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VY xoni peanizauii B Ykpaini y 2013-2017 pp. npoekriB €Bpomneii-
cekoi Komicii «IIporpamu oxopoH# 370pOB’s Ta eKoIorii HaBkosio Yop-
HOOMIJIBCHKOT 30HU BiAUy)KEHHsI: pOo3p0o0OKa, HABYaHHS Ta KOOPJAHHAIIS
MIPOEKTIB, TTOB’ I3aHUX 31 3M0POB’siM» Ta PerionanpHOI pagu Por Anbm
(DpaHIIist) y BEMUKOT KITBKOCTI TITSH M ATITKOBOTO BIKY, SIKi MEIITKAIOTh
mo6m3y YopHOOMITBCHKOT 30HHU BiIUYy>KEHHS, OYJI0 BUSBICHO TTiABHUIIIC-
HUH BMICT Y KPOBi CIpKOBMICHOT aMiHOKHCIIOTH TOMOIIHCTEIHY, 110 BH-
3HAYAETHCS AK TIIepProMOIUCTETHEMIS.

3ri{HO 3 YUCIICHHUMHU 3apyOi’KHUMU JIOCIIDKSHHSIMH, [IeH CTaH BHU-
HUKA€ MPH PO3BUTKY TSHKKUX 3aXBOPIOBAHb Y JOpociux oci6. [1pu mpo-
My TOMOLMCTETH PO3MIISAA€THCA K YYACHUK MAaTOJOTIYHUX MPOIIECiB.

Tomy BaxJinBO OyJI0 BU3HAUNTH NPUYUHH BUHUKHEHHS TiEPrOMO-
mycTeiHeMii y AiTei, siki mepeOyBatoTh B yMOBax MOCTIHHOTO pajiamii-
HOTO BILJIUBY.

ABTopu myOIiKarii mpeacTaBuiIi HayKOBY KOHIICTIIIIIO, IO TPYHTY-
€THCSI Ha aHAJTi31 pe3yabTaTiB KOPEISIIIHOTO aHalTi3y TOKa3HUKIB 00Mi-
HY PEUYOBHH 3 ypaxyBaHHSIM CTaHy I'eHIB (OJIATHOTO ITUKITY y ITEH, SIKi
MIPOXKUBAIOTH 1003y YOpHOOMIBCHKOT 30HH BiMUYKEHHSI.

BiamoBinHO 10 mi€l KOHIENIIiT TieproMOCTeTHEMIS, 110 BUHUKIIA
BHACJTIJIOK PaiialliiHOTO BIUIMBY, CTUMYJIFOE TOPMOHOTEHE3 Y TiroTana-
MO-Tirodi3apHO-THPEOIAHOT OCI.

[Tpu upomy B mepudepryHUX TKaHHMHAX 301LTBLIYETHCS YTBOPEHHS
TPUHOATHPOHIHY, 3JaTHOTO CTUMYIIOBATH KJIITHHHY CHEPIreTHKY Ta
301/IbIIYBaTH CHHTE3 aKTUBHUX (hOpM BiTaminy B,

TakuM YMHOM, TPHHOATUPOHIH € €IEMEHTOM 3aXHCTY OpTraHi3My Bil
pyHHIBHOI i pafiatiitHoro ¢akropa.

V 3B’3KY 3 MM, TOMOLIMCTEIH PO3IISAAETHCS SIK YIACHUK CUCTEMU
ajanTarii opraHiaMy /10 30BHIIITHHOTO BILIHBY.

OpmHak TIpU BUCOKUX KOHIICHTPAISIX B OpraHi3Mi, TCHETHYIHO 00Y-
MOBJICHHX a00 IMOB’S3aHUX 3 BHPAKEHOIO 30BHINIHHOCEPEIOBHUIIIHOIO
JI€F0, TOMOITUCTETH MOPYyIIye OOMiH PEYOBHH B OPTaHi3Mi, BUKJIMKAIO-
YK CTPYKTYPHO-(PYHKI[IOHAJBHI 3MIHU B KJIITHHAX YKUTTEBO BAKIMBHUX
OpraHiB.



Preface

The book we present to readers contains information obtained as
a result of many years of research conducted in areas bordering the
Chernobyl exclusion zone.

Officially, the territory is not dangerous for human habitation.

However, during the implementation of the European Commission
project in 2013-2016, it was established that the soils near populated
areas contain large amounts of radioactive elements that penetrate the
body of local residents, including children, through food chains.

At the same time, structural and functional changes occur in vital
organs and systems of the body.

It is important to determine the nature of these changes, highlighting
the elements of damage and compensatory and adaptive processes.

Considering the simultaneous incorporation of '*’Cs radionuclides
into the internal organs and brain, an integrated approach was used to
assess the metabolic changes that occurred.

The conducted assessment of the participation of homocysteine
in the metabolism of thyroid hormones has scientific and practical
significance.

The results of many years of work have allowed us to formulate a
scientific concept that, according to the authors, reflects the regulatory
links between sulfur-containing amino acids and thyroid hormones in
the body of children and adults.

We hope that the information obtained will be used in practical
healthcare when providing assistance to people suffering from radiation
exposure.

We express our sincere gratitude to the French people.
With best wishes and gratitude for your attention,
Professor Yu. I. Bandazhevsky,

Senior Researcher N. F. Dubovaya



Chapter |I.
The Chernobyl disaster
and the thyroid gland

The thyroid gland (TG) is one of the vital organs of the human body.

Pathological processes associated with it, lead to death and
disability.

The hormones produced by the TG participate in the main metabolic
cycles of the human body, coordinating the activity of many organs and
systems.

Their formation and metabolic transformation depend on the intake
of iodine and selenium into the body.

The accident at the Chernobyl Nuclear Power Plant (ChNPP) in
1986 contributed to the contamination of the environment with short-
lived radioactive isotopes of I: 31T, 1321, 123], 126, 130T 35T 'which, as some
researchers believe, formed the total radiation dose of the TG. This was
facilitated by the situation of iodine deficiency [1].

According to the official conclusion of the World Health
Organization, it is radioactive iodine — "'I, which ended up in the
environment after the Chernobyl accident in April 1986, that is the main
cause of malignant tumors of the TG in adults and children living in
Ukraine and other countries of the former USSR [2].

However, 35 years after the Chernobyl accident, it was concluded
that the ranking of regions, taking into account the thyroid dose due to
B1, does not coincide with the results of ranking by the incidence of
thyroid cancer [3].

In this regard, it should be noted that as a result of the explosion at
the 4th reactor of the ChNPP, a huge amount of long-lived radionuclides
were released into the environment, including '*’Cs and *°Sr [4].

The results of radiometric studies conducted during autopsy
of adults and children living in the Gomel region of the Republic of
Belarus in the first decade after the Chernobyl accident indicate that the
TG of children actively incorporates *’Cs (Fig. 1) [5].

Subsequently, experiments on laboratory animals confirmed the
ability of the TG to concentrate '*’Cs [6].
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Fig. 1. Accumulation of '¥’Cs radionuclides (Bq/kg) in the internal organs
of adults and children - residents of the Gomel region of the Republic of
Belarus who died in 1997 [5].

Based on this, attention should be paid to the participation of *’Cs
in thyroid cancer processes.

In Ukraine, an increase in thyroid cancer incidence, mainly among
the female population, is noted many years after the tragic date of April
26, 1986 [7].

At the same time, the highest rate was recorded in areas with high
levels of soil contamination with long-lived radioactive elements — in
the Polessky and Ivankovsky districts of the Kyiv region [3].

In areas affected by the Chernobyl accident, an increase in non-
neoplastic thyroid diseases was also noted, also mainly among
the female population [8]. In children living near the Chernobyl
Exclusion Zone (ChEZ), in the Ivankovsky and Polessky districts, in
2013-2017, structural changes in the TG were registered in 5.6% of
cases, and impaired production of thyroid hormones — in 35.5% of
cases [9].




Yu. I. Bandazhevsky, N. FE. Dubovaya

Taking this into account, we can conclude that even many years
after the Chernobyl accident, there is a real risk of pathological
processes in the TG.

This is especially true for children and adults whose antenatal and
postnatal development took place under conditions of constant radiation
exposure.

An increase in thyroid pathology after the Chernobyl accident
was also registered in areas that were not officially recognized as
affected.

In particular, an increase in the incidence of thyroid cancer is
noted in the 21st century, at a considerable distance from the site of the
Chernobyl tragedy, in the Zaporizhia region [7].

When analyzing the causes of this phenomenon, it is necessary to
pay attention to the migration of the population from Chernobyl areas
to cleaner, in terms of radiation, areas.

It is also necessary to take into account the spread of '*’Cs, over
huge distances from the original sources of radiation, in food products,
wild berries and mushrooms, wood, air currents.

In this regard, as a source of radiation that currently exists, it is
necessary to note the ChEZ, in which fires of radioactive forests often
occur [10].

Insufficient iodine and selenium intake into the body are noted as
causes of thyroid pathology [1].

Mild and moderate iodine deficiency is noted in the territory of the
Ukrainian-Belarusian Polesie [1, 11], which undoubtedly contributed to
the negative impact of *'I on the TG of local residents in the first days
after the Chernobyl accident.

However, it should be noted that the Gomel region, heavily
contaminated with radioactive elements, has a lower level of iodine
deficiency compared to other regions of the Republic of Belarus. At
the same time, the highest number of thyroid cancer cases has been
registered in the Gomel region [11].

We explain this by the impact of '“’Cs radionuclides on the
population of this region, starting in the 60s of the last century [12].

For many years, attempts have been made to correct iodine
deficiency in the population by iodizing food products, including table
salt, bread and bakery products, as well as eating seafood, in particular
seaweed [13].
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However, it should be recognized that, despite the enormous
attention to the TG after the Chernobyl accident, the etiopathogenesis
of thyroid pathology has not been sufficiently studied.

