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Abstract—Exposure to stress activates the hypothalamic—pituitary—adrenal axis and leads to increased levels of glucocorti-
coid (GC) hormones. Prolonged elevation of GC levels causes neuronal dysfunction, decreases the density of synapses, and
impairs neuronal plasticity. Decreased sensitivity to glucocorticoids (glucocorticoid resistance) that develops as a result of
chronic stress is one of the characteristic features of stress-induced psychopathologies. In this article, we reviewed the pub-
lished data on proposed molecular mechanisms that contribute to the development of glucocorticoid resistance in brain,
including changes in the expression of the glucocorticoid receptor (GR) gene, biosynthesis of GR isoforms, and GR post-
translational modifications. We also present data on alterations in the expression of the FKBP5 gene encoding the main
component of cell ultra-short negative feedback loop of GC signaling regulation. Recent discoveries on stress- and GR-
induced changes in epigenetic modification patterns as well as normalizing action of antidepressants are discussed. GR and
FKBP5 gene polymorphisms associated with stress-induced psychopathologies are described, and their role in glucocorti-

coid resistance is discussed.
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Chronic stress contributes significantly to the devel-
opment of various psychopathologies, including major
depressive disorder (MDD) and bipolar disorder [1, 2].
Normally, short-term stress activates the hypothalam-
ic—pituitary—adrenal (HPA) axis, which results in the
release of glucocorticoid hormones (GCs) (cortisol in
humans and corticosterone in rodents) by the adrenal
glands [3]. After entering a cell, these hormones bind to
the glucocorticoid receptor (GR, NR3C1); the GR is
then translocated to the nucleus, where it positively or
negatively regulates gene expression by binding to specif-
ic DNA regions and/or interacting with other transcrip-
tion factors [4-6]. The GC-induced changes in the
expression of most of these genes provide the organism’s

Abbreviations: ACTH, adrenocorticotropic hormone (corti-
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protein 5 (immunophilin); GC, glucocorticoid hormones (glu-
cocorticoids); GR, glucocorticoid receptors; GRE, glucocorti-
coid-responsive element; HPA, hypothalamic—pituitary—adre-
nal axis; IL1, interleukin 1; TNFE tumor necrosis factor; UTR,
untranslated region.
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adequate response to stress, as well as termination of the
stress response |3, 7]. In particular, GR activation in neu-
rons of the hypothalamic paraventricular nucleus and in
adenohypophyseal corticotrophs inhibits expression of
the CRH (corticotropin-releasing hormone) and POMC
(proopiomelanocortin) genes, respectively [8, 9], and ini-
tiates a negative feedback mechanism that decreases the
HPA axis activity and prevents negative consequences of
long-term increase in GC levels [3, 7].

However, this HPA axis-regulating negative feedback
mechanism is impaired in chronic stress and in several
stress-induced psychiatric disorders. Clinical studies have
demonstrated that these pathological conditions are usu-
ally accompanied by HPA axis hyperactivation with
simultaneous attenuation of the inhibitory effect of GCs
on the production of adrenocorticotropic hormone
(ACTH) and cortisol (i.e. by GC resistance), as estimat-
ed by the dexamethasone test [10-15] or the combined
Dex-CRH test that assesses suppression by dexametha-
sone/stimulation by CRH [16, 17]. The GC resistance,
which is observed in 80% of MDD patients characterized
by long-term depressed mood and considerable changes
in the neurovegetative and cognitive functions, is consid-
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ered the most reproducible physiological trait of this dis-
order [11, 14]. Impairments in the HPA axis functioning,
including GC resistance, are also typical for patients with
unipolar and bipolar affective disorders [18, 19].

It is known that prolonged increase in the GC levels
in chronic stress significantly affects brain neuroplastici-
ty. Deteriorations of neuron—neuron connections are a
typical feature of stress-induced psychiatric disorders
[20]. In particular, stress strongly affects dendrites and
postsynaptic dendritic spines in many brain regions. In
the hippocampus, chronic stress causes atrophy of apical
dendrites of pyramidal neurons in the CAl and CA3
regions and decreases the density of dendritic spines on
the postsynaptic neurons [21-24]. In addition, chronic
stress disturbs neurogenesis in the dentate gyrus of the
hippocampus [25, 26]. In general, induction of resistance
to stress hormones might be considered as a manifesta-
tion of brain plasticity, since it develops in response to
chronic action and drastically changes the mechanism of
cell response to external stimuli. Therefore, normaliza-
tion of the HPA axis activity is an important prerequisite
for successful treatment of stress-induced disorders and
restoration of neuronal plasticity [11, 17, 20]. The mech-
anism of therapeutic action of many antidepressants
involves the restoration of the GR-mediated negative
feedback mechanism to decrease the HPA axis activity
[14, 27, 28].

