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% A number of alleles of polymorphic genes, dysfunctions of the hypothalamic-pituitary-adrenal axis, neurotransmitter dis-
orders, and manifestations of immune dysregulation are associated with vulnerability to stress. Post-stress states of humans
and animals are accompanied by signs of neuroinflammation, the causes and mechanisms of which remain to be elucidated.
The article discusses epigenetic mechanisms by which the intestinal microbiota might participate in the initiation and main-
tenance of post-stress inflammation.

% Keywords: microbiota; stress; post-stress pathology; neuroinflammation; epigenetic modifications.

INUIEHETUMECKMA MEXAHU3M BNUAHUA MUKPOBMOTbI KULLEYHUKA HA PA3BUTUE

MOCTCTPECCOPHOIO HEMPOBOCMANEHUSA
© WU.I. lanarunosa, JI1.B. Maukosa, H.M. [ynuuesa, U.A. Bakoaiok

OTAOY BO «banrtuiickuii dhenepabHblil yHuBepcuTeT umenn Mmmanyuna Kanra», Kanunuurpan

Jns yumuposanus: Ulanarunosa U.I%, Maukosa J1.B., [ynuuesa H.M., Bakosok M. A. dnureHetndyecknil MeXaHH3M BJIHSTHUSE MUKPOOHOTBI KHILIEUHHKA
Ha pa3BHTHE TOCTCTPeccopHoro Hefiposocnanenus // dkonoruueckas renetnka. — 2019, — T. 17. — Ne 4. — C. 91—102. https://doi.org/10.17816/
ecogenl7491-102.

[Tocrynuna: 02.04.2019 Ono6pena: 20.09.2019 [punsra: 17.12.2019

% C ysA3BUMOCTBIO K CTpeCCy acCOLUMHPOBAH Psi ajjiesiell ToJUMOPMHBIX TeHOB, a TaKKe AUCGHYHKLHMH THIOTaNaMO-THIOMH -
3apHO-HA/NIOUEUHHKOBOH OCH, HeHpOMeIHaTopHble HApyLIEHHs] U MPOSIBICHUS UMMYHHOH aucperyssiunu. Ectb yOemuTesbHble
JI0KA3aTesIbCTBA Ha/IMuMsl [IPU3HAKOB HeHpoBOCHa/eHHUsl [IPH MOCTCTPECCOPHBIX COCTOSIHUSIX UesloBeKa M KUBOTHBIX. [Ipuunnbl
M MEXaHM3Mbl TaKHX HEHPOMMMYHHBIX IMC(YHKLHMI He BbIsCHeHbl. B craThe paccmarpuBaeTcsi BO3MOXKHOCTb y4acTHsI MHKPO-
GHOTBI KHILIEUHNKA B MHULMALNN U MOJICPKAHUH MOCTCTPECCOPHOTO BOCMAJICHUST Yepe3 SMUIeHeTHYeCKHE MEXaHH3MBI.

% KutoueBble c10Ba: MUKPOOHOTA; CTPeCC; MOCTCTPECCOPHbIE NATOJIOMNH; HellpoBOCHaleHHe; STUIeHeTHIeCKHe MOAM(DUKALIUH.

There is evidence that the microbiota of the human
gastrointestinal tract (GIT) influences both the state of
the central nervous system (CNS) and cognitive func-
tions [1—5]. The field of neuroscience focuses on these
interactions [6].

It has been demonstrated that intestinal microbiota
modulates the synthesis of hormones, immune factors,
and neurotransmitters and can affect the development
and functioning of the brain, including the severity of
symptoms of mental disorders, such as depression,
post-stress pathologies, schizophrenia, and autism [6].

According to PubMed (microbiota & stress request),
interest in studying the influence of GIT microbiota on
the development of stress-related pathologies continues
to grow steadily (from five articles in 2004 to 481 in
2018).

In 2004, it was revealed for the first time that
germ-iree (GF) mice without microbiota demonstrated

significantly higher activity of the hypothalamic—pitu-
itary—adrenal (HPA) axis in response to stress factors
compared with mice with microbiota but not with spe-
cific pathogens (specific pathogen-free [SPF] mice) [7].
Subsequently, the dependence of the condition of brain
microglial cells on the qualitative and quantitative com-
position of the intestinal microbiota was established [8].
Since microglial cells are involved in the initiation and
maintenance of neuroinflammation that accompanies
post-stress states, microbiota is considered as one of
the possible regulators in the occurrence of post-stress
pathologies [9].

