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Abstract

Glucocorticoid receptors (GRs) are ubiquitous transcription factors widely studied for their role in 

controlling events related to inflammation, stress and homeostasis. Recently, GRs have reemerged 

as crucial targets of investigation in neurological disorders, with a focus on pharmacological 

strategies to direct complex mechanistic GR regulation and improve therapy. In the brain, GRs 

control functions necessary for neurovascular integrity, including responses to stress, neurological 

changes mediated by the hypothalamic-pituitary- adrenal axis and brain-specific responses to 

corticosteroids. Therefore, this review will examine GR regulation at the neurovascular interface in 

normal and pathological conditions, pharmacological GR modulation and glucocorticoid 

insensitivity in neurological disorders.

Introduction

The glucocorticoid receptor (GR) is a member of a class of ligand-binding nuclear receptors, 

which induce transcription of target genes in response to the secretion of endocrine 

hormones and steroids. Activity of GRs governs multiple pathways in the human body under 

normal and pathological conditions, affecting brain homeostasis. However, the role of 

expression and activation of GRs in neurological disorders has only recently regained 

attention owing to the increasing relevance of GR in pathological conditions. The interaction 

of activated GR with downstream proteins or response elements, activity influenced by other 

transcription factors and differential inherent activity can mediate the intracellular effects of 

the GR [1,2]. Although these interactions are necessary for normal function in the brain, GR 

isoforms and polymorphisms have recently been linked to the development of neurological 

disorders and disease, indicating a role for GR function in controlling aspects of disease 

pathogenesis [3–5]. Thus, the GR could prove a valuable and challenging clinical target for 

intervention in neurological disorders.
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Mechanisms of action and modes of GR regulation

Classical GR interactions and regulatory mechanism—In general, the classical 

mechanism of GR-mediated transrepression (Fig. 1) follows a tethering model involving 

normal formation of either the activator protein 1 (AP-1) or nuclear factor (NF)-KB complexes, 

followed by the attachment of a GR monomer that prevents activity of the assembled 

transcription machinery. As in other tissues, this tethering is a primary mechanism of GR 

anti-inflammatory effects in the brain. Interestingly, mutations that prevent interactions 

between GR and NF-κB limit expression of genes downstream of the negative glucocorticoid 

response element (GRE), although this effect has not been demonstrated with AP-1 in the 

brain or other tissues [6]. Thus, dysfunction in nongenomic mechanisms of GR-mediated 

repression could be indicative of transcription-related alteration in genomic GR 

transrepression signaling. Further, this might indicate a role of the GR DNA-binding region 

in mediating nongenomic interactions in the repression of proinflammatory signaling in the 

brain and other tissues.

Recent reports also indicate that the transrepression effect of the GR is not mediated by 

these protein–protein interactions alone, as several groups have found GR-binding sites 

contained in response elements for AP-1 and NF-κB [6,7]. GR monomers can compete with 

either NF-κB or AP-1 complexes for these sites, spatially limiting the ability of either 

transcription factor to induce their corresponding target genes (Fig. 1). Because GRs can 

repress activity through tethering and interaction with binding sites in the genome, there is 

plausibly a role for endogenous glucocorticoid stimulation in mediating GR downregulation 

of inflammatory signals in several brain regions. This further suggests abnormal regulation 

of such repression contributes to the neuropathological state.

In the brain, the GR also interfaces with brain-derived neurotropic factor (BDNF), which 

belongs to the family of neurotrophic growth factors controlling neurogenesis, neuronal 

survival and long-term potentiation. Modulation of the GR has been reported to selectively 

alter expression of BDNF in the brain, with increased GR activation by endogenous 

glucocorticoids during cognition or exercise corresponding to increased BDNF and 

decreased GR or stimulation by exogenous glucocorticoids corresponding to lowered levels 

of BDNF [8]. Such coordinated expression of the GR and BDNF has been shown to be 

preserved in certain human brain disorders and models of these conditions [8,9]. Knockout 

of the GR in a rat model of depression caused a corresponding reduction of BDNF 

expression [8]; conversely, overexpression of GR (characteristic of epilepsy) accompanied 

an increased level of BDNF in human subjects [9]. The GR has further been shown to down- 

regulate BDNF exon 4 transcript, which is overexpressed in epilepsy [9,10]. Further, GR 

activity has been reported to increase movement of vesicles containing BDNF, including 

those trafficking BDNF away from the cell membrane [9,11]. Thus, GR regulation of BDNF 

in the brain could have a neuroprotective effect in certain neurological disorders.

Regulation of GR activity

Negative feedback: Within the brain, negative feedback to GR stimulation by endogenous 

or exogenous glucocorticoids involves activation of two distinct steroid receptor types in the 

brain: the high-affinity mineralocorticoid receptors (MRs), which are stimulated by basal 
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levels of circulating cortisol, and the low-affinity GRs, which remain predominantly 

unstimulated by cortisol until a threshold for circulation is met owing to stress or a 

pathophysiological condition, primarily serving to determine a ‘ceiling’ for cortisol secretion 

during stress or peaks in the circadian rhythm [12]. Stimulation of these receptors with 

cortisol results in a rapid drop in corticotrophin-releasing hormone (CRH) and 

adrenocorticotropic hormone (ACTH) secretion, followed by a slow genomic response to 

decrease the expression of CRH in the paraventricular nucleus and the ACTH precursor 

proopiomelanocortin in the anterior pituitary [13]. Combined stimulation of the MR and GR 

determines the threshold for stress-influenced stimulation, and controls aspects of learning, 

cognition and mood [14,15]. Dysfunction between these two systems appears to functionally 

influence cognitive and neurological functions; however, persistent GR stimulation appears 

to determine the neurological state under stress and to primarily contribute to the 

development of neurological and brain disorders [15–17].

Ligand dependency and co-regulators: GR regulation is known to arise from ligand 

dependency, by which activation of the GR and its subsequent intracellular effects require 

initial binding of an activator such as cortisol or other glucocorticoids (Fig. 1). The GR 

possesses a basal affinity for ligands, which, in the presence of co-regulators activating or 

repressing GR function, can accordingly increase or decrease. Activated GR exists in a 

complex which is composed of co-factors, including heat-shock protein (Hsp) 90 and Hsp70, 

which work in a coordinated manner to regulate the activity of the GR [18]. Binding 

ofHsp70andHsp90, along with other co-chaperones, has been reported to be a requirement 

for conformational changes favoring high affinity of the GR for ligands as studied in human 

and hamster cell lines [2]. Although the GR is capable of binding glucocorticoids in 

complex with cofactors, this ability is impaired in their absence, increasing the effect of co-

regulators on the ligand-binding ability of the GR [19]. Ligand-dependent GR activation is 

minimal in the absence of Hsp90, whereas binding of Hsp70 can directly inhibit ligand-

stimulated GR activity although such regulation needs better understanding in disease 

pathologies.

Circadian rhythm: The circadian rhythm, or biological clock, has also been reported to 

influence GR activation through multiple methods, including activity of proteins that convert 

precursors into glucocorticoids that are critical for brain function. Steroidogenic acute 

regulatory protein, which is active in the adrenal cortex, responds to activity of the circadian-

rhythm-associated proteins circadian locomotor output cycles kaput (CLOCK) and brain and 

muscle aryl hydrocarbon receptor nuclear translocator-like protein 1 (BMAL-1) to modulate 

available cortisol in circulation [20]. Activity of the protein 11 beta-hydroxysteroid 

dehydrogenase type 1 (11β-HDS1), which locally performs the conversion of cortisone to 

cortisol, can additionally contribute to modulation in the amount of circulating cortisol, 

including that which is available in the brain for GR activation [21]. Further, GR expression 

in the brain follows a diurnal pattern, as observed in rats [21], contributing to circadian 

rhythm control of glucocorticoid activation. Studies also suggest that the action of the 

endogenous glucocorticoids cortisol and corticosterone is exerted via binding to MRs and 

GRs, which are co-expressed in brain [22]. There is evidence that MRs and GRs also 

interact in the control of the circadian rise in hypothalamic-pituitary-adrenal (HPA) axis 
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[12]. Thus, the possible connection of these receptors to HPA axis activation, as well as the 

secretion of cortisol that is linked to circadian rhythm, is not unlikely [23,24]. It has also 

been reported that aldosterone circulates in a 10–100-fold lower concentration than cortisol 

or corticosterone. An assessment of immunoreactive steroid in purified cell nuclei of the rat 

hippocampus revealed a tenfold higher amount of corticosterone than aldosterone under 

basal conditions. The nuclear ratio of corticosterone over aldosterone further increases 

toward the circadian peak, when corticosterone starts to occupy GRs. During stress, the 

exposure of hippocampal MRs to corticosterone relative to aldosterone is even further 

increased toward 100 over 1 [25]. Accordingly, the brain MR is exposed to corticosterone, 

which binds with a tenfold higher affinity to the MR than to the GR [26,27]. These reports 

together suggest that these receptors are differentially activated by the glucocorticoids 

during the circadian-rhythmic period and after stress.

