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Abstract—According to modern view, susceptibility to diseases, specifically to cognitive and neuropsychiatric disorders, can
form during embryonic development. Adverse factors affecting mother during the pregnancy increase the risk of developing
pathologies. Despite the association between elevated maternal blood homocysteine (Hcy) and fetal brain impairments,
as well as cognitive deficits in the offspring, the role of brain plasticity in the development of these pathologies remains
poorly studied. Here, we review the data on the negative impact of hyperhomocysteinemia (HHcy) on the neural plastici-
ty, in particular, its possible influence on the offspring brain plasticity through epigenetic mechanisms, such as changes
in intracellular methylation potential, activity of DNA methyltransferases, DNA methylation, histone modifications, and
microRNA expression in brain cells. Since placenta plays a key role in the transport of nutrients and transmission of signals
from mother to fetus, its dysfunction due to aberrant epigenetic regulation can affect the development of fetal CNS. The re-
view also presents the data on the impact of maternal HHcy on the epigenetic regulation in the placenta. The data presented
in the review are not only interesting from purely scientific point of view, but can help in understanding the role of HHcy
and epigenetic mechanisms in the pathogenesis of diseases, such as pregnancy pathologies resulting in the delayed develop-
ment of fetal brain, cognitive impairments in the offspring during childhood, and neuropsychiatric and neurodegenerative
disorders later in life, as well as in the search for approaches for their prevention using neuroprotectors.
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INTRODUCTION altered structure and function of cells, tissues, organs,

and organ systems, as well as impairments in fetal ho-

Maternal, or prenatal, hyperhomocystein- meostasis in embryogenesis followed by persistent neg-
emia (HHcy) is characterized by increased levels of the ative consequences at the postnatal stage of ontogenesis
non-proteinogenic sulfur-containing amino acid ho- [1-4]. Numerous experimental studies have shown that
mocysteine (Hcy) during pregnancy. It can result in the  maternal HHcy can impair brain development in a fetus

Abbreviations: AD, Alzheimer’s disease; BDNF, brain-derived neurotrophic factor; DNMT, DNA methyltransferase; Hcy, homo-
cysteine; HDAC, histone deacetylase; HHcy, hyperhomocysteinemia; IUGR, intrauterine growth restriction; LINE-1, long inter-
spersed nuclear element; LTP, long-term potentiation; MeCP2, methyl-CpG-binding protein 2; NDD, neurodegenerative disease;
NMDA, N-methyl-D-aspartate; PE, preeclampsia; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine.
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or a newborn [5-23], thus affecting neurobehavioral de-
velopment and cognitive functions of the offspring [5, 6,
10, 12, 15, 18, 20, 24-38]. Multiple clinical data indicate
that an increased Hcy level in the mother’s blood can be
associated with the risk of congenital malformations of
the fetal CNS [39, 40]. Recent clinical studies have es-
tablished a relationship between the elevated Hcy levels
in mother’s blood and decline of cognitive performance
and intelligence in children [41-44].

Hcy and its metabolites demonstrate pronounced
neurotoxic properties; the ability of Hcy to affect the
nervous system in general and nerve cells in particular
has been reported in many studies [45, 46]. At the cel-
lular level, the cognitive decline in the offspring due to
maternal HHcy can be associated with a decrease in spe-
cific neuronal subpopulations in the brain caused by the
activation of apoptosis, delayed migration of neurons,
impaired synthesis of neurotransmitters and formation
of synapses, and development of neuroinflammation
associated with the activation of astrocytes and micro-
glia [4]. However, the molecular mechanisms underlying
these processes remain poorly investigated. The most
studied mechanisms of Hcy neurotoxicity include the
development of oxidative stress [47-49], excitotoxici-
ty related to overactivation of N-methyl-D-aspartate
(NMDA) and metabotropic glutamate receptors due to
the structural similarity of Hcy to glutamate [45, 50, 51],
and N-homocysteinylation of proteins that impairs their
structure and functions [52, 53]. Despite that the Hcy
potential ability to influence epigenetic mechanisms has
been well established, the role of these mechanisms in
the neurotoxic and other negative effects of HHcy on the
developing brain is still obscure.

HHcy-INDUCED
EPIGENETIC MODIFICATIONS

Since Hcy is formed via demethylation of the es-
sential amino acid methionine, which is consumed with
food proteins, its metabolism is linked with methionine
and folate biochemical cycles [54]. In the methionine
cycle, methionine adenosyltransferase converts methi-
onine to S-adenosylmethionine (SAM) that serves as a
universal donor of methyl groups in the methylation of
a wide range of substrates, including DNA, RNA, his-
tones, phospholipids, catecholamines, etc. As a result
of methylation reactions catalyzed by methyltransferas-
es with different substrate specificity, SAM is converted
into S-adenosylhomocysteine (SAH), which is hydro-
lyzed to Hcy by S-adenosylhomocysteine hydrolase.
SAH suppresses the activity of methyltransferases by the
product inhibition mechanism; therefore, the intracel-
lular SAM/SAH ratio is considered as an indicator of
cellular methylation potential [55, 56]. The reaction of
SAH hydrolysis is reversible and its equilibrium is shifted
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in the opposite direction [56]. To proceed towards the
Hcy formation, levels of Hcy in the cells should be kept
low, which in most organs and tissues is achieved by Hcy
remethylation to methionine, as well as by its export out
of the cell [57]. It was found that the total blood Hcy level
correlates with the intracellular SAH content; therefore,
it is assumed that an increase in blood Hcy concentration
through an increase in SAH can result in a decrease in
the activity of methyltransferases in cells and thus, in the
inhibition of DNA methylation [56]. The reaction of Hcy
remethylation with the formation of methionine links the
methionine cycle to the folate cycle, because the active
form of folic acid 5-methyl-tetrahydrofolate serves as a
source of methyl groups in this reaction. The reaction is
catalyzed by methionine synthase, which uses vitamin By,
as a co-enzyme. In some tissues, Hcy is remethylated in a
folate-independent pathway that uses as a donor of meth-
yl groups the amino acid betaine, which is consumed with
food or is synthesized in the body from choline. The ex-
cess of the blood Hcy is sequestered in the liver and kid-
neys through the catabolic pathway of its transsulfuration
to cysteine by cystathionine [3-synthase and cystathionine
v-lyase with pyridoxal phosphate (vitamin Be) as a cofac-
tor. Disruptions or imbalance of the methionine and/or
folate cycles due to a decrease in the availability levels of
methyl donors (folic acid, vitamin Bj,, betaine, choline,
etc.), as well as genetically determined reduction in the
activity of Hcy transsulfuration or folate metabolism en-
zymes, can cause HHcy [58].

Recently, the role of HHcy in various epigenetic
modifications, especially in DNA and histone methyla-
tion, has been actively investigated [56, 59-62].