Neuroinflammation is an inflammatory response in
the CNS that is mediated by cytokines, chemokines,
reactive oxygen intermediates, and secondary messen-
gers. The main source of proinflammatory mediators
is activated microglia [10]. These immune cells in the
CNS provide the primary form of an adaptive immune
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response [ 1]. It is known that chronic neuroinflamma-
tion underlies many neurological and mental disorders
(Parkinson’s disease, depression, schizophrenia, and
post-traumatic stress disorder [PTSD]) [9].

However, the involvement of the microbiota of the
host organism in microglia activation and in the mainte-
nance of neuroinflammation remains unclear. One pos-
sible theory is that bacterial metabolites have the ability
to influence the epigenetic modifications of genes as-
sociated with immunoregulation [12].

Epigenetic modifications are inherited molecular
mechanisms in the regulation of gene expression; they
do not affect the nucleotide sequence of DNA but lead
to specific conformational changes in chromatin struc-
ture [13].

This article analyzes recent studies on the role of in-
testinal microbiota in the epigenetic control of the deve-
lopment of post-stress neuroinflammation.

MICROBIOTA OF HUMAN INTESTINES

GIT microbiota refers to the totality of all microor-
ganisms that inhabit the human intestines (bacteria,
eukaryotes, archaea, and viruses), while microbiome is
defined as a complete genetic set of these microorgan-
isms [14]. The total number of bacteria that comprise
human microbiota is higher than the number of cells
in the human body (3.9 - 10" and 3.0 - 10'3, respecti-
vely) [15]. The human genome contains 12 times fewer
genes than microbiomes. According to recent estimates,
the total number of genes that make up the microbiome
is 400,000 [16]. Of the total number of bacteria in an
adult’s body, 80% are intestinal bacteria [6].

The composition of GIT microbiota changes through-
out a person’s life [17]. Intestinal colonization by mi-
croorganisms occurs during embryo-fetal development
via amniotic fluid and/or umbilical cord blood [18—20].
Bacteria have been found in the meconium of healthy
newborns [21]. However, the main stage in the forma-
tion of human intestinal microbiota occurs during post-
embryonic development. During and immediately after
birth, the newborn comes into contact with both the
mother’s microbiota and the environment; consequent-
ly, a number of commensal bacteria are acquired, which
inhabit the GIT [22]. Studies show that the first years
of life are a critical period for the formation of a healthy
intestinal ecosystem [23].

According to the “old friends” hypothesis, such a
symbiosis between the human body and the plurality of
microorganisms that inhabit its intestines is the result
of a lengthy joint evolution [24]. There is ample evidence
that intestinal microbiota perform a number of essential
functions in the host organism. They participate in the

creation and maintenance of the integrity of the inter-
stitial barrier, stimulate the regeneration of intestinal
epithelial cells, produce mucus, and nourish the GIT
mucosa by secreting some metabolites [25, 26].

Intestinal microbiota is involved in the maturation of
the host immune system due to its capacity to stimulate
innate immunity during the early stages ol ontogenesis.
[t affects the development of the lymphoid tissue related
to the intestines; activates adaptive immunity through
stimulation of local and systemic immune respons-
es [27]; participates in the synthesis of certain nutrients,
hormones, and vitamins; and plays an important role in
the removal of toxins.

Under normal conditions, the microbiota is able to
stimulate the immune system, leading to a state of low-
intensity physiological inflammation (parainflammation).
It is hypothesized that such stimulation of immunity in-
creases the tolerance of the host organism to the dam-
aging effects of pathogenic microbes [28].

However, the intestinal ecosystem is extremely vul-
nerable to the effects of adverse factors. The existing
balance of microorganisms can be disturbed both by
psychoemotional factors (i. e., stress, including during
the prenatal period) and by diet and drug intake [29].
The composition of the GIT microbiota is also deter-
mined by viruses [30] and parasitic infections of the in-
testine [31].

