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The aim of the study is to determine the genetic and epigenetic features of infertile patients with long-term COVID-19 in order to clarify the risk
factors for the failure of assisted reproductive technologies (ART) use.

Materials and methods. The MTHFR (C677T, A1298C), RFC-1 (G80A) and BHMT (G742A) gene polymorphisms and the methylation
of ESR1 gene was performed. 40 patients (main group) with infertility due to long-term COVID-19 were examined: the subgroup 1 — 25 wo-
men in whom the use of ART was ineffective, the subgroup 2 — 15 patients with effective use of ART. The control was taken from literary sources:
for RFC (G80A), MTHFR (C677T) and MTHFR (A1298C) polymorphisms — 35 Ukrainian women without infertility and reproductive losses;
for BHMT (G742A) — 60 people of the Ukrainian population. The methods of variational statistics were used, in particular the Fisher test with
a significance level of p<0.05.

Results. Patients of the main group have a higher frequency of the homozygous genotype of the MTHFR gene polymorphism (C677T)
on the mutant T allele (20.0% vs. 3.2%; p<0.05). When ART is unsuccessful, the TT genotype is 4 times greater (28.0% vs. 6.7%; p<0.05).
A study by genotypes of MTHFR polymorphism (A1298C) did not reveal a significant difference. Patients of the main group ‘have a higher
frequency of the mutant allele A of the RFC gene (G80A) (80.0% vs. 51.4%; p<0.05). No significant difference was found depending
on the success rate of ART. The frequency of BHMT gene polymorphism (G742A) in the main group did not differ from that in the Ukrainian po-
pulation, however, in the case of unsuccessful ART, it was observed less often and only in the heterozygous variant (40.0% vs. 66.6%; p<0.05).
The analysis of pairwise intergenic interaction revealed the highest frequency of the combination of AAGA for the MTHFR (A1298C)+BHMT
(G742A) pair — 35.0% and GAAA for the RFC (G80A)+MTHFR (A1298C) pair — 30.0% in the main group. Hypermethylation of the promoter
region of the ESRT gene is observed in 20 (50.0%) patients of the main group: in 17 (68.0%) women of the subgroup 1 versus 3 (20.0%)
women of the subgroup 2 (p<0.05).

Conclusions. The genetic and epigenetic conditioning of the success of ART programs in infertility associated with long-term COVID-19
has been revealed, which opens up new diagnostic and therapeutic opportunities for identifying factors predisposing to unsuccessful ART
treatment and increasing the effectiveness of such treatment by correcting disorders of folic acid metabolism, hyperhomocysteinemia
and the estrogens receptor apparatus.

The research was carried out in accordance with the principles of the Declaration of Helsinki. The research protocol was approved by the Local
Ethics Committee of the institution mentioned in the work. Informed consent of the women was obtained for the research.

The authors declare no conflict of interest.
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MleHeTuko-enireHeTUYHiI acnekTU HeripAs y XXiHOK 3 JIoHr-COVID-19
O.r. Borivyk1, I.C. lonoByak', T.B. KonomiiiyeHko?

1IBaHO-PpaHKiBCbKMM HALIOHANbHWA MEAVYHNIA YHIBEPCUTET, M. IBAHO-PPaHKIBCbK,

2HaLlioHanbHNI YHIBEPCUTET OXOPOHN 300p0B’A Ykpainu imeHi [M1.J1. LLynunka, Kuis

MeTa — BUBHAYMTU FEHETVYHI Ta enireHeTyHi 0COBAMBOCTI HEMMAHMX nauieHTok i3 NoHr-COVID-19 ana yTouHeHHs GakTopiB puanky
HeYCMILWHOCTI 3aCTOCYBaHHS JOMOMIXHNX PENPOAYKTUBHUX TexHoNorin (APT)

Marepianu Ta metogu. [1ocniaxero nonimopdiamu reHis MTHFR (C677T, A1298C), RFC-1 (G80A) Ta BHMT (G742A) | MeTUNIOBaHHA reHa
ESR1. O6ctexeHo 40 naujeHTok (0CcHOBHa rpyna) i3 Hennigasam i3 noHr-COVID-19: oo nigrpynu 1 3any4eHo 25 XIHOK, B AKX 3aCTOCYBaHHS
[ONOMIKHNX PENPOAYKTUBHNX TexHonorin (APT) 6yno HeedekTBHM, A0 MArpynu 2 3any4eHo 15 nauieHTok i3 ePekTMBHUM 3aCTOCYBaH-
Ham JAPT. KoHTponb B3aTO 3 niteparypHux axepen: ana nonimopdiamis RFC (G80A), MTHFR (C677T) Ta MTHFR (A1298C) 35 ykpaiHCbKix
XiHOK 6€3 Hennioas i penpoayKTUBHUX BTpaT; ana BHMT (G742A) — 60 ocib ykpaiHCbKOi nonynadiji.