Evidence also suggests that circadian-rhythm-mediated down-regulation of GR expression 

can decrease long-term potentiation and impair long-term memory. Disruption of the 

circadian rhythm through knockdown of BMAL-1 has been shown to reduce the expression 

of BDNF and the GR in the hippocampus of transgenic mice [28]. This led to subsequent 

reductions in short-term aversion memory development and novel object recognition, 

although the authors noted that these functional changes were reversible by physical activity 

[28]. Notably, the circadian rhythm also influences the association between Hsp90 and the 

GR in different regions of the brain, because expression of and associations between both 

proteins cycle with time. Increased GR expression in the cytosol of hippocampal cells and 

translocation to the nucleus at night have been reported in rats with a simultaneous increase 

in GR–Hsp90 associations, which decrease in the morning [29]. Interestingly, this pattern is 

reversed in the hypothalamus, where GR–Hsp90 associations and GR nuclear translocation 

increase in the morning rather than at night [29]. This suggests that the sensitization of the 

GR to cortisol by Hsp90 directs GR activation by cortisol stimulation to different regions of 

the brain at different times based on the biological clock.

Genome access: Another reported mechanism of GR regulation occurs through restriction 

of GR access to response elements in the genome. Accessibility of open-state chromatin to 

the GR is mandatory for transcription of downstream genes and is mediated by proteins that 

control the winding of chromatin within the nucleus [30]. Thus, proteins that can control the 

physical interactions between the GR and glucocorticoid response elements in the genome 

probably serve as regulatory factors for the GR.

As an example, histone deacetylases (HDACs), which decrease gene expression, have been 

reported to be primary modulators of this association by directly controlling the ability of 

the GR and other nuclear receptors to bind to DNA and induce transcription. Indeed, GR 

downregulation, despite upregulation of the androgen hormone receptor at the same binding 

site in target genes of mouse cell lines, was reported to be reliant on HDAC1 and HDAC2 

[31]. Interestingly, reports suggest that excessive ligand binding to the GR can trigger a 

functional deactivation of the GR at negative response elements through association with 

nuclear receptor corepressor 1 and HDAC3 [32]. This interaction between the GR, 

coregulators and HDACs has previously been shown in the rat brain, with pharmacological 

inhibition of HDAC6 increasing expression and acetylation of Hsp90 decreasing GR 
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activation in rats vulnerable to stress [33]. Therefore, access of the GR to DNA and cellular 

changes that affect this association could be an understudied mechanism of cellular GR 

regulation in the human brain.

Epigenetic and transgenerational regulation: In addition to the above mechanisms of GR 

regulation, reports also indicate that GR expression in the brain can be influenced by 

paternal and maternal stress states, as well as by stress and parental connection experienced 

by individuals early in development. It has been reported that neonatal exposure to maternal 

grooming increases hippocampal expression of the GR and reduces the magnitude of stress 

responses in adult rats, by increasing the effect of negative feedback during stress [34,35]. 

Conversely, human and rat subjects exposed to stress early in development have been 

reported to express low hippocampal levels of GR and increased HPA responses, as adults, 

to stress [36,37]. Similarly, chronic stress experienced in adulthood has the potential to cause 

physiological changes in germ cells of the body, leading to alterations in HPA circuitry of 

progeny. Notably, these effects are often sex-specific. One group reported that male and 

female offspring of male mice exposed to chronic stress in adolescence or adulthood show 

increased GR expression in the paraventricular nucleus (PVN) but decreased cortisone 

secretion in response to stress, indicating tighter control of the HPA axis activity in the brain 

[38]. Conversely, it has been reported that maternal stress during gestation in rats causes 

increased corticosterone secretion and lower hypothalamic GR following acute stress [39].

Implication of GR isoforms—The relevance of GR isoforms and their distribution in the 

brain is widely unknown, particularly in neurological disorders. Expression of GR isoforms 

is dependent upon alternative splicing of the GR mRNA transcript, as identified in studies 

regarding physiological or pharmacological induction of GR beta (GRβ) and similar to 

studies performed previously in other tissues [40,41]. This understanding might be helpful in 

exploring the GR-related mechanistic alteration of neurological disease development and 

progression, as well as assisting in directing treatment approaches involving synthetic 

glucocorticoids.

GR-associated activity is primarily performed by the GR alpha (GRα) isoform, which binds 

glucocorticoids to mediate downstream activity (Fig. 1). Owing to the presence of the 

ligand-binding domain, GRα is translocated to the nucleus following administration of 

glucocorticoids, and directs neurovascular-specific changes in the brain as previously studied 

in mice [42]. Omission of the ligand-binding domain in the GR transcript results in 

production of GRβ, which binds the same molecular chaperones and contains the same 

sequence of amino acids as GRα [43]. As a result, GRβ retains the same DNA-binding 

ability and dimerization capability as GRα but is unable to initiate transcription in a similar 

manner. Further, expression of GRβ is either absent from many healthy cell lines and tissues 

or magnitudes lower than the expression of GRα [44].

Regulation of GRβ expression has been previously studied in various somatic cell lines, 

which have indicated GRβ function in negatively regulating the activity of GRα [45,46] and 

in reducing transactivation of the GRα isoform following stimulation by certain synthetic 

glucocorticoids [47]. However, some debate exists as to the role of GRβ within different 

tissues, including the brain. GRβ is normally expressed at low levels in the brain, 
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particularly in comparison with the GRα isoform [44,45], and it has been reported that the 

presence of GRβ alone does not significantly decrease GRα activity [48,49]. Nevertheless, 

higher expression of GRβ is present in the nucleus, and the GRβ isoform is capable of 

dimerization with GRα, supporting the notion of its role in negative regulation of GRα 
activity [45,50]. Therefore, further study of the activity of GRβ in the neurovasculature 

would be valuable in understanding its neurological regulation during disease progression.

Role of the GR in neurovascular physiology and function

The brain possesses a unique vasculature that restricts exchanges of nutrients and 

xenobiotics through paracellular and transcellular pathways between the brain parenchyma 

and the blood, referred to as the blood–brain barrier (BBB). The BBB is considered an 

active, dynamic and selective interface between the blood and brain, and is made up of 

endothelial cells, astrocytes and pericytes, and a few microns away from neuronal termini. 

Further, the BBB, because of its selectivity properties, is one of the major barriers to the 

successful development of active CNS compounds. This physiological barrier is formed by 

endothelial cells covering the inner lining of the brain microvessels and expressing tight-

junction proteins. Astrocytes are in close contact with these brain endothelial cells and assist 

in maintenance of the barrier properties and in communication of signals related to 

physiological changes [51]. These brain vascular cells, along with the neurons, form the 

neurovascular unit. Compromised BBB function is often a hallmark of neurological 

disorders that can contribute to and be caused by disease states in the brain, including those 

with a pathogenesis related to the GR.

GR activity contributes to the formation and maintenance of the BBB (Fig. 2) by 

upregulating tight-junction proteins in endothelial cells of the brain vasculature [52]. As a 

result, pharmacological compounds are often used to exploit the effect of GR activation or 

inhibition on cells of the neurovascular unit, as summarized in Table 1. For example, steroid-

induced GR activation increases the expression of angiopoetin-1, which prevents edema by 

stabilizing tight-junction formation in human brain endothelial cells [53]. In addition, studies 

have shown that inhibition of proteasomes that degrade the GR restores the ability of a GR 

ligand: dexamethasone, to improve tight-junction formation between cerebral endothelial 

cells in ischemia [54]. However, although it is known that the GR maintains vital 

components of the BBB, reports also suggest that the GR reduces the expression of vascular 

endothelial growth factor (VEGF), which induces vascular remodeling in the brain [53], as 

well as suppressing endothelial cell proliferation and enhancing pericyte coverage of 

microvessels in the brain [55]. As a result, promotion of vasodilation by the GR involves 

pathways exclusive of VEGF, which has been shown to cause edema in brain tissue [55,56]. 

