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Abstract—Glucocorticoids (GCs) are an important component of adaptive response of an organism to stressogenic stimuli,
a typical stress response being accompanied by elevation of GC levels in blood. Anti-inflammatory effects of GCs are wide-
ly used in clinical practice, while pro-inflammatory effects of GCs are believed to underlie neurodegeneration. This is par-
ticularly critical for the hippocampus, brain region controlling both cognitive function and emotions/affective behavior, and
selectively vulnerable to neuroinflammation and neurodegeneration. The hippocampus is believed to be the main target of
GCs since it has the highest density of GC receptors potentially underlying high sensitivity of hippocampal cells to severe
stress. In this review, we analyzed the results of studies on pro- and anti-inflammatory effects of GCs in the hippocampus in
different models of stress and stress-related pathologies. The available data form a sophisticated, though often quite phe-
nomenological, picture of a modulatory role of GCs in hippocampal neuroinflammation. Understanding the dual nature of
GC-mediated effects as well as causes and mechanisms of switching can provide us with effective approaches and tools to
avert hippocampal neuroinflammatory events and as a result to prevent and treat brain diseases, both neurological and psy-
chiatric. In the framework of a mechanistic view, we propose a new hypothesis describing how the anti-inflammatory effects
of GCs may transform into the pro-inflammatory ones. According to it, long-term elevation of GC level or preliminary
treatment with GC triggers accumulation of FKBP51 protein that suppresses activity of GC receptors and activates pro-

inflammatory cascades, which, finally, leads to enhanced neuroinflammation.
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INTRODUCTION

The hypothalamic-pituitary-adrenal (HPA) axis is
the major stress-reactive system of the organism provid-
ing an efficient adaptation to environmental conditions
when exposed to physical or psychosocial stressogenic
factors. The HPA axis is a complex of positive and nega-
tive feedbacks between the brain and endocrine system, in
particular hypothalamus, anterior pituitary, and adrenal
glands. The paraventricular nucleus of the hypothalamus

Abbreviations: ACTH, adrenocorticotropic hormone; API1,
activator protein-1; CRH, corticotropin-releasing hormone;
DEX, dexamethasone; GC, glucocorticoid; GR, glucocorti-
coid receptor; GRE, glucocorticoid response element; HPA,
hypothalamic-pituitary-adrenal; HRE, hormone response ele-
ment; IL, interleukin; LPS, lipopolysaccharide; MCAO, mid-
dle cerebral artery occlusion; MR, mineralocorticoid receptor;
NF-xB, nuclear factor kappa B; TNF-o., tumor necrosis factor-o.
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contains stress-responsive neuroendocrine cells synthe-
sizing and releasing the corticotropin-releasing hormone
(CRH) recognized by the anterior lobe of the pituitary
gland. CRH stimulates secretion of the adrenocorti-
cotropic hormone (ACTH) from the pituitary to blood.
ACTH, in turn, is transported by blood to the adrenal
glands, where it triggers synthesis of glucocorticoids
(GCs) in the adrenal cortex and their release into blood.
Thus, GCs, hormones of corticosteroid family, are mes-
sengers of the HPA axis, its effector molecules. Cortisol is
the most functionally active GC in humans and corticos-
terone, in rodents [1]. The HPA axis contains several neg-
ative feedback loops, their activation leads to the HPA
activity suppression. Cortisol/corticosterone produced by
the adrenal cortex inhibits both the hypothalamus and the
pituitary, which reduces the synthesis of CRH and ACTH
and, subsequently, results in the decreased production of
GCs. These negative feedbacks decrease or terminate
adaptation response induced by stress factors. In this
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review, we will analyze the role of GCs in the stress-relat-
ed regulation of neuroinflammation. Since the majority
of experimental data have been obtained in rodents, cor-
ticosterone will be the main object of the discussion.

In addition to the contribution to the development of
stress response, GCs are recognized as modulators of
inflammation. Inflammation is a typical tissue response
to injury or infection aiming at elimination of pro-
inflammatory factors and/or repair of the affected tissue.
Neuroinflammation is a specific reaction of the nervous
system including the following cellular and molecular
elements: (i) changes in the microglial shape and gene
expression pattern; (ii) activation of cytokine synthesis
(IL-1B, IL-6, TNF-a) and of other paracrine inflamma-
tory mediators production (prostaglandins, active forms
of nitrogen and oxygen); (iii) attraction of cells of the
immune system from the peripheral bloodstream due to
altered functioning of the blood-brain barrier.
Neuroinflammatory reaction can be induced by various
internal and external pathological stimuli such as injuries,
infections, toxic substances, etc. However, limited and
controlled local neuroinflammation is important for opti-
mal neuroplasticity, including neurogenesis and synaptic
functions [2]. This may be especially important for the
hippocampus, a particularly vulnerable to stress key lim-
bic structure involved in both cognitive and emotional
functions. It is generally accepted that uncontrolled neu-
roinflammatory process in hippocampus is one of the key
links in psychiatric and neurological diseases such as
depressive spectrum disorders, epilepsy, and post-stroke
and post-traumatic affective and cognitive impairments
[3]. A major hypothesis that explains development of the
uncontrolled neuroinflammation specifically in hip-
pocampus is that the exceptionally high density of GC
receptors in the hippocampal cells makes this part of the
brain highly sensitive to the stress-induced GC chal-
lenges, which, depending on conditions, could produce
either pro- or anti-inflammatory effect in the hippocam-
pus. Experimental data shaping current views on the
mechanisms of the corticosterone-dependent regulation
of neuroinflammatory processes are extremely controver-
sial. These contradictions cause the necessity of systemic
analysis of the information on the GC-dependent mech-
anisms modulating neuroinflammatory processes in the
hippocampus.