This does not allow for the full implementation of effective
preventive and therapeutic measures.



Chapter Il.
Classical concepts of regulation
of thyroid hormone metabolism

Thyroid hormones are iodinated amino acids L-thyroxine (T,) and
3,5,3’-triiodo-L-thyronine (T,) [14].

The TG produces mainly the prohormone T,.

About 80% of T,, the active form of thyroid hormones, is formed
in peripheral tissues as a result of enzymatic deiodination of the outer
ring of T, the so-called 5’-monodeiodination [15].

The process of T, deiodination is catalyzed by enzymes called
iodothyronine deiodinases, or deiodinases.

Deiodinases of types 1 (D1), 2 (D2) and 3 (D3) have been identified.
[16,17].

These enzymes contain 250-280 amino acids, as well as a selenium-
cysteine compound located in the center [17].

Deiodinases D1 and D2 perform deiodination of the outer ring of T,.

Deiodinase D1 is localized on the plasma membrane of liver cells,
proximal renal tubules, and follicular cells of the TG.

Deiodinase D2 is found in the endoplasmic reticulum of brain cells,
the anterior pituitary gland, TG, skeletal muscles, and heart.

Deiodinase D3 catalyzes the process of converting T, into reverse
1T, by deiodination of its inner ring.

Deiodinase D3 has been found in cells of the brain, skin, liver, intestines,
fetus and placenta, as well as tumors, including malignant ones [16].

Deiodinases form a dynamic system, their activity changes
depending on the functions performed by cells of various tissues [17].

An increase in the activity of deiodinase D1 in hyperthyroidism
and deiodinase D2 in hypothyroidism has been noted [16].

T,, acting on plasma membranes, regulates the penetration of
calcium ions into and out of the cell [14].

T, is transported through the cell membrane by specific carriers, in
particular, monocarboxylate transporter 8 (MCT8) [18].

Mitochondrial structures are exposed to T, resulting in a change in
energy metabolism [14].

10
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At the level of the cell nucleus, T, modifies gene expression by
acting on nuclear receptors [16].

It is generally accepted that the regulation of thyroid function is
carried out by structures of the central nervous system, in particular the
hypothalamus and adenohypophysis (AH).

The main active element of the thyroid function regulation system
is the pituitary thyroid-stimulating hormone (TSH), produced in the
anterior pituitary gland.

In its structure, TSH is a glycoprotein consisting of alpha and beta
chains, with a molecular weight of about 28,000 Da [15].

In the generally accepted regulatory scheme, the hypothalamic
thyrotropin-releasing hormone stimulates the production of TSH in the
AH, which in turn stimulates the production of thyroid hormones in the
TG in the event of a decrease in the concentration of the latter in the blood.

It is believed that the main mechanism of thyroid homeostasis is
a negative feedback loop between circulating thyroid hormone and the
neuroendocrine system.

One of the triggers that initiates the process of activating the
synthesis of hormones of the hypothalamic-pituitary-thyroid axis is
iodine deficiency in the body [19].

TSH acts on specific receptors on the membrane of thyroid cells,
stimulating the secretion of mainly T, [15].

In turn, an increase in the content of thyroid hormones in the blood
is a blocking factor in the production of TSH in the AH [20].

However, there is a nuance that should be noted.

A decrease in TSH secretion is noted at a high level of the T,/T,
ratio, while at a low level of the T /T, ratio, an increase in TSH secretion
occurs [15].

It is noted that the constant level of thyroid hormones in the blood
depends on the state of the hypothalamic-pituitary-thyroid axis, as well
as on the activity of tissue deiodinases [21].

The presented scheme does not reflect all the elements of the
regulatory process in the pituitary-thyroid system.

It does not precisely define which other hormones and metabolites
are involved in the regulation of hormonogenesis of the pituitary-
thyroid axis.

Perhaps, therefore, there are problems in the clinic when providing
medical care to people with altered thyroid status.
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Chapter lll.
Homocysteine and ifs role in the
functioning of the body

The presented scheme does not reflect all the elements of the
regulatory process in the pituitary-thyroid system.

During the implementation in Ukraine, in 2013-2017, of the
European Commission projects “Health and Ecological Programmes
around the Chernobyl Exclusion Zone: Development, training and
coordination of health-related projects” and the regional council of
Rhone Alpes (France), a large number of adolescent children from the
Ivankovsky and Polessky districts of the Kyiv region were found to have
elevated blood levels of the sulfur-containing amino acid homocysteine
(Hcy) — the main participant in the metabolism of the essential amino
acid methionine (Met) in the body [11].

a). Metabolism of sulfur-containing amino acids
methionine and homocysteine in the body.

Met, entering the body from the outside, is a source of methyl
groups used in methylation reactions, in the process of synthesis of
proteins, phospholipids, biogenic amines.

However, for this, it must be converted into an active form —
S-adenosylmethionine (SAM).

The process of formation of the sulfonium form of this amino acid
occurs, under the influence of methionine adenosyltransferase, during
the addition to the adenosine molecule, the source of which is ATP.

During the reaction catalyzed by methyltransferase, SAM gives up
a methyl group and turns into S-adenosylhomocysteine (SAH).

The methylation potential determines the ratio of SAM and SAH.

Under the influence of hydrolase, SAH breaks down into H_ and
adenosine.

12
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Reverse methylation of H_ is carried out with the participation of
enzymes of the folate cycle (FC) and active forms of vitamins B, (B,)
and B, (B,) [22-25].

The folic acid (folate) molecule includes a pterin derivative, para-
aminobenzoic and glutamic acids.

This complex is converted in the liver, under the influence of
folate reductase and dihydrofolate reductase, into tetrahydrofolate,
which is capable of being an acceptor of one-carbon fragments
in reactions with serine and glycine and transforming into 5,10,
methylenetetrahydrofolate.

Under the influence of methylenetetrahydrofolate reductase
(MTHFR), 5,10, methylenetetrahydrofolate is converted into 5
methyltetrahydrofolate (5-MTHF), which is capable of transporting a
methyl group to an enzyme complex called B, -methionine synthase (MS).

5-MTHF is the active form of vitamin B,, transferring a methyl
group to B, , which directly interacts with the H, molecule.

As a result of this interaction, internal Met is formed.

This reaction occurs in all tissues. In addition to 5S-MTHEF, betaine,
which is synthesized from choline by betaine-homocysteine-S-
methyltransferase in the liver, kidneys, and lens, is a source of methyl
groups for the formation of internal Met.

In a physiological state, about 50% of H_ is methylated to form
Met.

In the liver, kidneys, small intestine, pancreas, and lens, HCy can
also be utilized in the transsulfuration reaction cycle [22].

There is an opinion that the intracellular level of SAM affects the
pathway by which H, is metabolized.

SAM is assigned the role of an allosteric activator of cystathionine-
B-synthase (CBS) and an allosteric inhibitor of MTHFR, which produces
5-MTHF [23].

In the transsulfuration reaction cycle, Hcy condenses with serine,
resulting in the formation of cystathionine (Cyst).

This irreversible reaction is catalyzed by CBS, the coenzyme of
which is vitamin B, (B,).

Cyst is converted into cysteine (Cys) by y-cystathionase (CSE).

Cys, interacting with selenium, forms selenocysteine — a
coenzyme form of deiodinase — an enzyme that catalyzes the process
of T, deiodination.

13
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In addition, Cys is involved in the formation of protein
molecules, coenzyme A, sulfates and glutathione, which is a tripeptide
L-y-glutamyl-L-cysteinylglycine.

Antioxidant properties of glutathione have been noted. It is
involved in reactions aimed at preventing the action of active forms of
oxygen and free radicals [22].

Excess Cys is oxidized to taurine and can also be excreted from the
body in urine.

H,, and/or Cys catalysis results in the formation of H.S, a
gasotransmitter, one of the main regulators of physiological processes
in the body [22].

Thus, the sulfur-containing amino acid H, is the main link in the
body’s metabolic processes.

b). Hyperhomocysteinemia and its association
with pathological processes.

Based on the results of numerous studies, the level of Hcy in the
blood was determined for each age group, the excess of which is
characterized as a state of hyperhomocysteinemia.

In our studies, the state of hyperhomocysteinemia in adolescents
was recorded if the level of H, in their blood exceeded 10.0 umol/l.

Hyperhomocysteinemia — is it a pathological condition or
an element / marker of the body’s adaptive capabilities to certain
environmental conditions?

It is not so easy to answer this question, despite the fact that a huge
number of studies have been conducted related to the determination of
H_, in the blood.

For the most part, these were studies when the state of
hyperhomocysteinemia was tied to a specific disease, or to an already
developed pathological condition.

At the same time, H_, was considered as an integral element of the
pathological process.

Clinical and experimental studies have identified hyperhomocystein-
emia as a risk factor for cardiovascular disease, stroke, and blood clotting
disorders, with thrombosis and occlusion of peripheral vessels [26, 27, 28].

14
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These pathological processes are associated with the toxic effects
of H_ on the body.

H_ toxicity occurs when it covalently binds to proteins, resulting in
structural and functional changes in the latter.

The process by which a new post-translational modification of
protein molecules occurs is called N-homocysteinylation [22].

In this case, the resulting complexes acquire cytotoxic, pro-
inflammatory, pro-atherothrombotic and pro-neuropathic properties
[29].

H_ is converted into H_-thiolactone, which carries out
N-homocysteinylation of protein molecules.

In its chemical structure, Hcy—thiolactone is a five-membered form
of the condensed H_| ring.

With the development of atherosclerosis, this reactive anhydride-
H, interacts with low-density lipoproteins, which ultimately leads to
the deposition of cholesterol and other fats in atherosclerotic vascular
plaques [30].