3acTocoBaHO METOAM BapiaLlinHOI CTATUCTNKK, 30Kpema, Kputepint Piwepa 3 piBHeM 3HadyLocTi p<0,05.

Pesynbratu. Y NauieHToK OCHOBHOI Fpynn 4acToTa rOMO3UIrOTHOrO reHoT1ny noniMopdiamy MTHFR (C677T) Gyna BULLOIO 38 MyTaHTHOIO
anenno T (20,0% npotu 3,2%; p<0,05). Y pasi HeycnilwHocTi APT yactota reHoTmny TT 6yna Buulowo B 4 pasu (28,0% npotn 6,7%; p<0,05).
3a rerotunamu nonimopdiamy MTHFR (A1298C) He BYSBNEHO AOCTOBIPHOI PisHULL. B 0CHOBHIM rpyni Byna BULLOKD YacToTa MyTaHTHOI aneni
A nonimopadiamy RFC (G80A) (80,0% npotu 51,4%; p<0,05). JOCTOBIPHOI Pi3HWL 3anexHo Bia ycniwHocTi APT He BCTaHOBNEHO. YacToTta
nonimop®iamy rera BHMT (G742A) B OCHOBHIl rpyni He BidpiaHsnacs Bif 3aranbHOYKpaiHCbKOi nonynaLji, npoTe B pasi HeycniwHocTi JAPT BiH
BiABHA4YaBCs piaLle i nuule B retepodnrotHomy BapiarTi (40,0% npotr 66,6%; p<0,05). AHania nonapHoi MixreHHOi B3aemomji BUSIBMB B OCHOB-
Hil rpyni HarBuLLy YacToTy koMbGiHauii AAGA ans napy MTHFR (A1298C)+BHMT (G742A) — 35,0% 1a GAAA ang napu RFC (GE0A)+MTHFR
(A1298C) — 30,0%. lNnepmeTnnioBaHHa NPOMOTOPHOI AinaHkn reHa ESRT cnoctepiranocs y 20 (50,0%) nauieHTok oCcHOBHOI rpynu: y 17
(68,0%) xiHok miarpynn 1 npotn 3 (20,0%) xiHok nigrpynn 2 (p<0,05).

BUCHOBKM. BiisiBfieHa reHeTyHa Ta enireHeT4Ha 00yMOBAEHICTb yenilHOCTI nporpam APT npu Henninai, acoujiioBaHoMy 3 NoHr-COVID-19,
LLO BIOKPVIBAE HOBI AIarHOCTUYHO-NIKYBaSIbHI MOXSIMBOCTI 3 BUSABNEHHA (akTOPIB CXWIbHOCTI 40 HEYCNILIHOMO fikyBaHHA JAPT Ta nigsueHHs
edeKTNBHOCTI Takoro nikyBaHHs LLASXOM KOpekLji nopyleHb Mmetaboniamy honieBoi KMcnoTu, rineproMoucTeiHemii Ta peLenTopHOro anapary
€CTPOreHiB.

JocnioxeHHss BUKOHAHO 3MaHO 3 NpuHUMNamMin FenbCiHCbKoi aeknapadi. [MpoToKon AOCNIOXKEHHA yXxBaANeHO JIOKanbHUM ETUHHVIM KOMITETOM
3a3Ha4eHoi B poboTi ycTaHoBKW. Ha NpoBeaeHHs A0CNIAKEHb OTPUMAaHO IHDOPMOBaHY 3rofy XIHOK.

ABTOPU 3aABNSIOTb MPO BIACYTHICTb KOHMIKTY IHTEPECIB.