RECEPTORS OF GLUCOCORTICOIDS

Two main types of receptors binding cortisol/corti-
costerone are glucocorticoid (GR) and mineralocorticoid
(MR) receptors belonging to the nuclear receptor sub-
family 3 group C, NR3C. GR is encoded by the NR3C1
gene, while MR by NR3C2 gene. Two isoforms of GR
represent an active (GRa) and inactive (GRp) receptor
forms. Expression of the GR} isoform could be increased
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in response to the pro-inflammatory cytokines, resulting
in the decreased sensitivity to GCs underlying the phe-
nomenon of the so-called glucocorticoid resistance [4].
Therefore, response of cells to GCs depends on the bal-
ance between these isoforms and could play an important
role in shaping of the cellular response to elevated levels
of GCs. Importantly, binding of corticosterone to GR
does not necessarily result in the GR activation. It was
shown that chaperones Hsp70 and Hsp90 interact with
GR and either inactivate or activate GR [5, 6]. FKBP51
is a protein encoded by the fkbp5 gene, which interacts
with GR-Hsp90 complex and decreases its affinity to
GCs [7]. The FKBP51 expression is GR-dependent and
transient activation of GR could elevate the FKBP51
level; its binding to GR subsequently suppresses the GR-
dependent response either via inhibition of the GR pro-
tein complex translocation to the nucleus or via decrease
of the affinity of HSP90-GR complex to GCs [8].
Characteristics of the interaction between GR and
FKBP51, as well as the factors affecting these interac-
tions, are described in more detail in reviews [9-11].
Since FKBP51 can act as a regulator of GR function, it
has been actively studied due to its potential involvement
in the mechanisms of depression and post-traumatic
stress disorder. In addition, it was shown that expression
of this protein in the hippocampal neurons could be
increased after stress [12-14], as well as after injection of
dexamethasone (10 mg/kg) [12], which may be due to a
decrease in methylation of the fkbp5 gene promoter [15].
Below we will demonstrate that the FKBP51-mediated
suppression of GR function may be a good candidate for
explanation of the corticosterone-induced priming of
neuroinflammation.

Glucocorticoids, in addition to the binding to GR,
interact with the MR with higher affinity. The isoforms
and transcript variants of MRs are not studied well, how-
ever, two MR splice variants have been found in human
and rats [16]. Functional significance of these MR tran-
scripts and their expression in different parts of the brain
are still poorly understood. Like GRs, MRs can bind cor-
ticosterone, however, binding affinity of corticosterone to
MR is several times higher than that to GR [17].
Occurrence of these receptors in the brain structures is
different. While initially MR was found mainly in the lim-
bic areas, especially in the hippocampus; later the single
cell RNAseq studies showed that the majority of cells in
all brain areas contain MR mRNA [18-20]. The only
exception is microglia which does not express MRs.
Unlike MR, GR is abundant in the entire brain, in all
areas and cell types studied.

GR interact with endogenous GCs, such as corticos-
terone or cortisol, or with synthetic GC analogues [dex-
amethasone (DEX), prednisolone, etc]. GR is located in
the cytoplasm as a monomer in the complex with heat
shock proteins. The ligand-receptor binding triggers con-
formational changes in the receptor leading to formation
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of the homodimer and its translocation from the cyto-
plasm to the nucleus. In the nucleus, the activated GR
binds to the glucocorticoid response elements (GREs) and
negative GREs that have a palindromic structure.
Subunits of the homodimer interact with the half of their
sequence providing high binding affinity of the GR dimer.
GR binding with DNA triggers assembly of the transcrip-
tional regulatory complexes serving as co-activators or co-
repressors of transcription [21]. Activation of MR stimu-
lates similar mechanisms: after binding with an agonist,
they form protein complexes and reach the nucleus, where
they interact with the hormone response elements (HRESs)
and regulate expression of genes. A stress-induced
increase in the corticosterone level results in activation of
MRs and GRs and accumulation of these receptors in the
nuclei of brain cells of the stressed animals [22]. Notably,
the time course of nuclear accumulation of GRs and MRs
after acute stress varies between brain areas: the rapid (in
10 min) accumulation of MRs is observed in the prefrontal
cortex, while GRs are translocated to the nuclei in the
cells of the dorsal hippocampus. A delayed (in 1 h) eleva-
tion in the MR level was observed in both parts of hip-
pocampus, while GRs remained at high level in the nuclei
of the dorsal hippocampus and accumulated in the frontal
cortex. Importantly, the blood level of corticosterone
remained high for at least 60 min after a 30-min stress
induced by placing an animal on the elevated platform
[22]. These data have several important outcomes. Firstly,
translocation of MRs and GRs to the nucleus does not
directly follow blood corticosterone level and depends on
some additional factors such as local corticosterone con-
centration and modifications of MRs and GRs. Secondly,
mechanisms regulating the level of MR and GR activation
depend on the brain structure [23] suggesting that the bal-
ance between the pro- and anti-inflammatory activity of
GCs may also vary between the brain structures. Thirdly,
the stress induces long-term changes in the activity of both
MRs and GRs preventing reliable prediction of the local
pattern of gene expression after stress.

