the functional perspective, DHEA may be regarded an endogenous antiGC. An
imbalance in the cortisol/DHEA(S) ratio has been implicated in the pathophysiology of stress-related
psychiatric disorders [37]. Elevated cortisol/DHEA ratios may be a state marker of depressive illness
and may contribute to the associated deficits in learning and memory [38]. Cortisol and DHEA(S)
levels correlated with symptom severity in first-episode psychosis. In a large longitudinal cohort
study of older men and women higher DHEA(S) levels were associated with reduced risk of
developing depressive symptoms [39]. There is some evidence that DHEA may have an antiGC effect,
offering protection against the deleterious effects of cortisol, and the cortisol/DHEA ratio may be a
practical biological marker of treatment-resistant depression [40]. Administration of DHEA similar
to other antiGC treatments may reduce neurocognitive deficits in depression [38], however,
treatment with exogenous DHEA does not seem to have advantages as compared with other antiGC
interventions.

Noteworthy, quite a different approach to experimental anti-glucocorticoid gene therapy,
overexpressing a GC-degrading enzyme, 11-beta-hydroxysteroid dehydrogenase (type II) in
hippocampal neurons, reversed the impairing effects of elevated corticosterone on spatial memory,
hippocampal neuronal excitability, and synaptic plasticity in mice [41]. These data suggest that
another promising approach of antiGC gene therapy may be further explored.

6. AntiGC treatment of affective disorders

6.1. Major depressive disease

It is believed that major depressive disease (MDD) is associated with changes in neuroplasticity
in specific regions of the brain, in particular limbic ones, these changes being associated with
symptom severity, negative emotional rumination and fear learning. MDD is associated with atrophy
of neurons in the cortical and limbic brain regions that control mood and emotion. Antidepressant
therapy beneficially affects neuroplasticity and can reverse the neuroanatomical changes found in
depressed patients.[42]. Since GCs control signal transduction pathways associated with the
neurogenesis in the hippocampus, antiGCs, like conventional antidepressants, may recover
depressive symptoms by boosting hippocampal neurogenesis [43].

Deregulation of the hypothalamic-pituitary-adrenal (HPA) axis has been described in patients
with MDD, similarly to many other psychiatric conditions. There is persistent rise in the levels of
cortisol (end product of the HPA axis) and impairment of the negative feedback inhibition
mechanism of the HPA axis. Hypercortisolism, and its resistance to dexamethasone suppression were
well documented in MDD patients. It therefore seemed reasonable that drugs which interfere with
cortisol biosynthesis might bring about a remission [44], and cortisol-lowering treatments were
suggested to be of clinical benefit in selected individuals with MDD and other hypercortisolemic
conditions [45]. The new therapy strategies include use of different drugs classified as "antiGCs"
(inhibition of hypothalamic CRH release, antagonism at CRH1 receptors, antagonism at vasopressin
V1b receptors, inhibition of cortisol synthesis, antiGC treatment with DHEA, treatment with GR
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antagonists and agonists, etc.) [46]. Importantly, effective antidepressant treatments are believed to
trigger and maintain GR-related cellular processes necessary for recovery from MDD. Classic
antidepressants act indirectly, by affecting the dynamic interplay between serotonin
neurotransmission and the HPA axis [47].

The antiGC strategies in hypercortisolemic states with special focus onmood diseases have been
discussed from early 90th. The analysis of behavioral effects of anticortisolemic drugs administration
in Cushing's syndrome and MDD (frequently associated with cortisol hypersecretion) from small-
scale studies suggested that such interventions lessen depressive symptoms and provide hope for
the development of a novel class of antidepressant agents for hypercortisolemic depressed patients
[48]. Ketoconazole administration in hypercortisolemic depression was associated with decreases in
serum cortisol levels and in depression ratings [49-51]. GC antagonist MIF (RU 486) was also effective
in preliminary studies on MDD patients [52]. Ketoconazole, MIF and DHEA were discussed as
potential novel mood-altering agents and antiGC drug treatment was suggested as useful in certain
subgroups of patients with MDD [53].The preclinical tests demonstrated an antidepressant-like
profile for metyrapone blocking cortisol steroidogenesis by acting as a reversible inhibitor of 11p-
hydroxylase [54].