In this article, we review the molecular mechanisms
of GC resistance formation in the brain induced by the
long-term exposure to stress factors. These mechanisms
include changes in GR expression, GR posttranslational
modifications, changes in the expression of the GR co-
chaperone protein FKBP5, and GR-mediated alterations
in epigenetic modification patterns. We also described
some examples of GC response normalization by antide-
pressants.

SUPPRESSION OF GR EXPRESSION
AND POSTTRANSLATIONAL
GR MODIFICATIONS AS POSSIBLE
MECHANISMS OF GLUCOCORTICOID
RESISTANCE DEVELOPMENT IN STRESS-
INDUCED PSYCHIATRIC DISORDERS

Glucocorticoid receptor (GR) is a ligand-dependent
transcription factor that regulates expression of hundreds
of genes. In the absence of the hormone, GR is retained
in the cytoplasm by forming a complex with several
molecular chaperones. After binding the hormone, GR is
released from this complex and translocated to the nucle-
us, where it interacts with specific DNA regions (gluco-
corticoid-responsive elements, GREs) of the target genes
and either activates or represses these genes [4-6]. Since
GR plays a key role in GC regulation, changes in the lev-
els of its expression were originally considered as the most
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probable cause for the development of GC resistance in
psychiatric disorders [11, 14].

In the early stages of GC resistance research (from
1985 to 1997), many studies compared the GR contents
in blood cells and fibroblasts of MDD patients and their
healthy counterparts. The GR levels were estimated from
the binding of labeled hormone to proteins in total cell
lysates or cytosols. No differences between the GR con-
tents were observed in the total cell lysates of healthy and
depressed individuals, and only slight decrease in the GR
levels in the cytosol was found in patients with depression,
which was most probably due to the receptor transloca-
tion to the nuclei [14].

Later studies focused on the expression of GR-
encoding gene by studying postmortem samples of vari-
ous brain structures from patients with stress-induced dis-
orders and healthy subjects. The results of these studies
were contradictory and depended on the brain region
studied. Thus, in situ hybridization revealed no differ-
ences in the levels of GR mRNA in the hippocampi of six
MDD patients that committed suicide and the control
subjects [29]. Real-time PCR demonstrated that the total
contents of GR mRNA in the amygdala, hippocampus,
gyrus frontalis inferior, cingulate gyrus, and nucleus
accumbens were similar in six MDD patients and in six
healthy control subjects [30]. However, in sifu hybridiza-
tion showed that the contents of GR mRNA in frontal
cortex layers III-VI in patients with depression and in
entorhinal cortex layers III and VI and subiculum in
patients with bipolar disorder were decreased compared
to the control (15 samples in each group) [31]. Similar
decrease in GR mRNA levels was shown by in situ
hybridization in basolateral and lateral nuclei of the
amygdala in patients with bipolar disorder [32].

Another source of information on GR expression lev-
els is the data of comparative studies of transcriptomes in
postmortem samples of various brain regions from patients
with psychiatric disorders and healthy individuals that are
deposited in various databases. We analyzed data that were
obtained by microarray assay and RNA-sequencing
(RNA-seq, also called whole transcriptome shotgun
sequencing). Comparison of frontal cortex samples from
25 MDD patients and 25 healthy controls (GEO NCBI
database: GSE54570 and GSE54575 [33]) and from 18
bipolar disorder patients and 18 healthy counterparts
(NCBI BioProject Accessions: PRINA235930 and
PRINA231202 [34]) revealed no significant difference
between the total GR mRNA levels in healthy and affect-
ed individuals.