A membrane form of MR has been identified that
mediates rapid non-genomic effects [24]. These receptors
were firstly found in the hippocampal pyramidal neurons.
Later the short-term activation of MRs by aldosterone
was shown to enhance the long-term potentiation in the
ventral but not dorsal hippocampus [25]. So far, it is not
clear whether these membrane MRs are present in other
cell types except neurons and whether they may be
involved in the regulation of neuroinflammation.

It also remains unknown whether MRs in the brain
cells are involved in the regulation of neuroinflammation.
Current literature contains no studies where the role of
these receptors was directly investigated. The role of MR
is most studied in the regulation of neuroinflammation
under conditions of arterial hypertension and associated
stroke. It is known that neuroinflammation during arteri-
al hypertension is associated with MR activation. Rats
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with spontaneous hypertension are characterized by the
increased level of MR expression and neuroinflammation
in the hippocampus [26]. At the same time, it is known
that the development of inflammation in these rats is
mediated by MR of the vascular endothelium, which can
be activated by aldosterone [27]. It can be assumed that,
in this model, neuroinflammation is primed by the vascu-
lar endothelium sensitive to aldosterone, and not by the
cells of the central nervous system, and an increase in MR
expression is a consequence of already developed neu-
roinflammation. This hypothesis is supported by the work
of Bay-Richter, C. et al. demonstrating that the systemic
administration of aldosterone facilitates development of
neuroinflammation in the frontal cortex after systemic
administration of bacterial lipopolysaccharide [28]. This
MR agonist is inactive in this region of the brain [29] but
can activate MR in the endothelial cells or in the periph-
ery. It is assumed that the protective role of spironolac-
tone in stroke is due to its action on the walls of blood ves-
sels and prevention of the migration of cells of the
immune system into the parenchyma of the central nerv-
ous system [30].

It was found using the models of brain damage in
mice that the disruption of MR functioning, including in
cells of the immune system outside the brain, has a pro-
tective effect. It has been shown that the deletion of MR
in the LysM-positive cells (myeloid cells) leads to a
decrease in the size of the infarction zone and to a
decrease in the intensity of neuroinflammation in the
model of middle cerebral artery occlusion [31]. Microglia
are the main population of the healthy mouse brain cells
that can be affected by this deletion, but microgliocytes in
the brain of adult mice do not express MR [20]. Montes-
Cobos et al. have shown that the similar deletion facili-
tates the course of experimental autoimmune encephali-
tis in mice. This study also showed that this effect may not
be specifically associated with the tissues of the central
nervous system since functionality of the entire immune
system was impaired in these mice [32]. Thus, currently,
there are no data in the literature that allow us to unam-
biguously state that MR expressed by the CNS cells regu-
lates the processes of neuroinflammation.

It should also be noted that GCs are secreted in indi-
vidual peaks, forming an ultradian rhythm. In rats, there
is an approximately hourly cycle of the corticosterone
release regulated by activation and inhibition of the HPA
axis. At the signal transduction level, the response to cor-
ticosterone release peaks depends on its dynamic interac-
tion with GR and MR [33]. The effects of low basal con-
centrations of endogenous GCs seem to be mediated by
MRs because of their higher affinity. Low affinity GRs
play a key role at high concentrations of endogenous glu-
cocorticoids (under stress or daily peaks) [34]. It seems
that the optimal function of GCs is realized at their mod-
erate concentration, while hyper- and hyposecretion
cause negative consequences [35]. Cushing’s syndrome is
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the typical clinical example of GCs hypersecretion result-
ing from different pathologies [36]. Remarkably,
Cushing’s syndrome is frequently associated with psy-
chopathology, the spectrum of behavioral abnormalities
observed in the patients ranging from severe depression to
mania [37]. Importantly, the long-term elevation in GC
levels could induce reduced sensitivity or resistance of the
receptors to GCs [38]. Overall, GC resistance can be
caused by disruptions at various levels of the GC signaling
cascade: impaired expression of GR, impaired binding of
GC to its receptor, impaired translocation to the nucleus,
impaired cofactor activity [39]. Since one of the major
effects of GCs is related to the suppression of inflamma-
tion, the development of GC resistance may result in the
enhancement of pro-inflammatory response.