It should be noted that the degree and specific features of HPA axis dysfunction is very variable
in patients with MDD. There may be many factors affecting the pattern of HPA axis disturbances,
this issue remaining largely unexplored. In patients with MDD, HPA axis dysfunction may be age-
dependent. R. Hirtz et al. showed that adrenal steroid metabolome in adolescent MDD displays a
distinct steroid pattern indicating specific features of the HPA axis disturbances. They also suggested
that cortisol/ DHEA ratio may be used in psychiatry to identify patients who would potentially benefit
from antiGC treatment or patients with a high risk for recurrence in case HPA axis remains
dysfunctional [55]. The individual differences in specific HPA abnormalities may at least partially
explain why the results of numerous studies focusing on the use HPA-modulating drugs to treat
MDD remain contradictory and the efficacy of these medications for MDD is still doubtful. Though
preclinical data suggest that CRH1 receptor antagonists are useful in the treatment of depression,
there is no confirmed evidence from controlled studies of their clinical efficacy in depressed patients.
The beneficial effects of neuroactive steroid DHEA, the cortisol synthesis inhibitor metyrapone and
the GR antagonist MIF in MDD has been demonstrated in some small, double-blind, placebo-
controlled studies. However, several recently completed trials failed to significantly separate MIF
from placebo in MDD [46]. Yet, a meta-analysis recently performed by Y. Ding showed that the
effectiveness of HPA-targeting medications for MDD was significant, while subgroup analysis
showed that patients with MDD may benefit from MIF and V1B receptor antagonist treatments that
have tolerable side effects [56].

6.2. Treatment-resistant depression

Many patients with MDD have treatment-resistant depression (TRD), demonstrating no
adequate response to two consecutive courses of antidepressants. Hypercortisolaemia, well
described in depression, may be an important factor associated with treatment resistance. In general,
deregulation of the HPA axis is associated with no response to antidepressants and relapse following
successful treatment. The treatment resistance in MDD has been also associated, both prospectively
and retrospectively, with increased inflammation, and inflammatory activity may be another key
factor influencing responses to antidepressants. Preclinical data showed that co-administration of
corticosteroids resulted in a reduction in the ability of selective serotonin reuptake inhibitors to
increase forebrain 5-hydroxytryptamine, while co-administration of antiGCs had the opposite effect
[57]. A double-blind, randomized, placebo-controlled study of augmentation of serotonergic
antidepressants with metyrapone, showed that this cortisol synthesis inhibitor was superior to
placebo in reducing the score according to Montgomery-Asberg Depression Rating Scale in MDD
patients [58]. However, metyrapone, potentially effective in MDD, did not reduce cortisol in patients
with TRD, probably due to GC system overcompensation [59]. Another study reported that
metyrapone used for the augmentation of serotonergic antidepressants in TRD did not show efficacy
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in a broadly representative population of such patients [60]. The results of a randomized controlled
trial of augmentation by metyrapone of antidepressants in MDD showed that though metyrapone
augmentation was well tolerated, it seemed ineffective in the treatment of TRD [61]. Most authors
suggest that future research should target antiGC treatments at patients with confirmed
hypercortisolaemia. This may be a reasonable approach since a following meta-analysis of cortisol
levels in the samples of patients treated with cortisol synthesis inhibitors (metyrapone and
ketoconazole) and GR antagonist (MIF) showed that only patients with higher baseline cortisol levels
benefited from treatment with cortisol synthesis inhibitors; in other words cortisol was a predictive
biomarker for a successful treatment of patients with mood disorders with these medications [28].