It has also been reported that GR activation owing to signaling of neuronal activity instead 

induces vasodilation by the activation of endothelial nitric oxide synthase or by inhibition of 

endothelin receptors in human brain vasculature [57,58].

In addition to the maintenance of physical BBB properties, the GR assists in the 

establishment of characteristics of the metabolic barrier to xenobiotics within the brain 

microvasculature. GR modulation in the brain endothelial cells in epilepsy has been recently 

reported to modulate drug biotransformation and drug penetration across the BBB (Fig. 3) 
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[59,60]. Expression of cytochrome P450 (CYP) drug-metabolizing enzymes and multidrug 

efflux transporters is controlled by upstream molecular regulators, including the GR, in 

human drug-resistant epilepsy [61]. It has also been reported that GR is responsible for 

regulating the effect of the HPA axis [62] and penetration of synthetic glucocorticoids to the 

brain parenchyma [63] (Figs.1 and 2) modulating downstream proteins and molecules 

responsible for altered brain physiology and metabolic properties.

Interestingly, the effects of GRs appear to vary widely among brain-cell types and are further 

based upon the degree of excitatory and inhibitory activity in the brain post-glucocorticoid 

stimulation (Table 1). GRs likewise govern the characteristics and function of secretory 

neurons at the neurovascular interface, because GR stimulation by dexamethasone in the 

amygdala has been reported to increase the secretion of GABA and the sensitivity of GABA 

receptors, while downregulating secretion of glutamate [64] creating a neurotransmitter 

imbalance. Inhibition of GR activity in the same neurons has a neuroprotective effect on 

neurons of the amygdala by reducing GABA activity, which has the potential to damage 

these cells but has also been reported to increase anxiety-related behavior and cause overall 

HPA axis hyperactivation in a rodent model [65,66].

The glial cells are similarly modulated by GR stimulation, which can dictate the health or 

disease state [67–70]. Evidence indicates that the anti-inflammatory effects of steroids are 

likewise governed by GR activity and rely on glial cell responses. Under normal conditions, 

oligodendrocytes express major histocompatibility complex (MHC) molecules I and II; this 

expression is reported to increase in the presence of dexamethasone and interferon (IFN)γ 
[71]. Further, exposure of oligodendrocytes to dexamethasone in the rat brain has been 

found to cause hypomyelination [67]. However, it is yet unknown whether basal levels of 

circulating cortisol oppose oligodendrocyte generation of myelin. Dexamethasone 

stimulation in microglia has likewise been reported to decrease expression of MHC 

molecules and inflammatory cytokines, including IFNγ, and to restore astrocytic function 

compromised by lipopolysaccharide exposure [68,69]. However, despite the astrocyte 

activation following glucocorticoid stimulation, negative feedback to glucocorticoids 

reduces GR expression and long-term astrocyte proliferation [70]. Thus, glucocorticoids 

mediate complex interactions occurring in these cell types through either GR stimulation or 

inhibition.

GR in neurological diseases

The GR controls a variety of functions in the brain related to memory, aging and behavior, 

summarized in part in Fig. 4. Primary GR regulation governs mood and memory formation 

[28,72–75], the HPA axis and negative feedback to glucocorticoid [65,76,77] and apoptosis 

[78,79]. Further, the GR has been reported to govern suppression of amygdala function in 

response to glucocorticoid [80] and the response cascade to serotonin in the hippocampus 

[81]. Therefore, GR dysregulation or hyperactivity can have a notable influence on HPA 

dysfunction [65,82–84] and contribute to mood disorders [3,76,85,86] or abnormal 

responses to chemical or somatic stimulation [83,87,88]. For the above reasons, we reviewed 

in-depth the effect of GR in common neurological diseases and its comorbidities.
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Epilepsy—In epilepsy, scattered reports are available indicating the role of glucocorticoids 

in contributing to the pathogenesis of epilepsy through stimulation of the GR. Bao et al. 
identified decreased expression of GR mRNA in the hippocampus in an amygdala-kindling 

epileptogenic rat model [89]. However, Kumar et al. determined that chronic stimulation of 

the glucocorticoid and mineralocorticoid receptors (with high and low affinity for cortisol, 

respectively) is involved in the acceleration of epileptogenesis in the same rodent model 

[90], and high levels of GR expression have been reported in human subjects with temporal 

lobe epilepsy [9,60]. Pharmacological inhibition of GR activity has also been shown to 

reduce markers of hippocampal pathology, such as hilar cell proliferation and mossy cell 

loss in a pilocarpine rodent model of seizure and epilepsy [91].

In epilepsy, evidence indicates that GR overexpression can contribute to alterations to the 

normal physiology of the brain and vasculature, contributing to seizures in humans 

[9,60,92]. Abnormally increased expression of the GR has been previously identified in 

human temporal lobe epilepsy [9,92]. The GR and pregnane-x receptor (PXR) regulatory 

mechanism is intertwined, as reports found for human hepatocytes suggest [93,94]. This 

notion is similar to recent findings obtained using human epileptic brain endothelial cells 

isolated from temporal lobe epilepsy (EPI-ECs) [60] and the discovery that PXR and GR are 

overexpressed in regions of the epileptic brain with reactive gliosis (Fig. 5) [60]. In addition, 

studies have shown that co-treatment of PXR ligands with dexamethasone resulted in 

enhanced basal- and ligand-dependent CYP3A4 promoter activity [95], which is classically 

regulated by GR expression. This induction was attenuated by treatment with a GR 

antagonist and by introduction of GR siRNA [95].

Additionally, treatment of hepatocytes with ketoconazole and miconazole, known 

antagonists of the GR, downregulated the expression of PXR and PXR-target genes [96]. In 

addition, studies in the hepatocytes have shown that activated GR is involved synergistically 

in the xenobiotic-responsive regulation of PXR-target genes, including CYPs [93,94,97]. 

Indeed, Ghosh et al. described elevated GR identified at the BBB in human temporal lobe 

epilepsy and a simultaneous increase in CYP enzymes CYP3A4 and CYP2C9 at the blood–

brain interface [60]. Modulation of GR, either by pharmacological means or by GR 

silencing, improved penetration of antiepileptic drugs, such as phenytoin or oxcarbazepine, 

across the human BBB, while decreasing expression of PXR and CYP enzymes and drug 

efflux transporters [59]. Therefore, the GR at the brain endothelium appears to be an 

important regulator of the drug biotransformation machinery in human drug-resistant 

epilepsy.

Cancer—Activation of the GR has previously been linked to the development of malignant 

gliomas and to changes in the vasculature associated with tumor formation in the brain. 

Notably, GR expression in glioma is highest in the periphery of the tumor as opposed to the 

central portion and surrounding tissue [98], suggesting that sensitivity to the effects of 

endogenous or synthetic glucocorticoids is highest at the boundary of human gliomas. 

Stimulation of GR in glioma has been previously shown to reduce cell dispersion and 

proliferation [99] as well as to reduce edema associated with vascular leakage from 

angiogenesis in tumor formation [100]. Thus, treatment with dexamethasone or another 

glucocorticoid for tumor-associated edema in the brain has become standard in clinical 
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practice (Table 2). However, recent reports indicate that stimulation in rat glioma cells 

increases the ratio of β2 to β1 adrenergic receptor expression, which contributes to cell 

proliferation in the tumor state [101]. This divergence could potentially be explained by 

differential expression of GR isoforms, which might be independently responsible for 

tumorigenesis and inhibition. GRβ, normally upregulated in response to injury, has been 

shown to associate with β-catenin or T-cell factor 4 and promote glial cell activation and 

proliferation, as well as the formation of gliomas [5,102]. Further, GRβ appears to 

competitively oppose the action of GRα in regulating β-catenin/T-cell factor/lymphoid-

enhancer factor-driven pathogenesis in glioma. Thus, GRβ could be a potential target of 

study or modulation to treat the disease state. By contrast, the activity of GRα can oppose 

other GRβ-driven mechanisms of pathogenesis in glioma, through suppression of tumor 

formation and stabilization of the BBB. GRα activation suppresses activity of the oncogene-

activated histone demethylase JMJD3, decreasing matrix-met alloprotease-induced tumor 

metastasis [103,104]. The GR further mediates vessel integrity in the disease state by 

inhibiting the expression of vascular permeability factor, thus preventing vascular 

remodeling and edema associated with tumor development in a rat model of glioma [105].