HHcy and DNA methylation. During embryonic
development, each cell, tissue, and organ acquire spe-
cific transcription patterns in a process mediated by
epigenetic modifications, in particular, DNA methyla-
tion [63]. Changes in the level of DNA methylation are
one of the principal epigenetic mechanisms involved in
the regulation of gene activity [64]. It is believed that
methylation inhibits, whereas demethylation activates
gene transcription [65, 66]. In vertebrates, DNA meth-
ylation participates in numerous processes associated
with the embryonic development, such as regulation of
expression of developmental genes, maintenance of ge-
nome stability, X-chromosome inactivation, and genome
imprinting [67]. DNA is methylated by enzymes of the
DNA methyltransferase (DNMT) family. DNMT]1 acts
as a maintenance methylation agent for a newly syn-
thesized DNA chain in the process of replication, while
other members of the DNMT family (DNMT3a and
DNMT3b) are expressed exclusively during the embry-
onic development and are responsible for the establish-
ment of de novo DNA methylation patterns [62].

DNMTs methylate DNA by adding methyl group
to the cytosine residue in the CpG dinucleotide. The to-
tal level of DNA methylation is estimated by assessing
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the content of 5-methylcytosine in DNA (global DNA
methylation) or the extent of methylation of CpG-rich
DNA sequences, specifically, LINE-1 (long interspersed
nuclear element 1) retrotransposon. The extent of meth-
ylation of individual genes is determined from the level
of CpG methylation in their promotors [68].

It has been believed for a long time that DNA meth-
ylation is irreversible and that genes methylation patterns
established de novo during the embryonic development
are maintained throughout entire lifetime. The discovery
of DNA demethylation and, therefore, the reversible na-
ture of methylation, was a major breakthrough in under-
standing of the processes of epigenetic regulation. DNA
demethylation is catalyzed by translocation methylcy-
tosine dioxygenases of the TET family, which convert
5-methylcytosine to 5-hydroxymethylcytosine [69, 70].
5-Hydroxymethylcytosine has immediately become the
focus of attention of neuroscientists because it was found
to be an epigenetic hallmark characteristic of the CNS as
compared to other organs [71]. It was identified mostly
in differentiated postmitotic neurons, which is in accor-
dance with a rapid increase in the 5-hydroxymethylcy-
tosine content during synaptogenesis and maturation of
neurons in a postnatal brain [72, 73].

The functional consequences of the reduced methyl-
ation potential of cells caused by the increase in the SAH
content are significant and include demyelination in the
CNS [74], decrease in the synthesis of neurotransmitters
[75], changes in the membrane phospholipid composition
[74], and impaired gene expression and cell differentia-
tion [56, 62]. HHcy leads to the elevation in the content
of intracellular SAH (DNMT inhibitor), thus suggesting
that HHcy can reduce the extent of DNA methylation in
the cells, inducing expression of specific genes. Indeed,
in vitro studies in neuronal stem cells demonstrated that
Hcy can cause an increase in the intracellular SAH level
and decrease in the SAM/SAH ratio (i.e., methylation
potential), which is accompanied by a decrease in the
activity and expression of DNMTs and DNA hypometh-
ylation [61]. However, in some studies, HHcy and/or
folate deficiency did not cause any decrease in the total
DNA methylation level or even increased it, followed by
the increase in the methylation of certain genes and up-
regulation of the mRNA and protein expression for some
DNMTs [62, 76, 77]. Most likely, the effect of HHcy on
the DNA methylation and gene expression depends on
a substantially larger set of factors, including the type of
cells, intracellular levels of SAM, SAH and other com-
ponents of the methionine and folate cycles, activity of
enzymes involved in these cycles, DNMTs protein levels
and activity, etc. This might explain the discrepancies in
the data obtained in in vitro and in vivo experiments as
well as in different HHcy models, e.g., those involving
methionine or Hcy administration, methyl donor-defi-
cient diets, animals with mutations in the genes encoding
Hcy metabolism enzymes, etc. [62, 78, 79].
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A significant number of studies examined the effects
of HHcy on the methylation processes in the brain of
adult animals as a model of neurodegenerative changes
in adults and in old age. These data show that chronic
HHcy affects the content of DNMTs, total DNA meth-
ylation level, methylation of CpG-rich regulatory regions
and promotors of specific genes, which according to the
authors’ opinion can lead to the development of neuro-
degenerative disorders (NDDs) [80-83]. It was suggested
that HHcy disturbs the normal function of the brain—
blood barrier (BBB) by affecting methylation of DNA
and histones, as well as expression of microRNAs [82].

DNA methylation is critical for the development of
fetal brain and survival of neurons in the postnatal pe-
riod. Mice carrying 95% hypomethylated cells in the
brain due to the conditional DNMTI gene knockout
died immediately after birth, while animals with ~30%
hypomethylated brain cells survived, however, the hy-
pomethylated cells died rapidly during first three weeks
of postnatal life [84]. Decreased DNMT1 expression in
the precursor cells in the developing mouse brain neg-
atively affected maturation and survival of neurons and
promoted differentiation of astroglia [85].

During pregnancy, when DNA methylation patterns
in the fetal epigenome are established, the influence of
factors that change the bioavailability and/or transfer
of methyl groups can lead to irreversible changes in the
fetal epigenome. It is assumed that disorders in the de-
velopment of the fetal nervous system, including con-
genital neural tube defects (NTDs), the risk of which
increases upon reduction in the folate concentration and
increase in the Hcy content in mother’s blood, may be
associated with the epigenetic mechanisms regulating
proliferation and differentiation of neurons [63, 86].
The brains of fetuses with NTDs were characterized by
a decreased total DNA methylation level, as well as re-
duction of the LINE-1 mobile genome elements meth-
ylation and upregulation of their transcription, which
induced chromosome instability presumably associated
with the emergence of NTDs. Reduced DNA methyla-
tion in the brain of children with NTDs correlated with
the decreased levels of folic acid and vitamin By, in the
mother’s blood [86].

The effects of maternal HHcy on DNA methylation
in the fetal/neonate brain are poorly investigated in ex-
perimental models. The study [18] revealed no differenc-
es between total DNA methylation levels in the brains of
offspring from female mice that fed with folate-normal,
folate-deficient and folate-excess diet during pregnan-
¢y, indicating the existence of homeostatic mechanisms
maintaining a relatively stable level of DNA methylation
in developing brain. When the content of methyl group
donors (folates, vitamin Bj,, and choline) in the food was
significantly reduced, pregnant rats developed HHcy ac-
companied by a decrease in the total DNA methylation
level and in the SAM/SAH ratio in the fetal brain [9].
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A deficit of folates in the diet of pregnant rats also de-
creased the total level of DNA methylation, total DNMT
activity, and expression of DNMTI1, DNMT3a, and
DNMT3b mRNAs and proteins in the brain of newborn
pups [87].

Recent genome-wide analysis of methylation of
gene promotors in the brain of newborn mice from the
mothers that received folate-deficient and folate-supple-
mented diet revealed that the effects of this methyl donor
on the methylation level in the brain were not unidirec-
tional and depended on specific DNA regions. In both
folate-deficient and folate-supplemented diet groups,
some gene promotors were hypomethylated, whereas
other promoters were hypermethylated, although in the
group with folate deficiency, the number of hypomethyl-
ated DNA regions was higher than the number of hyper-
methylated ones [88]. Folate deficiency in the mother’s
blood affected brain-specific methylation of multiple
genes involved in the nervous system development, neu-
ronal plasticity, and learning/memory, including those
related to the neurotrophin signaling pathways [88].