INFLUENTIAL MECHANISMS OF GIT MICROBIOTA
ON BRAIN DEVELOPMENT AND FUNCTION

To date, adequate data has been accumulated on
the relationship between the qualitative and quantita-
tive indicators of intestinal microbiota and the severity
of symptoms of anxiety and depression in both humans
and rodents [32, 33].

An extended study following an outbreak of bacterial
gastroenteritis in Canada revealed that severe anxiety
and depression are risk factors for persistent intestinal
symptoms after eight years from the initial infection [34].

In 2013, the National Institute of Mental Health in
the United States of America launched a program to
study the mechanisms of interaction between the mi-
crobiota and the brain with the purpose of creating new
drugs and developing non-invasive treatments for men-
tal disorders.

The interaction between the brain and intestinal
microbiota is often described in literature as the mi-
crobiota—intestine—brain axis [1, 6, 29, 32, 33]. Such
communication takes place through neuroanatomical
pathways and the endocrine and immune systems as
well as via the release of certain metabolites by bacteria
that can affect the nervous system [6, 35, 36].
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The autonomic nervous system of the intestine and
the vagus nerve provide one route by which the intes-
tinal microbiota affects the brain. It is generally recog-
nized that bacterial metabolites stimulate afferent neu-
rons in the enteric nervous system [37].

It has been known since the 1930s that enteroendo-
crine cells are located in the intestinal epithelium. They
are electrically excitable, but until recently it was be-
lieved that these cells were unable to form synapses with
cranial nerves. A recent study [37] identified a type of
sensory intestinal epithelial cell that contains synapses
with sensitive neurons of the vagus nerve (nodose gan-
glia). The authors referred to these cells as neuropod
cells, since, despite being a type of endocrine cells, they
have the ability to form neuroepithelial networks. Us-
ing glutamatergic synapses with the vagus nerve, the
neuropod cells connect the intestinal lumen directly to
the brain stem. Due to the existence of such nerve net-
works, the brain can obtain information from the intes-
tinal lumen within a few milliseconds.

The functional disturbances of the hypothalamus, pi-
tuitary, and adrenal glands that constitute the HPA axis
contribute to the pathogenesis of post-stress patholo-
gies [38]. The latest data indicate a significant role of
intestinal microbiota in the functional disorder of these
structures and, consequently, in neuroendocrine dys-
regulation [7].

In GF mice, stress caused by prolonged immobili-
zation leads to a significantly greater release of corti-
costerone and adrenocorticotropic hormones compared
with control animals with normal microbiota. Such an
excessive response to stress can be partially normalized
by preliminary stool transplantation from control mice
and is completely restored by colonizing an individual
bacterium of the Bifidobacterium infantis species in the
intestine [39].

One of the possible mechanisms of such an effect
of bacteria on the function of the HPA axis is the effect
their metabolites have on the functioning of the gluta-
matergic and serotonergic synapses. GF mice showed
a significant decrease in the expression of glutamate
receptors (NMDA receptors) and serotonin (5HT A re-
ceptors) in the hippocampus and cortex compared with
SPF mice. Deficiencies in glutamatergic and serotoner-
gic transmission can lead to disruptions in the function
of the HPA axis, which acts on the secretion of cortico-
trophin-releasing hormone (CRH) in the hypothalamus.
Long-term exposure to elevated levels of CRH creates a
state of distress, severe depressive symptoms, insomnia,
chronic anxiety, exhaustion, and a decrease in libido [6].

It has been revealed that the stress factor affecting
the operation of the HPA axis can induce a change in the

microbiota composition. For example, in newborn rats,
early weaning from the mother not only leads to long-
term changes in the functioning of the HPA axis but also
has a lasting effect on the microbiota composition of the
offspring [40].

Similar interactions are exhibited during exposure of
adult animals to stress. In mice, the microbiota com-
position in a mouse model of chronic psychoemotional
stress and in unstressed mice is significantly diffe-
rent [41]. Stress has been confirmed to decrease the
amount of Bacteroides in the cecum and increase the
amount of Clostridium [42].