Based on accumulated evidence, GC resistance is
highly unlikely to be related to the total decrease in the GR
mRNA Ievels in brain structures in most patients. However,
this does not exclude the possibility that GR expression
might be decreased in some affected individuals or that GR
expression is drastically downregulated in some brain
regions. This problem needs further investigation.
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It is important to note that most studies on GR lev-
els in cells estimate expression of the “classic” GRa iso-
form (777 a.a.). In the absence of the hormone, this iso-
form forms a complex with heat-shock proteins in the
cytoplasm and acts as a ligand-dependent transcription
factor. However, the structure of the GR gene implies the
possibility of alternative mRNA splicing (Fig. 1) and the
use of alternative translation start codons (Fig. 2), which
would generate multiple functionally different isoforms
[35, 36]. For example, the GRP isoform (742 a.a.) is
formed by using the alternative acceptor splicing site in
exon 9 (Fig. 1). GRP does not bind the hormone and acts
as a dominant inhibitor of GRa [37]. In addition to GRa
inhibition, GRP exhibits regulatory functions and acts as
an inducer/repressor of numerous genes not regulated by
GRa [38, 39]. Normally, the content of GRp in most tis-
sues and cell lines is either ten times lower than that of
GRa, or this isoform is not detected at all [40]. However,
GRp becomes dominant in cells treated with proinflam-
matory cytokines TNFa and IL1 and mediates the devel-
opment of GC resistance in these cells [41]. High levels of
GRp are observed in some patients with hormonal thera-
py-insensitive forms of asthma, rheumatoid arthritis, sys-
temic lupus erythematosus, acute lymphoblastic
leukemia, etc. [42]. In theory, GC resistance might also
be related to an increase in the production of other GR
isoforms, such as GR-P and GR-A (Fig. 1), which are
also incapable of hormone binding [43].

So far, studies on the occurrence of GR mRNA iso-
forms in brain structures of patients with psychiatric dis-
orders are very scarce; however, the results of these studies
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are extremely interesting. Thus, it was found that the rel-
ative content of GRo mRNA in the postmortem samples
of the amygdala and cingulate gyrus in six MDD patients
was lower than in six healthy subjects, while the total con-
tents of GR mRNA were the same in healthy and
depressed individuals [30]. Similarly, studies of the
mRNA levels for GRa and GRp and the contents of the
corresponding encoded proteins by real-time PCR and
Western blotting, respectively, showed that the relative
contents of GRao mRNA and GRa protein were lower in
the prefrontal cortex and amygdala, but not hippocam-
pus, of 24 suicide victims compared to the controls [44].
It was also found that polymorphism in the noncoding
part of the GR gene exon 9 (rs6198, A — G) is associated
with MDD and prevalence of depression symptoms in
bipolar disorder patients [45]. It is known that this
nucleotide substitution disturbs the destabilization site
AUUUA in the 3'-UTR of the GRB mRNA by converting
it into GUUUA, which increases the lifetime of the cor-
responding mRNA and results in the accumulation of the
GRp isoform [46]. Since it is GRa that provides “cor-
rect” GC response, it is reasonable to assume that a
decrease in its relative content might cause GC resistance.

The development of GC resistance in psy-
chopathologies might also be related to the increased
production of some GR translational isoforms (Fig. 2). In
particular, exon 2, which is the first translated exon of the
GR gene (Fig. 1), contains the ER22/23EK polymor-
phism that includes two linked oligonucleotide substitu-
tions in codons 22 and 23. The first substitution (GAG —
GAA) is synonymous, because both triplets code for glu-
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Fig. 1. GR isoforms generated by alternative splicing. Exons and introns are designated with Arabic and Roman numbers, respectively; open
boxes, noncoding regions; o and B, exon 9 fragments coding for the C-termini of GRa and GRf isoforms, respectively; NTD, N-terminal
domain; DBD, DNA-binding domain; LBD, ligand-binding domain; numbers on the right indicate protein molecule length in a.a. Intron VII
located between exons 7 and 8 is not spliced out (as shown with a crossed circle). The reading frame in the beginning of this intron contains a
stop codon, resulting in the synthesis of GR-P isoform with the truncated by 101 a.a. ligand-binding domain incapable of GC binding.
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Fig. 2. Translational isoforms of GRa.. Arrows with letters A-D designate positions of alternative AUG codons in the mRNA coding for the
corresponding isoforms (the number of arrows corresponds to the number of AUG codons). Numbers inside the boxes, exons; NTD, N-ter-
minal domain; DBD, DNA-binding domain; LBD, ligand-binding domain; numbers on the right indicate numbers of the last amino acid

residue.

tamate (E). The second substitution (AGG — AAG)
results in the replacement of conserved arginine (R) with
lysine (K). Individuals with the affected gene are predis-
posed to depression [47]. They exhibit GC resistance in
the dexamethasone test [48] and display more rapid
response to antidepressants [47]. The described single-
nucleotide substitutions alter the mRNA structure and, as
a result, increase production of the GR translational form
A that is less active than the B isoform, which appears to
be the cause of GC resistance in ER22/23EK carriers
[49]. It should be noted that the ratio between GR trans-
lational isoforms is affected by external factors, including
various stressors [35, 50], and therefore might contribute
to the sensitivity of target cells to GCs.