We have previously shown that maternal HHcy
causes an increase in the brain-derived neurotrophic
factor (BDNF) and nerve growth factor (NGF) pre-
cursors forms content in rat placenta and fetal brains
[11]. BDNF is critically important for neurogenesis and
neuronal survival; it is also involved in synaptogenesis,
synaptic plasticity, and memory consolidation. It was
found that some neurological disorders are associated
with the impaired epigenetic regulation of the BDNF
gene activity [89, 90]. Thus, increased methylation of
the BDNF promotor region represses gene transcription
due to recruitment of repression complex including the
methyl-CpG-binding protein 2 (MeCP2) and histone
deacetylases (HDACs), which promotes chromatin tran-
sition to the compact inactive state. Neuronal activity
causes a decrease in the BDNF promotor methylation
and dissociation of repression complex from the BDNF
promotor that results in active chromatin remodeling and
subsequent BDNF gene activation [91, 92], which leads
to an increase in the synthesis of BDNF protein involved
in neuronal plasticity [93]. The effects of HHcy on the
epigenetic regulation of BDNF and NGF neurotrophins
genes remain poorly studied, although such effects have
been proposed before [94, 95]. Adverse environmental
conditions including stress, hypoxia, insufficient diet
and exposure to toxins can affect BDNF gene expression
through changes in DNA methylation and histone modi-
fications [89, 96]. The involvement of these mechanisms
in HHcy has been supported by the data on the upregu-
lated methylation and decreased expression of BDNF in
the hippocampus after a single administration of methi-
onine to adult male rats [97]. In mice, a maternal methyl
donor-deficient diet (folic acid, vitamins Bs and B)y) led
to a decrease in the BDNF level in the hippocampus of
adult offspring [98]. On the other hand, addition of folic
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acid to the pregnant mice diet prevented an increase in
the methylation level and decrease in the BDNF expres-
sion in the hippocampus of the offspring induced by a
high-fat maternal diet [99].

These data indicate a vital role of DNA methylation
in the programming of normal nervous system develop-
ment in early ontogenesis and demonstrate that mater-
nal HHcy can negatively affect the development of fetal
brain by compromising DNA methylation.

HHcy and posttranslational histone modifications.
Histone methylation modifies chromatin structure and
determines the accessibility of DNA regulatory ele-
ments to transcription factors, thus affecting gene ex-
pression [100]. The studies of mono- (me), di- (me2),
and trimethylation (me3) of lysine residues in the core
histones H3 and H4 are of particular importance be-
cause impairments in methylation of these histones are
believed to be associated with developmental defects
and some types of cancer [100]. Methylation of lysine
residues in histones can activate or repress transcrip-
tion, depending on the lysine position and its methyla-
tion level. As a rule, methylation of histone H3 at Lys4,
Lys36, and Lys79 residues (H3K4, H3K27, and H3K79,
respectively) is considered as a marker of active tran-
scription, whereas H3K9, H3K27 or H4K20 are markers
of transcriptionally inactive chromatin [101]. The regu-
lation of histone H3 methylation at Lys4 (H3K4) is es-
pecially interesting, because its impairment in the CNS
is associated with various neurological diseases [102].
Methylation of H3K4 is a marker of upregulated tran-
scriptional activity of genes involved in neurogenesis,
whereas inhibition of H3K4 trimethylation (H3K4me3)
decreases expression of these genes, indicating an im-
portant role of histone methylation in the development
and functioning of neurons in the CNS [96]. Since SAM
is a substrate of histone methyltransferases, while SAH
inhibits their activity, the level of Hcy can influence
histone methylation [62]. Recent studies suggest that
the methionine cycle acts as the key metabolic senso-
ry system mediating receptor-independent recognition
of metabolism-related signals, as well as modulating
SAM/SAH-dependent histone methylation under physi-
ological conditions and during the development of various
diseases [103, 104].

Histone acetylation/deacetylation is another im-
portant type of epigenetic regulation [62]. Histone acetyl-
ation negatively correlates with DNA methylation [105].
Histones acetylation at lysine residues is catalyzed by
acetylase enzymes, it results in the addition of a nega-
tive charge to histones and is characteristic of transcrip-
tionally active, non-compact chromatin [106]. Histones
are deacetylated by HDACS, resulting in chromatin con-
densation and inactivation of gene transcription [107].
Hence, acetylation of nucleosomal histones plays an im-
portant role in switching between permissive and repres-
sive forms of chromatin.
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Histone modifications, primarily methylation and
acetylation, are essential in neurogenesis and neuronal
plasticity [96], as they affect neuronal differentiation, ax-
onal growth, and density and shape of dendritic spines
via changes in the expression of specific neuronal genes.
Histone modifications in complex with other epigen-
etic mechanisms regulate expression of synaptic pro-
teins and proteins involved in synaptic plasticity, such as
BDNF [89, 96].

There is no evidence of direct Hcy involvement in
histone acetylation; however, it was suggested that by al-
tering DNA methylation, Hcy can affect the formation
of complexes between HDACs and methyl-CpG-binding
proteins, specifically MeCP2, and thus, modulate his-
tone acetylation [62]. Hcy can also disrupt histone mod-
ification by N-homocysteinylation of lysine residues in
histones, thus preventing their normal acetylation/meth-
ylation [53]. The data obtained in cell cultures demon-
strated that HHcy not only affects DNA methylation,
but also alters expression of methyltransferases and acet-
yltransferases, which modify histones [108]. In mouse
heart tissue, HHcy decreased the activity of HDACI
and increased histone H3 acetylation at Lys9 (H3K9ac)
[109]. Chronic HHcy increased the content of H3K9ac
and histone H4 acetylated at Lys12 (H4K12ac) in mouse
cerebral cortex, which was probably associated with the
neuroinflammatory processes induced by Hcy [110].
HHcy-related DNA hypomethylation and histone hy-
peracetylation, which cause untimely activation of tran-
scription of various genes, can make brain tissue more
susceptible to various lesions, in particular, those caused
by ischemia—reperfusion [110]. Methionine administra-
tion enhanced methylation of the promotor of the RELN
gene encoding the reelin protein in the mouse brain, fol-
lowed by decreased expression of reelin responsible for
the regulation of neuronal migration, formation of corti-
cal layer structure in the developing brain, and modula-
tion of synaptic plasticity. Administration of HDAC in-
hibitors increased the level of histone H3 acetylation and
decreased methylation of the RELN gene in the mouse
brain [111, 112].

Fetal hypoxia resulting from placental insufficiency
may impair the development of fetal nervous system due
to the adverse effects on proliferation and differentia-
tion of nerve and endothelial cells via various epigenetic
mechanisms, including DNA methylation, histone mod-
ification, and microRNA expression [113, 114]. In the
model of intrauterine growth restriction (IUGR) caused
by placental insufficiency accompanied by hypoxia, rat
offspring showed an increase in the Hcy and SAH lev-
els, DNA hypomethylation, a decrease in the DNMT]
expression, and a significant increase in the content of
acetylated histone H3 in the liver [115]. Imbalanced ma-
ternal diet can also negatively affect the development
of offspring via epigenetic mechanisms dependent on
the metabolic signals. It was mentioned above that the
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high-fat maternal diet led to the hypermethylation and
decreased activity of genes encoding BDNF and NR2B
subunit of the NMDA receptor (GRIN2B) in the off-
spring brain [99]. The offspring of female rats fed with
a low-isoflavone soy protein diet during pregnancy, ex-
hibited increased Hcy levels in the blood serum accom-
panied by DNA hypomethylation, decreased content of
histone H3 trimethylated at Lys9 (H3K9me3), and in-
creased content of H3K9ac in the liver [116].