The interaction of Hcy-thiolactone with serum proteins promotes
the formation of new protein antigens and autoimmune antibodies [29].

The toxic effect of H_ on brain cells is associated with oxidative
stress, overactivation of glutamate receptors, mitochondrial dysfunction,
resulting in degeneration and death of nerve cells [31, 32, 33].

H_, can not only penetrate the central nervous system through the
darnaged blood-brain barrier, but also be produced by nerve cells [34].

The neurotoxic properties of H are based on its ability to react
with the glutamate receptor subtype N-methyl-D-aspartate (NMDA)
[33].

In this case, its oxidized form is isolated — homocysteine acid,
produced by brain cells and is an excitatory neurotransmitter of NMDA
receptors [35, 36].

Elevated H, levels in the blood are very often recorded among the
elderly.

Atthe same time, H_ in concentrations exceeding the physiological
level (15.0 pumol/l) causes disruption of the hematological barrier
of the brain and retina, which contributes to the development of
neurodegenerative diseases and vision loss [31, 36].

By inducing neuronal degeneration, H_ causes deterioration of
cognitive functions and memory.

15
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A link has been established between hyperhomocysteinemia and
stroke, Parkinson’s and Alzheimer’s diseases [37].

The autonomic nervous system is also affected by
hyperhomocysteinemia.

A correlation has been noted between the H  level in plasma and
dysfunction of the autonomic nervous system of the heart in patients
with obstructive sleep apnea syndrome [38].

In the elderly, high H_ levels in the blood are associated with low
bone mineral density and a high risk of fractures [39].

As a result, there is an opinion that HCy is a predictor of bone
fractures in the elderly [40].

An increase in the H_ level in the blood has been noted in
hypothyroidism [41].

Experimental studies have established that in the blood with
hyperthyroidism there is a decrease in the concentration of H,, whereas
in hypothyroidism an increase is recorded [42].

Very few studies have been conducted based on the determination of
H, in the blood of individuals (adults and children) with no pronounced
pathology.

This does not allow us to fully assess the role of H asa participant
in physiological processes or processes of adaptation to external
conditions.

C). Hyperhomocysteinemia in Ukrainian children
living near the Chernobyl exclusion zone.

The projects of the European Commission and the Regional Council
of Rhone-Alpes (France), carried out in Ukraine in April 2015, made it
possible to determine the level of H_ in the blood of adolescents from
the Ivankovsky and Polessky districts of the Kyiv region and identify
the state of hyperhomocysteinemia in 48.8% of cases.

In December 2015, the state of hyperhomocysteinemia in children
from these areas was determined much more often, in 75.3% of cases
[11].

In January 2022, a laboratory genetic study conducted with
the financial support of the French public organization “Children of

16
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Chernobyl” revealed the state of hyperhomocysteinemia in a group of
children from the Ivankovsky district in 65.44% of cases [43].

Undoubtedly, this information makes it necessary to look
for the causes of hyperhomocysteinemia in children living near
the ChEZ.

The participation of B, and B, in the processes of H, methylation
and Met synthesis is known [44].

Inthisregard, whendeterminingthecausesofhyperhomocysteinemia
in children living near the ChEZ, genetic polymorphisms of FC that
affect the formation of active forms of B, and B,, and the processes of
H_ methylation were studied.

In the general group of children, as well as in the groups of boys
and girls, cases of the homozygous variant of the AMTR: 2756 neutral
allele associated with the enzyme MS, which ensures the transfer
of a methyl group from B, to B,,, and from B, to H_, were more
common.

At the same time, a significantly smaller number of children
contained in their genome the homozygous variant of the neutral
alleles of the MTHFR: A1298C, MTHFR: C677T and MTRR: A66G
polymorphisms.

Cases with the CMTHFR: 1298 and TMTHFR: 677 risk alleles
(Tables 1, 2, 3) are more common [45].

The MTHFR: A1298C and MTHFR: C677T polymorphisms affect
the activity of the enzyme MTHFR, which catalyzes the formation of
the active form of Bj— 5-MTHF.

The prevalence rates of the TMTHFR:677 allele in the group of
children from the Ivankovsky and Polessky districts corresponded to
the rates of the European population [46], however, the proportion of
variants with the GMTRR:66 allele was significantly higher than in the
European population [47].

At the same time, the proportion of cases with the homozygous
variant of the AMTRR:66 neutral allele was significantly lower than
the proportion of cases with the homozygous variant of the GMTRR:66
risk allele (Tables 1, 2, 3).

The MTRR: A66G polymorphism is associated with methionine
synthase reductase (MSR), which is part of a multiprotein complex
that ensures the restoration of MS activity and the synthesis of
methylcobalamin.

12°

17



Yu. I. Bandazhevsky, N. FE. Dubovaya

Table 1

The proportion of alleles of genetic polymorphisms
of FC in the group of children living near the ChEZ

Genotype variants
«Neutral» allele «Risk» allele «Risk» allele
Gene, h het homozygous
lymorphism omozygous eterozygous Lyg
poly variant variant variant
n % n % n %
MTR: A2756G 427 61.88 226 32.76 37 5.36
MTHEFR: A1298C 328 47.54 297 43.04 65 9.42
MTHEFR: C677T 320 46.38 311 45.07 59 8.55
MTRR: A66G 132 19.13 328 47.54 230 33.33

Note. n is the number of cases; % is the proportion of cases.

Table 2

The proportion of alleles of genetic polymorphisms
of FC in the group of boys living near the ChEZ

Genotype variants
Gene «Neutral» allele «Risk» allele «Risk» allele
olvmor ’hism homozygous heterozygous homozygous
poly P variant variant variant
n % n % n %

MTR: A2756G 193 59.94 111 34.47 18 5.59
MTHEFR: A1298C 152 47.20 133 41.30 37 11.50
MTHER: C677T 154 47.83 141 43.79 27 8.38
MTRR: A66G 58 18.01 157 48.76 107 33.23

Note. n is the number of cases; % is the proportion of cases.

The proportion of cases of hyperhomocysteinemia in the general
group ofexamined children was 62.46% (431 of 690 persons), inthe group
of' boys — 72.36% (233 of 322 persons), in the group of girls — 53.80%
(198 of 368 persons).

The highest proportion of hyperhomocysteinemia cases was
recorded in the subgroup with the main T/TMTHFR:677 genotype, the
lowest in the subgroup with the main C/CMTHFR:1298 genotype.
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Table 3

The proportion of alleles of genetic polymorphisms
of FC in the group of girls living near the ChEZ

Genotype variants
Gene «Neutral» allele «Risk» allele «Risk» allele
olvmor ’hism homozygous heterozygous homozygous
poly P variant variant variant
n % n % n %
MTR: A2756G 234 63.59 115 31.25 19 5.16

MTHEFR: A1298C 176 47.83 164 44.56 28 7.61
MTHEFR: C677T 166 45.11 170 46.19 32 8.70
MTRR: A66G 74 20.11 171 46.47 123 | 33.42

Note. n is the number of cases; % is the proportion of cases.

In the remaining genetic subgroups, its values did not have
significant differences (Tables 4, 5, 6).

In most genetic subgroups of boys, the values of the proportion
of hyperhomocysteinemia cases were higher than in similar genetic
subgroups of girls (Tables 5, 6).

Table 4

The proportion of cases of hyperhomocysteinemia
in the general group of children with genetic
polymorphisms of the FC

Hyperhomocysteinemia

Gene «Neutral» allele «Risk» allele «Risk» allele
olvmor ,hism homozygous heterozygous homozygous
poly P variant variant variant
n % n % n %
MTR: A2756G 271 63.47 137 60.62 23 62.16

MTHEFR: A1298C | 209 63.72 191 64.31 31 47.69
MTHEFR: C677T 187 58.44 199 63.99 45 76.27
MTRR: A66G 75 56.82 209 63.72 147 63.91

Note. n is the number of cases; % is the proportion of cases.
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Table 5

The proportion of cases of hyperhomocysteinemia in
subgroups of boys with genetic polymorphisms of the FC

Hyperhomocysteinemia
Gene «Neutral» allele «Risk» allele «Risk» allele
olvmor ,hism homozygous heterozygous homozygous
poly P variant variant variant
n % n % n %
MTR: A2756G 141 73.06 79 71.17 13 72.22

MTHEFR: A1298C | 112 73.68 100 75.19 21 56.76
MTHEFR: C677T 104 67.53 107 75.89 22 81.48
MTRR: A66G 34 58.62 117 74.52 82 76.63

Note. n is the number of cases; % is the proportion of cases.

Table 6

The proportion of cases of hyperhomocysteinemia in
subgroups of girls with genetic polymorphisms of the FC

Hyperhomocysteinemia
«Neutral» allele «Risk» allele «Risk» allele
Gene,
olymorphism homozygous heterozygous homozygous
poly variant variant variant

n % n % n %
MTR: A2756G 130 55.55 58 50.43 10 52.63
MTHEFR: A1298C 97 55.11 91 55.49 10 35.71
MTHEFR: C677T 83 50.00 92 54.12 23 71.87
MTRR: A66G 41 55.40 92 53.80 65 52.84

Note. n is the number of cases; % is the proportion of cases.

The exceptions were the G/GMTR:2756, C/CMTHFR:1298,
T/TMTHFR:677 and A/AMTRR:66 subgroups [45].

The range of Hcy values in the general group of children was
5.05-77.21 pmol/l, with the greatest number of cases associated with
H, levels > 10.0 pmol/I.

A significantly smaller number of children had H, levels in the
blood greater than 20.0 pmol/I.
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The greatest number of cases with H, levels greater than
10.0 and 20.0 pumol/l were detected in the group of children with the
T/TMTHFR:677 genotype (Table 7).