Although the mammalian genome contains a single
gene for GR, this gene has at least nine alternative pro-
moters with adjacent untranslated first exons, which
results in the synthesis of a series of transcripts with dif-
ferent 5'-UTRs (Fig. 3) [51, 52]. The ratio between these
transcripts can be altered in patients with psychiatric dis-
orders. Thus, in several brain structures of individuals
with MDD, the relative contents of transcripts containing
1B, 1C, and 1IF exons were decreased, while the relative
contents of transcripts with 1D and 1J exons were

increased [30]. Interestingly, human GR exon IF is an
ortholog of exon 1(7) of mouse and rat GR genes. In
these experimental animals, prenatal stresses or dimin-
ished maternal care in the early postnatal period result in
increased methylation of the promoter upstream of the
exon 1(7), decreased GR expression, and diminished effi-
ciency of the GR-mediated negative feedback mecha-
nism [53, 54]. However, Alt et al. [30] found no difference
in the extent of methylation of the promoter upstream of
the 1F exon in healthy and affected subjects.
Nevertheless, since the 5'-UTR length and structure play
an important role in the posttranscriptional regulation of
the GR gene expression by affecting mRNA stability,
translation effectiveness and forming protein isoforms
[52], it is reasonable to assume that changes in the ratio
between transcripts transcribed from different promoters
of the same gene contribute to the development of GC
resistance in psychiatric disorders.

Another mechanism presumably involved in the for-
mation of GC resistance is posttranslational modifica-
tions of GR. The best-studied of these modifications is
phosphorylation. Human GR is phosphorylated predom-
inantly on five serine residues (S203, S211, S113, S226,
and S141). All these residues are in the N-terminal
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domain (Fig. 4) [55, 56] whose main function is regula-
tion of the target gene transcription by interacting with a
component of the basal transcriptional machinery [57]
and/or protein cofactors [58]. It is known that the state of
phosphorylation determines GR activation, subcellular
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localization, and recycling [56, 59]. GR is phosphorylat-
ed by cyclin-dependent protein kinases (S203, S211,
S226), mitogen-activated protein kinases (S211, S226),
casein kinase II (S113), and serum- and GC-activated
kinase 1 (S203, S211) [56, 60-62].

1A1

1A3

1C1

AUG

1B 2 3

1A3/2

Fig. 3. Alternative non-translated exons 1 of the human GR gene. Upper panel, schematic representation of exons (as open arrows); lower
panel, alternative splicing as shown for the spicing of exons 1A3 and 1B to exon 2; AUG, translation start.
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§113 s141 5203 $211 $226

\\ \ N 5 _
NTD LBD

Fig. 4. Serine residues undergoing phosphorylation in the GR N-terminal domain and the corresponding protein kinases. For designations,

see Fig. 2.
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Development of GC resistance in psychiatric disor-
ders is now commonly believed to be related to increased
GR phosphorylation at the serine S226 residue [63].
Phosphorylation by S226 inhibits the transactivator func-
tion of the receptor and promotes its exit from the nucle-
us [59, 61], which suggest that this modification might be
a possible cause for GC resistance. Indirect evidences have
been obtained that corroborate this hypothesis. In partic-
ular, in rats with an experimental model of depression-like
behavior, chronic stress induced by social isolation caused
an increase in the phosphorylation of S246 (the analog of
human GR S226) in the hippocampus, whereas treatment
with antidepressant fluoxetine restored normal phospho-
rylation levels and normalized the animals’ behavior [64].
Studies of the antidepressant effects of white mulberry
(Morus alba 1..) root extract and bee propolis showed that
treatment of rats and mice with these substances decreased
the levels of phosphorylation of GR residues S246 in rats
and S234 in mice (analogs of human GR S226) in the hip-
pocampi of treated animals. Simultaneously, the treat-
ment increased phosphorylation of S232 in rats and S220
in mice [65] (residues corresponding to S211 in human
GR). It is known that phosphorylation of human GR at
S211 elevates it transactivation activity [62]. Therefore,
both tested compounds caused GR activation, which pre-
sumably explains their antidepressant effect. Higher levels
of S226 phosphorylation were also observed in leukocytes
of MDD patients [66]. Taken together, these data suggest
that S226 is involved in the mechanism of development of
GC resistance, and it role in this process should be inves-
tigated further.

ROLE OF FKBP5 IN DEVELOPMENT
OF GLUCOCORTICOID RESISTANCE

Immunophilin FKBP5 (FKBP51) is a component of
the multiprotein complex that retains the cytoplasmic
form of GR in the cytoplasm [67]. The complex includes
one GR molecule, a dimer of a HSP90 heat-shock pro-
tein, and several other molecular chaperones and co-
chaperones (HSP70, Dnal/HSP40, p23, Hop, FKBP5,
etc.) that keep GR in the hormone-binding conformation
and protect it from proteolytic digestion [68, 69]. After
GR binds the hormone, FKBP5 in the complex is rapid-
ly replaced by another immunophilin — FKBP4
(FKBP52); the complex is then translocated into the
nucleus [70] due to direct interaction between FKBP4
and the motor protein dynein that can move along the
microtubules toward the nucleus [71].