6.3. Bipolar disorder, schizophrenia

Since augmented cortisol levels are reported in bipolar disorder, and hypercortisolaemia may
aggravate both neurocognitive impairment and depressive symptoms, antiGC treatments,
particularly corticosteroid receptor antagonists, were suggested to improve neurocognitive
functioning and attenuate depressive symptoms. In a small study with a double-blind crossover
design on 20 patients with bipolar disorder, MIF elicited selective improvement in neurocognitive
functioning and mood suggesting that GR antagonists may have useful cognitive-enhancing and
possibly antidepressant properties in bipolar disorder [62]. A preliminary evidence was provided
that MIF treatment resulted in a slight but significant decrease in HPA axis activity and peripheral
cortisol level decline in patients with bipolar disorder and schizophrenia [63]. In a small scale placebo
controlled study, ketoconazole treatment of patients with schizophrenia and schizoaffective disorder
was associated with significant improvements in observer-rated depression, but not in subjectively
rated depression, psychotic symptom ratings, or cognitive performance scores [64]. These pilot data
partially support the hypothesis that antiGCs reduce depressive symptoms in patients with
schizophrenia and schizoaffective disorder, though studies with larger sample sizes are needed.

Patients with neuropsychiatric disorders (i.e.,, mood disorders and schizophrenia) display all
key features of inflammation, including augmented circulating levels of inflammatory inducers,
activated sensors, and inflammatory mediators targeting all tissues [65]. From the stress response
perspective, inflammation may be regarded as a type of allostatic load involving the immune,
endocrine, and nervous systems [66]. Proinflammatory cytokines modulate mood behavior and
cognition by inducing neuroinflammation, in particular in the hippocampus and other selected limbic
structures. Neuroinflammation is involved in the pathophysiology of stress-associated mood
diseases (e.g. MDD) by rising proinflammatory cytokines in brain tissue, activating neuroendocrine
responses, in particular, the HPA axis, escalating GC resistance, promoting excitotoxicity, reducing
brain monoamine levels (in particular, influencing serotonin metabolism), affecting neurogenesis,
and thus impairing all levels of neuroplasticity [7]. Both cytokines and GCs can have pro-
inflammatory actions in the brain [67]. Neuroinflammation contributes to non-responsiveness to
current therapies, response to conventional antidepressants being associated with a reduction in
inflammatory biomarkers, while resistance to treatment - with augmented inflammation [68].

6.4. Beyond affective symptoms: Cognitive dysfunction, metabolic disturbances, diabetes

Importantly, pharmacological manipulations with GCs may be productive both for mood
change and memory deficit. This is expected since the fact that prolonged elevation in GC level may
result in disturbances of mood and cognition seems undoubted. In patients with endogenous
depression, hypercortisolaemia may be associated with cognitive dysfunction and possibly a
decrease in hippocampal volume [18]. In each of these conditions, reduction of GC level, either
through discontinuation of steroid treatment or through usage of antiGC agents, ameliorates the
unfavorable effects on behavior. Conversely, traditional antidepressant agents may, in addition,
stabilize mood through effects on the HPA axis. There is an extensive body of evidence that,
especially in elderly, depression is associated with significant cognitive impairment. The comorbidity
of both syndromes can be explained by the existence of several overlapping pathophysiological
processes playing a key role in the etiology of both depression and dementia. A "stress syndrome"
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manifested in elevated cortisol levels, has been observed in up to 70% of depressed patients and also
in Alzheimer's disease pathology. Stress-induced hippocampal neuronal damage results in both
emotional and cognitive impairment, both of them mediated by neuroinflammatory mechanisms
[69]. MDD is prodromal to, and a component of Alzheimer's disease, it may also be a trigger for
developing Alzheimer's disease. HPA axis is disturbed in both pathologies, and GCs have marked
degenerative actions on the hippocampus [67].

Another potential application of antiGC drugs is to alleviate adverse side effects of drugs used
for treatment of mental diseases. For example, antipsychotic medications, including olanzapine, are
associated with considerable weight gain and metabolic disturbances. There are preliminary data
showing that coadministration of miricorilant, a selective GR modulator, with olanzapine can
ameliorate these effects [70].