Neurodegenerative diseases

Alzheimer’s disease: Within the brain, activation of the GR in astrocytes and neurons of the 

hippocampus contributes to long-term memory formation and recall [28,72] (Fig. 4). 

Because of this, GR abnormalities have been reported in human subjects and in rodent 

models of Alzheimer’s disease (AD). Consistent overexpression of the GR has been 

previously identified in the human hippocampus with AD compared with a control brain 

region [106]. Abnormal regulation of the HPA axis, related to improper GR function in the 

hypothalamus and decreased negative GR feedback to cortisol [65], has likewise been 

identified in human patients with AD and associates with decreased episodic memory 

retrieval [107]. Therefore, a mechanism for the development of AD probably involves 

cortisone dysregulation rather than abnormal GR function alone. This is strengthened by the 

findings that tau sensitizes cells to amyloid peptides and glucocorticoids, and that the 

generation of amyloid-β and tau pathology are reduced with the GR inhibitor mifepristone 

[108,109]. Similarly, inhibition of the GR in a mouse model of AD has previously been 

shown to improve episodic memory recall [110], suggesting the possible association of GR 

function and memory loss in AD.

Multiple sclerosis: In contrast to AD, the literature suggests that alteration to the GR 

protein has little influence on the progression or severity of symptoms in multiple sclerosis 

(MS). Despite this, reports suggest that, although hyperactivation of the HPA axis 

contributes to the development of MS, as is found in AD, such dysfunction, even when 

related to the GR, does not exercise a direct influence on the disease pathology [111]. 

Expression of the BclI or N363S polymorphisms, both associated with increased 

glucocorticoid sensitivity in brain tissue, increases risk to higher mortality and rapid 

development of disability [4,112]. However, even if such polymorphism is frequently 

expressed in patients with MS, the expression of high-sensitivity forms of the GR does not 

seem to improve negative feedback responses to glucocorticoids [113]. An increased number 

of corticotrophin-releasing hormone secretory neurons is also found in the hypothalamus of 
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patients with MS [114]. Additionally, these findings are in line with reports that suggest the 

hypothesis of compensatory upregulation of GR-responsive genes in tissues with decreased 

GR expression [115]. Therefore, it is most likely that, despite compensatory mechanisms by 

the brain to restore response to glucocorticoids, GR insensitivity to natural or synthetic 

glucocorticoids contributes to the progression of MS.

A unique aspect of the progression of MS is the role of the immune system in destroying 

myelin-generating cells, which can be partially controlled by the GR. The GR is expressed 

in oligodendrocytes, and dexamethasone stimulation increases the expression of MHC II 

molecules in the presence of IFNγ [71]. This enables interactions between cytotoxic T cells, 

which can infiltrate brain tissue following disruption of the BBB, and oligodendrocytes, 

resulting in T-cell-mediated oligodendrocyte death and demyelination in the brain [71]. 

Given that dexamethasone stimulation is necessary for this interaction, this could also 

implicate HPA axis dysfunction, leading to hypercortisolemia in oligodendrocyte-dependent 

demyelination in the brain with MS.

Huntington’s disease: As described in other neurodegenerative disorders, pathology-related 

GR abnormalities can underlie the onset or pathogenesis of Huntington’s disease (HD) and 

the physiological changes common to HD and other disorders of the HPA axis, including 

weight loss, increased cortisol secretion and muscular atrophy as identified in human 

subjects and rodent models [116–118]. Pathological changes to certain areas of the brain 

such as the hypothalamus and pituitary have further been reported to accompany decreased 

GR expression in regions normally enriched in GR expression [116,119]. Additionally, 

restoration of cortisol to normal levels in adrenalectomized mice given high-dose cortisol 

was reported to alleviate certain symptoms of HD previously identified in other rodent 

models and human subjects [120]. Thus, a prevailing theory for the pathogenesis of HD 

involves the failure of negative feedback mechanisms in the brain and a subsequent 

hyperactivation of the HPA axis. This hypothesis is supported by reports that indicate that 

the elevation of cortisol levels in the blood does not occur until later stages of the disease 

[117], although to our knowledge no studies have been performed similarly assessing the 

expression of GR during progression of HD.

Stroke—Ischemic disorders such as stroke cause a sustained increase in circulating 

glucocorticoids owing to activation of the HPA axis. Although acute glucocorticoid and 

subsequent GR activity can be beneficial in some disease states, persistent abnormal 

elevation of GR activity is often harmful and can contribute to neuronal death following 

ischemia [121]. In addition to ischemia, stress is reported to cause atrophy of the dendrites in 

hippocampal neurons following ischemia in rats, which can be blocked by peripheral 

administration of the steroid synthesis inhibitor cyanoketone [122].

In addition to mechanisms of neuronal damage, the GR has been reported to influence a 

certain degree of physical recovery after ischemic stroke and infarct size during ischemia. As 

an example, one group reported increased activity of the GR during stress and reduced 

recovery of motor ability in a rat model of stroke [123]. Despite lower GR expression in the 

brains of stressed animals than in controls, higher GR activation in the lesioned hemisphere 

corresponded to decreased motor control in these animals [123]. Further, the size of the 
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ischemic lesions in animals under stress increased, as reported by multiple groups [123,124], 

and this expansion was reversed upon administration of the GR inhibitor mifepristone [124]. 

Despite the contribution of GR to stroke pathology, restoration of cerebral blood flow during 

a stroke can be improved by dexamethasone GR stimulation, leading to nitric oxide synthase 

activity and subsequent vasodilation [58]. Additionally, other groups have shown that 

repression of the GR increases inflammatory signaling and infarct size during ischemia 

while decreasing neuroprotective BDNF signaling [125]. Thus, there can be a balance struck 

between GR stimulation and repression in the contribution to infarct size and recovery of 

cognitive and neuromuscular function. However, the conflicting results seen in these reports 

could also be partly the result of variations in the stimulation method of natural cortisone 

versus a synthetic glucocorticoid, or chronic versus acute high-dose glucocorticoid 

stimulation used.

Psychiatric disorders—A hallmark for psychiatric diseases involves elevated HPA 

activity and high circulating cortisol with negligible GR response. Indeed, this phenomenon 

could result from the insensitivity to glucocorticoids or GR resistance subsequent to chronic 

usage of medications that block GR activity, which in turn causes compensatory 

upregulation of the HPA axis [126]. A report suggests that GR also regulates expression of 

P-glycoprotein in the brain, which selectively regulates access of cortisol studied in humans 

and animal models [127]. Therefore, resistance to negative feedback of glucocorticoids 

could be a function of hyperactive GR activity in combination with abnormal GR regulation 

in the brain.

Depression: Unlike neurodegenerative diseases, development of psychiatric disorders 

related to the GR is equally likely to involve HPA axis and GR dysfunction. Notably, 

dysfunctions in or an absence of GR in the prefrontal cortex and hippocampus have been 

reported to result in depression-like behavior in mice and rats [8,76,128] (Fig. 4). 

Upregulation of the GR in the rat model has been reported to result in an increased GR 

response to glucocorticoids [8]. Interestingly, the same report indicated no noticeable 

difference in basal GR response to glucocorticoids; instead, stress (resulting in 

hypersecretion of glucocorticoids) caused a manifestation of depression-like behavior in 

mice with reduced hippocampal GR [8]. This increased response to glucocorticoids is absent 

in rats with a reduction in GR activity of the prefrontal cortex, implicating overexpression of 

the GR as a primary factor in the development of depression [76].

Interestingly, this dichotomy can arise from the conditions under which the condition of 

depression was developed and from a dysfunction of HPA axis circuitry, as demonstrated in 

humans. In human subjects, the presence of depression or depression-like behavior has been 

reported to arise from dysregulation between the MR and GR systems, because increases in 

either GR or MR activity and concurrent desensitization of the opposite receptor have been 

reported in subjects with depression [17,129]. Further, stressors in early childhood have been 

shown to cause an imbalance favoring low cortisol circulation and hyperactivation of the 

MR, whereas melancholic depression can arise from imbalances of the HPA axis, causing 

high circulation of cortisol and hyperactivation of the GR [17,129,130].
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Anxiety and stress: Stress has been shown to cause neuronal network remodeling, dendritic 

retraction and altered neuronal function mediated by the glucocorticoid and dopamine 

receptors [86]. This further extends to the serotonin response, normally governed by the GR 

in the hippocampus [81], which is attenuated in chronic stress and is reported to be restored 

through administration of the GR antagonist mifepristone [86]. As with depression, mood 

disorders related to anxiety can arise from dysregulation of the GR in the prefrontal cortex. 