Table 7

Range of Hcy values and distribution of hyperhomocysteinemia
cases in the analyzed groups of children

H_ >10.0 H_>20.0
Analyzed N, N, pmol/L pmol/L
group 0 % 0 %
General 690 | 5.05-77.21 | 431 62.46 20 4.49
C/C MTHFR:677 | 320 | 5.05-43.03 | 167 52.19 8 2.50
C/T MTHFR:677 | 311 | 5.81-71.27 | 199 63.99 8 2.57
T/T MTHFR:677 | 59 |7.10-77.21 45 76.27 15 25.42

Note. N, is the number of cases in the group; N, is the range of H_ values n
the analyzed group (umol/l); n is the number of cases; % is the propomon
of cases.

The primary role of the MTHFR:C677T polymorphism in controlling
the level of H o in the blood is confirmed by the direct correlation between
the values of H_ in the blood and the genetic risk index in children from
rural settlements of the Polessky and Ivankovsky districts (Tables 8, 9)
[48], as well as from the settlement of Ivankov (Tables 10, 11) [43].

Table 8
Correlations between H_ and the genetic risk index (Risk)

of analyzed polymorphisms in a group of children from
Polessky district (April 2015) [48].

Parameters
Parameter COffeli{tlon IRisk Risk | °Risk | “Risk
coefficient | = rR.Ce77T | MTHER:| MTR: | MTRR:
) A1298C | A2756G| A66G
Spearman’s 0.283** 0.040 | -0.109 | 0.170*
H, Sign. (2-tailed) 0.0001 0.615 0.174 | 0.033
N 158 158 158 158

Note. * — correlation is significant at the 0.05 level (2-tailed). ** —
correlation is significant at the 0.01 level (2-tailed). 'Risk MTHFR:677 —
CC, CT, TT; *Risk MTHFR:1298 — AA, AC, CC; *Risk MTR:2756 — AA,
AG, GG; “‘Risk MTRR:66 — AA, AG, GG.
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Table 9

Correlations between H_ and the genetic risk index (Risk)
of analyzed polymorphisms in a group of children
from Ivankovsky district (December 2015) [48].

Parameters
Parameter Correla.tlon IRisk *Risk *Risk ‘Risk
coefficient | = FR.Cer7r |[MTHER:| MTR: | MTRR:
) A1298C | A2756G | A66G
Spearman’s 0.201** -0.026 -0.108 | 0.177*
H, Sign. (2-tailed) 0.007 0.728 0.151 0.018
N 178 178 178 178

Note. * — correlation is significant at the 0.05 level (2-tailed). ** —
correlation is significant at the 0.01 level (2-tailed). 'Risk MTHFR:677 —
CC, CT, TT; *Risk MTHFR:1298 — AA, AC, CC; *Risk MTR:2756 — AA,
AG, GG; “‘Risk MTRR:66 — AA, AG, GG.

Table 10

Correlations between Hcy and the genetic risk index (Risk)
of analyzed polymorphisms in a group of children
from Ivankov (January 2022) [43].

Parameters
Parameter | COrrelation Risk Risk | °Risk | ‘Risk
coefficient | = FR.Ce7oT | MTHER:| MTR: | MTRR:
’ A1298C | A2756G | A66G
Spearman’s 0.206™ -0.165" | -0.034 | 0.093
Hcy Sign. (2-tailed) 0.002 0.015 0.618 0.172
N 217 217 217 217

Note. * — correlation is significant at the 0.05 level (2-tailed). ** — correlation
is significant at the 0.01 level (2-tailed). 'Risk MTHFR:677 — CC, CT,
TT; *Risk MTHFR:1298 — AA, AC, CC; *Risk MTR:2756 — AA, AG,
GG; “Risk MTRR:66 — AA, AG, GG.

In this regard, the inverse correlation between the indicators
reflecting the content of vitamin By in the blood serum and the
indicators of genetic risk (Risk) associated with the MTHFR:C677T
polymorphism (Table 12) is logical [49].
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Table 11

Correlations between H_ and the genetic risk index (Risk)
of the analyzed polymorphisms in the group of children with
hyperhomocysteinemia from Ivankov (january 2022) [43].

Parameters
MTHFR:CO77T| 4 1298C |A2756G| A66G
Spearman’s 0.308™ -0.161 | 0.098 | 0.146
HCy Sign. (2-tailed) 0.000 0.056 0.244 0.083
N 142 142 142 142

Note. ** — correlation is significant at the 0.01 level (2-tailed). 'Risk
MTHEFR:677 — CC, CT, TT; *Risk MTHFR:1298 — AA, AC, CC;’Risk
MTR:2756 — AA, AG, GG; “Risk MTRR:66 — AA, AG, GG.

Table 12

Correlation relationships between H_, B, B, and B,
and the genetic risk indicator (Risk) of the MTHFR:C677T

polymorphism in a group of children from Ivankovsky district

[49].
Correlation Parameters
Parameter .
coefficient H B B B
(94 6 9 12
Risk Spearman’s 0.201** | 0.060 -0.218** | -0.005
MTHEFR: . .
C677T Sign. (2-tailed),p | 0.007 0.428 0.004 0.952
N 178 178 178 178

Note. ** — correlation is significant at the 0.01 level (2-tailed); Risk
MTHFR:C677T: CC,CT, TT.

It indicates the participation of MTHFR in the formation of the
active form of B,.

In the study of the causes of hyperhomocysteinemia, an assessment
was made of the relationship between the number of polymorphisms
with risk alleles and the proportion of hyperhomocysteinemia cases.

The population of children living near the ChEZ is characterized
by a large number of cases with risk alleles of the FC polymorphisms.

23



Yu. I. Bandazhevsky, N. FE. Dubovaya

Only 2.2% of children were not carriers of the risk alleles of the
studied polymorphisms.
The largest number of children contained in their genome the risk
alleles of two and three FC polymorphisms (Tables 13, 14) [50].
Table 13
The proportion of cases with risk alleles of genetic

polymorphisms of FC and hyperhomocysteinemia
in the general group of examined children [50].

Subgroup N Risk allele Hyperhomocysteinemia
No. n % n %

1 0 15 2.2 6 40.0
2 1 103 14.9 66 64.1
3 2 313 45.4 193 61.7
4 3 209 30.3 132 63.2
5 4 50 7.2 34 70.8

All cases 690 100 431 62.5

Note. N is the number of polymorphisms; n is the number of cases. % is
the proportion of cases.

Table 14

The proportion of cases with risk alleles of genetic
polymorphisms of FC and hyperhomocysteinemia in groups
of boys and girls [50].

Risk allele Hyperhomocysteinemia
SUblgl'O“P N Boys Girls Boys Girls
> n % n % n % | n %
1 0 1.5 10 2.7 0 0 6 | 60.0
2 1 50 155 | 53 | 144 | 38 | 76.0| 28 | 52.8
3 2 138 429 | 175 | 47.6 98 | 71.0 | 95 | 54.3
4 3 111 | 345 | 98 |26.6¥| 81 |73.0]| 51 | 52.0
5 4 18 5.6 32 8.7 16 | 88.9| 18 | 56.3
All cases 322 100 | 368 100 | 233 | 72.4 | 198 | 53.8

Note. N is the number of polymorphisms; n is the number of cases. % is
the proportion of cases. * — statistical differences between boys and girls
in subgroup No. 4 (t=2.25; p=0.025415).
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At the same time, in the group of boys, the proportion of cases with
risk alleles of three polymorphisms was significantly higher than in the
group of girls (Table 14).

The proportion of hyperhomocysteinemia cases had the lowest
values in the subgroup with the absence of risk alleles of all 4 FC
polymorphisms (Table 13).

At the same time, in the group of boys, there were no cases of an
increase in the H_ level above the physiological level, whereas in the
group of girls they occurred in 6 cases (Table 14).

The proportion of hyperhomocysteinemia cases in the remaining
subgroups was not associated with the number of FC polymorphisms
containing risk alleles.

In the general group, this indicator exceeded 60%, in the group of
boys — 70%, in the group of girls — 50%.

Genotypes with the risk allele of one polymorphism were recorded
in 15% of cases.

They are of scientific and practical interest in terms of assessing
the role of one specific element of the FC enzyme system in the
etiopathogenesis of hyperhomocysteinemia.

In the subgroup of boys with the T/TMTHFR:677 genotype, the
proportion of hyperhomocysteinemia cases was 100%, in the subgroup
of girls with the same genotype — 80%.

However, eveninthe absence of the risk allele of the MTHFR:C677T
polymorphism (C/CMTHFR:677 genotype), the proportion of
hyperhomocysteinemia cases in the subgroup of boys was 67.53%, in
the subgroup of girls — 50.0% [45].

The highest proportion of hyperhomocysteinemia cases was
recorded among all children and boys in the subgroup with risk alleles
of all four FC polymorphisms [50].

This was facilitated by the compound heterozygosity of
A/CMTHFR:1298 and C/TMTHFR:677 in combination with the
A/GMTR: A2756G and G/G A66G genotypes.

The presence of risk alleles of FC polymorphisms in the genome
of children was not always associated with an increase in the level of
H_ in the blood.

In 37% of cases with risk alleles of FC polymorphisms in the
genome, the H_level in the blood did not go beyond the physiological
parameters [50].
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This fact, as well as the absence of reliable statistical differences
in the proportion of cases of hyperhomocysteinemia in most
genetic subgroups of boys and girls, with a different number of
FC polymorphisms, and the occurrence of hyperhomocysteinemia
in children whose genome did not contain the risk alleles of these
polymorphisms, indicates a significant role of the environmental factor
in controlling the functioning of FC.

The impact of the environmental radiation factor on the body
of children is confirmed by the results of a study of the state of the
cardiovascular system.

The specific activity of '¥’Cs radionuclides in the body of children
aged 6.0-18.0 years, living in 2014-2016 near the ChEZ, was determined
in the range of 1.1-199.0 Bg/kg.