Kntouosi cnoea: noHr-COVID-19, Hennigas, AONOMiIXHI PEenpoayKTVBHI TexHONoril, reHn (GonatHOro Ta roMOLMCTEIHOBOrO OOMIHY,
veTtumoBaHHa JHK.
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olic acid metabolism affects ovarian

function, implantation, embryogenesis and
the entire pregnancy process. In addition to the
well-established effect on the incidence of neural
tube defects, there has been an association between
low folic acid levels and high homocysteine
concentrations, on the one hand, and recurrent
miscarriages and other pregnancy complications,
on the other. In infertile women undergoing
in vitro fertilisation (IVF) / intracytoplasmic
sperm injection (ICSI) treatment, a correlation
was found between the concentration of folic acid
in the plasma and the frequency of pregnancy [23],
other researchers found that the administration
of folic acid and iodine was associated with
a reduction in the time to conception [12].

Folic acid deficiency may be caused by dietary
or genetic factors and may impair the function
of metabolic pathways such as amino acid metabo-
lism, purine and pyrimidine synthesis, and methy-
lation of nucleic acids, proteins, and lipids, leading
to elevated homocysteine concentrations. Some
of the side effects of folic acid deficiency and ho-
mocysteine accumulation include insufficient cell
division and production of inflammatory cytokines,
can impair fertility and lead to pregnancy compli-
cations, as these processes are involved in oocyte
development, endometrial receptivity prepara-
tion, embryo implantation and pregnancy. In fol-
liculogenesis, hyperhomocysteinemia can activate
apoptosis, leading to follicular atresia and affect-
ing oocyte maturity and embryo quality cultured
in vitro [4].

5,10-methylenetetrahydrofolate reductase
(MTHFR) catalyzes the irreversible conversion
of 5,10-methylenetetrahydrofolate to 5-methy-
lenetetrahydrofolate, which serves as a methyl
donor in the remethylation of homocysteine to
methionine. Mutations in MTHFR are associated
with many developmental abnormalities and
pregnancy loss. Previous studies have shown
that MTHFR is expressed in human oocytes and
preimplantation embryos. Moreover, an increased
frequency of the MTHFR 677TT mutant genotype
was demonstrated in women who did not undergo
at least four IVF cycles, and another study showed
that women with the MTHFR 1298CC mutant
genotype who underwent IVF were less likely
to become pregnant than patients with the 1298AA
genotype wild type The study shows that the num-
ber and maturity of the obtained oocytes can be
associated with the MTHFR C677T and A1298C
polymorphisms [4].

Regenerated folate carrier-1 (RFC-1) is
a well-characterized cell membrane folate trans-
porter with high affinity for physiological folate.
The genes encoding these proteins contain poly-
morphisms that can reduce enzymatic activity and
impair the entry of folic acid into the cell and are
associated with the development of pathological
processes, congenital malformations [15].

One-carbon metabolism plays an important role
in complex and important metabolic pathways,
as hundreds of intracellular transmethylation reac-
tions, including DNA methylation and DNA syn-
thesis, have been implicated in carcinogenesis and
processes closely related to homocysteine (Hcy)
metabolism, the elevation of which is an import-
ant risk marker for occurrence of adverse events.
Vitamins, in particular folic acid (By)
and other B vitamins, such as Bg and B2, are im-
portant cofactors of one-carbon metabolism, facili-
tating the remethylation of homocysteine, thereby
preventing the increase in the concentration of this
metabolite [22].

S-adenosylmethionine (SAM) is the main
methyl donor in the cell. It is involved in numerous
cellular reactions, including DNA methylation and
phosphatidylcholine synthesis, as well as reactions
involving neurotransmitters, creatine, carnitine,
and antioxidants (such as glutathione and taurine).
Methionine, betaine, choline, and 5-methyltet-
rahydrofolate (5-MTHF) are important dietary
sources of labile methyl groups in mammalian cells.
SAM is produced from methionine by methionine
adenosyltransferase (MAT). Methionine is either
obtained from the diet or formed from homocyste-
ine via methionine synthase or betaine homocyste-
ine methyltransferase (BHMT). The BHMT path-
way is particularly active in the liver and kidney,
which are the main organs that store large amounts
of betaine. During methyl group donation, SAM
is converted to S-adenosylhomocysteine (SAH),
a potent competitive inhibitor of many methyl-
transferases [16].