Clinical studies report a frequent coexistence of depression and diabetes, both diseases being
associated with comparable alterations in the structure and function of the hippocampus and with
comparable disturbances in cognitive processes. Some morphological and functional transformations
going on in these diseases are associated with augmented GCs, proinflammatory cytokine and
hyperglutamatergic states [7,71]. Excess GCs induced by stress not only affect hippocampal synaptic
plasticity but also impair brain glucose metabolism and reduce insulin sensitivity thus limiting
energy supply for support of proper neuronal plasticity. Dysfunctional HPA axis represent a
neuroendocrine link between stress, depression and diabetes. Individuals with mood disorders have
a higher prevalence of hypercortisolemia accompanied by insulin resistance. The use of antiGC
agents in treatment of mood disorders associated with metabolic dysfunction is debated. Treatment
with antiGC agent, MIF, of patients receiving treatment for depressive disorders and euthymic at
baseline contributed to improvements in attention and verbal learning which were associated with
reduction of fasting plasma glucose [72].

7. Conclusions

The stress response engulfs different brain regions and levels from molecular to neuronal
circuits. “It is the whole brain, not just a small piece of it, that manages stress responses and tries its
best to integrate the capacities of the entire mind-body of the organism”[31]. This is absolutely right,
and yet we focus on the hippocampus in this review. First, the hippocampus is the brain structure
coordinating and controlling both cognitions, and emotions. Following the discovery of receptors of
GCs in the hippocampus and other brain regions, research has focused on understanding the effects
of GCs in the brain and their role in regulating emotion and cognition. Second, the hippocampus is
selectively vulnerable to stress, GCs and neuroinflammation and, thus, studying this structure can
facilitate understanding some key mechanisms of mood diseases and their comorbidities. Third, as
compared with other brain regions, the limbic system is more extensively explored with respect to
stress response and controlling involvement of the HPA axis in stress-associated brain pathologies.

GCs are vital for adaptation to stressors (allostasis) and in maladaptation resulting from
allostatic load and overload occurring during chronic stress and reshaping the HPA axis [73].
AntiGCs may have antidepressant effects and have been reported to be efficacious in the treatment
of severe psychiatric disorders. Yet, there are some contradictions between the data of different
studies related to methodological differences between them with respect to the drugs used, patient
cohorts, and study design. That's why the use of antiGCs in the treatment of mood disorders is still
at the proof-of-concept stage. Though targeting the HPA axis and receptors of GCs is very promising,
additional large randomized controlled trials are still needed to justify the findings [74].

Noteworthy, chronic excess of GCs is associated not only with mood diseases, but also with
cognitive decline, metabolic disorders, diabetes. AntiGC (HPA axis modifying) therapy has a
potential to alleviate affective symptoms, cognitive disturbances, GC and insulin resistance and
adverse side effects of conventional drugs through beneficial effects on hippocampal dysfunction and
neurodegeneration, as well as neuroinflammation and neurogenesis (Figure 2). GC levels rise
rapidly following status epilepticus and remain elevated for weeks after the injury. The GR specific
modulator CORT108297 normalized corticosterone levels and reduced brain pathology following
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status epilepticus [75]. It is becoming clear that stress/GC-associated neuroinflammation-mediated
pathology of the limbic system and, specifically, the hippocampus, is a general feature typical for
many brain diseases that share common mechanisms. Novel MR-GR modulators are becoming
available that may reset a deregulated stress response system [6,23,76] and be used in treatment of a
variety of brain diseases.

Affective Ad\f/ferse sifde
o symptoms effects o
_C°9“'t'Ve il conventional
disturbances drugs
Glucocorticoid DA avie it Insulin
resistance . ) = resistance
. Hippocampal
Neurogenesis dysfunction &
Neuroinflammation neurodegeneration

Figure 2. Major symptoms and processes to be affected by antiglucocorticoid therapy of mood
diseases [10,30-32].

Antiglucocorticoid therapy (mifepristone as an example) in clinical studies (and in rodent
models of affective diseases) can ameliorate affective symptomes, reduce cognitive disturbances,
overcome adverse side effects of conventional drugs, decrease glucocorticoid and insulin resistance.
In animal studies, antiglucocorticoid treatment reverse or prevent hippocampal dysfunction and
neurodegeneration, reduces neuroinflammation and improves disturbed neurogenesis.
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depression disease; MIF, mifepristone; MR, mineralocorticoid receptor; TRD, treatment-resistant depression.
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