Expression of the FKBPS5 gene in humans and exper-
imental animals is induced by GCs. In blood cells and
bronchial epithelium, GCs increase the amounts of both
FKBP5 mRNA and the corresponding protein product
[72-75]. Experiments in animal models showed that
FKBP5 expression is induced by GCs in all brain regions
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[76, 77]. The human FKBP5 gene contains numerous
sites for GR binding that are located in introns 2, 5, and
7 173, 78, 79]. Binding of the hormone-activated GR to
these sites initiates an intracellular ultra-short feedback
loop, when GC-induced activation of the FKBPS5 gene
transcription and increase in the FKBPS5 protein content
in the cytoplasm inhibit GR translocation to the nucleus,
thereby diminishing the effect of GCs on the expression
of GR target genes. Such genes include CRH and POMC,
and impaired suppression of their expression by GCs
might be the cause for development of GC resistance in
chronic stress and stress-induced psychopathologies
(Fig. 5) [18, 80, 81].

Direct evidence for the existence of FKBP5-mediat-
ed GC resistance has been obtained in studies of South
American squirrel monkeys (saimiri). Animals of this
species are characterized by increased blood levels of cor-
tisol that are 50-100 times higher than in the blood of
other primates (including humans). However, squirrel
monkeys display no symptoms of hypercortisolemia [82].
It was found that GC resistance of their target organs is
provided by both upregulation of FKBP5 gene expression
and specific features of the encoded protein. The FKBP5
content in the cytosol is an order of magnitude higher,
which impedes FKBP5 exchange for FKBP4 in the com-
plex and prevents GR translocation to the nucleus [83,
84]. Moreover, the presence of saimiri FKBP5 in the
complex considerably decreases GR affinity to GCs [85].

The involvement of FKBP5 in GC resistance was
demonstrated in animals with chronic stress-induced
depression-like behavior. Thus, mild chronic stress
upregulated FKBP5 gene expression and increased
FKBPS5 protein content in rat prefrontal cortex and ven-
tral and dorsal regions of the hippocampus [86].
Simultaneously, the stress diminished GR translocation
to the nuclei and suppressed GC induction of several tar-
get genes. When the animals were treated with duloxetine
(a selective serotonin reuptake inhibitor), all the parame-
ters reversed back to normal values, and the HPA axis
functioning was normalized [86]. A similar effect was
observed when putative antidepressant RO-05 (an
inhibitor of serotonin, dopamine, and noradrenaline
reuptake) was used [87].

In addition to its inhibitory effect on the GC-medi-
ated signaling, FKBP5 blocks the Akt (protein kinase B)
signaling pathway. FKBP5 acts as a scaffold protein that
provides interaction between Akt and phosphatase
PHLPP. PHLPP dephosphorylates Akt at the serine 473
residue, which inactivates Akt [88]. Since changes in Akt
signaling are involved in the development of stress-
induced psychiatric disorders and normalization of Akt
signaling is one of the molecular effects of psychotropic
medications [89-91], FKBP5 expression and its state in
various psychopathologies require further study.

All these data have aroused considerable interest in
the human FKBPS5 gene as a factor involved in the devel-
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Fig. 5. FKBP5-mediated ultra-short feedback loop in the mechanism of GC regulation. In the absence of hormones, GR is retained in the
cytoplasm in a multiprotein complex containing one GR molecule, HSP90 heat-shock protein dimer, HSP90-binding protein P23, and
immunophilin FKBPS5. After binding the hormone, FKBPS is replaced by another immunophilin — FKBP4. This results in translocation of
the complex to the nucleus due to the interaction between FKBP4 and the motor protein dynein that moves toward the nucleus along micro-
tubules of the cytoskeleton. In the nucleus, GR induces biosynthesis of FKBP5, which blocks GR translocation to the nucleus due to com-

petition with FKBP4.