Therefore, in addition to changes in the extent of
DNA methylation, maternal HHcy can affect expression
of genes controlling the development of fetal brain through
the post-translational histone modification (methylation
and acetylation) and direct Hcy interaction with histone
molecules (homocysteinylation).

HHcy and microRNA expression. The effects of
HHcy on the expression of microRNAs are poorly stud-
ied compared to its influence on DNA methylation or
histone modification.

HHcy can disturb the function of the BBB not only
through the changes in the DNA and histones meth-
ylation, but also by affecting microRNAs levels in the
brain. It has been shown that HHcy induces an increase
in the expression of more than twenty microRNAs in
brain endothelial cells with the maximum increase in
levels of miR29b, which causes a decrease in the content
of DNMT3b and subsequent increase in the activity of
MMP-9 metalloproteinase, leading to the impairment
in the BBB integrity [82]. Maternal HHcy caused by the
methyl donor-deficient diet led to the developmental
disorders of rat fetuses and increased levels of let-7a and
miR-34a microRNAs in the fetal brain. Expression of
these microRNAs depended on the degree of DNA meth-
ylation [9]. It is believed that both let-7a and miR-34a
are involved in various stages of brain development and
may play a role in the emergence of NTDs. Let-7 affects
regulatory pathways controlling proliferation and differ-
entiation of nerve cells, i.e., processes closely related to
the NTD development. The target genes of miR-34a are
involved in the regulation of cell cycle, apoptosis, cell
differentiation, and maintenance of neuronal functions.
An increase in the miR-34a level in the brains of new-
born rats whose mothers received folate-deficient diet,
was accompanied by the activation of apoptosis in the
cortex and hippocampus [19]. By the time of weaning,
the offspring of mothers with the nutritional methyl do-
nor deficiency demonstrated a decrease in the content of
miR-34a in the brain, as well as of miR-23, which, in ad-
dition to regulating cell proliferation and apoptosis, is a
key factor of myelination [10].

These data show a possible effect of maternal HHcy
on epigenetic regulation (DNA methylation, histone
modification, and microRNA expression) in various tis-
sues of developing fetus, including its brain. Along with
altering epigenetic mechanisms in the fetal CNS, mater-
nal HHcy can affect epigenetic regulation of the formation
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and functioning of placenta, the transient organ that
plays a key role in a fetal development.

Epigenetic modifications in the placenta during HHcy.
It is believed that many neurobehavioral defects in the
offspring are caused by pathophysiological alterations in
the mother’s placenta during fetal development, includ-
ing those mediated by epigenetic mechanisms [117, 118].
Epigenetic processes play a significant role in the pla-
centa formation by participating in the trophoblast cells
proliferation, migration and invasion, as well as in pla-
cental angiogenesis [119, 120]. Placenta produces spe-
cific factors and controls nutrient and oxygen delivery
to the fetus, which is one of the regulatory mechanisms
of the fetal brain development [118]. Such close rela-
tionship between the placenta and fetal brain has led to
the coinage of the term, the placenta—brain axis [118].
The studies on the interaction between the placenta and
fetal brain in the prenatal period might open new oppor-
tunities for early diagnosis and treatment of neurobehav-
ioral disorders of the postnatal period [117, 118]. How-
ever, the specific mechanisms by which, in response to
the changing fetal demands in nutrients and oxygen, the
expression of specific genes in the placenta can epige-
netically change, and, in turn, possible impairments of
epigenetic regulation in the placenta under the influence
of adverse factors can cause negative consequences for
the morphological and functional development of fetal
brain, are still poorly understood [117].

The changes in the pool of methyl group donors
during pregnancy can lead to the impairment of epigen-
etic modification of macromolecules in the placenta.
Thus, an excess of Hcy and a deficit of folates and other
methyl group donors alter gene expression in the placen-
ta and fetus due to the changed profile of DNA methyla-
tion [63, 86, 121].

Folate deficiency impairs decidualization of stromal
cells of the uterine endometrium that plays an important
role in the embryo survival at the early stages of implan-
tation [122]. Impaired decidualization of the maternal
endometrium due to the folate deficiency is followed by
multiple changes in the methylation profiles of genes, in-
cluding those involved in the process of decidual trans-
formation [122].

The effect of blood folate and Hcy levels on total
DNA methylation in placenta was studied in pregnant
rats [123]. Combined consumption of Hcy and folic acid
did not affect the main indices of one-carbon metabo-
lism (the contents of SAM and SAH and the SAM/SAH
ratio) in the mothers’ liver and placenta, despite an in-
crease in the Hcy concentration in the blood. However,
the level of total DNA methylation in the placenta of an-
imals of this group was significantly higher compared to
the animals receiving folic acid only [123]. At the same
time, folic acid-deficient diet and a high Hcy content
caused a decrease in the methylation potential, which
was manifested as an increase in the SAH level in the
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mother’s liver, a decrease in the SAM content in the
placenta, as well as a decrease in the SAM/SAH ratio in
both these organs with a concomitant decrease in pla-
cental DNA methylation. The level of total placental
DNA methylation positively correlated with the folate
content in the blood and placenta tissue and inversely
correlated with the Hey concentration in the blood [123].
Women with a genetically reduced activity of folate bio-
synthesis enzyme methylene tetrahydrofolate reductase
demonstrated similar negative association of placental
DNA methylation level with the Hcy blood content and
positive correlation of this parameter with the blood fo-
late concentration [124]. The extent of placental DNA
methylation can be determined not only by the folate and
Hcy levels, but also by the vitamin Bj, concentration in
maternal blood, since it was found that the excess of fo-
late with simultaneously reduced vitamin B, content also
caused a decrease in total DNA methylation in the rat
placenta [125]. Therefore, the effect of HHcy on DNA
methylation may differ depending on the maternal folate
and vitamin B, status. An increase in the Hcy level in the
presence of sufficient amounts of these micronutrients
in the blood can intensify methylation presumably due
to the increase in the level of blood methionine, which
serves as a source of methyl groups. On the other hand,
a higher content of Hcy in the blood with simultaneous
folate and/or vitamin B, deficiency increases the level of
SAH (inhibitor of methyltransferases) and decreases the
level of SAM (methyl group donor), which might cause
inhibition of DNA methylation in the placenta.

In a model of IUGR induced by a folate-deficient
diet, female mice exhibited a decreased SAH content in
the blood, decreased total DNA methylation and LINE-1
retrotransposon methylation in the placenta and fe-
tal brain, and increased content of the ORFI1p protein
encoded by LINE-] in fetal tissues [126]. The authors
suggested that folate deficiency can stimulate retrotrans-
position within the genome via demethylation and acti-
vation of LINE-1, leading to the genome instability and,
eventually, to the IUGR development [126].