The BHMT gene encodes the production of
the enzyme betaine-homocysteine-methyltrans-
ferase (BHMT). The BHMT enzyme is involved
in the transfer of methyl groups with the forma-
tion of methionine from homocysteine. The hu-
man BHMT polymorphism is thought to produce
an enzyme with a higher affinity for homocyste-
ine than the wild type. This polymorphism may
play a crucial role in homocysteine homeostasis.
The 677 C—T mutation in the MTHFR gene has
been shown to contribute to increased Hey and
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is a genetic risk factor for diseases associated with
hyperhomocysteinemia [14].

MTHFR is a key regulatory enzyme in the
one-carbon cycle. This enzyme is required for the
metabolism of methionine, folic acid, and RNA, as
well as for the production of proteins, DNA, and
RNA. MTHFR catalyzes the irreversible conver-
sion of 5,10-methylenetetrahydrofolate to its ac-
tive form, 5-methyltetrahydrofolate, which is
a cosubstrate for the remethylation of homocys-
teine to methionine. Numerous variants of the
MTHFR gene were known, among which the most
extensively studied variant is C677T. The C677T
polymorphism, which results in the conversion
of valine to alanine at codon 222, is associated
with reduced activity and increased thermolability
of the enzyme. Violation of MTHFR efficiency is
associated with an increase in the level of homo-
cysteine, which can contribute to an increase in
the production of reactive oxygen species and the
development of oxidative stress [25].

Vascular endothelium plays an important role
in maintaining vascular homeostasis by regulat-
ing vascular tone, inflammation, and cell growth.
Endothelial dysfunction caused by hyperhomocys-
teinemia can trigger inflammation, apoptosis and
subsequent formation of atherosclerotic lesions.
Studies involving cell cultures and animal models
have shown that Hcy impairs the ability of endo-
thelial cells to produce nitric oxide and prostacy-
clin, which are potent endogenous vasodilators,
and there is evidence that Hcy induces inflam-
mation in endothelial cells, leading to the release
of inflammatory cytokines, including interleu-
kin-6, interleukin-8 and tumor necrosis factor-a.
In addition, it was shown that Hey induces apop-
tosis in endothelial cells, causes atherosclerotic
changes in blood vessels [10].

The metabolism of folic acid, betaine, cho-
line and methionine is interconnected, and the
deficiency of one of the substances can be partial-
ly compensated. Deficiency of dietary methyl do-
nors can cause metabolic and functional disorders.
Metabolic changes in the cell are reflected by in-
creased levels of homocysteine, disruption of ener-
gy and lipid metabolism, as well as dysregulation
of DNA methylation and protein synthesis.

In addition to the connection of disorders
of folic acid metabolism, one-carbon metabo-
lism, hyperhomocysteinemia, which are regulated
genetically, with the reproductive function of a
woman, the results of assisted reproductive tech-
nologies (ART) programs [18], some researchers

have established the connection of these disor-
ders with the severity of the course of COVID-19,
thromboembolic complications [9,19,24].

Abnormal increase or decrease in DNA methy-
lation promotes or is a marker of cancer formation,
also associated with neurological, immunological
diseases, atherosclerosis and osteoporosis [5].

There is increasing evidence that epigenetics
plays a key role in the pathogenesis of endome-
triosis. Epigenetic modifications include dynamic
and reversible changes in chromatin structure
that affect gene expression in a heritable manner.
Characteristic features of epigenetic gene regula-
tion are DNA methylation (hypo- and hyperme-
thylation), histone modifications, and miRNA pro-
duction, which leads to the expression or suppres-
sion of specific proteins. Some researchers provide
data on the role of epigenetic factors in the etio-
pathogenesis of endometriosis and associated infer-
tility [2]. A direct correlation with the expression
of genes influencing the process of implantation
in eutopic endometrium of women with endome-
triosis was revealed. Susceptibility and decidua-
lization of the endometrium depend on hormo-
nally regulated molecular processes. Reaction sig-
naling pathways of estradiol and progesterone are
regulated in the epithelial and stromal parts of the
endometrium.

Functional dysregulation of steroid hor-
mone signaling in endometriosis, such as in-
creased E2-induced cell proliferation, inflamma-
tion, and progesterone resistance, appears to play
an important role in impaired endometrial recep-
tivity in these patients. The shift toward estro-
gen dominance promotes inflammation, angioge-
nesis, cell proliferation, and immunosuppression.
Progesterone receptor expression levels are lower
in women with endometriosis-associated inferti-
lity, while estrogen receptor 1 (ESR-1) levels are
increased in the mid-secretory phase endometrium
of these women compared to controls [17].