Immune interactions represent another mechanism
through which microbiota can affect the condition and
functions of the nervous system. An important role in
the communication between bacteria and the host is
played by Toll-like receptors (TLRs), which are ex-
pressed on epithelial cells, monocytes, macrophages,
dendritic cells, neutrophils, and natural killers and are
also widely represented in neurons and glial cells [43].
They recognize the conservative structures of microor-
ganisms and represent an important link in the innate
immune system. After activation, TLRs bind to adapter
proteins and are able to induce cytokine synthesis.

Intestinal microbiota produces neurotransmitters and
other regulatory molecules that can affect both the brain
and behavior. These substances include gamma-amino-
butyric acid, serotonin (5-HT), dopamine, and short-
chain fatty acids (SCFA) [25, 26, 44—46].

SCFA are metabolic products of intestinal microbio-
ta; they are used by the host cells as an energy source
for ATP synthesis. Simultaneously, some of the salts of
such acids (propionate, butyrate) are involved in the epi-
genetic modifications in mammalian cells. Thus, bacte-
ria of the genera Clostridium, Eubacterium, and Buty-
rivibrio are able to synthesize and supply butyrate from
indigestible fibers into the gastrointestinal tract lumen.
Butyrate has an inhibitory effect on histone deacetylase
(HDAC) and thus is involved in the epigenetic modifica-
tion of histones [44].

Several receptors for SCFA in various tissues are
known. Free fatty-acid receptor 2 (FFAR2), free fatty-
acid receptor 3 (FFAR3), and hydroxycarboxylic-acid
receptor 2 (HCARZ2) (also known as G protein-coupled
receptor 109 A) have been extensively studied. In den-
dritic cells, these G-protein-associated transmembrane
proteins affect cell metabolism, inflammation, and oxida-
tive stress [25]. In lymphocytes, the activation of these
receptors by agonists such as SCFA regulates the ex-
pansion, differentiation, and functionality of T cells [26],
which is one of the mechanisms of SCFA action on the
immune system.
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There is evidence of the presence of SCFA receptors
(e. g., FFAR3) in the CNS of rats and in the peripheral
nervous system of mice [47]. To date, there is no evi-
dence of the presence of FFAR2 and FFAR3 receptors on
microglial cells [48]; however, it has been revealed that
SCFA affects the maturation and activity of microglial
cells in laboratory animals [8, 49]. Changes in both the
structure and density of microglial cells in sterile mice
were recorded. The same phenotype can be reproduced
by inhibiting the expression of FFAR2 and FFAR3 —
SCFA receptors [6].

In rats, the HCAR2 receptor (more specifically, its
mRNA and the corresponding protein) was found in the
microglial cells of the substantia nigra. Previous work
shows that p-hydroxybutyric acid reduces the manifesta-
tion of motor dysfunction in rats in a model of Parkin-
son’s disease. This positive effect is associated with the
suppression of microglial activation and a decrease in
the production of proinflammatory cytokines, which pre-
vents the loss of dopaminergic neurons in the substantia
nigra. The authors demonstrated that B-hydroxybutyric
acid acts on microglial cells via HCARZ2 receptors and
reduces the activation of the NF-«B signaling pathway
(a key inflammatory mediator). HCAR2 knockdown can-
cels the anti-inflammatory effect and decreases NF-«B
activity [50].

Other key metabolites of the intestinal microbiota,
including S-adenosylmethionine, acetyl-CoA, nicotin-
amide adenine dinucleotide, and ATP, are necessary co-
factors for enzymes that regulate DNA methylation and
histone modifications [51]. Thus, folate (a metabolite of
Bifidobacterium spp. and other bacteria) is a methyl-
group donor and is crucial for the production of S-ad-
enosylmethionine, which is also a methyl-group donor
and a substrate for DNA methyltransferases [52].

POST-STRESS PATHOLOGIES
AND IMMUNE RESPONSE

In recent years, neuroimmune regulation disorders
have been actively investigated in various mental disor-
ders, including in post-stress conditions. There is con-
vincing evidence of the signs of neuroinflammation in
neurotic and stress-related disorders in humans and in
animal models (mice and rats) of similar psychopatholo-
gies. Most studies evaluate the levels of proinflamma-
tory cytokines in the blood of patients with PTSD, and
postmortem studies on sections of the human brain are
rare.