Since the studies investigating direct relationship
between the levels of Hcy and/or folate in the moth-
er’s blood and epigenetic changes in the placenta are
extremely scarce, we found it necessary to provide the
data on the epigenetic changes in the placenta in pre-
eclampsia (PE), a pathology of pregnancy usually ac-
companied by an increased level of Hcy in the maternal
blood [127]. It was found that PE was associated with a
decrease in the total DNA methylation in the placenta
[128]. Women with a more severe form of early-onset PE
demonstrated a decrease in the SAM content and in the
placental growth factor gene PLGF methylation level in
the placental tissue, as well as a negative correlation be-
tween these two indices suggesting a causal relationship
between them [60]. It should be noted that PIGF syn-
thesized by the placenta reaches the fetal brain and acts
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as an important regulator of brain angiogenesis [129].
The studies on the role of epigenetic mechanisms in the
PE often pay special attention to the epigenetic regula-
tion of the extravillous trophoblast invasion, as impair-
ments in this process are considered as one of the main
causes of PE development. It was found that the intake
of folic acid, the level of which is usually reduced in PE,
increased the invasive potential of placental tropho-
blast cells [130], as well as upregulated the activity of
genes promoting cell invasion and decreased the activi-
ty of genes suppressing this process. In many cases, the
shifts in the gene activity were accompanied by respec-
tive changes in the level of CpG methylation in the cor-
responding promoter regions [130]. In women with PE,
the levels of H3K4me3 and H3K9ac epigenetic marks in
the extravillous trophoblast cells were decreased, which
may be one of the causes or indications of the impaired
invasion process [131]. In the endothelial cells isolated
from placentas of women with PE, the content of meth-
ylated histones H3K9me2 and H3K9me3 was increased,
presumably, due to the development of hypoxia and oxi-
dative stress [132].

Among other epigenetic mechanisms, maternal
HHcy can also affect placental functions by altering ex-
pression of specific microRNAs. A significant number
of microRNAs found in the placenta are expressed from
a cluster of genes located on chromosome 19 (C19MC).
In the human placenta, expression of the CI9MC clus-
ter is detected as early as at the fifth week of pregnancy
[133]. Overexpression of the C19MC cluster leads to a
decrease in the trophoblast cell migration, which suggests
involvement of this cluster in the inhibition of cell migra-
tion, reduction of spiral artery remodeling, and placental
ischemia in PE [134]. Another microRNA cluster found
in the placenta is located on chromosome 14 (C14MC)
and encodes several types of microRNAs involved in
the regulation of key physiological processes, such as
immune suppression and anti-inflammatory and an-
ti-hypoxic responses [135]. Unlike C19MC, expression
of microRNAs of the C14MC cluster decreases with the
progression of pregnancy, indicating that the controlled
increase and/or decrease in the expression of numerous
microRNAs during pregnancy contributes to the proper
development and functioning of the placenta [136, 137].

Most studies on microRNAs in the placenta have
been focused on their role in PE pathogenesis. In many
studies, the activity of miR-210, a key factor of hypox-
ia response, was constitutively elevated in the placenta
and plasma in PE; hence, this microRNA together with
miR-155, which regulates placental angiogenesis, are
considered as predictors of PE development [138, 139].
This is in accordance with the idea that hypoxia-in-
ducing anomalies of placental angiogenesis are among
the factors causing PE development. It is assumed that
alterations in the array of microRNAs and changes in
their content can suppress proliferation and invasion of
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trophoblast cells and impair angiogenesis in PE [140-
142]. In addition to the increased levels of miR-210 and
miR-155, more than ten other microRNAs associated
with oxidative stress, including miR-29b, were observed
in the placenta in PE [143]. An increase in the miR-29b
content stimulated apoptosis in cultured trophoblast cells
and decreases their capability for invasion and angiogen-
esis [141]. On the other hand, a decrease in the miR-29b
level in the trophoblast cells resulted in a significant
upregulation of the DNMT1, DNMT3A, DNMT3B, and
SIRTI (histone deacetylase sirtuin 1) genes expression,
accompanied by the increase in the total DNA methyl-
ation and decrease in the total protein acetylation [144].

Dysregulation of epigenetic mechanisms (DNA
methylation, histone modification, and microRNA ex-
pression), which play a significant role in the morpho-
logical and functional placental maturation, in maternal
HHcy may be one of the reasons of incomplete placental
vascular network formation, as well as impaired transport
and secretory placental functions followed by a delay in
the growth and development of the fetal CNS.

EPIGENETIC MODIFICATIONS
AND BRAIN PLASTICITY

It has been commonly believed that the long-term
memory is stored as stable changes in the synaptic con-
nections formed after learning. This hypothesis on syn-
aptic plasticity as a basis of memory has been support-
ed by vast experimental data collected over more than
50 years of studies that had started in 1970s. Now, it has
become evident that long-term memory is mainly stored
as epigenetic and genomic modifications in the nerve
cells, while synaptic plasticity provides rapid, but rela-
tively short-term (maximum of several hours) storage of
the acquired information. It is assumed that new memo-
ry is stored as synaptic changes until its significance for
the organism is evaluated. If its significance is higher
than a certain threshold level, the memory is transmitted
to the neuronal nuclei for the long-term storage [145].

Multiple studies support that epigenetic regula-
tion of gene expression in the neuronal plasticity plays
a substantial role in the formation and consolidation of
learning and memory, and DNA methylation and his-
tone modification are the most important mechanisms
of such neuroepigenetic regulation [96, 146]. Epigene-
tic mechanisms, such as DNA methylation and histone
methylation/acetylation, are involved in the regulation
of proliferation of neural stem cells, differentiation and
maturation of neurons, growth of neuronal processes,
regulation of dendritic spine density, formation of syn-
apses, and synaptic plasticity [96, 146]. Experimental
studies have demonstrated that DNA methylation and
histone modifications in the hippocampus synchronous-
ly regulate gene transcription during memory formation
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and storage [147, 148]. The studies in animal models of
neurological disorders have revealed the efficacy of in-
hibitors of histone modifications in the recovery of im-
paired synaptic plasticity [96].

Dysregulation of epigenetic mechanisms is involved
in the development of various pathological conditions,
ranging from stress and depression to severe neurode-
generative diseases (NDDs) [149]. Persistent epigenetic
changes can be caused by the short-term and long-term
stress, suggesting that environmental factors can influ-
ence neuronal plasticity by modulating epigenetic regu-
lation in the brain. It was found that chronic stress causes
reduction in the length and branching of apical dendrites,
as well as dysfunction and decrease in the number of syn-
apses on dendritic spines of pyramidal neurons in the
medial prefrontal cortex, neurons in the CA3 region of
the hippocampus, and granular neurons of the dentate
gyrus [150, 151]. Recently, it was demonstrated that epi-
genetic modifications are particularly susceptible to the
effects of stressors during intrauterine and neonatal de-
velopment [152]. In confirmation of this, experiments in
pregnant female mice have shown that maternal stress in-
duces upregulated expression of DNMTI and DNMT3A
in fetal GABAergic interneurons at the embryonic stages
of development, causing further schizophrenia-like be-
havior in the offspring [153]. It was also found that the
intensity of mother-pup contacts during the first week of
life in newborn rats changed the status of DNA methyla-
tion in the promotor region of the glucocorticoid recep-
tor gene in the offspring brain, which led to a change in
the response to stress in adult offspring [154].