In this case, an inversely proportional relationship was recorded
between the values of the specific activity of *’Cs, systolic, diastolic
and pulse arterial pressure (Table 15) [11].

Table 15
Correlation relationships between the indicators of specific

activity of ¥’Cs (Bq/kg), arterial pressure in the group of
examined children aged 12.0-18.0 years [11].

. Parameters
Correlation
Parameter coefficient, r SBP, DBP, PP,
> mmHg mmHg mmHg
Specific activity | Spearman’s -0.318%* -0.098%* | -0.228*%*
of ¥'Cs, Ba/kg |Sign. (2-tailed), p 0.0001 0.008 0.0001
n 719 719 719

Note. n is the number of cases; ** — correlation is significant at the 0.01
level (2-tailed). SBP — systolic blood pressure; DBP — diastolic blood
pressure; PP — pulse pressure.

The damage to the mitochondria of heart cells and the disruption of
the energy potential in the examined children was indicated by a direct
correlation between the values of the specific activity of *’Cs and the
activity of serum aspartate aminotransferase (AST), the specific activity
of ¥7Cs and the De Ritis coefficient.

At the same time, this relationship was absent between the values
of the specific activity of '*’Cs and the activity of serum alanine
aminotransferase (ALT) (Table 16) [11].
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Table 16
Correlation relationships between the values of specific
activity of *¥’Cs (Bq/kg) and the activity of fransaminases in
the blood serum of the examined children [11].

Parameter Correlation Parameters
coefficient, r AST ALT AST/ALT
Specific activity | Spearman’s 0.295%* -0.027 0.285%*
137,
of 'Cs, Ba/kg [ gion (2-tailed),p|  0.0001 0.328 0.0001
n 1320 1320 1320

Note. n is the number of cases; ** — correlation is significant at the 0.01
level (2-tailed); n is the number of cases; AST — aspartate aminotransferase;
ALT — alanine aminotransferase; AST/ALT — De Ritis coefficient.

Serum AST values exceeding reference values were recorded in
37.5% of cases, while serum ALT values exceeded reference values in
1.2% of cases.

De Ritis coefficient values exceeding 2.0 (upper physiological
limit) were recorded in 26.29% of cases [11].

An increase in the H_ level in the blood occurred in most children
from the village of Radynka in the Polessky district after forest fires in
the ChEZ in the spring and summer of 2015 [10].

Atthe same time, there was no correlation between the concentration
of H in the blood and the number of polymorphisms with risk alleles
(Fig. Za) [11].

At the same time, the mothers of these children showed a direct
relationship between the number of genetic polymorphisms of FC with
risk alleles and indicators reflecting the content of H, in the blood
(r=0.336*, p=0.006, n=66), as well as the proportlon of cases of
hyperhomocysteinemia (Fig. 2b) [11].

It can be reasonably stated that in children of the second Chernobyl
generation, permanently residing in the territory affected by the
Chernobyl accident, the increase in the level of H_ in the blood is
associated with a disruption in the implementation of the FC genes
under conditions of constant environmental radiation exposure.
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hyperhomocysteinemia, %
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Fig. 2a. The proportion of cases of hyperhomocysteinemia depending on
the number of genetic polymorphisms with risk alleles in subgroups of
children from the Polessky district [11].

The frequency of cases of
hyperhomocysteinemia, %
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Fig. 2b. The proportion of cases of hyperhomocysteinemia in subgroups with
risk alleles of genetic polymorphisms in the group of mothers of examined
children from the Polessky district [11].
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Chapter IV.
Regulatory associations between
homocysteine, B vitamins
and hormones of the pituitary-thyroid
axis in children under conditions
of radiation exposure

To clarify the cause-and-effect associations between FC, H, and
the pituitary-thyroid axis under radiation exposure, statistical studies
were conducted in genetic subgroups of children living in areas located
near the ChNPP.

An important element of these studies was the analysis of
correlations between H, and metabolic parameters reflecting the
functioning of FC, the AH, the cycle of transsulfuration reactions, the
process of T, deiodination with the formation of T,.

In this case, the environmental radiation exposure caused by forest
fires in the ChEZ was taken into account.

Variants of correlations of metabolic parameters in genetic subgroups
of children in the Ivankovsky district are presented in Table 17.

Table 17

Variants of correlations of metabolic parameters
in genetic subgroups of children of lvankovsky district

. Correlations
Main genotype " >
A/AMTR:2756 _BIZ_Hcy’ -B9_Hcy’ +B9'B12 +B9'T4’ +B12'T4
A/GMTR:2756 —Blz-Hcy, -Bg-Hcy, -B,-B, |+T,-B,,+B -T, -B,-TSH
G/GMTR:2756 -BIZ.HCY,JrHCy.B6 R

A/AMTHFR:1298 |-B -H_,-B-H_,+B-B [+B T,
A/C MTHFR:1298 |-B,-H_, -B,H_, -B,-B, |[+T,B,, +B,T,
C/C MTHFR:1298 i +B,-T,
C/C MTHFR:677 | -B-H_,-B/H_ -
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Table 17 continuation

Main genotype - Correlations -

C/TMTHFR:677 |-B -H_,-B-H ,+B,-B,, |+T,-B, ,+B,-T,, +B -T,
-B,,-TSH

T/T MTHFR:677 | -B,-H_ -
A/AMTRR:66 -B-H +B,-T,
A/GMTRR:66  |-B,-H_,-B-H_,+B-B, |+B-T,+B T,
G/G MTRR:66 -B-H,, -B-H, -
General group -B-H_, -B,-H_, +B,-B,, | +T,;-B;, +B,-T,, +B,-T,

Note. «+» direct correlation; «-» inverse correlation; a - Homocysteine and
B vitamins; b - Pituitary-thyroid axis hormones and B vitamins.

Table 18

The proportion of cases with the T allele MTHFR:677
and the GMTR:2756 allele in genetic subgroups of children
in the Ivankovsky district

Risk allele Risk allele
Main genotype N, TMTHFR:677 GMTR:2756

N, % N, %

A/A MTR:2756 106 61 57.6 0 0
A/G MTR:2756 61 32 52.5 61 100
G/G MTR:2756 11 5 45.5 11 100
A/AMTHEFR:1298 89 60 67.4 33 37.1
A/CMTHEFR:1298 80 38 47.5 35 43.8
C/C MTHFR:1298 9 0 0 4 44.4
C/C MTHFR:677 80 0 0 35 43.8
C/T MTHFR:677 83 83 100 32 38.6
T/T MTHFR:677 15 15 100 5 333
A/A MTRR:66 27 14 51,9 14 51.9
A/G MTRR:66 93 53 57.0 39 41.9
G/G MTRR:66 58 31 53.5 19 32.8
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Table 18 continuation

Risk allele Risk allele
Main genotype N, TMTHFR:677 GMTR:2756

N, % N, %
General group 178 98 55.1 72 40.5
Group of boys 86 42 48.8 35 40.7
Group of girls 92 56 60.9 37 40.2

Note: N, is the number of children in a subgroup or group; N, is the number

of cases with a risk allele. % is the proportion of cases.

a). Homocysteine and B vitamins.

The correlations between Hcy, B,, B,,,
account the genetic polymorphisms of FC.

In this regard, subgroups of children were identified in which one of
the allelic variants of the genetic polymorphisms of FC was represented
in 100% of cases.

The nature of the distribution of correlations in genetic subgroups
does not allow us to draw a conclusion about the predominant
influence of certain genetic polymorphisms of FC on the process of H_|
methylation.

In most of the analyzed subgroups, combinations of inverse
B,-H_, and BIZ—HCy associations were found (Table 17), which indicates
insufficient production of active forms of By and B, — the main
participants in the process of HCy methylation and the formation of
internal Met.

The reason for this is the decrease in the functioning of MTHFR,
the creator of the active form of B,, as well as MS, which ensures the
formation of the active form of B, and the transfer of the methyl group
toH .

The most pronounced decrease in MTHFR activity (about 80%)
occurs with the homozygous variant of the TMTHFR:677 allele.

In the subgroup with the main T/TMTHFR:677 genotype, the only
inverse

B, were studied taking into
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B,-H, ass001at10n was recorded (r =-0.674** p=0.006, n=15),
reﬂectlng the primary importance of MTHER for the process of H,
methylation.

The direct correlation B,-B,,, recorded in the general group and a
number of genetic subgroups, reflects the dependence of the formation
of the active form of B , on the active form of B, and, in general, on the
functioning of MTHFR.

The influence of MTHFR on the process of H, methylation
can be observed in most genetic groups, given the proportion of the
TMTHFR:677 allele represented in them (Table 18).

Partial dysfunction of MS, with the A/GMTR:2756 genotype, leads
to a decrease in the formation of the active form of B _, as a result of
which the direct B - B , association disappears.

At the same time, an inverse relationship appears between B,
and B, indicating an increase in the activity of CBS, the coenzyme of
which is B,

The situation is aggravated with the G/GMTR:2756 genotype,
when about 80% of MS activity is blocked.

At the same time, H_ is almost not subject to methylation, since
there is not enough B, as evidenced by the inverse B,,-H, association
(r,,=-0.918**,p=0.0001; n=11).

In this case, H_ is utilized in a cycle of transsulfuration reactions
with the formation of Cys and glutathione.

This is clearly illustrated by the direct H_-B associations.

The disappearance of the inverse B,-H_ association — indicates the
loss of the influence of MTHFR on the process of H, methylation.

In the subgroup with a combination of homozygous variants of
AMTR:2756-CMTHFR:677 neutral alleles, the combination of direct
B, -Blz(rxy=0.328*,p=0.028,n=45) and inverse BIZ_Hcy (rxy=-0.536**,
p=0.0001, n=45) correlations reflects the participation of By and B, in
the process of H_ methylation.