The aim of the study is to determine the ge-
netic and epigenetic features of infertile patients
with long-term COVID-19 in order to clarify the
risk factors for the failure of assisted reproductive
technologies (ART) use.

Materials and methods of the study

The genetic and epigenetic examination includ-
ed 40 patients (the main group) who applied to
the clinic of reproductive technologies for infer-
tility treatment and who showed signs of «long-
COVID». The patients of the main group were
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divided into 2 subgroups: the subgroup 1 — 25 wo-
men in whom the use of ART was ineffective,
the subgroup 2 — 16 patients with effective treat-
ment of infertility with the help of ART. Controls
were taken from literary sources: for RFC (G80A),
MTHFR (C677T) and MTHFR (A1298C) gene
polymorphisms, Ukrainian women without infer-
tility and reproductive losses [20], n=35; for the
BHMT polymorphism (G742A) — the Ukrainian
population [7], n=60.

Molecular genetic analysis of MTHFR (C677T,
rs1801133; A1298C, rs1801131), RFC-1 (G80A,
rs1051266) and BHMT (G742A, rs3733890) genes
was performed using routine molecular genetic
methods (allele-specific polymerase chain reaction
and polymerase chain reaction with length of re-
striction fragments polymorphism analysis) [21].

The methylation status of the promoter region
of the ESR1 gene was determined using the mole-
cular genetic method [6]. The result of determin-
ing the methylation status of the promoter region
of the ESRT gene was taken into account depend-
ing on the number of hypermethylated alleles:
in the heterozygous state — Met/UnMet, and in
the absence of methylation — UnMet/UnMet.

The obtained data were processed by the
methods of variational statistics accepted in me-
dicine, using Fisher’s angular transformation for in-
dicators represented by frequencies, with a critical
significance level of p<0.05. The Microsoft Excel
statistical analysis package was used.

The study was carried out in accordance with
the main provisions of GCP ICH and the Declara-
tion of Helsinki, agreed with the ethics committee
of the Ivano-Frankivsk National Medical Univer-
sity and the ethics and academic integrity commis-
sion of the Shupyk National University of Health
Care of Ukraine. All studies were carried out after
receiving the patient’s informed consent for diag-
nosis and treatment. The work is a fragment of the
SRW <«Improving tactics of preconception coun-
seling and management of early pregnancy of wo-
men with reproductive health disorders».

Research results and discussion

Studies of gene polymorphisms that regulate fo-
lic acid metabolism (RFC and MTHFR) and BHMT
revealed the following (Table 1). In the wom-
en of the main group, the study of the MTHFR
polymorphism (C677T) revealed a significantly
higher frequency of the homozygous genotype for
the mutant T allele (20.0% vs. 3.2% in the con-
trol, p<0.05). The analysis of the result depend-

ing on the success of ART programs demonstrated
the identity of the distributions in the subgroup 2
(successful ART) and the controls, while in the case
of ART failure, the proportion of women with the
homozygous genotype for the wild allele C was sig-
nificantly lower (24.0% vs. 53.3% in the subgroup
2, p<0.05) and a 4 times greater share of patients
with the TT genotype (28.0% vs. 6.7%, p<0.05).
This polymorphism has been proven to be as-
sociated with a deficiency of folic acid and other
vitamins of group B, which leads to various
pathological conditions, in particular in the re-
productive sphere, developmental anomalies,
and pregnancy loss.

A study by genotypes of another MTHFR
polymorphism (A1298C) did not reveal a signifi-
cant difference in the distributions between groups,
although the proportion of the heterozygous vari-
ant of AS is slightly higher in the subgroup 1.

As for the study of the polymorphism of the
reduced carrier folate-1 RFC gene (G80A), which
can reduce the enzymatic activity of RFC and im-
pair the entry of folic acid into the cell, the frequen-
cy of mutant allele A is significantly higher in wo-
men of the main group (80.0% vs. 51.4% in the con-
trol, p<0.05). No significant difference was found in
the distributions of the subgroups 1and 2, although
the proportion of women with a mutant allele is
slightly higher in the case of unsuccessful ART.