In addition to the influence of maternal mental
stress during pregnancy, the development of the offspring
nervous system and the following brain functioning can
be affected by environmental stress factors, such as ma-
ternal malnutrition, drug and toxin exposure, alcohol
consumption, which can alter the epigenetic status in the
offspring brain [155]. Maternal HHcy can be considered
as a type of metabolic stress causing long-term adverse
effects in the developing fetus, primarily, its nervous
system [4]. Our studies demonstrated that experimental
maternal HHcy impaired the development of the fetal
nervous system and resulted in the decreased resistance
of brain cells of the neonates to oxidative stress, leading
later to changes in the hypothalamic regulation of the re-
productive cycle [156] and suppression of cognitive func-
tions in adult animals [12, 26]. The consequences and
the neurotoxic effects of maternal HHcy were studied
in details in rat pups in the postnatal period. Maternal
HHcy caused a decrease in the number of NeuN-posi-
tive neurons and increased the number of GFAP-posi-
tive astrocytes and Iba-1-positive microglial cells, as well
as promoted p38 MAPK phosphorylation in the parietal
cortex and hippocampus of the offspring in the early post-
natal development [13, 14]. Moreover, the level and activity
of caspase-3 were elevated in the pup cerebral cortex [14].
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Maternal HHcy also negatively affected offspring neu-
rogenesis and synaptogenesis, which was manifested as
inhibition of proliferation and differentiation of neu-
ral stem cells in the hippocampus and decrease in the
number of cortical neurons [157], impaired migration of
neurons, decreased levels of semaphorin 3E (SEMA3E)
and neuronal cell adhesion molecules (NCAMs) in-
volved in this process [5, 23], and decreased contents of
synaptophysin and mature BDNF [23, 157]. The study
on the structural and ultrastructural organization of the
cortex and hippocampus at the early stages of postnatal
development in the rat pups that experienced HHcy in
prenatal period revealed various degenerative changes
in neurons, including organelle lysis in the cytoplasm,
destruction of mitochondria, and accumulation of ly-
sosomes, as well as appearance of a large number of
glial cells [13, 14]. Furthermore, comparative analysis of
changes in the hippocampus and cortex demonstrated
the involvement of various neuronal cell death mech-
anisms due to the specific features of development of
these brain regions, which ultimately led to the differ-
ences in their susceptibility to prenatal death. Prenatal
HHcy caused the development of neuroinflammato-
ry processes in the cortex and hippocampus of rats al-
ready at the early stages of postnatal development, which
may be a prerequisite for the formation of pronounced
cognitive deficits observed in the later period of post-
natal development in sexually mature offspring [13, 14].
The hippocampal structures were found to be more
vulnerable to the action of Hcy than the cortical struc-
tures during brain development [158, 159]. Both short-
term and long-term memory appear to be impaired by
the HHcy [160]. We found that the impairment of the
short-term and long-term memory in the offspring of
rats with prenatal HHcy was accompanied by a decrease
in the monoaminergic transmission in the hippocampus
[26]. The offspring of rats with maternal HHcy demon-
strated depletion of catecholamines in the adrenal gland
and increase in the blood levels of norepinephrine and
epinephrine, which may be the cause of anxiety and in-
crease in the number of errors during learning [26, 161].
Changes in neurotransmission in the brain, primarily in
the hippocampus, can cause the impairment of learning
and memory performances, as we found using the 8-arm
maze test, new object recognition test [26], and Morris
water maze test [12]. We also showed that maternal
HHcy may have long-term consequences in the postna-
tal period, leading not only to offspring cognitive defi-
cits, but also to the impaired regulation of reproductive
function. The affected offspring female rats demonstrat-
ed disturbance in the hypothalamic regulation of repro-
ductive cycles, specifically, the processes associated with
the formation of preovulatory peak of gonadotropin-
releasing hormone [156]. The effects of prenatal HHcy
on the hypothalamic neurotransmitter systems involved
in the regulation of reproductive system in female rats
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were not caused by the increase in the Hcy level in the
blood of the offspring in the early postnatal period, but
were rather due to the neurotoxic effects of Hcy on the
CNS formation during intrauterine development.

The studies of synaptic plasticity in adult animals
have revealed that HHcy affects the long-term potenti-
ation (LTP); however, its precise effect depends on the
Hcy concentration and duration of exposure [162-166].
The offspring in the prenatal HHcy model also demon-
strated decreased LTP [38]. Investigating the role of Hcy
in the development of Alzheimer’s disease (AD) showed
that in adult animals HHcy decreased the number of
hippocampal neurons and their dendrites, as well as
the total number of dendritic spines and the number of
mushroom spines [166-169]. Similar changes were ob-
served for synaptopodin-positive dendritic spines in a
model of prenatal HHcy [38]. Beside altering morphol-
ogy of neuronal processes, chronic HHcy can influence
synaptic transmission through changes in the expression
of pre- and postsynaptic proteins. Thus, HHcy decreased
the content of presynaptic proteins, such as synapto-
physin, synapsin I, synaptotagmin, microtubule-asso-
ciated protein 2 (MAP-2), and postsynaptic proteins,
including the postsynaptic density protein 95 (PSD95),
synapse-associated protein 97 (SAP-97) [166-172], and
NMDA receptor subunits NR1 and NR2A, in the hip-
pocampus of adult animals [166, 167]. In the maternal
HHcy model, the offspring of various age demonstrat-
ed decreased expression of the NR1 subunit mRNA [38]
and protein [32]. One of the Hcy effects on the mecha-
nisms of neuronal plasticity is modification of neuronal
proteins. In cultured hippocampal neuronal cells, folate
deficiency, which leads to the increase in the Hcy lev-
els, upregulated the processes of homocysteinylation and
aggregation of the motor proteins dynein and kinesin
required for the synapse formation and development of
neurons [173]. Multiple studies have reported that Hcy
induces tau protein hyperphosphorylation and p-amy-
loid aggregation in hippocampus, which are the cause of
cognitive impairments and NDDs associated with a de-
crease in synaptic plasticity [166-169].

Impairments caused by Hcy at the cellular level can
result in severe clinical manifestations. Interestingly,
substantia nigra, hippocampus, cerebral cortex, and cer-
ebellum, i.e., the major brain structures involved in the
pathogenesis of Parkinson’s diseases, AD, and fetal al-
cohol syndrome, are especially vulnerable to the neuro-
toxic effects of Hcy [174-176]. Changes in the Hcy level
during pregnancy are an important factor that programs
expression of key genes regulating neuronal plasticity
in the brain of the fetus and offspring. An increase in
the content of methionine (Hcy precursor) in mother’s
blood is associated with the development in the offspring
of behavioral phenotype similar to schizophrenia and
other psychoneurological disorders [20, 177]. An elevat-
ed level of Hcy in adults is generally considered as a risk
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factor of AD development [178]; some studies suggest
that prenatal HHcy promotes the development of AD in
adult offspring [179, 180].