ANTI-INFLAMMATORY ACTION OF GCs

On the periphery, GCs are known to act as anti-
inflammatory agents. In most cases, activation of GR and
MR leads to inhibition of the activity of immune cells and
induction of apoptosis in lymphocytes [40]. However,
among immune cells, subpopulation of Th17 lympho-
cytes demonstrates a significantly greater resistance to the
GC-induced apoptosis [41]. This lymphocyte subpopula-
tion is known to be responsible for chronic inflammatory
airway diseases [42]. The subpopulation of T-suppressors
may be significantly more sensitive to the inhibitory effect
of low concentrations of GCs than the subpopulations of
T-helpers (including Th17) and T-killers, as well as B-
cells. Thus, at the relatively low concentrations, GCs
rather exhibits an immunostimulating (pro-inflammato-
ry) effect, shifting the T-helper/T-suppressor ratio
towards predominance of the T-helper activity. At the
higher concentrations, GCs could have an immunosup-
pressive effect with intensity of immunosuppression being
directly proportional to the GC concentration in blood
and growing almost linearly up to the levels 100 times
higher than the physiological one [43]. In addition to
modulation of the activity of lymphocytes, GCs could
inhibit inflammation via several other ways: (i) GCs
inhibit tissue infiltration of blood immune cells due to
suppression of their chemotaxis [44]; (ii) GCs inhibit
cytokine gene expression [45]; (iii) GCs inhibit expres-
sion of adhesion molecules [46]; (iv) GCs inhibit various
functions of leukocytes related to inflammation (epithe-
lial adhesion, emigration, chemotaxis, phagocytosis, res-
piratory burst, etc.) [47]; (v) GCs suppress phospholipase
A2 expression [48]; (vi) GCs inhibit prostaglandin syn-
thesis at the level of cyclooxygenase/PGE isomerase
(COX-1 and COX-2) [49]; (vii) GCs induce expression of
angiotensin-converting enzyme and endothelin, sensitize
endothelial cells to vasoconstrictors, and inhibit produc-
tion of vasodilators that cause decrease in the blood flow
to the inflammatory areas [50].
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Most of the long-term anti-inflammatory effects of
GCs could be caused by the important negative regulato-
ry mechanism called transrepression. The ligand-bound
GR is recruited to chromatin through protein-protein
interactions with the DNA-bound transcription factors,
in particular, with the nuclear factor NF-xB and activator
protein-1 (AP1), a complex of ¢c-Fos and c-Jun proteins.
GR directly binds to the Jun subunit of AP1 and the p65
subunit of NF-«kB interfering with the transcriptional
activation of these two proteins [51]. Eventually, this
results in suppression of the pro-inflammatory cytokine
synthesis.

In addition to the above mechanisms, there are
other ways for GCs to affect inflammation indirectly.
Elevation of GCs induces an increase in the level of
endocannabinoids [52], which are known to have com-
plex effect on inflammation. First of all, elevation of the
endocannabinoid levels leads to suppression of HPA
activation and suppression of GC release. Second, endo-
cannabinoids induce direct anti-inflammatory effects,
either dependent or independent of activation of their
receptors. However, the endocannabinoid-mediated
suppression of the release of some set of pro-inflamma-
tory cytokines (TNF-a, IL-13) may be simultaneously
associated with activation of release of pro- (IL-6) and
anti-inflammatory (IL-10) cytokines [53]. Therefore,
GC clevation not only triggers direct anti-inflammatory
action but also activates endocannabinoid system, which
also helps to control the inflammatory response and sup-
press acute inflammation.

The anti-inflammatory action of GCs in the brain
was confirmed in several studies. In the majority of these
studies, systemic inflammatory response was induced by
injection of bacterial lipopolysaccharide (LPS). The
LPS-induced production of prostaglandins in the dentate
gyrus of rats is suppressed by corticosterone released in
response to LPS [54]. This finding supports previous
results about the anti-inflammatory role of GCs after LPS
injection. The acute restraint stress immediately after sys-
temic LPS injection resulted in the suppression of LPS-
induced inflammatory response in 1-2 h both at the
periphery and in the brain [55]. In the adrenalectomized
mice, the LPS-induced increase in gene expression and
concentration of the pro-inflammatory cytokines after 2-
4 h was higher in both the peripheral and brain tissues as
compared with the sham operated mice [56]. These
results suggest that the endogenous GCs regulate the
components of the host response to inflammation by
inhibiting cytokine expression in the peripheral organs
and in the brain when the impact is acute and brief. GCs
also suppress the pro-inflammatory response to LPS in
both peripheral macrophages and microglia, when they
are administered after the systemic LPS exposure [57].
The anti-inflammatory response was also observed after
the long-term (36 h) exposure of rats to an extremely high
dose of corticosterone (100 mg/pellet, sc). In this study,
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corticosterone suppressed expression of II-13 and Il-1a
mRNA in the hypothalamus and hippocampus, however,
the expression of TNF-a in these structures remained
unchanged. Paradoxically, these anti-inflammatory
changes were accompanied by elevation of I1-6 mRNA in
both the hypothalamus and hippocampus [58]. The rea-
sons for the discrepancy between the effects of corticos-
terone on cytokine mRNA and protein still remain
obscure.