The results obtained indicate that the formation of correlation links
between Hcy, B,, B ,, B, occurs under the influence of FC genes and
environmental exposure, including the radiation factor.

As an example, a subgroup of boys with a combination of genotypes
including only neutral alleles — A/AMTR:2756-C/C MTHFR:677-
A/AMTRR:66, in which an inverse correlation was recorded between
B, and HCy (rxy= - 0.857*, p=0.014, n=7) is presented [51].

12°
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The high proportion of hyperhomocysteinemia cases in the general
group and individual genetic subgroups allows us to reasonably assert
the functional deficiency of FC enzymes associated with external
radiation exposure.

At the same time, the genetic factor is not of primary importance.

b). Hormones of the pituitary-thyroid axis and B vitamins.

In the study group of children, direct associations were recorded
between vitamins and hormones B,-T,, B ,-T,, T,-B,, B,-T,, and an
inverse B ,-TSH association.

In the subgroups with the main G/GMTR:2756, C/CMTHFR:677,
T/TMTHFR:677, G/'GMTRR:66 genotypes, the indicated correlations
were absent (Table 17).

In the general group and most of the analyzed subgroups, there
were direct B;-T, and B ,-T, associations.

The inverse B, -TSH association in the subgroups with the main
A/GMTR:2756 and C/TMTHFR:677 genotypes (Table 17) indicates
that cobalamin methylation promotes a decrease in TSH formation.

Accordingly, there is no stimulation of T, deiodination and T,
formation.

In addition, B, and B ,, by enhancing H, methylation, reduce its
utilization in the transsulfuration reaction cycle, which also promotes a
decrease in T, deiodination with T, formation.

It is necessary to pay attention to the direct correlation between
T, and B, in the general group and in the subgroups with heterozygous
variants of the GMTR:2756, CMTHFR:1298, TMTHFR:677 risk
alleles (Table 17) [52].

When combining genotypes that included risk alleles of the
polymorphisms of the FC, a direct of T,-B, association was also
recorded. At the same time, this correlation was absent in subgroups
with a combination of genotypes that included homozygous variants of
neutral alleles of the indicated polymorphisms (Table 19).

The T,-B, association was direct in all cases, regardless of the FC
genotypes (Tables 17, 19), which indicates the influence of T, on the
production of the active form of B,.
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Table 19

Correlation association T,-B, in subgroups of children of
Ivankovsky district with a combination of FC genotypes [52].

N Combinations of genotypes c‘:;z::;lcaif:::l T,-B,
Spearman’s 0.429™

1 |A/CMTHFR:1298- C/TMTHEFR:677 Sign. (2-tailed), p| 0.007
n 38
Spearman’s 0.186

2 | A/AMTHFR:1298- C/CMTHEFR:677 Sign. (2-tailed), p| 0.335
n 29
Spearman’s 0.343™

3 | A/G, G/GMTR:2756- A/G, G/G MTRR:66 |Sign. (2-tailed),p| 0.008
n 58
Spearman’s 0.398

4 | A/AMTR:2756- A/A MTRR:66 Sign. (2-tailed), p| 0.178
n 13
Spearman’s 0.649™
n 15
Spearman’s 0.594"
n 13

Note. N — genetic subgroup number; * — correlation is significant at the
0.05 level (2-tailed); ** correlation is significant at the 0.01 level (2-tailed);

n is the number of cases.

The more T, is formed in the process of T, deiodination, the more
5-MTHEF is synthesized — the active form of B,.

This connection cannot be interpreted differently, since B, is in
direct connection with T, and cannot stimulate T,

At the same time, T, has an inverse connection with T..
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Considering that the active form of B, is a product of a reaction
carried out with the participation of MTHFR, it can be reasonably
stated that T, has a stimulating effect on this enzyme.

This leads to increased methylation of H, and an increase in the
formation of internal Met.

Thus, T, can be considered as an element of the compensatory-
adaptive process in conditions of hyperhomocysteinemia caused by
genetic disorders of the FC and forest fires in the ChEZ.

C). Homocysteine and hormones
of the pituitary-thyroid axis.

The correlation links of H, and hormones of the pituitary-thyroid
axis, in subgroups with different numbers of genetic polymorphisms
of FC, illustrate the process of interrelations of FC and the endocrine
system (Table 20).

In particular, in the absence of risk alleles of polymorphisms of FC in
the genome, an inverse T,-H_ association was recorded (Table 20) [50].

Thus, the more T, is formed the lower the level of H_ in the blood.

The process of formatlon of T, occurs mainly in peripheral tissues,
due to deiodination of T,, the concentration of which in the blood
decreases.

The inverse H -T,/T, association, confirming this, was revealed in
the group of boys from Polessky (Table 21) and girls from Polessky and
Ivankovsky districts (Table 22).

When risk alleles of 3 genetic polymorphisms of FC appeared
in the genome, a direct correlation between H and T, was revealed,
indicating that H o stimulates the process of T, formatlon (Table 20).

The same relationship was recorded in groups and genetic
subgroups of boys and girls (Tables 21, 22).

The direct TSH-T, and inverse TSH-T,, T,-T, associations appeared
with risk alleles of polymorphisms of FC and reflected the participation of
TSH in the process of T, deiodination and T, formation (Tables 21, 22).

The TSH-T, association was most pronounced in the subgroup
of children from Ivankovsky district with the main T/TMTHFR:677
genotype (rxy= 0.693** p=0.004, n=15).
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A strong inverse TSH-T, association was recorded in the subgroup
of children from Polessky district with the main C/CMTHFR:1298
genotype (rxy=—0.781**, p=0.0001, n=16).

With risk alleles of 4 polymorphisms, there was an inverse T,-T,
association, reflecting the process of T, deiodination and T, formation
(Table 20).

The same T,-T, association was recorded in the subgroup of
children from Ivankovsky district with the main C/CMTHFR:1298
genotype (r, = -0.977**, p=0.001, n=9).

After forest fires in the ChEZ, a direct Hcy-TSH association was
found in subgroups of children in the Ivankovsky district with risk
alleles of 2 and 4 polymorphisms of FC, confirming the stimulating
effect of H, on the AH and TSH production.

It is especially pronounced with risk alleles of 4 polymorphisms of
FC (Table 20).

Table 20
Correlation associations between hormones of the pituitary-

thyroid axis and H_ in subgroups of children with different
numbers of polymorphisms of FC with risk alleles

Group of N Correlation Spearman’s Sign. n
children (r) (2-tailed), p
1 0 |T,-H, - 0.900" 0.037 5
1 1 |TSH-T, +0.347 0.048 33
1 2 |TSH-T, -0.336" 0.007 64
1 3 |H_-T, +0.391" 0.005 50
TSH-T, -0.305° 0.031
1 4 |TqT, -0.829° 0.042 6
2 2 |H_-TSH, +0.266' 0.016 82
TSH-T, +0.371" 0.001
2 4 |H_-TSH +0.771" 0.001 14

Note. 1 — children from Polessky district; 2 — children from Ivankovsky
district; N — number of polymorphisms with risk alleles; «+» direct
correlation; «-» inverse correlation.

The most pronounced stimulation of H, production of TSH
was revealed in the subgroup of children from Ivankovsky district
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with a combination of A/G, G/GMTR:2756-A/CMTHFR:1298-
C/TMTHFR:677-A/G, G/G MTRR:66 genotypes (rxy=0.768**,
p=0.001, n=15).

In the genetic subgroups of boys from Polessky district with
the main A/AMTR:2756, A/C, C/CMTHFR:1298, C/CMTHFR:677
genotypes and H_ level < 10.0 pmol/l, a direct H_-T, association
was found (Table 21), which can be assessed as an illustration of the
physiological process of the association between H_and T, [53].

In the same subgroups, when the H_ level in the blood was more
than 10 pmol/l, an inverse TSH-T, association was recorded, reflecting
the participation of TSH in the process of T, deiodination and T,
formation (Table 21).

The presence of the TMTHFR: 677 risk allele in the genome of
children may contribute to this (Table 23).

An increase in the H, level in the blood > 10.0 pmol/l in children
living near the ChEZ was also detected with a homozygous variant of
the CMTHFR: 677 neutral allele, which may indicate an environmental
impact (Table 24).

Table 21
Correlation variants in genetic subgroups of boys
Correlations
Main genotype H,, level,
nmol/l Group 1 Group 2
A/AMTR:2756 <10.0 +H_-T, -
>10.0 -TSH-T, -
A/G, G/GMTR:2756 <10.0 - -
>10.0 - +TSH-T /T,
A/AMTHEFR:1298 <10.0 - -
>10.0 - -
A/C, C/CMTHEFR:1298| <10.0 +H_ T, +H_-T /T,
>10.0 -TSH-T, -
C/C MTHFR:677 <10.0 +H_-T, -
H T/T
cy 3 4
>10.0 -TSH-T, -TSH-T, +TSH-T,/T,
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Table 21 continuation

. H_ level, Correlations
Main genotype
umol/l Group 1 Group 2
C/T, T/T MTHFR:677 | <10.0 +TSH-T/T, -
>10.0 - -
A/AMTRR:66 <10.0 +H -T, -
>10.0 - -
A/G, G/G MTRR:66 <10.0 - -TSH-T,
>10.0 - -
General group <10.0 +H_-T, -
H_TUT,
>10.0 - -

Note. Group 1 — boys from Polessky district, examined on 02/04/2015;
Group 2 — boys from Ivankovsky district, examined on 18/12/2015.
«+» — direct correlation; «-» — inverse correlation.