Indeed, activation of the GR probably mediates anxiety-like behavior, because reports 

indicate that mice with disrupted forebrain GR show decreased anxiety-associated actions 

[131]. However, rather than being isolated to a single region of the brain, abnormal GR 

arising from disease comorbidity can cause anxiety-like symptoms in multiple areas of the 

brain (Fig. 4). Similarly, imbalances in MR and/or GR activation have been reported to 

contribute to anxiety-like behavior, whereas inhibition of the same circuits reduces anxiety 

[132,133]. Thus, much like depression, stress that occurs early in development, contributing 

to reduced activity of the GR or hyperactivity of the GR owing to high levels of circulating 

cortisol, can contribute to the development of anxiety and related disorders.

Neurological effects of pharmacological GR stimulation

Exogenous GR regulators are employed in a variety of neuropathological states, primarily to 

alleviate symptoms associated with vascular dysfunction or chronic stress. Pharmacological 

GR activation is useful or in certain disease conditions and has been shown to have positive 

influence in several neurological conditions (Table 2). However, given recent information on 

the mechanisms of GR-related disease progression and glucocorticoid insensitivity with 

chronic administration of exogenous regulators, studies in the future might need to revisit 

the effects of GR agonism and the potential benefits of more-selective GR antagonism on 

neuropathological states. Further, cessation or discontinuation of synthetic glucocorticoids in 

chronic treatment has been noted to suppress the HPA axis, leading to adrenal atrophy and 

potentially creating a life-threatening situation.

Steroidal inducers

Dexamethasone: Dexamethasone, although not a prototype glucocorticoid, has been shown 

to have a notable effect on the process of GR regulation within the brain. Stimulation of the 

GR by dexamethasone has been previously reported to decrease expression and activity of 

AP-1 and NF-κB in the brains of rats treated with kainic acid [134,135]. Although kainic acid 

treatment increased the hippocampal and cortical formation of the AP-1 complex, this 

formation was attenuated by dexamethasone through reduction of AP-1–DNA binding [135]. 

Similarly, GR stimulation by dexamethasone was reported to reduce acute DNA-binding 

activity of NF-κB through direct interaction with the p65 subunit, despite decreasing 

expression of NF-κB inhibitor alpha protein (Fig. 1) [134]. This could potentially be an 

indication that primary inhibition of inflammation by the GR occurs at the level of 

transcription in the brain.

In clinical practice, dexamethasone is used to treat glioma and edema associated with 

neurological disorders and infection. Dexamethasone has been shown to ameliorate edema 

in an experimental rabbit model and to upregulate the expression of tight-junction proteins at 

the BBB via stimulation of the GR in a rat model of traumatic brain injury [52]. Notably, 
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dexamethasone for this purpose is frequently employed in cases of bacterial infection to 

prevent cerebrovascular leakage and neuronal death as demonstrated in rats [136], and has 

previously been reported to reduce fatality in hospitalized human meningitis patients 

[137,138]. These results have been replicated in a rabbit model of infection with 

dexamethasone treatment and caused a corresponding decrease in cerebrospinal fluid lactate 

levels and intracranial pressure, in addition to resolving the edema [139]. However, in 

addition to reducing edema and upregulating tight junctions, dexamethasone has also been 

reported to increase the expression and activity of multidrug-resistance efflux transporters at 

the BBB in rats [61]. This in turn prevents the penetration of further dexamethasone, a 

situation that is reversed in multidrug-resistance protein-knockout mice [63,127]; this 

corresponds to reports of decreased macromolecular uptake by vesicles in brain endothelial 

cells in normal mice [140]. Thus, employment of dexamethasone as a treatment can render 

the brain environment resistant to further application of glucocorticoids, mandating the use 

of high-dose synthetics to achieve a sufficient therapeutic concentration.

Because systemic dexamethasone administration can activate the GR throughout the body, 

several groups have also studied alternate mechanisms of dexamethasone treatment to 

alleviate adverse effects typically associated with dexamethasone use. Meneses et al. found 

that intranasal administration of dexamethasone reduced astrocytic gliosis more rapidly than 

intravenous administration, with higher concentrations of dexamethasone found in the brain 

vasculature than with systemic dosing; additionally, fewer neutrophils, the activity of which 

is associated with several neuropathological states, entered brain tissue given intranasally 

compared with systemic administration [141]. Likewise, Ong et al. previously used depot 

devices to administer dexamethasone in a rat glioma model, with a successful reduction in 

edema-absent weight loss and with a lower dose than given systemically [142].

Interestingly, dexamethasone could also be used for genome-based therapeutics. 

Conjugation of dexamethasone with polyamidoamine generation 2 resulted in an improved 

cellular delivery and anti-inflammatory effect than occurred with dexamethasone alone; 

further, delivery of the heme-oxygenase 1 plasmid, which protected brain tissue from 

damage in the ischemic condition, predominated with this complex over other conjugate 

systems [143]. Although these results have yet to be replicated in human subjects, they are 

nevertheless promising indicators that targeted local therapy, rather than cessation of 

glucocorticoid use, could provide acute benefits to patients while alleviating adverse effects 

associated with systemic administration.

Methylprednisolone: Much like dexamethasone, methylprednisolone is employed in 

clinical use to reduce edema in the brain [144]. However, the effects of methylprednisolone 

have further been assessed in suppression of neuroinflammation following cardiac surgery, 

which has the potential to cause associated BBB dysfunction [145]. It has been reported that 

administration of methylprednisolone before such surgeries prevents cytokine release in 

response to surgical trauma, and subsequent systemic inflammation, but does not attenuate 

either BBB dysfunction or neuroinflammation in these patients undergoing surgery [145].

Methylprednisolone is most commonly administered during relapses of MS, and reduces 

expression of adhesion molecules in the brain vasculature to prevent movement of activated 
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T cells into brain tissue [146]. Acute administration of high-dose methylprednisolone has 

been further shown to reduce gadolinium-enhanced lesions as viewed by imaging (e.g., 

MRI), indicating a decrease in cerebrovascular leakage, although several groups have also 

noted that this is a short-term effect [147,148]. Nevertheless, long-term administration 

improved overall patient outcome, with a 5-year course of pulsatile i.v. methylprednisolone 

administration reducing brain atrophy and MS progression [149].

Interestingly, a balance seems to have been struck with methylprednisolone stimulation of 

the GR between motor ability and memory formation. Administration of methylprednisolone 

appears to benefit memory formation and long-term potentiation between neurons, although 

this effect occurs only at low doses [150]. Rats exposed to an aversive stimulus were 

reported to develop longer aversion memory if given low-dose rather than high-dose 

methylprednisolone. Conversely, high-dose methylprednisolone has been shown to reduce 

motor deficits in a mouse experimental autoimmune encephalomyelitis model of MS but 

does not restore associated cognition deficits; in fact, memory deficits as reported in the 

study were reversed by inhibition of GR activity [151].

Nonsteroidal inducers

Ginseng: Recently, ginseng and derived ginsenosides have been analyzed for their 

therapeutic potential in reducing inflammation and preventing apoptosis in a variety of 

disease states, including stroke [152]. Varied studies indicate the pro-survival and anti-

inflammatory effect of ginseng-derived compounds, which, in part, arise from their role in 

mediating by GR transactivation and transrepression activity. Hu et al. [153] reported 

minimal influence of ginsenosides on the transactivation and transrepression activity of the 

GR, with even the most efficacious ginsenosides (Rg1, Rh2 and PPD-type) binding 

minimally to the ligand-binding domain and nonsignificant expression of target genes of GR 

activation or repression. By contrast, GR-mediated angiogenesis is upregulated upon 

treatment of vascular cells with Korean ginseng extract, through induction of VEGF 

expression, upregulation of its corresponding receptor and the increased expression of nitric 

oxide synthase [154]. Similarly, it has been reported that ginsenosides can oppose 

dexamethasone-dependent downregulation of GR, while increasing transcription reliant on 

glucocorticoid stimulation [155].