PRO-INFLAMMATORY ACTION OF GCs

The pro-inflammatory effects of GCs were described
in several experimental paradigms with acute and chron-
ic GC administration prior to the treatment provoking
inflammation. Acute systemic exposure to exogenous
corticosterone potentiated a pro-inflammatory response
to LPS administration in both the peripheral macro-
phages (liver) and hippocampal microglia if corticos-
terone injection preceded (2 or 24 h) LPS administration
[57]. Hippocampal cells were primed by corticosterone
since the LPS-induced increase in mRNA expression and
protein concentrations of TNF-a, IL-1p, and IL-6 was
considerably higher after pre-treatment with corticos-
terone [57]. Priming of hippocampal microglia may be
induced by acute stress [59]. The microglia isolated from
the rat brain 24 h after induction of the acute inescapable
stress demonstrated stronger pro-inflammatory cytokine
response (e.g., IL-1P gene expression) to LPS; pre-treat-
ment with GC receptor antagonist mifepristone or
adrenalectomy eliminated this sensitization of microglia.
Thus, the microglial pro-inflammatory response (IL-1j,
I1L-6, NFxBla) to immunologic challenges may be sensi-
tized by the stress-induced GCs, similarly to peripheral
macrophages. Priming of the neuroinflammatory
response was also observed in the experiments with local
administration of LPS after stress. Intrahippocampal LPS
injection to the stressed animals increased the number of
reactive microglial cells and expression of IL-1f and
TNF-a mRNA [60]. These results suggest that the pre-
liminary elevation of GCs alters the inflammatory system
acting as an endogenous danger signal and preparing the
body to cope with the subsequent immunological threats.

The majority of studies discussed in this review fre-
quently analyzed only the levels of some pro-inflammato-
ry cytokines in the hippocampus, while the GC-induced
increase in the level of these cytokines could be associat-
ed with the reduction in expression of the receptors of
these cytokines. It was shown that the increase in the
serum GC concentration following immobilization stress
or DEX treatment (short- or long-term) did not modify
density of IL-1 receptors in the murine hippocampus
under basal conditions or after peripheral LPS injection
[61]. Importantly, IL-1 or IL-6 administration did not
affect expression of GRs and MRs either. Expression of
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the hippocampal GRs was dramatically decreased after
the TNF-a injection [62]. Taken together, these results
suggest that the levels of IL-1 receptors in the hippocam-
pus are relatively resistant to modulation by varying levels
of the circulating GCs and TNF-a, could modulate activ-
ity of the HPA axis during immune/inflammatory
processes.

Signs of neuroinflammation are frequently observed
in two qualitatively different situations of long-term or
chronic pathological conditions. The first one includes
states not accompanied by brain injury, for example,
depression or infection modeled by LPS administration.
The second situation is associated with brain injury and
subsequent neurodegeneration (stroke, traumatic brain
injury, seizures). The important difference between these
situations is that the cell death induced by brain injury
provokes a release of the damage-associated molecular
species activating and maintaining inflammatory cas-
cades.

Neuroinflammation as a consequence of a chronic
stress has been reported by several groups; however,
involvement of GCs in this process is still undetermined.
Positive correlation between the development of neuroin-
flammation in the depressive states and increased con-
centration of GCs in the blood of patients with depressive
disorders and in the brain of animals in depression mod-
els is well known [63]. Systemic administration of DEX
for 21 consecutive days induced depressive-like behavior
in mice and glucocorticoid resistance. In this case, hyper-
activation of GR led to the decrease in corticosterone lev-
els, which was accompanied by the reduced expression of
the GR mRNA in the hippocampus, striatum, and pre-
frontal cortex, and increased expression of FKBP51 sup-
pressing functional activity of the GR [64]. Notably, DEX
has much higher affinity to the GR than corticosterone,
however, in most studies it is used at similar concentration
range as corticosterone (1-10 mg/kg) [65, 66]. Therefore,
it is very likely that chronic treatment with DEX at these
concentrations would cause over-activation of the GR-
mediated signaling and induce glucocorticoid resistance.
Glucocorticoid resistance may serve as a priming factor
enhancing inflammatory response due to attenuation of
the immunosuppressive cascades related to GRs.
Unfortunately, dose-dependences of the DEX effects on
neuroinflammation have not been systematically studied
making interpretation of the data obtained using DEX
unreliable.