It was revealed that the levels of proinflammatory
cytokines, such as interleukin-1p (IL-1B), interleukin-6
(IL-6), and tumor necrosis factor (TNF), are significant-
ly increased in the blood of patients with PTSD com-

pared with both the control and patients with a history
of injury without the development of symptoms of the
disease [9].

These data indicate the presence of peripheral in-
flammation in PTSD, but they do not indicate its role
in the pathogenesis of the disease. The connection be-
tween peripheral inflammation and PTSD pathogenesis
is indicated by the fact that the higher levels of cytokines
detected in the blood plasma of military personnel before
their participation in hostilities are associated with an
increased risk of PTSD development aiter their return
from flashpoint areas [53]. In addition, a higher level
of glucocorticoid-dependent production of cytokines and
T-cell proliferation before the hostilities is associated
with the increased severity of PTSD symptoms in sol-
diers after returning from combat areas [54].

However, the lack of convincing data on the signs of
neuroinflammation in the brains of patients with stress-
related neurotic disorders does not conclusively explain
how the level of peripheral cytokines reflects the involve-
ment of neuroimmune processes in the development of
post-stress conditions.

Therefore, the use of animal models seems to of-
fer promising clarification of this issue. In the mouse
model, on day 8 after exposure to stress, an increase
in the level of monocytes circulating in the blood and
increased anxiety in behavioral tests were revealed. On
day 24 after the exposure to stress, anxiety behavior and
increased proinflammatory cytokine mRNA levels in mi-
croglial cells (IL-1B, TNF, and IL-6) were still noted,
although there were no peripheral signs of inflamma-
tion [55]. There is also evidence of increased expression
of the same cytokines in the rat hippocampus in the
PTSD model; this effect persisted for two weeks after
exposure to stress [9].

The brain microglial cells are derived from macro-
phages, which are cells that are capable of actively cap-
turing and digesting particles that are foreign or toxic
to the body, such as bacteria and the remains of dead
cells. Microglial cells are the first line of defense in brain
injuries and infectious diseases and become activated in
the case of some neurological and mental disorders [6].
Microglial cells migrate to the CNS during prenatal de-
velopment. They are actively involved in brain develop-
ment via participation in the formation of synapses and
nerve cells and in the prevention of excessive activation
of neurons [6].

MICROBIOTA AND POST-STRESS INFLAMMATION
Recently, the interaction between the GIT microbiota
and the brain has been considered as one of the fac-
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tors in the emergence of a number of psychiatric and
neurological diseases, which suggests the concept of a
human as a superorganism or a holobiont with all its
complexity.

In the perinatal period, the functional development
of the mammalian brain is subject to both internal and
external signals. Epidemiological studies have revealed a
relationship between microbial pathogenic infections dur-
ing this time and common disorders of the nervous system
development, such as autism and schizophrenia [2, 5, 35].
The rodent models revealed that the effect of microbial
pathogens in the early postnatal periods of development
causes a disorder of cognitive functions and contributes to
the development of symptoms of anxiety [56, 57].

A comparison between the GIT microbiota in pa-
tients with PTSD and healthy subjects exposed to a sin-
gle stress factor [58] revealed a decrease in the relative
number of bacteria (Actinobacteria, Lentisphaerae, and
Verrucomicrobia) in patients with PTSD. The data from
this study are consistent with the findings of post-stress
pathologies in animal models [59]. It was concluded that
a deficiency of the above microorganisms may lead to an
increased vulnerability to PTSD.

Most studies of the microbiota—intestine—brain axis
were focused on animal models. The use of GF mice en-
abled an evaluation of the effect of microbiota on behav-
ior, as well as the determination of the effect of specific
bacteria or dietary changes on the interaction between
the microbiota, the intestines, and the brain. It has been
established that the most pronounced aspects of such
mice are disorders in the functioning of the immune
system. Similar disorders are observed in patients with
behavioral symptoms of anxiety [60].

GF mice show signs of neuroinflammation in those
brain structures that are involved in the pathogenesis of
stress-related disorders [61]. An increased level of pro-
inflammatory IL-1p in the amygdala of GF mice is de-
tected along with a decrease in the BDNF neurotrophic
factor [62].