Inhibitors

Mifepristone: Mifepristone is a GR inhibitor that has been demonstrably efficacious in 

mood disorders, neurodegenerative disorders and trauma, because it has a notable 

neuroprotective effects [66,156]. The benefit of its use has already been demonstrated in an 

Alzheimer’s mouse model [108], in human subjects with major depressive disorders [157] 

and in a rat model of traumatic brain injury [158]. Several groups have also begun to test the 

efficacy of mifepristone in mood disorders such as psychotic depression and in post-

traumatic stress disorder.

A recent case report confirmed the ability of mifepristone to cross the BBB and treat 

advanced glioma reliant on progesterone receptors [159,160]. The ability of mifepristone to 

induce tumor cell death while sparing differentiated cells has also been previously 
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demonstrated in mice [161]. Further, there has been demonstrated improvement reported in 

human subjects with benign, inoperable meningiomas subsequent to mifepristone treatment. 

Therefore, the use of mifepristone in the future could provide some benefit in treating brain 

tumors.

Relacorilant: With the variety of nonselective, GR-regulating drugs on the market, the focus 

of pharmacological modulation of the GR has begun to evolve and include xenobiotics with 

more-specific effects on GR activity [162,163]. Relacorilant (CORT125134) is one such 

drug. It is not yet on the market but has entered Phase II and Phase III clinical trials for use 

in treating prostate cancer and Cushing syndrome [164,165]. Relacorilant has been found to 

oppose the effects of prednisone and dexamethasone in human subjects, with an efficacy 

comparable to that of mifepristone [166,167]. Although it had no effect on weight gain, 

cardiac intervals or hematology and urinalysis results, Hunt et al. reported pain, nausea and 

vomiting as common treatment-associated adverse effects in human subjects given a single 

dose, and severe pain or gastrointestinal system disorders in patients given repeated doses 

[166]. The authors speculated that these adverse effects were caused by blockade of the GR 

and indicated that relacorilant might be better tolerated in patients with Cushing syndrome 

owing to the high level of circulating cortisol.

A major benefit in the use of relacorilant over mifepristone is its specificity for the GR over 

the progesterone receptor [167]. Although the action of mifepristone as an anti-progestin can 

be exploited in certain clinical cases, the nonspecific action of mifepristone compared with 

relacorilant can cause unwanted side effects, such as irregular bleeding and thickening of the 

uterine lining in women of child-bearing age. Thus, relacorilant might prove a safer 

alternative to mifepristone for treating Cushing syndrome, although it remains to be seen 

whether it displays effects comparable to those of mifepristone in treating neurological 

disorders.

Glucocorticoid resistance in brain disorders

Owing to strong anti-inflammatory and immunosuppressive effects, glucocorticoids are 

recommended as an adjunctive treatment in a variety of disorders, despite having some 

deleterious effects in the brain if used at length. Frequent use of glucocorticoids has been 

reported to desensitize the GR, and acute glucocorticoid use is known to downregulate GR 

expression. Further, certain physiological conditions associated with disease states in the 

brain are associated with high levels of circulating cortisol, which can reduce GR response 

to glucocorticoids, limiting their neuroprotective effect [54]. These conditions can contribute 

to or cause disorders in the brain normally related to GR dysfunction (as identified in Fig. 4), 

a phenomenon that has recently become the impetus for developing methods of 

glucocorticoid administration with reduced systemic side effects yet equivalent efficacy.

Glucocorticoid resistance in neurological disorders appears to be primarily regulated by 

mechanisms of negative feedback driven by hypercortisolemia and HPA axis dysfunction. 

Therefore, it seems logical to speculate that resistance to glucocorticoids appears to link to 

neurological disorders in which preferred treatments include glucocorticoids and direct 

pharmacological intervention. However, such a statement might be a slight generalization, 
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because few of the discussed conditions have medications capable of effectively treating or 

slowing the progression of disease, and therefore cannot be analyzed for paradigms of 

pharmacoresistance. Nevertheless, in certain disorders such as depression, glucocorticoid 

resistance seems to have a notable association with resistance to antidepressant therapy. 

Dysregulation of the HPA axis is associated with glucocorticoid insensitivity and the 

development of depression as a disorder in these instances. Patients with a resistance to 

antidepressant therapy have been previously reported to express certain polymorphisms of 

FK506-binding protein 51, a co-chaperone of the GR that regulates sensitivity and is 

associated with cortisol resistance [168]. Thus, patients with refractory, drug-resistant brain 

disorders could likewise have resistance to cortisol and glucocorticoids used in therapy. This 

needs to be further investigated.

Concluding remarks

Myriad evidence indicates that the GR plays a notable part in maintaining health and 

homeostasis in the body, whereas the contribution of the GR to the same states in the brain, 

specifically at the neurovasculature, requires further investigation. GR dysfunction is a 

shared characteristic in a variety of neurological disorders. Further, hyperactivation of the 

improperly mediated HPA axis is a hallmark and a cause of the same diseases that progress 

in the presence of atypical GR. Therefore, further investigation of the GR as a target in 

neurological diseases, and of its activity related to the use of medications in such conditions, 

could prove to aid in treating such disorders with better therapy and minimal side effects.
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FIGURE 1. 
Classical activity of glucocorticoid receptor (GR) in transactivation and transrepression. (a) 
Classical GR transrepression activity involves association with the activator protein-1 (AP-1, 

composed of the immediate early response genes Jun and Fos, which respond to cellular 

stimulation before protein synthesis) or nuclear factor (NF)-κB (composed of the 

proinflammatory p50 and p65 subunits) complexes. The GR binds to AP-1 or NF-κB to 

inhibit transcription by limiting their association with their respective binding regions in 

gene promoters (AP-1 response element, APRE; κB response element, κBRE). The GR can 

further bind directly to GR-binding elements in the APRE or κBRE to physically prevent the 

interactions of AP-1 and NF-κB with their respective response elements. (b) GR 

transactivation and transrepression is primarily mediated by glucocorticoids. Endogenous or 

exogenous glucocorticoids bind to the ligand-binding site of GR, initiating translocation to 

the nucleus. Dimerization between activated, ligand-bound GR monomers occurs in the 

nucleus, subsequently followed by binding of the dimer to glucocorticoid response elements 

(GREs) or negative glucocorticoid response elements (nGREs) to promote the transcription 

of GRE-associated genes.
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FIGURE 2. 
Endothelium-specific glucocorticoid receptor (GR) function at the neurovascular unit. 

Glucocorticoids (GCs), or any drug as a GR ligand in circulation, diffuse across the cell 

membrane, bind to the GR in the cytoplasm and initiate translocation to the nucleus. 

Subsequent to GR modulation, the downstream events include regulation of tight-junction 

proteins (claudins, occluding, etc.) and adherens junction protein. Endothelial cytochrome 

P450 (P450 s) drug-metabolizing enzymes and ATP-binding cassette transporters/efflux 

drug transporters (ABC transporters), translated downstream of ligand-dependent GR 

activation, metabolize and/or remove xenobiotics at the blood–brain barrier, which is 

enhanced in pathological conditions.
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FIGURE 3. 
Schematic representation of improved oxcarbazepine (OXC) penetration across the blood–

brain barrier (BBB). The nonsilenced or noninhibited epileptic brain endothelial cells (EPI-

EC) demonstrated increased drug metabolic potency at the BBB. Conversely, silencing the 

GR in EPI-ECs resulted in a reduction of OXC metabolism compared with nonsilenced 

conditions in EPI-ECs. In this manner, the penetration of OXC across the BBB EPI-ECs was 

improved upon GR silencing or inhibition [59].
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FIGURE 4. 
Regional glucocorticoid receptor (GR) dysregulation in brain regions. Dysregulation or 

abnormal expression of the GR, as well as associated hypothalamic-pituitary-adrenal axis 

abnormalities, can cause disease pathogenesis in the brain. However, certain diseases are 

associated with GR dysregulation localized to specific regions of the brain. Green boxes 

indicate the role of the GR in normal conditions. Red boxes indicate abnormal GR 

expression, activity or response to pathophysiological conditions.
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FIGURE 5. 
Expression of the glucocorticoid receptor (GR) and cytochrome P450 (CYP)3A4 in human 

epileptic brains. (a–bi) The GR is found at the blood–brain barrier interface and in neurons 

in epileptic brains. Magnification of gliotic regions (**) and GFAP + staining on a resected 

human epileptic brain showed increased expression of GR and CYP3A4. This staining 

pattern was less evident in nongliotic regions (*). Note: the indicators for neurons are 

depicted as arrowheads and those for capillaries as yellow arrows. Colocalization was 

evaluated with neuronal markers (NEUN) and glial markers (GFAP). (a-ai) GR expression 

was observed at the vascular interface (a–ai, yellow arrows) and in neurons (a and aii). (aii) 

Colocalization of GR staining with CYP3A4 was found in regions with reactive gliosis (**). 