Both acute and chronic severe stress resulted in
accumulation of corticosterone in the rat hippocampus
accompanied by the increased expression of the IL-13
mRNA [23]. A milder chronic unpredictable stress also
induced an increase in the IL-1f mRNA expression in
the rat hippocampus [67]. Although these studies confirm
involvement of GCs in the development of stress response
under these conditions, they are phenomenological with
respect to revealing direct mechanistic association

BIOCHEMISTRY (Moscow) Vol. 86 No. 2 2021



GLUCOCORTICOIDS IN HIPPOCAMPAL NEUROINFLAMMATION 161

between the elevation of corticosterone and enhancement
of synthesis of pro-inflammatory cytokines in the hip-
pocampus.

An attempt to reveal relationship between the GC
system and neuroinflammation was performed by
R. Sapolsky group [68, 69]. The authors used systemic
administration of LPS after chronic stress to examine the
role of GCs in the regulation of expression of pro-inflam-
matory cytokines IL-1p and TNF-a. As expected, in
unstressed rats LPS induced an increase in the level of
these cytokines in the hippocampus and blockage of GRs
by mifepristone potentiated this increase. However,
mifepristone had the opposite effect in the rats subjected
to stress suppressing the LPS-induced increase in the
cytokine level. The Ilatter finding clearly suggests that
activity of the GC system is pro-inflammatory in the
chronically stressed animals [68]. Later, the authors
extended these findings and performed further analysis of
association between the chronic elevation of corticos-
terone and response to LPS [69]. In this study, the blood
level of corticosterone in adrenalectomized animals was
chronically maintained at three levels: basal, moderately
elevated, and high by implantation of the corticosterone-
releasing pellets. It was expected that the maintenance of
low basal corticosterone level during LPS challenge
should be associated with enhanced neuroinflammation
due to the loss of the corticosterone-mediated suppres-
sion of inflammation. However, the expression of pro-
inflammatory cytokines (IL-1p and TNF-o) was similar
to the intact animals treated with LPS. Paradoxically,
chronic moderate elevation of corticosterone enhanced
LPS-induced inflammatory response in the hippocampus
as compared to the intact animals, and chronic high level
of corticosterone had no effect on the LPS-induced
inflammatory response.

The shift to pro-inflammatory action of GCs was
also described by Frank et al. (2014) [70]. The rats were
subjected to adrenalectomy to tightly control the level of
corticosterone, and, next, supplemented with different
concentrations of corticosterone in drinking water.
Noteworthy, the “high” concentration of corticosterone
in this study corresponded to the “moderate” concentra-
tion in the study reported by Munhoz et al. (2010) [69].
Supplementation with high doses of corticosterone
increased expression of the genes associated with inflam-
mation (Ibal, MHCII, NLRP3) in the hippocampus.
Moreover, hippocampal microglia isolated from the brain
of rats subjected to high corticosterone levels showed
enhanced expression of the pro-inflammatory cytokines
(I1-1B, M1-6, TNF-a) and inflammasome component
(NLRP3) in response to the challenge with high dose of
LPS [70].

Taken together, analysis of the GCs effects in the
animal models of pathologies not associated with direct
brain injury suggests that the high levels of corticosterone
observed after either stress or LPS administration, may
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change the GCs action towards pro-inflammatory. These
data suggest that regulation of the pro-inflammatory
response may have other contours in addition to GCs and
that long-term moderate elevation of corticosterone may
in some way enhance inflammatory response. Remark-
ably, the long-term exposure to corticosterone at high
doses did not have pro-inflammatory effect suggesting
that a “pro-inflammatory” concentration range of corti-
costerone may exist.

The pro-inflammatory action of GCs was also
revealed in the animal models of brain pathologies asso-
ciated with direct injuries of the nervous tissue. The
endogenous GCs increase damage to the hippocampus
and provoke development of neuroinflammation after
injection of kainate. Dinkel et al. (2003) found that
injection of kainate to rats with chronically elevated cor-
ticosterone level induced accumulation of the inflamma-
tory cells (granulocytes, monocytes/macrophages, and
microglia) in the hippocampus. The inflammatory
response in the hippocampus, which was evaluated using
the level of cytokines IL-1p and TNF-a, was also
enhanced in the rats with chronically high GC profile
[71]. Further analysis of the GCs effects on the kainate-
induced inflammatory response showed that the chroni-
cally high level of corticosterone augmented IL-1f
expression [72] and accelerated accumulation of the
pro-inflammatory cytokine CCL2 [73] in the hippocam-
pus. In the model of lithium-pilocarpine induced epilep-
sy two injections of DEX 24 and 36 h after the status
epilepticus suppressed neuroinflammatory response in
the hippocampus [74]. Most likely the extremely high
dose of DEX used in this study was sufficient to over-
come its expected pro-inflammatory effect, similarly to
the effect of corticosterone shown by Munhoz et al.
in 2010 [69].