Using currently available data, Gulyaeva et al. sug-
gested a similarity between the principal molecular mech-
anisms involved in normal neuroplasticity and neuropa-
thology. Changes in neural plasticity in neuropathology
do not ensure the disappearance of neuroplasticity, but
rather correspond to changes in the form of this plasticity
[181, 182]. This is especially evident in early ontogenesis,
when the brain is particularly sensitive to the effects of
neurotoxic factors. Depending on the strength and inten-
sity of these effects, changes in the forms of neuroplas-
ticity can lead to the predominant manifestation of the
adaptive properties of the nervous system or cause the
emergence of prerequisites for the development of neuro-
degenerative processes both short or long term.

Significant progress has been made in correlat-
ing aberrant processes of epigenetic control observed in
NDDs with the defects in the development of nervous
system leading to respective malformations and func-
tional deficits. While individual epigenetic modifications
are not always accompanied by phenotypical chang-
es, their accumulation can lead to such changes. Under
continuous exposure, the sensitivity of brain systems to
epigenetic modifications increases over time, which ele-
vates the possibility of subsequent epigenetic changes re-
sulting in the disease phenotype. It has been established
that dysregulation of brain epigenome is associated with
a number of neurological dysfunctions; aberrant DNA
methylation and histone modifications are observed in
schizophrenia, autism, post-traumatic stress disorder,
and AD [183]. Currently, there is a clear understanding
that brain development is a lifelong process determined
by both genetic and environmental factors. While the
genetic code is invariant, epigenetic changes that occur
during critical periods and are caused by impaired DNA
methylation and histone modifications, can lead to the
deterioration of brain plasticity and increase the risk of
cognitive decline in later life. Although critical periods
are mainly associated with early brain development, they
occur throughout the lifetime and include the periods of
gamete formation, intrauterine development, puberty,
and reproductive aging. All these transitional periods are
characterized by the hypersensitivity to the effects of ad-
verse factors on the reproductive function [183].

Studies using various approaches to epigenome ed-
iting can contribute to further identification of mech-
anistic relationship between dysfunctional epigenetic
mechanisms and defects in the nervous system develop-
ment [184]. Since changes in epigenomic parameters can
be influenced by environmental factors, future studies
should focus on clucidation of how negative environ-
mental impacts lead to particular epigenomic changes
and thereby contribute to the pathophysiology of NDDs.
The use of epigenetic changes as diagnostic tools can



444

ensure early and correct diagnosis of NDDs, which is
of great importance, because developing brain is able to
adapt to external stimuli during embryogenesis and early
postnatal life [185], so this can be used to prevent certain
disorders.

In some cases, a delay in the development of ner-
vous system and/or psychiatric disorders, including those
manifested at various life stages (severe forms of depres-
sion, schizophrenia, AD, and others) result from impair-
ments in methylation processes in developing brain due
to inherited mutations and epigenetic alterations [186].
Therefore, the use of methyl group donors can be one
of the approaches for the treatment of these disorders.
For example, SAM, as a universal methyl donor, has been
proven effective in the treatment of neuropsychiatric dis-
eases throughout the lifetime, although starting the treat-
ment as early in life as possible increases its therapeutic
effects and/or even prevents disease manifestation. There
is a strong evidence of SAM efficacy in the treatment
of already existing major depressive disorder [186, 187].
SAM is recommended as a second-line therapy option
after inadequate patient’s response to the treatment with
conventional antidepressants. Due to its favorable safety
profile, SAM is particularly suitable for the treatment of
depression in children, adolescents, and pregnant wom-
en. However, further research is needed to approve its use
in these potentially vulnerable populations. Recent stud-
ies have been focused on SAM as a potential drug in the
treatment of AD, a progressive irreversible disease with
no effective treatment [188]. A number of risk factors
aggravate AD, including deficiency of folic acid and vi-
tamin Bj,. SAM was found to prevent progression of AD
symptoms caused by deficiency in these vitamins. It re-
duced production of B-amyloid and prevented accumu-
lation of phosphorylated tau protein in the animal mod-
els, as well as ameliorated clinical manifestations of AD.
Recent clinical trials have shown that SAM can be used as
a dietary supplement to maintain or improve the cognitive
functions and mood/behavior in AD patients [188].
Despite the fact that SAM has a favorable safety profile,
it should still be remembered that it can increase the Hcy
levels associated with the risk of developing cardiovascu-
lar diseases [186].

Epigenetic modifications are dynamic and revers-
ible. Using inhibitors of these regulatory mechanisms
may help to avoid epigenetically evoked alterations in
the brain development. Indeed, some of these inhibi-
tors are already used for pharmacological treatment and
many are currently under development. For example,
HDAC inhibitors trichostatin A and 4-phenylbutyrate
and methyltransferase inhibitor 5-aza-deoxycytidine are
used for the treatment of fragile X syndrome (Martin—
Bell syndrome), hereditary X-linked disease caused by
mutation in the FMRI (fragile X mental retardation 1)
gene required for normal CNS development. Another
HDAC inhibitor, valproic acid, is used to reduce the fre-
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quency of seizures in patients with epilepsy and Rett syn-
drome, hereditary psychoneurological disease related to
the mutation in the X-linked gene encoding the MeCP2
protein [189]. It was generally believed that therapeutics
targeting epigenetic regulators are difficult to test and ap-
ply in humans because of their low specificity, as well as
importance of epigenetic regulation during development.
The main limitation is potential off-target effects that
were shown, for example, for inhibitors of histone meth-
yltransferase and HDAC that were found to promote the
activation of oncogenes and potentially increase the risk
of metastasis [190].

Current research efforts in the treatment of NDDs
are aimed at targeting specific sequences in the genome
by using the CRISPR/dCas9-based therapeutic strate-
gies. Recently, dCas9 fused to different transcriptional
activators was used in the mouse model of Dravet syn-
drome to recover the haploinsufficiency of the SCNIA
gene, which plays an important role in the development
of various forms of epilepsy [191]. In another study, the
dCas9—SunTag protein scaffold system was used to re-
store the transcallosal communication between the brain
hemispheres by targeted delivery of the Cllorf46 repres-
sor protein to the promoter of the SEMAG6A gene encod-
ing for semaphorin protein, which normalized the growth
and branching of axons in developing transcallosal corti-
cal neurons [192]. More straightforward seems the use of
a dCas9-based epigenetic approach for the treatment of
fragile X-chromosome syndrome accompanied by mental
retardation of varying severity. The underlying cause of
this complex disorder is a hypermethylation of the FMR]
gene promoter leading to the loss of expression of frag-
ile X mental retardation protein (FMRP) that is involved
in synapse formation and plays a key role in maintain-
ing synaptic plasticity. The recruitment of dCas9—TET
fusions to the FMRI gene promoter resulted in loss of its
methylation and almost complete restoration of FMRP
expression [193]. Despite the existence of approaches to
the treatment of NDDs, prevention of these diseases con-
tinues to be a priority. Therefore, future studies should
be aimed at identification of relevant molecular signaling
cascades and their links to epigenetic modifications in
a healthy brain and in NDDs. Such studies should also
include analysis of the spatial and temporal dynamics of
epigenetic mechanisms and patterns, which will help to
identify the mechanisms of NDD emergence and to de-
velop the measures for their prevention and treatment.