The SCFA produced by intestinal microbiota affect
neuroimmune regulation through modulation of the
state and functioning of the brain microglial cells. These
metabolites can inhibit HDAC, i. e., they can regulate
epigenetic changes at the system level, which is com-
bined with a change in the microglial-cell phenotype
from activated to anti-inflammatory [45, 46].

Folates, butyrates, and acetates produced by bacte-
ria are involved in DNA-methylation processes in the
cells of the host organism. For example, folates (a vital
product of Bifidobacterium spp.) are necessary for the
synthesis of S-adenosylmethionine, which is a methyl-
group A donor for DNA methyltransferases [58].

These data support the hypothesis of the effect of
intestinal microbiota on physiological processes in the
host organism by influencing the epigenetic modifica-
tions of the host genome.

EPIGENETIC MODIFICATIONS AND POST-STRESS
INFLAMMATION

In the modern sense, epigenetic modifications are
molecular mechanisms of gene-expression regulation
that do not affect the nucleotide sequence of the DNA,;
however, specific conformational changes in chromatin
structure occur [13, 63].

Epigenetic modifications can be inherited and re-
versible. They are involved in the processes of cell dif-
ferentiation in multicellular organisms and changes in
gene-expression profiles in response to changing envi-
ronmental conditions [51, 52, 61].

The regulation of gene expression by methylation of
regulatory DNA sequences, histone modification, non-
coding RNA, and post-transcriptional RNA processing
is included in the most well-known epigenetic mecha-
nisms.

DNA methylation consists of the attachment of a
methyl group to carbon in the cytosine molecule at posi-
tion 5 to form 5-methylcytosine. The methylation of the
promotor regions of genes often leads to an inhibition
of transcription. However, the hydroxymethylation of
the same sequence can stimulate gene expression [64].
These changes are catalyzed by a group of enzymes,
namely, DNA methyltransferases, for example, DNMTI,
DNMT3A, and DNMT3B (which catalyze methylation),
and TET1-3 and IDHI1-3 (which catalyze hydroxyme-
thylation).

Histone modifications are more diverse and complex
than DNA methylation. Various amino acids of histone
tails can be methylated, acetylated, and phosphorylated.
These modifications can increase or decrease gene ex-
pression depending on the type of change and its posi-
tion [63]. For example, the acetylation of histone resi-
dues leads to the increased availability of nucleosomal
DNA for transcription factors, thereby increasing the
expression levels of the corresponding genes. Histone
acetylation consists of the transfer of the acetyl group
from acetyl coenzyme A to histone lysine and is cata-
lyzed by lysine acetyltransferase. The acetylation process
is balanced by the deacetylation of histones and the re-
moval of the acetyl group from lysine, which is catalyzed
by HDAC [65].

Complex combinations of DNA methylation and
histone modifications interact with more than 1000
microRNAs. In turn, each microRNA can bind to the
transcripts of hundreds of genes depending on the type
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of tissue, thereby increasing the complexity of the tran-
scriptional response of the body without increasing the
number of genes.

The epigenetic regulation of gene expression is con-
sidered to be a mechanism of interaction between the
environment and the genome. It is likely that a traumat-
ic event (stress factor) causes the persistent epigenetic
modifications in loci associated with immune dysregula-
tion and increases the risk of PTSD. The question of the
degree of reversibility and durability of such modifica-
tions remains relevant.

To date, there is evidence of a lower level of meth-
ylation of the promotor regions of genes associated with
immune response, including proinflammatory /.- 1§ and
IL-8, in the blood of patients with PTSD compared with
the control [66—68]. The main limitation of these stud-
ies consists of the measurement of the level of DNA
methylation (mDNA) in serum or whole blood without
considering the cellular composition. Therefore, the re-
sults discussed may not reflect PTSD-specific changes
in the peripheral immune system cells. In this regard,
future studies should determine the level of mDNA in
homogeneous cell populations [69]. There are no post-
mortem studies available in which the brains of patients
with PTSD are compared with the norm; therefore, no
data are available on the level of methylation of cytokine
genes in the brain microglial cells of patients [66].