The stress-induced elevation of corticosterone con-
centration depends on the type of brain injury; the mid-
dle cerebral artery occlusion may induce higher corticos-
terone elevation as compared to the kainate-induced
injury [75]. Focal ischemic damage of neocortex in the
model of middle cerebral artery occlusion (MCAO)
induced accumulation of corticosterone and IL-1p in
the hippocampus, this effect was more expressed in the
ventral hippocampus [76]. The neonatal pro-inflamma-
tory stress (LPS administration to rat pups) resulted in
accumulation of corticosterone and IL-6 in the hip-
pocampus of adolescent animals, while IL-1p remained
at the normal range [77]. However, so far, the mecha-
nism(s) of GC-dependent cytokine accumulation in the
hippocampus in the above models remains obscure.
Based on the experimental data on the pro-inflammato-
ry effect of GCs under several conditions, it has been
hypothesized that the distant damage to the hippocam-
pus after MCAO may occur as a result of pro-inflamma-
tory action of GCs bound to their receptors in the hip-
pocampus [3, 78].
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HOW GLUCOCORTICOIDS BECOME
PRO-INFLAMMATORY: A HYPOTHESIS

As mentioned above, activation of GRs leads to
expression of FKBP51, a protein that suppresses nuclear
translocation of GRs and decreases GR affinity to GCs;
FKBP51 provides a negative feedback for the GR-
dependent processes. The GC-induced activation of GRs
after 1.5 h leads to FKBP51 elevation and removal of the
GR-mediated suppression of pro-inflammatory response
[7]. In addition, FKBP51 potentiates NF-kB signaling
indirectly, thus enhancing pro-inflammatory response
[8]; the detailed mechanisms of this enhancement are still
under investigation [9]. This means that various inflam-
mation-inducing factors would cause stronger pro-
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Hypothetical scheme of pro-inflammatory response priming by
GCs. Upper panel illustrates a typical anti-inflammatory effect of
GCs in response to LPS challenge: elevation of GC leads to acti-
vation of GR and suppression of activity of NF-kB and other
pathways triggering expression of pro-inflammatory cytokines.
Priming before the LPS treatment transforms GC-associated sig-
naling to the state with high level of FKBP51, which promotes
suppression of GR activity and potentiation of the NF-kB-
dependent pathways. Administration of LPS in this case is associ-
ated with increased pro-inflammatory response (thick arrows) due
to the strong FKBP51-mediated enhancement of the NF-kB
pathway and inhibition of the GR-mediated immunosuppression.
(Colored version of the figure is available in online version of the
article and can be accessed at: https://www.springer.com/
journal/10541)

inflammatory response, when applied under conditions
of elevated FKBP51 levels. Therefore, it may be hypoth-
esized that the development of a pro-inflammatory effect
of GCs strongly depends on accumulation of FKBP51 in
the cells: the higher FKBP51 level should be associated
with the stronger pro-inflammatory action of GCs.

The above description of FKBP51 features suggests
that the effect of GCs strongly depends on the dose of
GCs and moment of its application with respect to the
inflammation-inducing factor. We can consider several
variants of action of the inflammation-inducing factor
action and GCs (to keep it simple, we use LPS as a uni-
versal pro-inflammatory stimulus): (i) LPS application
followed by GC treatment; (ii) GC application followed
by LPS several hours later (2-24 h); (iii) LPS application
over the period of chronic GC elevation. In the first case,
LPS induces corticosterone elevation exerting anti-
inflammatory action [68] (figure, upper panel).
Simultaneously, the corticosterone elevation has to induce
slow accumulation of FKBP51, which should finally (in
>1.5 h) remove the corticosterone-mediated suppression
of the inflammation due to the decrease in GR affinity to
GCs. Addition of the exogenous GC in this situation will
have anti-inflammatory effect since this would help to
overcome the FKBP51-induced low affinity of GRs. The
second case is a situation of the so-called priming [57],
when preliminary treatment with GCs enhances pro-
inflammatory response caused by the following LPS injec-
tion. The most probable sequence of events is as follows:
(i) GCs cause suppression of the pro-inflammatory
response and enhancement of FKBP51 expression;
(ii) accumulated FKBP51 removes the GC-dependent
suppression of pro-inflammatory mechanisms; (iii) addi-
tion of LPS induces both GC elevation and expression of
pro-inflammatory cytokines, however, due to suppressing
effect of the accumulated FKBP51, the inflammatory
response is stronger (figure, bottom panel). In this case,
addition of GCs (CORT or DEX) at high doses will be
anti-inflammatory because high doses should overcome
the suppressive effect of FKBP51. The third case is very
similar to the second one; the only difference is that GCs
remain elevated for a long period of time during the long-
term or repeated stress [23, 67], after MCAO [76] or dur-
ing long-term administration of GCs [64, 69, 70]. It is
highly probable that the elevated level of corticosterone
results in accumulation of FKBP51 and, consequently,
reduction of the GR sensitivity to corticosterone and
removal of the GC-mediated suppression of pro-inflam-
matory response. Again, treatment with GCs at high doses
should still have an anti-inflammatory effect under these
conditions. The only exclusion here may be the situation
when animals are chronically treated with DEX at high
doses leading to glucocorticoid resistance, a general
reduction of sensitivity of all cells to GCs. In his case, the
GC-mediated suppression of inflammation is also absent,
however, the mechanism may be not limited to FKBP51.
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There are data apparently contradicting the pro-
posed hypothesis in the case when adrenalectomized ani-
mals have constant “basal” level of corticosterone due to
its supplementation from the implanted corticosterone-
containing pellets [69]. Maintenance of the “basal” level
does result in the pro-inflammatory action of corticos-
terone. Elimination of the important circadian and ultra-
dian oscillations of the corticosterone levels characteristic
for a healthy organism is a specific feature of this sce-
nario. These oscillations may prevent accumulation of
FKBP51 and suppression of the anti-inflammatory effect
of GCs, whereas maintenance of the constant corticos-
terone level even at night, when it is normally low, appar-
ently, leads to FKBP51 accumulation and suppression of
the GR-mediated effects.