Table 22
Variants of correlations in genetic subgroups of girls
Correlations
Main genotype H,, level,
umo]/l Group 1 Group 2
A/AMTR:2756 <10.0 |-H -T,/T,+T,-T, -
>10.0 - +TSH-T,,
+TSH-T ./ 4
A/G, G/GMTR:2756 <10.0 - -
>10.0 - H_-TJT,
A/AMTHFR:1298 <100 |-H -T,-H -T/T, -
>10.0 - +TSH-T,,
+TSH-T,/T,
A/C, C/CMTHEFR:1298 <10.0 - -
>10.0 - +H -T,
H_TT,
C/C MTHEFR:677 <10.0 - -H_ -T /T
>10.0 - +H_-T,
“TSH-T,,
+TSH-T /T
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Table 22 continuation

Correlations
Main genotype H,, level,
nmol/l Group 1 Group 2
C/T, T/T MTHFR:677 <10.0 -H_ -TJT, -TSH-T,
>10.0 - -
A/AMTRR:66 <100 |-H_-T, -H_-T,/T, -
>10.0 - +H_-T,
A/G, G/G MTRR:66 <10.0 -H -TJT, -
>10.0 - +H,-T,
-HTT,
General group <10.0 -H -T,/T, -
>10.0 - +TSH-T,,
+TSH-T,/T,

Note. Group 1 — girls from Polessky district, examined on 02/04/2015;
Group 2 — girls from Ivankovsky district, examined on 18/12/2015.
«+» — direct correlation; «-» — inverse correlation.

Table 23

Correlations and proportion of the TMTHFR:677 allele
in genetic subgroups of boys

ooy | Pt Lcomanion] meponsfons of
A/JAMTR2756 | <100 | +H_T, 28.6
>100 | -TSH-T, 60.0
AIC, CIC <100 | +H_-T, 7.1
MTHFR:1298 >100 | -TSH-T, 39.3
A/A MTRR:66 <100 | +H_-T, 25.0
>10.0 : 375

Note: «+» — direct correlation; «-» — inverse correlation.
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Table 24
The proportion of cases of hyperhomocysteinemia

in genetic subgroups of children in the study in April
and December 2015

The proportion of cases of hyperhomocysteinemia
mi?}?igﬁ‘;?;;)e Groupl Group 2

N, | N, % N, N, %
G/G MTR:2756 9 8 88.89 11 5 45.45
A/G MTR:2756 45 18 40.00 61 47 77.05
A/A MTR:2756 104 58 55.77 106 78 73.58
C/C MTHFR:1298 16 9 56.25 9 4 44.44
A/C MTHFR:1298 60 33 55.00 80 63 78.75
A/A MTHFR:1298 82 42 51.22 89 63 70.79
T/T MTHFR:677 19 15 78.95 15 12 80.00
C/T MTHFR:677 60 35 58.33 83 62 74.70
C/C MTHFR:677 79 34 43.04 80 56 70.00
G/G MTRR:66 54 35 64.81 58 45 77.59
A/G MTRR:66 72 37 51.39 93 68 73.12
A/A MTRR:66 32 12 37.50 27 17 62.96
N NThERe® |25 | 10 | 4000 | 38 | 31 | 8Ls8
AOMIIIRIS L ag | 10 [ 3571 | 29 | 20 | 6897

Note. Group 1 — children of Polessky district, examined on 02/04/2015;
Group 2 — children of Ivankovsky district, examined on 18/12/2015.
N, — number of children in the subgroup; N, — number of cases of
hyperhomocysteinemia.
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d). Combinations of correlations between
homocysteine, pituitary-thyroid axis hormones
and vitamins in genetic subgroups.

In the general group there are complex combinations of correlation
links of individual metabolic indicators (Fig. 3).

It is advisable to consider the formation of combinations of
correlation links in subgroups compiled taking into account certain
genotypes of FC.

Fig. 3. Correlation links in the general group.

In the subgroup with the main A/AMTR:2756 genotype
(Fig. 4), there is a combination of correlations reflecting the importance
of Byand B, for H_ methylation and the formation of internal Met.

These vitamins maintain the concentration of T, at a physiological
level.

The direct B,-B,, association reflects the process of transferring a
methyl group from B, to B, ..

The direct TSH-T, association indicates the influence of TSH on
the process of T, deiodination and T, formation.

In the subgroup with the main A/GMTR:2756 genotype (Fig.
5), there is a combination of correlations of the analyzed indicators, in
which two cycles can be distinguished with the participation of H_ and
TSH (Fig. 5a, 5b).
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TSH

+
T;

Fig. 5. Correlation links in the subgroup with the A/GMTR:2756 genotype.

A decrease in the formation of the active form of B, , induced by a

12>

decrease in the activity of MS, leads to an increase in the level of H  in
the blood and activation of the process of formation of TSH.

At the same time, the content of T, in the blood decreases. At

the same time, there is an increase in the activity of enzymes of the
transsulfuration reaction cycle, as evidenced by the inverse B -B,
association.
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[n/] o)

Fig. 5a. The cycle of correlation links  Fig. 5b. Cycle of correlations involving

based on the active form of B .. H_ in the formation of TSH and T..
In turn, T, promotes the formation of
the active form B, which reduces the
level of H_ in the blood.

In the subgroup with the main G/GMTR:2756 genotype (Fig. 6),
correlations are presented that reflect the influence of MS on the process
of H, methylation and the cycle of transsulfuration reactions.

A decrease in MS activity with the G/GMTR:2756 genotype leads
to a decrease in the formation of active forms of B, and an increase in
the level of H_ in the blood.

As a resui/t, the cycle of transsulfuration reactions is activated, as
evidenced by the direct H -B, association.

The direct T,-B, association illustrates the influence of T, on the
process of formation of the active form of B,.

B By, T,

Fig. 6. Correlation links in the subgroup with the G/GMTR:2756 genotype.
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In the subgroup with the main A/AMTHFR:1298 genotype
(Fig. 7), there are two cycles of correlations involving H_:

a). Inverse associations — B,-H, and B -H,, reflecting the
influence of FC on the process of H, methylation;

b). Direct associations — Hcy—TSH, H_-T,, TSH-T, reflect the
stimulation of H, of the processes of TSH and T, formation.

- - + +

G0 ()

Fig. 7. Correlation links in the subgroup with the A/AMTHFR:1298
genotype.

In the subgroup with the main A/CMTHFR:1298 genotype
(Fig. 8), the links characterizing the participation of B, and B , in the
methylation of HCy are presented. In this case, the activation of the
transsulfuration reaction cycle occurs, as evidenced by the inverse
B,,-B, association.

Fig. 8. Correlation links in the subgroup with the A/CMTHFR:1298 genotype.
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Direct connections — T,-B, and B-T, reflect the stimulating effect
of T, on the synthesis of the active form B,, which helps maintain the
physiological level of T, (Fig. 8a).

T, stimulates the production of active forms of B, as a result of
which the methylation of H_ increases, the activity of enzymes of the
transsulfuration cycle and deiodinases decreases, which helps maintain T,.

Fig. 8a.

In the subgroup with the main C/CMTHFR:1298 genotype
(Fig. 9), a direct H_-TSH association is presented, indicating the
participation of H_ in the activation of TSH synthesis.

The complex of direct B ,-T, and reverse B, -T,/T, associations
illustrates the role of B, in the processes of thyroid hormone metabolism,
combining FC, transsulfuration and deiodination cycles.

A deficiency of B, promotes T, deiodination and T, formation in
peripheral tissues.

+
‘ TSH I

Fig. 9. Correlation links in the subgroup with the C/CMTHFR:1298 genotype.
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In the subgroup with the main C/CMTHFR:677 genotype
(Fig. 10), there are correlation links reflecting the influence of Bjand B ,
on the process of H, methylation, as well as the stimulating effect of H_
and TSH in relation to the process of T, deiodination and T, formation.

CER R ENRER Y

Fig. 10. Correlation links in the subgroup with the C/CMTHEFR:677 genotype.

In the subgroup with the main C/TMTHFR:677 genotype
(Fig. 11), the complex of correlations reflects the participation of B, and
B,, in the processes of H, methylation, as well as in the regulation of
thyroid hormone metabolism.

Direct connections — T,-B, and B,-T, reflect the stimulating effect
of T, on the process of formation of the active form of B,, which helps
maintain the physiological level of T,.

There are also connections reflecting the role of B, and H, in the
formation of TSH.

Fig. 11. Correlation links in the subgroup with the C/TMTHFR:677 genotype.
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In the subgroup with the main T/TMTHFR:677 genotype
(Fig. 12), the B,-H_ association reflects the dependence of the H
methylation process on the activity of MTHFR and B,

At the same time, there is a direct TSH-T, association, indicating
the important role of TSH for the process of T, formation.

+
(=]

Fig. 12. Correlation links in the subgroup with the T/TMTHFR:677 genotype.

In the subgroup with the main A/AMTRR:66 genotype
(Fig. 13), there is a direct T,-B, association, indicating a connection
between the cycles of transsulfuration and deiodination of T,.

T,, formed during the deiodination of T,, reduces the level of Hcy
and its utilization in the cycle of transsulfuration reactions. In this
regard, the activity of enzymes of this cycle decreases and the content
of B, in the blood decreases.

Thus, an increase in the utilization of T, during deiodination causes
a decrease in the content of B, in the blood, as evidenced by the direct
T,-B, association.

H,, l T, \ TSH

Fig. 13. Correlation links in the subgroup with the A/AMTRR:66 genotype.
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In the subgroup with the main A/GMTRR:66 genotype
(Fig. 14), there are elements of the connections presented in the previous
subgroups.

Fig. 14. Correlation links in the subgroup with the A/GMTRR:66 genotype.

In the subgroup with the main G/GMTRR:66 genotype
(Fig. 15), there are correlations characterizing:

a) the dependence of H, methylation on the content of active forms
B,and B ;

b) the role of TSH in the process of T, deiodination and T, formation.

TSH

H) G

Fig. 15. Correlation links in the subgroup with the G/GMTRR:66 genotype.