A comparison of the methylation level of genes as-
sociated with the development of inflammation in blood
and microglial cells in PTSD animal models will enable
an understanding of how the previously identified dif-
ferences in peripheral mDNA levels correlate with the
epigenetic modifications of DNA in the brain.

Intestinal microbiota is considered as a factor that
actively affects the development of the nervous system,
the functional state of the brain, and behavior via epi-
genetic modifications of genes associated with neuroin-
flammation [61]. As detailed above, metabolites of the
GIT microbiota (butyrate and propionate) inhibit HDAC
and thus affect the activation of the host genome tran-
scription [51].

In patients with chronic gastritis, the presence of
Helicobacter pylori in the GIT is specifically associa-
ted with DNA hypermethylation in the region of the
06-methylguanine-DNA  methyltransferase (MGMT)
gene promotor, which reduces the expression of the
MGMT protein in gastric epithelial cells [70]. MGMT
is a nuclear protein that plays a key role in repairing
DNA damage caused by simple alkylating agents and is
considered as a tumor-growth-suppressor gene.

Animal studies have revealed that such epigenetic
changes in the cells of the gastric mucosa are associated

with inflammation induction as a result of an H. pylori
infection — but not with the bacterium itself. Significant
suppression of inflammation by the immunosuppres-
sive drug, cyclosporin A, did not affect the colonization
of H. pylori; however, it blocked DNA hypermethy-
lation [70].

Another example is the protein (Rv3423.1) of Myco-
bacterium tuberculosis, which exhibits histone acetyl-
transferase activity in host cells and acetylates histone
H3 at the K9/K14 positions [71]. In addition, Rv1988,
another secreted mycobacterial protein that interacts
with chromatin, has methyltransferase activity and
methylates histone H3 at the H3R42 position, which
suppresses the expression of affected genes [72].

Epigenetic mechanisms are key mediators in the de-
velopment of chronic inflammation due to the induction
of the gene expression of proinflammatory cytokines, in-
cluding IL-1, IL-2, IL-6, TNF, and COX2 induction, and
the NF-kB transcription factor [58]. For example, the
increased expression of TNF during the development of
irritable bowel symptoms in Danio rerio fish is associat-
ed with a loss of function of uhrfl, a gene that encodes
the ubiquitin-like protein (an epigenetic regulator), and
leads to the hypomethylation of the TNF-gene promotor.
Consequently, an increase in TNF expression mediated
by microbiota leads to the recruitment of immune cells,
chronic inflammation, apoptosis, and the dysfunction of
intestinal epithelial cells as a barrier [73].

The demethylation of a small promotor region of the
IL-2 gene was detected in mouse T cells after their ac-
tivation. The composition of the microbiota changed; as
a result, the /L-2 gene expression, which is one of the
inflammatory mediators, increased. In addition, the mat-
uration of naive CD4 T cells to T-helper cells is charac-
terized by the rapid acetylation of histone H3 in /L-4/
IL-13 gene clusters [74].

Based on these studies, demethylating agents and
histone deacetylase inhibitors are currently considered
in the literature as epigenetic therapy drugs that target
chromatin in rapidly dividing cells [75]. Such agents that
affect the epigenetic modifications of genes associated
with inflammation can be the metabolites of intestinal
microorganisms. Generally, microbiota is a new target
for the development of methods for the elimination of
neuroinflammation and post-stress pathologies via ex-
posure to the epigenome.

MICROBIAL THERAPY IN MENTAL DISEASES

The discovery of the relationship between the micro-
biota, immunity, inflammation, epigenetic modifications,
and mental health suggested that exposure to GIT mi-
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crobiota may be a tool in combating mental diseases.
There are probiotics (living beneficial microorganisms),
prebiotics (factors contributing to bacterial growth), and
synbiotics (a combination of probiotics and prebiotics)
that favorably alter the intestinal microbiota [76]. In this
context, they are all called psychobiotics.

The development of psychobiotics is at an early stage.
Hence, there is still insufficient evidence to draw an un-
ambiguous conclusion about the causal relationship be-
tween the use of any pro- or pre-biotics and changes in
the GIT microbiota [77].