opment of various psychopathologies and accompanying
GC resistance, as well as a gene that determines sensitiv-
ity/resistance to the action of psychotropic medications
[14, 18, 27, 28]. Several single-nucleotide polymorphisms
(SNPs) associated with psychiatric disorders have been
identified in the noncoding FKBP5 gene regions [17, 92-
96]. At least three of these (rs4713916, rs1360780, and
rs3800737) have been associated with GC resistance [97].
The best-studied polymorphism is rs1360780 (G/A)
located in FKBPS5 intron 2 at a distance of 488 bp from the
identified GRE [73]. Patients with MDD have a higher
frequency of occurrence of the rs1360780 genotype
AA(TT) [92, 95]. Patients with this genotype display
poorer response to standard antidepressant therapy than
individuals homozygous in the G allele [98] and exhibit
some traits of GC resistance [99]. Moreover, in a psy-
chosocial stress test, the levels of GC secretion in healthy
individuals (homozygous in the A allele) did not restore
completely after the stress [97, 100]. The data on the
effect of G — A substitution on FKBP5 expression are
contradictory. On one hand, experiments with genetic
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constructs bearing a fragment of the FKBPS5 intron 2 con-
taining rs1360780 and GRE showed that the A(T) allele
considerably increases both basal and GC-induced
expression of the reported gene in transfected HeLa cells
[81]. On the other hand, studies on the effect of dexa-
methasone on FKBP5 mRNA level in blood cells of
healthy individuals and MDD patients revealed that GCs
downregulate FKBPS expression in carriers of the A(T)
allele [99, 100]. Since the same individuals exhibited
lower sensitivity to GCs [99, 100], it might appear that
these results contradict the commonly accepted notion
that increased FKBP5 expression promotes GC resistance
in stress-induced psychopathologies [18]. However, there
are no data on the effect of GCs on FKBPS expression in
brain cells of subjects with different rs1360780 alleles.
Considering current understanding of the mechanisms of
tissue-specific GC regulation [101, 102], we suggest that
in brain structures the effects of GCs on FKBP5 expres-
sion in the carriers of the risk allele would be opposite to
the GC effects in blood cells. This problem can be eluci-
dated by studying the effects of GCs on the FKBP5
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mRNA levels in cultured neural cells obtained from car-
riers of alternative rs1360780 alleles.

Summarizing all the above said, further studies of
human FKBP5 gene expression in brain structures will
contribute much to revealing the mechanisms of GC
resistance in stress-induced psychopathologies and to
more comprehensive understanding of molecular causes
of the development of such pathologies, as well as allow
the development of new therapeutic approaches for their
treatment. An example of such studies is a recent discov-
ery of FKBPS5 inhibitors SAFitl and SAFit2 that activate
axon growth in neural cell cultures and normalize HPA
axis functioning in mice subjected to acute stress [103].

CHRONIC STRESS-INDUCED CHANGES
IN THE CHROMATIN EPIGENETIC LANDSCAPE
AS A POSSIBLE CAUSE FOR GLUCOCORTICOID
RESISTANCE

When binding to DNA, GRs and other transcription
factors recruit various cofactor proteins (including histone
acetylase and deacetylase complexes) and chromatin-
remodelling complexes, which results in multilocus reor-
ganization of chromatin structure [6, 104-107]. Besides,
GRs (and several dozens of other transcription factors)
interact with DNA methyltransferases (DNMTs), thereby
providing locus-specific DNA methylation [108]. Hence,
perhaps GC resistance is a result of GR-mediated
changes in chromatin epigenetic landscape that take
place during chronic stress and in stress-induced psych-
iatric disorders. Epigenetic modifications of DNA and
histones affect regulatory regions of GR target genes and
can drastically alter the ability of these genes to respond
to GCs, e.g. by causing loss in their sensitivity to GCs.
For example, long-term GC treatment was found to
attenuate the sensitivity of several GR target genes in
human UL3 osteosarcoma cell line [109]. After the cells
had been cultured for a prolonged period in dexametha-
sone-containing medium, expression of endogenous
SGK1, CEBP, and PLZF genes and genome-integrated
UL 3 luciferase reporter gene under control of the MMTV
promoter could not be induced by dexamethasone any-
more. Chromatin immunoprecipitation showed that
long-term treatment of cells with the hormone consider-
ably decreased the ability of GREs of these genes to bind
GRs, although exact alterations in the chromatin struc-
ture that caused this effect remained unknown [109].