Modulation of epigenetic modifications, such as
DNA methylation and histone modification, in com-
bination with the available methods of antioxidant and
neuroprotective therapy, can potentially stimulate the
adaptive response of an organism due to the brain plas-
ticity, which will improve clinical manifestation of neu-
ropsychiatric diseases, predisposition to which is formed
during pregnancy under the influence of adverse fac-
tors (e.g., HHcy). It was recently found that melatonin,
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a pineal gland hormone with the neuroprotective effect
associated with its pronounced antioxidant activity, con-
tributes to the regulation of epigenetic modifications in
various NDDs [194]. In view of this, the use of mela-
tonin seems very promising. In the last decade, several
studies have reported that melatonin plays an important
role in the regulation of neurogenesis and, therefore,
can be used as a potential treatment in neurological
and mental disorders associated with impaired develop-
ment of the nervous system [195, 196]. Melatonin pro-
motes the viability, proliferation, and differentiation of
hippocampal neurons in vivo and of neural stem cells
in vitro [197-199]. In PCI12 cells, luzindole (melatonin
receptor antagonist) abolished the effects of melatonin,
resulting in the suppression of neurite growth and de-
crease in the number of mature neurons [200]. In rat
midbrain neural stem cells, melatonin promoted dopa-
minergic differentiation of neurons on day 14 of embry-
onic development by activating the synthesis of BDNF
and glia-derived neurotrophic factor (GDNF) [201].
Moreover, melatonin stimulated production of BDNF
and GDNF in cells secreting proinflammatory cyto-
kines (IL-18) and suppressed cytokine-induced in-
hibition of proliferation and differentiation of neural
stem cells [196].

The neuroprotective effects of melatonin against
the adverse effects of Hcy in the CNS are related to
its antioxidant, anti-inflammatory, and antiapoptotic
properties and have been studied in details [202]. Some
authors emphasize that melatonin scavenges oxygen
radicals produced during HHcy and acts as a hormone
regulating metabolism of low-weight thiols [202, 203].
It was demonstrated that chronic administration of mel-
atonin to animals with HHcy caused a decrease in the
Hcy blood level down to the normal values, whereas an
increase in the Hcy content induced by pinealectomy
was prevented by administration of melatonin to pine-
alectomized animals [202]. In addition to directly affect-
ing the Hcy level, melatonin administration stimulated
an increase in the glutathione content in tissues, which
can also decrease blood Hcy concentration and protect
against Hcy neurotoxicity [202, 203].

We believe that neuroprotection during HHcy is
still poorly understood and the studies on a possible use
of melatonin as an agent decreasing Hcy neurotoxicity
are at the very early stage. Besides melatonin, it would
be interesting to study the neuroprotector properties of
hydrogen sulfide as an antioxidant and anti-inflamma-
tory compound [204] that can prevent the development
of oxidative stress in the brain, as well as dysregulation of
neuroplasticity and cognitive functions in HHcy [27, 28,
170]. However, this would require further studies on the
biochemical mechanisms of high dose H,S neurotoxic
side effects.

Based on the above data, we suggest that in addition
to the relatively well-studied neurotoxic effects of mater-

BIOCHEMISTRY (Moscow) Vol. 88 No. 4 2023

445

nal HHcy, such as activation of NM DA receptors, induc-
tion of oxidative stress and apoptosis, and development
of neuroinflammatory response, HHcy can adversely af-
fect the development of the offspring brain via epigenetic
mechanisms, including DNA methylation, post-trans-
lational histone modifications, and microRNA expres-
sion. A large body of accumulated evidence shows that
HHcy impairs neuronal plasticity, in particular LTP,
and decreases the levels of pre- and post-synaptic pro-
teins, which may explain the cognitive deficits in the off-
spring experiencing prenatal HHcy. The data presented
in the review allow us to hypothesize that the cause of
the HHcy-induced disturbances in the brain plasticity,
along with the known neurotoxic effects of Hcy, is its
influence on the epigenetic mechanisms controlling ex-
pression of genes involved in the regulation of neuroplas-
ticity. Impairments in the placenta formation during ma-
ternal HHcy, in particular, in the formation of placental
circulatory network, can have an additional negative
impact on the fetal brain development by reducing the
supply of oxygen, nutrients, and compounds necessary
for the normal development of fetal brain. The negative
influence of maternal HHcy on the brain development
and neuronal plasticity can have consequences for the
offspring at the early age (reduces cognitive and mental
abilities and predisposition to developing autism), as well
as more delayed effects (predisposition to neuropsychi-
atric diseases in adulthood and NDDs at the old age).
Methyl donors (folic acid, vitamin By,, betaine, choline)
can be used as universal protectors against the negative
effects of HHcy, because they reduce the level of Hcy
through activation of its re-methylation to methionine.
Compounds with the antioxidant and anti-inflammatory
properties (melatonin, H,S, etc.) can also be used as pro-
tectors against the toxic effects of Hcy. Beside the men-
tioned methyl donors that reduce the level of Hcy, SAM
and other modulators of epigenetic processes can prevent
the influence of HHcy on the epigenetic mechanisms
by restoring intracellular methylation potential reduced
in HHcy. The figure shows the effects of Hcy on the epi-
genetic regulation and neuronal plasticity involved in the
disorders in the fetal brain development and cognitive
deficits in the offspring experiencing maternal HHcy, as
well as possible contribution of the placental component
and proposed mechanisms of the protective action of
neuroprotectors.

CONCLUSION

DNA methylation, posttranslational modifications
of histones, and microRNA expression are among the
most important epigenetic mechanisms. They are in-
volved in the regulation of transcription of genes respon-
sible for brain development, especially in early ontogen-
esis. It has become evident that epigenetic modifications
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cells; MEL, melatonin; T, increase; |, decrease

play an essential role in the regulation of adaptive neuro-  regulating neuroplasticity, which may be one of reasons
plasticity. It has been established that Hcy, a component  for the impaired cognitive abilities in the offspring of
of the one-carbon metabolism, can influence epigene- mothers with HHcy. Being a risk factor for the devel-
tic processes in the fetal brain and placenta. We suggest opment of cognitive deficits in early life, prenatal HHcy
that maternal HHcy negatively impacts the development  can also have long-term consequences, such as develop-
of fetal brain not only by producing the neurotoxic ef- ment of neuropsychiatric disorders in adulthood and,
fects, which have been comprehensive studied, but also  possibly, a predisposition to NDDs in older age. Despite
by modulating epigenetic mechanisms involved in the the advances in studying this topic, many issues related
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to the molecular mechanisms ensuring the negative ef-
fects HHcy on epigenetic regulation, their consequenc-
es, and possible defense against such influence require
further investigation. Studying the role of epigenetic
mechanisms in the regulation of neuronal plasticity in
the brain, as well as of the epigenetic effects of Hcy, is
of particular interest in connection with the development
of strategies for the epigenome modulation, which can
be used to prevent or ameliorate various neurological
pathologies, for which HHcy is one of the risk factors.
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