The main action mechanisms of probiotics have been
clarified. This is a substitution of pathogenic microor-
ganisms during the following processes: the struggle for
food sources, the interactions with metabolites, the pro-
duction of bacteriocins, the inhibition of bacterial trans-
location, the strengthening of the GIT mucosa [78, 79],
the effect on calcium-dependent potassium channels in
sensory neurons of the intestine [80], the induction of
cannabinoid and opioid receptors in intestinal epithe-
lial cells [81], and the modulation of the immune sys-
tem [82].

Probiotics include bacteria almost exclusively of the
genera Lactobacillus and Bifidobacterium, and they
have a long history of safe use [83]. Clinical trials have
shown that probiotics help prevent or reduce the sever-
ity of symptoms of various disorders, including chronic
intestinal inflammation and irritable bowel syndrome. In
addition, it was demonstrated that the transplantation of
samples of GIT microbiota from healthy people can help
patients with ulcerative colitis [84]. Probiotics inhibit
the reproduction of Enterococcus, Bacillus, Listeria,
Staphylococcus, and Salmonella in the GIT, increase
the mucus barrier integrity, and modulate the functions
of immunocompetent cells [85].

The therapeutic potential of probiotics in autoim-
mune diseases of the nervous system, such as multiple
sclerosis (MS), is being actively studied [86]. Experi-
mental allergic encephalomyelitis (EAE) is considered
as a model of MS. There is evidence of changes over
time of the qualitative and quantitative composition of
the intestinal microbiota in rats with induced EAE as-
sociated with the presence or absence of neurological
symptoms [87]. Administration of the probiotic En-
terococcus faecium L3 increased the proportion of
animals with asymptomatic and mild forms of the dis-
ease compared with the control group. In these rats,
a decrease in the blood levels of NK cells and B cells
and an increase in the number of T cells were detected.
Complaints of gastrointestinal problems were reduced
in patients with MS taking the same probiotic; this
was accompanied by a change in the composition of

the microbial community in the intestine due to the
removal of the pathogenic species Clostridium perfrin-
gens, Staphylococcus aureus, Klebsiella oxytoca, and
Candida [88].

Separate experimental data suggest the possibil-
ity of using microbiota correction for the treatment of
mental disorders. Animal studies have confirmed that
after treatment with probiotics, newborn rats who were
stressed at a young age exhibit normal behavior in tests
evaluating their anxiety levels [89]. The administration
of Lactobacillus rhamnosus for 10 days reduces the
symptoms of increased anxiety in rats [90].

In humans, a randomized, placebo-controlled
study revealed that probiotics can reduce von Wil-
lebrand factor and increase BDNF and MCP-1 (the
chemotactic protein-1 of monocytes) in patients with
schizophrenia [91]. Another study reported reduced
tendencies in the severity of symptoms of schizophre-
nia in male patients after 14 weeks of taking probio-
tics [92].

A meta-analysis of randomized controlled studies of
patients diagnosed with major depression showed that
probiotics reduce depressive symptoms [93]. A meta-
analysis of seven studies involving healthy volunteers
revealed that supplements with probiotics improve the
overall psychological condition compared with the pla-
cebo [94].

CONCLUSION

There is convincing evidence of the signs of neuro-
inflammation in patients with post-stress pathologies
and in experimental animal models of acute and chronic
stress.

Clarification of the causes of such disorders in immu-
noregulation at the molecular level is urgently required.
[t has become clear that the composition of intestinal
microbiota affects the functioning of brain microglial
cells and the behavior of experimental animals in gen-
eral. The study of the microbiota—intestine—brain in-
teraction is a promising area of research in the field of
biological psychiatry.

Due to the active development of high-performance
genome-sequencing technologies, the composition of
the human GIT microbiota has been studied in sufficient
detail. A concept has been formed about the taxonomic
distribution and diversity of microbial communities of
the intestine under normal conditions and in the case of
various pathologies. Some metabolites of the intestinal
microbiota can affect the epigenetic modifications of the
host cell genome. A study of the role of microbiota in
such gene modifications associated with neuroinflamma-
tion will deepen the understanding of the mechanisms of
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post-stress pathologies and will facilitate the identifica-
tion of new targets for their therapy.
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