(b–bi) Representative images of brain samples from patients with temporal lobe epilepsy 

show GR staining in regions with reactive gliosis (**).

Williams and Ghosh Page 31

Drug Discov Today. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Williams and Ghosh Page 32

TA
B

L
E

 1

E
ff

ec
ts

 o
f 

se
le

ct
iv

e 
G

R
 a

go
ni

st
s,

 m
od

ul
at

or
s 

an
d 

in
hi

bi
to

rs
 o

n 
br

ai
n 

ce
lls

C
el

l t
yp

e
In

fl
ue

nc
e 

of
 a

go
ni

st
(d

ex
am

et
ha

so
ne

)
In

fl
ue

nc
e 

of
 a

go
ni

st
(m

et
hy

l-
pr

ed
ni

so
lo

ne
)

In
fl

ue
nc

e 
of

 m
od

ul
at

or
(g

in
se

no
si

de
 R

g1
)

In
fl

ue
nc

e 
of

m
od

ul
at

or
 

(i
ca

ri
in

)

In
fl

ue
nc

e 
of

 a
nt

ag
on

is
t

(m
if

ep
ri

st
on

e)
R

ef
s

G
lu

ta
m

at
er

gi
c 

ne
ur

on
s

↓ 
G

lu
ta

m
at

e 
re

le
as

e
↑ 

G
lu

ta
m

at
e 

si
gn

al
in

g
↓ 

N
L

R
P 

in
fl

am
m

as
om

e 
in

du
ce

d 
ne

ur
on

al
 d

am
ag

e
↓ 

D
ep

ol
ar

iz
at

io
n

[6
3,

65
,1

57
,1

69
,1

70
]

↓ 
Pu

rk
in

je
 c

el
l a

po
pt

os
is

G
A

B
A

er
gi

c 
ne

ur
on

s
↑ 

G
A

B
A

 r
el

ea
se

↓ 
G

A
B

A
 s

ig
na

lin
g

↓ 
N

L
R

P 
in

fl
am

m
as

om
e 

in
du

ce
d 

ne
ur

on
al

 d
am

ag
e

↓ 
G

A
B

A
 r

es
po

ns
e

[6
4,

65
,1

69
,1

71
]

↑ 
Se

ns
iti

ze
s 

G
A

B
A

 r
ec

ep
to

rs
↓ 

Pu
rk

in
je

 c
el

l a
po

pt
os

is

D
op

am
in

er
gi

c 
ne

ur
on

s
↓ 

In
fl

am
m

at
io

n-
in

du
ce

d 
ne

ur
on

al
 d

eg
en

er
at

io
n

↓ 
L

PS
-i

nd
uc

ed
 

ne
ur

ot
ox

ic
ity

 a
nd

 
ce

ll 
de

at
h

[1
72

,1
73

]

A
st

ro
cy

te
s

↓ 
Pr

ol
if

er
at

io
n

↓ 
A

ct
iv

at
io

n
↑ 

A
ss

oc
ia

tio
n 

w
ith

 
va

sc
ul

at
ur

e 
in

 th
e 

is
ch

em
ic

 b
ra

in

↑ 
Pr

ol
if

er
at

io
n

[6
9,

17
4,

17
5]

↓ 
G

R
 e

xp
re

ss
io

n
↓ 

G
FA

P 
an

d 
C

SP
G

 in
 

ac
tiv

at
ed

 a
st

ro
cy

te
s

↑ 
G

R
 e

xp
re

ss
io

n 
(t

o 
no

rm
al

 
le

ve
l)

O
lig

od
en

dr
oc

yt
es

↑ 
Pr

og
en

ito
r 

ce
ll 

ap
op

to
si

s
↓ 

A
M

PA
-i

nd
uc

ed
 c

el
l 

de
at

h
[6

7,
17

6]

↑ 
M

H
C

 I
I 

m
ol

ec
ul

es

M
ic

ro
gl

ia
↓ 

M
ic

ro
gl

ia
l a

ct
iv

at
io

n
↓ 

H
yp

ot
he

rm
ic

 
cy

to
to

xi
ci

ty
↓ 

L
PS

-i
nd

uc
ed

 m
ic

ro
gl

ia
l 

ac
tiv

at
io

n
↓ 

L
PS

-i
nd

uc
ed

 
m

ic
ro

gl
ia

l 
ac

tiv
at

io
n

↓ 
Pr

og
es

te
ro

ne
 s

up
pr

es
si

on
 

of
 im

m
un

e 
re

sp
on

se
 

in
vo

lv
in

g 
m

ic
ro

gl
ia

[6
8,

69
,1

60
,1

73
,1

74
,1

77
,1

78
]

↓ 
M

H
C

 e
xp

re
ss

io
n

↓ 
In

te
rl

eu
ki

n-
6 

se
cr

et
io

n
↓ 

L
PS

-i
nd

uc
ed

 
pr

os
ta

gl
an

di
n 

se
cr

et
io

n

E
nd

ot
he

lia
l c

el
ls

↑ 
T

ig
ht

-j
un

ct
io

n 
pr

ot
ei

ns
↓ 

A
dh

es
io

n 
m

ol
ec

ul
e 

ex
pr

es
si

on
↑ 

V
as

cu
la

r 
en

do
th

el
ia

l 
gr

ow
th

 f
ac

to
r

↓ 
P-

gl
yc

op
ro

te
in

 e
xp

re
ss

io
n

[4
2,

51
,5

9,
12

7,
14

6,
14

7]

↑ 
P-

gl
yc

op
ro

te
in

 e
xp

re
ss

io
n

↓ 
C

yt
oc

hr
om

e 
P4

50
 

en
zy

m
es

 e
xp

re
ss

io
n

Pe
ri

cy
te

s
↑ 

V
as

cu
la

r 
co

ve
ra

ge
 in

 n
eo

na
te

s
↓ 

G
lu

co
co

rt
ic

oi
d-

in
du

ce
d 

ap
op

to
si

s
[1

79
]

↑ 
M

ar
ke

rs
 o

f 
ap

op
to

si
s

A
bb

re
vi

at
io

ns
: N

L
R

P 
nu

cl
eo

tid
e-

bi
nd

in
g 

ol
ig

om
er

iz
at

io
n 

do
m

ai
n-

lik
e 

re
ce

pt
or

 p
ro

te
in

; G
A

B
A

 g
am

m
a-

am
in

ob
ut

yr
ic

 a
ci

d;
 L

PS
 li

po
po

ly
sa

cc
ha

ri
de

; G
R

 g
lu

co
co

rt
ic

oi
d 

re
ce

pt
or

; G
FA

P 
gl

ia
l f

ib
ri

lla
ry

 a
ci

di
c 

pr
ot

ei
n;

 C
SP

G
 c

ho
nd

ro
iti

n 
su

lf
at

e 
pr

ot
eo

gl
yc

an
s;

 M
H

C
 m

aj
or

 h
is

to
co

m
pa

tib
ili

ty
 c

om
pl

ex
; A

M
PA

 α
-a

m
in

o-
3-

hy
dr

ox
y-

5-
m

et
hy

l-
4-

is
ox

az
ol

ep
ro

pi
on

ic
 a

ci
d.