A large body of evidence indicates that an increase in
GC levels caused by direct CG administration or induced
by chronic/acute stress can change the extent of DNA
methylation, as well as the levels and patterns of histone
modification in cells from different brain regions [110,
111]. The most striking results were obtained in studies of
DNA methylation in animals subjected to prenatal and
early postnatal stress [112]. In particular, in mouse hypo-

MERKULOV et al.

thalamus, prenatal stress stably increased the level of
CpG dinucleotide methylation at the site of NGFI1-A
transcription factor binding in promoter (7) of the GR-
encoding gene Nr3cl and decreased it in the promoter
region of the Crh gene. These modifications suppressed
the transcriptional activity of the Nr3c1 gene and activat-
ed expression of the Crh gene with following decrease in
the efficiency of the HPA axis-regulating negative feed-
back loop [54]. Increased CpG methylation at the
NGFI1-A-binding site of the Nr3cl gene promoter 1(7)
was also observed in the hypothalamus of rat pups whose
mothers displayed diminished maternal care [53].
Microarray analysis of a 6.5-10° bp DNA fragment
including the Nr3cl locus demonstrated that this type of
early postnatal stress affects methylation of the whole-
genome, and not of the GR-encoding gene alone [113].
There are also numerous data indicating that activity of
DNA methylases is altered in chronic stress and stess-
related psychopathologies, as well as that inhibitors of
DNA methylases produce antidepressant effect [110,
111]. In particular, mice with chronic social defeat stress
had increased expression of the de novo methyltransferase
Dnmt3a [114] in nucleus accumbens, while DNMT
inhibitor RG108 exhibited an antidepresant effect in the
stressed animals [115]. Other DNMT inhibitors, such as
5-aza-2-deoxycytidine and 5-azacytidine, also produced
antidepressant effect in rats with depression-like behavior
[116, 117]. Expression of Dnmt3b, another enzyme with
de novo methylase activity, was upregulated in various
brain regions in postmortem samples of suicide victims
[118]. Analysis of mRNA levels for four DNMT isoforms
in the blood of MDD patients revealed considerable acti-
vation of Dnmt3b gene expression during the depressive
phase [119]. So far, there are no data on how
acute/chronic stress alters the patterns of whole-genome
methylation in brain [110]. Bose et al. investigated effects
of the synthetic GC, dexamethasone, on the methylome
of rat embryonic neural stem cells (NSCs) [120]. Earlier,
the same authors had demonstrated that dexamethasone
treatment decreased NSC proliferative activity, inhibited
differentiation of these cells, and significantly altered
their transcriptome [121]. In addition, dexamethasone
considerably decreased the total number of methylated
loci and altered the pattern of methylation. Analysis of
differentially methylated loci revealed that these loci con-
tain many genes involved in the regulation of prolifera-
tion, differentiation, cell migration, aging, DNA methy-
lation, mitochondria functioning, and oxidative stress
response [120].

The data on the effects of stress on histone modifica-
tions in brain are so abundant that their discussion
requires a separate review article. These data include
information on changes in the activity of histone-modify-
ing enzymes and therapeutic effects of their inhibitors
[122], as well as the results of studies on the alterations in
the levels and patterns of histone modification marks
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[110, 111]. Here are some examples. Estimation of the
total content of H3K4me3, H3K9me3, and H3K27me3
marks (related to transcription activation, heterochroma-
tinization, and transcription repression, respectively)
[123] in the rat hippocampus by Western blotting found
that the level of trimethylation of the Lys9 residue
(H3K9me3) increased, while the levels of the H3K27me3
and H3K4me3 marks decreased or remained unchanged,
respectively. On the contrary, during chronic stress, the
level of H3K9me3 slightly decreased, while the level of
H3K4me3 increased [124]. Considerable increase in H3
histone methylation of Lys9 (heterochromatin mark) in
rat hippocampus during acute stress was found by chro-
matin immunoprecipitation (ChIP) coupled with next
generation sequencing (ChIP-Seq). Analysis of genomic
localization of the H3K9me3 response revealed that this
mark was enriched at transposable element loci and
caused retrotransposon silencing [125]. Social defeat
stress downregulated histone H4 acetylation of Lys8 in
the rat ventral hippocampus, as demonstrated by Western
blotting. At the same time, in a subgroup of rats less
resilient to this type of stress, acetylation of histone H3 by
Lys18 was increased in the prefrontal cortex and ventral
hippocampus, and acetylation of histone H4 by Lys12 was
increased in the ventral hippocampus [126]. Chronic
social defeat stress also decreased the level of H3K9me?2
mark (repressive histone modification) in nucleus accum-
bens, which correlated with downregulation of expression
of histone methyltransferase G9a and G9a-like protein
responsible for such modification [127]. It was demon-
strated using the same stress model that the antidepres-
sant effect of fluoxetine is related to its ability to increase
histone H3 Lys9 dimethylation in the promoter regions of
several genes [128]. On the other hand, histone deacety-
lase inhibitors that increase the level of transcription-
activating histone modifications act as antidepressants
[122, 129, 130].