The above hypothesis strongly opposes to the hypoth-
esis suggested by R. Sapolsky on the inverted-U depend-
ence of GC effects [79]. Our hypothesis postulates that
GCs generally have an anti-inflammatory effect, however,
simultaneously with this effect, they also trigger processes
decreasing the GR sensitivity to GCs and, this, inevitably,
results in cancellation of the anti-inflammatory effect and
activation of the pro-inflammatory cascades, which still
could be suppressed by a pulse of high-dose GCs.

CONCLUDING REMARKS

The anti-inflammatory effects of GCs are widely
used in clinical practice, while the pro-inflammatory
effects of GCs are believed to underlie neurodegenera-
tion. This is particularly critical for the hippocampus,
brain region controlling both cognitive function and
emotions/affective behavior, and selectively vulnerable to
neuroinflammation and neurodegeneration. Abundance
of GRs and MRs in the hippocampus underlies complex
mechanisms of GC-mediated control of these processes.
Our understanding of the dual effects of GCs really
reminds the gothic novella “The Strange Case of
Dr. Jekyll and Mr. Hyde” by Robert Louis Stevenson, first
published in 1886. The good Dr. Jekyll was unpredictably
turning into the evil Mr. Hyde and then restored his
nature. An essential question is when and why the anti-
inflammatory Dr. Jekyll becomes the pro-inflammatory
Mr. Hyde and vice versa? Understanding the Jekyll/Hyde
nature of GCs as well as reasons and mechanisms of this
transition can provide us with effective approaches and
tools to avert hippocampal neuroinflammatory events and
as a result to prevent and treat brain diseases, both neuro-
logical and psychiatric.

The data summarized in our review form a sophisti-
cated, though often quite phenomenological picture of a
modulatory role of GCs in the hippocampal neuroin-
flammation. We suggested a hypothesis within the mech-
anistic framework describing how the anti-inflammatory
effects of GCs may transform into the pro-inflammatory
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ones. So far, no experiments were performed that would
support or reject the proposed mechanism. The majority
of experiments concerning characteristics of FKBP51
and its role in the regulation of GR-mediated functions
and inflammation were performed using either cell cul-
tures or non-neural tissues. However, if our hypothesis is
correct, it may provide an additional instrument to regu-
late the GC-mediated pathways especially in the cases of
pathologies associated with high GC levels, where sup-
pression of the FKBP51 function may help to restore the
anti-inflammatory action of GCs.

Two issues remained out of the scope of our review
though they may have an important impact on the GC-
dependent modulation of inflammation. Firstly, the pro-
and anti-inflammatory effects of GCs are frequently eval-
uated by measuring the levels of pro-inflammatory
cytokines such as IL-1B or TNF-a. However, the
cytokine network is extensive and complicated, and GCs
may have multifaceted effects, e.g., potentiating expres-
sion of both pro- and anti-inflammatory cytokines. Yet,
the effects of GCs on the expression of anti-inflammato-
ry cytokines remain practically unstudied. The only study
by Frank et al. (2010) showed that a single preliminary
injection of corticosterone not only enhanced expression
of the pro-inflammatory cytokines after LPS administra-
tion but also potentiated expression of the anti-inflam-
matory cytokines such as IL-10, IL-4, and CX3CLI in
the hippocampus [57]. This study points to the necessity
of measuring levels of both pro- and anti-inflammatory
cytokines as well as effect of GCs on both to evaluate the
direction and intensity of the inflammatory process and
the effects of GCs.

Another important issue usually ignored during
analysis of the effects of stress and elevation of GCs on
neuroinflammation is that stress may affect the cytokine
system not necessarily directly through the GC-depend-
ent mechanisms. For example, stress leads to elevation of
IL-6 in blood [80-82] and, recently, it has been shown
that this effect results from activation of the brown fat
cells by the sympathetic system [83]. Moreover, the
stress-induced accumulation of IL-6 decreases tolerance
to the subsequent inflammatory challenge casting doubts
on the exclusive role of GCs in the regulation of inflam-
matory processes [83]. This suggests that some factors, in
addition to GCs, may be induced by stress and determine
time course of the inflammatory response. Future studies
in this field should help establishing and clarifying the
role of each stress response component in the regulation
of neuroinflammation.
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