Drug Discov Today. Author manuscript; available in PMC 2021 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Williams and Ghosh Page 33

TA
B

L
E

 2

G
lu

co
co

rt
ic

oi
d-

re
ce

pt
or

-m
od

if
yi

ng
 d

ru
gs

 in
 b

ra
in

 d
is

or
de

rs

D
ru

g
N

eu
ro

lo
gi

ca
l e

ff
ec

ts
R

ef
s

St
er

oi
da

l a
go

ni
st

D
ex

am
et

ha
so

ne
• 

Pr
ev

en
ts

 ti
ss

ue
 e

de
m

a 
in

 m
en

in
gi

tis
 c

as
es

[1
00

,1
37

–1
40

,1
42

, 
17

1,
18

0,
19

2]

• 
R

ed
uc

es
 p

er
itu

m
or

al
 e

de
m

a 
in

 g
lio

m
a 

an
d 

m
en

in
gi

om
a 

ca
se

s

• 
In

hi
bi

ts
 a

po
pt

ot
ic

 p
ro

te
in

 e
xp

re
ss

io
n,

 in
fl

am
m

at
io

n 
an

d 
bl

oo
d–

br
ai

n 
ba

rr
ie

r 
br

ea
kd

ow
n 

in
 e

os
in

op
hi

lic
 m

en
in

gi
tis

• 
R

ed
uc

es
 m

en
in

gi
tis

-a
ss

oc
ia

te
d 

m
or

ta
lit

y 
an

d 
ce

re
br

os
pi

na
l f

lu
id

 p
re

ss
ur

e

• 
R

ed
uc

es
 r

is
k 

of
 c

er
eb

ra
l s

w
el

lin
g 

du
ri

ng
 s

ub
du

ra
l g

ri
d 

el
ec

tr
oe

nc
ep

ha
lo

gr
ap

hy

• 
T

re
at

s 
ep

ile
pt

ic
 e

nc
ep

ha
lo

pa
th

y 
w

ith
 c

on
tin

uo
us

 s
pi

ke
-a

nd
-w

av
e 

du
ri

ng
 s

le
ep

M
et

hy
lp

re
dn

is
ol

on
e

• 
A

cu
te

 tr
ea

tm
en

t f
or

 r
el

ap
se

s 
of

 m
ul

tip
le

 s
cl

er
os

is
 (

M
S)

[1
45

–1
49

,1
81

,1
82

]

• 
R

ed
uc

es
 e

de
m

a 
in

 b
ra

in
 tu

m
or

s 
an

d 
su

rg
ic

al
 p

ro
ce

du
re

s

• 
T

re
at

s 
ch

ild
re

n 
w

ith
 e

pi
le

pt
ic

 e
nc

ep
ha

lo
pa

th
y 

w
ith

ou
t u

nd
er

ly
in

g 
le

si
on

s

H
yd

ro
co

rt
is

on
e

• 
R

ed
uc

es
 b

lo
od

–b
ra

in
 b

ar
ri

er
 b

re
ak

do
w

n 
in

 in
fl

am
m

at
io

n
[1

83
,1

84
]

• 
R

ed
uc

es
 le

ve
ls

 o
f 

se
ro

to
ni

n 
in

 th
e 

br
ai

n

B
et

am
et

ha
so

ne
• 

R
ed

uc
es

 v
as

cu
la

r 
de

ns
ity

 a
nd

 s
up

pr
es

se
s 

ex
pr

es
si

on
 o

f 
va

sc
ul

ar
 e

nd
ot

he
lia

l g
ro

w
th

 f
ac

to
r

[5
5]

• 
In

cr
ea

se
s 

pe
ri

cy
te

 c
ov

er
ag

e 
of

 n
eu

ro
va

sc
ul

at
ur

e

N
on

st
er

oi
da

l 
ag

on
is

t
G

in
se

no
si

de
s

• 
Im

pr
ov

e 
ou

tc
om

e 
in

 r
at

 s
tr

ok
e 

m
od

el
[1

53
,1

85
]

• 
R

ed
uc

e 
bl

oo
d–

br
ai

n 
ba

rr
ie

r 
da

m
ag

e 
in

 e
xp

er
im

en
ta

l a
ut

oi
m

m
un

e 
en

ce
ph

al
iti

s 
M

S 
m

od
el

A
nt

ag
on

is
t

M
if

ep
ri

st
on

e
• 

N
eu

ro
pr

ot
ec

tio
n 

in
 tr

au
m

at
ic

 b
ra

in
 in

ju
ry

 in
 r

at
s

[1
57

–1
62

,1
86

]

• 
T

re
at

m
en

t o
f 

gl
io

m
a 

an
d 

se
le

ct
iv

e 
in

du
ct

io
n 

of
 tu

m
or

 c
el

l d
ea

th

• 
Im

pr
ov

em
en

t i
n 

m
oo

d 
di

so
rd

er
s

• 
Im

pr
ov

es
 w

or
ki

ng
 m

em
or

y 
an

d 
re

du
ce

s 
de

pr
es

si
ve

 s
ym

pt
om

s 
in

 b
ip

ol
ar

 d
is

or
de

r

R
el

ic
or

ila
nt

 (
C

O
R

T
12

51
34

)
• 

T
re

at
s 

C
us

hi
ng

 d
is

ea
se

 a
nd

 tu
m

or
 p

at
ho

lo
gy

 (
Ph

as
e 

II
/I

II
 c

lin
ic

al
 tr

ia
l)

[1
64

–1
66

]

K
et

oc
on

az
ol

e
• 

T
re

at
m

en
t o

f 
re

fr
ac

to
ry

 d
ep

re
ss

io
n 

an
d 

m
aj

or
 d

ep
re

ss
iv

e 
di

so
rd

er
[1

87
]

• 
T

re
at

m
en

t o
f 

de
pr

es
si

ve
 s

ym
pt

om
s 

in
 b

ip
ol

ar
 d

is
or

de
r

A
m

in
og

lu
th

et
im

id
e

• 
Pr

ot
ec

tio
n 

fr
om

 is
ch

em
ic

 in
ju

ry
 a

nd
 N

M
D

A
 e

xc
ito

to
xi

ci
ty

[1
88

]

Se
le

ct
iv

e 
an

ta
go

ni
st

L
G

D
55

52
• 

Pr
ev

en
ts

 in
ci

de
nc

e 
of

 d
is

ea
se

 in
 e

xp
er

im
en

ta
l a

ut
oi

m
m

un
e 

en
ce

ph
al

iti
s 

M
S 

ra
t m

od
el

[1
71

]

C
O

R
T

11
83

35
• 

R
ed

uc
tio

n 
of

 s
tr

es
s 

re
sp

on
se

[1
63

]

C
O

R
T

10
82

97
• 

R
ed

uc
tio

n 
of

 s
tr

es
s 

re
sp

on
se

, w
ith

 d
el

ay
ed

 r
ec

ov
er

y 
fr

om
 s

tr
es

s
[1

64
]

Drug Discov Today. Author manuscript; available in PMC 2021 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Williams and Ghosh Page 34

D
ru

g
N

eu
ro

lo
gi

ca
l e

ff
ec

ts
R

ef
s

M
od

ul
at

or
M

el
at

on
in

• 
R

ev
er

se
s 

gl
uc

oc
or

tic
oi

d-
in

du
ce

d 
en

ha
nc

em
en

t o
f 

cy
to

to
xi

ci
ty

 a
nd

 r
ed

uc
tio

n 
of

 h
ip

po
ca

m
pa

l c
el

l p
ro

lif
er

at
io

n
[1

89
]

Ic
ar

iin
• 

A
m

el
io

ra
te

s 
di

se
as

e 
pa

th
ol

og
y 

an
d 

im
pr

ov
es

 c
lin

ic
al

 s
co

re
 in

 e
xp

er
im

en
ta

l a
ut

oi
m

m
un

e 
en

ce
ph

al
iti

s 
ra

t m
od

el
[1

90
,1

91
]

Drug Discov Today. Author manuscript; available in PMC 2021 January 01.


	Abstract
	Introduction
	Mechanisms of action and modes of GR regulation
	Classical GR interactions and regulatory mechanism
	Regulation of GR activity
	Negative feedback
	Ligand dependency and co-regulators
	Circadian rhythm
	Genome access
	Epigenetic and transgenerational regulation

	Implication of GR isoforms

	Role of the GR in neurovascular physiology and function
	GR in neurological diseases
	Epilepsy
	Cancer
	Neurodegenerative diseases
	Alzheimer’s disease
	Multiple sclerosis
	Huntington’s disease

	Stroke
	Psychiatric disorders
	Depression
	Anxiety and stress


	Neurological effects of pharmacological GR stimulation
	Steroidal inducers
	Dexamethasone
	Methylprednisolone

	Nonsteroidal inducers
	Ginseng

	Inhibitors
	Mifepristone
	Relacorilant


	Glucocorticoid resistance in brain disorders
	Concluding remarks

	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	TABLE 1
	TABLE 2