Despite a large body of experimental data, no full
picture describing the effects of stress on DNA and his-
tone modifications has emerged [110, 111]. Largely, this
could be because different brain structures have been
studied for different histone modifications using different
experimental approaches. Another probably more sub-
stantial reason is the deficit of whole-genome data that
could be obtained by modern technologies of next gener-
ation sequencing (ChIP-seq, Me-DIP). Widespread
application of these methods will allow an integrated view
on the epigenetic landscape modifications caused by
stress-induced pathologies. Moreover, comparison of epi-
genetic data to the results of transcriptome analysis
(RNA-seq) will identify systems of genes and their key
components essential for the development of psy-
chopathologies. Complex study of changes in the epige-
netic landscape in various brain regions caused by long-
term stress-induced elevated concentrations of GCs is a
promising approach to elucidating the mechanisms of
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GC resistance, since, as demonstrated for certain genes,
reorganization of chromatin structure at the sites of GRE
localization is an obligatory component of GR regulatory
activity [6, 104-107]. One of the consequences of such
reorganization might be the loss of sensitivity to GCs for
some sets of GR target genes.

GCs regulate many vital processes in vertebrates
such as coordinated growth, differentiation, reproduc-
tion, adaptation, and behavior. These hormones are
involved in the regulation of carbohydrate, protein, and
lipid metabolisms, maintenance of water and electrolyte
balance; they control proliferation, differentiation, and
apoptosis of many types of cells and exhibit antiinflam-
matory and immunosuppressive properties [131, 132].
One of the major GC functions is their participation in
the organism’s adaptation to various types of physical and
psychoemotional stress and in the organism’s response to
stress by initiating the negative feedback mechanism
aimed to downregulated the HPA axis activity [133, 134].
However, chronic stress and many stress-related psych-
iatric disorders result in permanent HPA axis activation
due to the development of GC resistance, the most pro-
nounced manifestation of which is a diminished inhibito-
ry effect of GCs on the production of CRH, ACTH, and,
a result, cortisol [10, 12-15, 135].

It is important to emphasize that GC resistance and
associated HPA axis hyperactivity are closely related to
neuroinflammatory processes. GCs play an antiinflam-
matory role, in particular during neuroinflammation
induced by physiological or psychological stress.
Numerous studies have demonstrated that GCs increase
the concentrations of antiinflammatory cytokines and
decrease the concentrations of proinflammatory ones
[136-138]. Therefore, the dysfunctions of the GC regula-
tion induced by chronic stress promote neuroinflamma-
tion [137] that is often observed in stress-induced psy-
chopathologies [139-141].

Because GC resistance is one of the most typical fea-
tures of psychiatric disorders such as MDD [12, 13] and
bipolar disorder [15], the molecular mechanisms of its
formation in brain regions have been a subject of numer-
ous studies. The main topics of these studies are: (i)
expression of the GR gene, biosynthesis of GR isoforms,
and posttranslational GR modifications; (ii) expression
of the FKBP5 gene, a component of the ultra-short nega-
tive feedback loop of GC signaling in cells; (iii) GR and
FKBP5 genetic polymorphisms associated with stress-
related psychiatric disorders; (iv) changes in the pattern
of epigenetic modifications caused by GC activity and
stress factors and/or typical stress-related psychopatholo-
gies.

Taken together, the results of these studies suggest
that development of GC resistance in response to chron-
ic stress does not involve a single universal cause, and that
molecular mechanism of GC resistance are very diverse.
Virtually every factor studied has been proven to be an
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important element in the formation of GC resistance.
The least-studied among these factors are alterations in
the epigenetic landscape of brain cells caused by pro-
longed increase in GC levels resulting from chronic stress
and observed in stress-induced psychiatric disorders.
Until recently, such studies have focused mostly on
changes in the total content of particular epigenetic mod-
ifications or on the search for such modifications in the
loci of particular genes [110, 111]. In the last few years,
development of whole-genome techniques for identifica-
tion of epigenetic modifications (ChIP-seq, MeDIP-seq)
has raised these studies to a qualitatively new level that is
not limited by the choice of presumed molecular deter-
minants and might allow identification of key gene sys-
tems responsible for the development of stress-related
pathologies. The informative value of such studies will be
even higher in a combination with modern methods of
transcriptome analysis (RNA-seq). Because GCs are
essential regulators of various aspects of central nervous
system functioning (growth, differentiation, neuron sur-
vival, synaptic plasticity) and play an important role in
behavioral and cognitive disorders [142-145], we expect
that the use of whole-genome methods in studies of the
mechanisms underlying GC system dysfunctions in
stress-related psychopathologies will significantly con-
tribute to understanding of the molecular mechanisms of
these processes.
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