The polymorphism of the BHMT gene (G742A),
which is associated with a decrease in the level
of homocysteine and elimination of folic acid de-
ficiency, occurred with the same frequency both
in the main group and in the control, however, in
the case of unsuccessful ART, it was observed sig-
nificantly less often only in the heterozygous vari-
ant (40.0% versus 66.6%, p<0.05).

In addition to the influence of separate gene
polymorphisms on the occurrence of pathological
conditions, the influence of combinations of poly-
morphisms of several genes is also studied, in par-
ticular, domestic authors studied the role of in-
tergenic interactions in the development of ear-
ly reproductive losses and infertility in married
couples [20]. The study of pairwise intergenic in-
teraction revealed in the main group the highest
frequency of the combination of AAGA for
the MTHFR (A1298C)+BHMT (G742A) pair —
35.0% and GAAA for the RFC (G80A)+MTHFR
(A1298C) pair — 30.0% (Fig.). Further, more
detailed studies are needed to substantiate the
role of intergenic interaction in the occurrence
of infertility associated with long-COVID-19,
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Distribution of women in groups by genotypes of polymorphisms of genes regulating fable 1
folic acid metabolism (RFC and MTHFR) and betaine-homocysteine-methyltransferase (BHMT)
Polymorphism Genotype Maill::g“rgup, Subr?:;lép 1, SUbl?::lép 2, Control1

CcC 14 (35.0) 6 (24.0)* 8 (53.3) 17 (46.6)
MTHFR (C677T) CT 18 (45.0) 12 (48.0) 6 (40.0) 7(48.6)
T 8 (20.0)* 7(28.0)*% 1(6.7) 1(3.2)
AA 24 (60.0) 14 (56.0) 10 (66.7) 18 (51.4)
MTHFR (A1298C) AC 16 (40.0) 11 (44.0) 5(83.3) 14(40)
CC - - 3(8.6)
GG 8 (20.0)* 4(16.0) 4(26.7) 17 (48.6)
RFC-1 (G8OA) GA 18 (45.0) 9(36.0) 6 (40.0) 10 (28.6)
AA (35 0) 12 (48.0) 5(83.3) 8(22.9)
GG 0(50.0) 15(60.0)*# 5(83.3) 27 (45.0)
BHMT (G742A) GA (45 0) 10 (40.0) 8 (53.3) 30 (50.0)
AA 2(5.0) - 2(13.3) 3(5.0)
Notes: 1 — the control is taken from literary sources: for RFC (G80A), MTHFR (C677T) and MTHFR (A1298C) gene polymorphisms Ukrainian women without

infertility and reproductive losses [20], n=35; for the BHMT (G742A) polymorphism, the Ukrainian population [7], n=60; * — the difference is significant compared to
control patients (p<0.05); # — the difference is significant in relation to patients of the subgroup 2 (p<0.05).
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Fig. Variants of intergenic interaction were identified for the studied polymorphisms of genes regulating folic acid
metabolism (RFC and MTHFR) and betaine-homocysteine-methyltransferase (BHMT), %

the effectiveness of ART programs in its treat-
ment, and the identification of combinations that
may serve as appropriate biological markers of risk.

Metabolic changes due to the presence of
certain polymorphisms can lead to dysregulation of
protein methylation, and as a result, changes in the
expression of relevant substances and interrelated
pathological conditions, in particular, infertility,
implantation disorders. Biomarkers of DNA

8

methylation are considered extremely promising in
the context of human health [3].

According to a few studies by domestic and
foreign authors, hypermethylation of the promoter
region of the estrogen receptor o gene (ESRY) is
associated with pathological conditions of the
female reproductive sphere (oncological diseases,
leiomyoma of the uterus [11], endometriosis [1,13],
sleep problems in older women [8].
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Table 2
The interaction of genetic (polymorphisms of metabolism genes MTHFR, RFC and BHMT)
and epigenetic (methylation of the promoter region of the ESR1 gene) factors in patients
with infertility and long-term COVID-19

Polymorphiem | Genotype | ftRsmelhylation | Absepce of upermethyiation
GG 8 (40.0) 6 (30.0)
RFC (G8OA) GA 8 (40.0) 10 (50.0)
AA 4 (20.0) 4(20.0)
cc 10 (50.0)* 4(20.0)
MTHFR (C677T) cT 6 (30.0)* 12 (60.0)
TT 4(20.0) 4(20.0)
AA 14.(70.0) 10 (50.0)
MTHFR (A1298C) AC 6 (30.0) 10 (50.0)
cc - -
GG 2 (10.0) -
BHMT (G742A) GA 12 (60.0)* 6 (30.0)
AA 6 (30.0)* 14.(70.0)
CTGA 6 (30.0) 2(10.0)
MTHFR (C677T)+ BHMT (G742A)
CTGG - 10 (50.0)

Note: * — the difference is significant in the presence/absence of hypermethylation of the promoter region of the ESR1 gene (p<0.05)

According to our data, hypermethylation
of the promoter region of the ESR7 gene was
detected in 20 (50.0%) patients of the main group.
In 17 (68.0%) women of the subgroup 1 versus 3
(20.0%) women of the subgroup 2 (p<0.05).

Taking into account the influence of one-car-
bon and folate metabolism on DNA methyla-
tion processes, the connections of epigenetic
changes (methylation of the promoter region
of the ESR1 gene) with genetic factors (gene
polymorphisms responsible for metabolic pro-
cesses) were analyzed, the results are presented
in Table 2. No differences were found depending on
the presence/absence of hypermethylation of the
REC (G80A) and MTHFR (A1298C) gene poly-
morphisms. However, according to the received
data. with hypermethylation of the promoter re-
gion of the ESR7 gene, the homozygous wild al-
lele C genotype of the MTHFR gene polymorphism
(C677T) was significantly more frequent: 50.0% vs.
20.0% (p<0.05) and the wild allele G of the BHMT
gene polymorphism (G742A): 70.0% versus 30.0%
(p<0.05), mainly due to the heterozygous geno-
type: 60.0% versus 30.0% (p<0.05).

The analysis of the combined effect of MTHFR
(C677T)+BHMT (G742A) gene polymorphisms
on the methylation of the promoter region of the
ESR1 gene showed that with hypermethylation,
the combination of heterozygous genotypes
of these polymorphisms was 3 times more common,
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and no combination of the heterozygous variant
of the MTHFR gene polymorphism (C677T)
with the homozygous for the mutant allele G of the
BHMT gene polymorphism (G742A) was observed
at all, although in the absence of hypermethylation,
this genotype occurred in 50.0% of cases.

Conclusion

Therefore, in patients with infertility and
long-term COVID-19 symptoms, the frequency
of the homozygous genotype of the MTHFR gene
polymorphism (C677T) on the mutant allele T is
higher (20.0% vs. 3.2%, p<0.05). When ART is
unsuccessful, the proportion of patients with the
TT genotype homozygous for the mutant allele is
4 times greater (28.0% vs. 6.7%, p<0.05). A study
by genotypes of another MTHFR polymorphism
(A1298C) did not reveal a significant difference.

Patients with infertility and long-term
COVID-19 symptoms have a higher frequency
of the mutant allele A of the RFC gene (G80A)
(80.0% vs. 51.4% in controls, p<0.05). No signifi-
cant difference was found depending on the success
of ART, although the proportion of women with
a mutant allele is slightly higher when ART
is unsuccessful.

The frequency of polymorphism of the BHMT
gene (G742A) in women with infertility and symp-
toms of long-term COVID-19 did not differ from
that in the Ukrainian population, however, in the
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case of unsuccessful ART, it was observed signifi-
cantly less often and only in the heterozygous vari-
ant (40.0% vs. 66.6%, p<0.05).

The analysis of pairwise intergenic interaction
revealed the highest frequency of the combination
AAAA for the MTHFR (A1298C)+BHMT (GT42A)
pair — 35.0% and GAAA for the RFC (G80A)+
MTHFR (A1298C) pair — 30.0% in patients with in-
fertility and long-term COVID-19, which requires
further studies of their clinical significance.

Hypermethylation of the promoter region of the
ESR1 gene is observed in 20 (50.0%) patients with
infertility and long-term COVID-19. Moreover,
the vast majority of 17 (85.0%) of these cases are
associated with unsuccessful attempts to use ART
methods in the treatment of infertility, with the ef-
fectiveness of ART methods, the frequency of hy-
permethylation was 20.0% versus 68.0% (p<0.05).

The analysis of the relationship between epi-
genetic changes and genetic factors showed that
with hypermethylation of the promoter region of
the ESRT gene, the homozygous wild allele C ge-
notype of the MTHER gene polymorphism (C677T)
is significantly more common: 50.0% versus 20.0%
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