In the subgroup with the combination of A/GMTR:2756-
C/TMTHFR:677 genotypes (Fig. 16), which have a simultaneous
negative effect on the activity of MTHFR and MS, there are connections
reflecting the participation of H, in the formation of TSH, as well as B ,
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in the functioning of the transsulfuration reaction cycle and the content
of T, in the blood.

The direct T-B, association reflects the stimulation of the formation
of the active form of B, under the influence of T..

ENENENES

Fig. 16. Correlation links in the subgroup with the combination of
A/GMTR:2756-C/TMTHFR:677 genotypes.

In the subgroup with the combination of A/AMTR:2756-
C/CMTHFR:677 genotypes (Fig. 17), the direct B;-B,, and inverse
B ,-H_ correlations reflect the participation of B, and B, in the process
of HCy methylation. Thyroid hormones and TSH did not show any
correlation.

Fig. 17. Correlation links in the subgroup with the combination of
A/AMTR:2756-C/CMTHEFR:677 genotypes.

In the subgroup with a combination of compound heterozygosity
A/CMTHFR:1298-C/TMTHFR:677 genotypes (Fig. 18), the
associations are presented that characterize:

a) activation of the transsulfuration reaction cycle and an increase
in the H, level with a deficiency of B ,;

b) the stimulating effect of T, on the synthesis of the active form
of B,;

9
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¢) participation of B, in maintaining the physiological level of T,
in the blood.

Fig. 18. Correlation links in the subgroup with the combination of compound
heterozygosity A/CMTHFR:1298-C/TMTHFR:677 genotypes.

In the subgroup with the combination of A/AMTHFR:1298-
C/CMTHFR:677 genotypes (Fig. 19), there are connections
characterizing:

a) dependence of H_ methylation on active forms of By and B ,;

b) stimulation of H_| of the process of T, formation.

Fig. 19. Correlation links in the subgroup with the combination of
A/AMTHEFR:1298-C/CMTHEFR:677 genotypes.

In the subgroup with the combination of A/GMTR:2756-
A/GMTRR:66 genotypes (Fig. 20), there are correlations characterizing:
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a) the effect of B, on the processes of HCy methylation and TSH
formation;

b) the effect of H, and B, on the processes of TSH formation;

¢) the effect of B, and TSH on the level of T, in the blood;

d) activation of the transsulfuration reaction cycle with a deficiency of B ,;

e) blocking of T, activity of transsulfuration reactions through the
effect on FC.

Fig. 20. Correlation links in the subgroup with the combination of
A/GMTR:2756-A/GMTRR:66 genotypes.

In the subgroup with the combination of A/G, G/GMTR:2756-
A/CMTHFR:1298-C/TMTHFR:677-A/G, G/GMTRR:66 geno-
types (Fig. 21), there are relationships characterizing:

a) the effect of H_ on the process of TSH formation;

b) the effect of B,, on the cycle of transsulfuration reactions;

¢) the effect of T, on the process of formation of the active form of B,,.

TSH ‘Bs\ |B9|

Fig. 21. Correlation links in the subgroup with the combination of A/G,
G/GMTR:2756-A/CMTHEFR:1298-C/TMTHFR:677-A/GG/GMTRR:66
genotypes.
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In the subgroup with the combination of A/G, G/GMTR:2756-
A/AMTHFR:1298-C/CMTHFR:677-A/G, G/G MTRR:66 geno-
types (Fig. 22), there is a single connection characterizing the influence
of B, on the process of H, methylation.

At the same time, there is no disruption of the formation of the
active form of B,.

H,,

By

Fig. 22. Correlation links in the subgroup with the combination of A/G,
G/GMTR:2756-A/AMTHFR:1298-C/CMTHFR:677-A/G,G/GMTRR:66
genotypes.

In the subgroup with the combination of A/AMTR:2756-
A/CMTHFR:1298-C/TMTHFR:677-A/G, G/G MTRR:66 genotypes
(Fig. 23), the associations are presented that characterize:

a) the influence of B, on the process of H, methylation;

Fig. 23. Correlation links in the subgroup with the combination of
A/AMTR:2756-A/CMTHFR:1298-C/TMTHEFR:677-A/G,G/GMTRR:66
genotypes.
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b) the dependence of the concentration of T, in the blood on the
formation of the active form of B,.

e). Gender differences in correlation associations.

One example of gender differences in metabolic transformations of
H,, was the subgroup with the main C/CMTHFR:677 genotype.

In the subgroup of boys with the main C/CMTHFR:677
genotype (Fig. 24), inverse B-H , B -H_ associations, as well as a
direct B,-B,, association were recorded, reflecting the association of FC
with methylation of H,.

Blocking of the process of T, deiodination is reflected by the direct
B,,-T, and the inverse B ,-T /T, associations.

TSH has the opposite effect on the process of deiodination.

An inverse TSH-T, and direct TSH-T /T, associations indicate
stimulation of the process of T, deiodination and the formation of T,
by TSH.

Fig. 24. Correlation links in the subgroup of boys with the C/CMTHFR:677
genotype.

In the subgroup of girls with the main C/CMTHFR:677 genotype,
inverse B,-H _, B ,-H_ associations were also revealed (Fig. 25).
9 ey oy . . .
The inverse B ,-B, association reflects the process of stimulation of
the transsulfuration reaction cycle.
The direct T,-B,, as well as the inverse T,/T 4—Hcy associations
indicate stimulation of the H, methylation process.
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Fig. 25. Correlation links in the subgroup of girls with the C/CMTHEFR:677
genotype.

Thus, in girls living in the territory of Ukraine, near the ChEZ,
the mechanism of influence of thyroid hormones on the process of H_,
methylation is more pronounced, compared to boys.

f). Comprehensive assessment.

The conducted studies have established that the following are
involved in the regulation of the functioning of the thyroid gland and
the metabolism of thyroid hormones:

>
>
>
>
>

>

Sulfur-containing amino acid H_;

Active forms B, B, B;

FC enzymes involved in the production and utilization of active
forms of By and B ;
Enzymes of the transsulfuration reaction cycle, in which the
coenzyme is B;

Deiodinase is a selenium-containing enzyme that carries out
the process of T, deiodination and T, formation;

TSH, the hypothalamus and AH, producing TSH.

It has been established that the process of H, methylation, with the
formation of internal Met, is associated with the metabolism of thyroid
hormones.
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A key role in the process of H, methylation is played by MTHFR
FC, catalyzing the reaction of the formation of the active form of B, —
5-MTHEF.

A decrease in the functioning of MTHFR leads to a decrease in the
formation of 5-MTHF and an increase in the level of H, in the blood.

5-MTHEF induces, with the help of MS, the formation of the active
form of B , — methylcobalamin, as evidenced by the direct correlation
between B, and B ,.

A decrease in MS activity leads to the fact that H, utilization
occurs in the transsulfuration reaction cycle.

During the transsulfuration reactions, H, binds to serine and forms,
with the help of CBS, Cyst, and then Cys.

Cys is a component of glutathione.

Also, Cys, when combined with selenium, is a coenzyme of
deiodinase 5-Di, catalyzing the process of converting T, to T, outside
the thyroid gland, in peripheral tissues.

The inverse B-H_, Bu'Hcy association, recorded in most genetic
subgroups of children from the Chernobyl areas, indicate insufficient
formation of active forms B, and B, for the process of H_ methylation.

A decrease in the production and utilization of B, and B, , during the
methylation of H, leads to hyperhomocysteinemia and, accordingly, to a
change in the functioning of the hypothalamic-pituitary-thyroid system.

Direct B,-T,, B, -T, associations may indicate the dependence of
T, formation in the thyroid gland on the active forms of By and B ,.

In addition, the processes of thyroid hormone metabolism with the
participation of H_ in peripheral tissues should be considered.

Active forms of B, and B, promote the methylation of H,, which
limits its use in the transsulfuration cycle.

The consequence of this is a decrease in the formation of Cys and
a decrease in the activity of deiodinase, which catalyzes the process of
T, deiodination.

Thus, B, and B,, promote the preservation of T,, preventing its
conversion to T,

With a decrease in the formation of active forms of B, and B ,, the
level of H_ in the blood increases.

In this case, Hcy, under certain conditions, is utilized in the cycle of
transsulfuration reactions, which ultimately leads to a decrease in the
content of T, and an increase in the formation of T,.
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This is confirmed by the direct correlation between H, and T,
recorded in the subgroups of boys in the Polessky district with the main
genotypes A/AMTR: 2756, A/C, C/CMTHFR: 1298, C/CMTHFR: 677,
A/AMTRR: 66, with a level of H, in the blood < 10.0 pmol/I.

Thus, there is physmloglcal parity between H and thyroid
hormones.

It is caused by a close connection between the cycle of
transsulfuration reactions, in which H, is utilized, and the T,
deiodination cycle, in which T, is formed.

Thus, an increase in the HCy content in the blood creates conditions
for the formation of T,.

At the same time, under the influence of H,, the synthesis of TSH
increases, the participation of which in the process of deiodination
reflects the sequence of direct H -TSH and TSH-T, associations.

A decrease in the H_ content in the blood leads to a decrease in the
formation of TSH.

The inverse correlation between B, and TSH confirms the
dependence of TSH formation on FC.

An increase in TSH formation, associated with an increase in the
H, level in the blood, occurs when methylation of B, is impaired due
to a lack of 5- MTHEF, as well as the functioning of MS the role of a
coenzyme of which is performed by B .

This negative relationship between the concentration of TSH and
folates in the blood has been observed in patients with diabetes mellitus [54].

Under the influence of TSH, T, deiodination and T, formation
occur, as evidenced by the correlations: direct TSH-T,, TSH-T,/T, and
inverse TSH-T,.

The ability of TSH to influence the production of hormones in the
TG through a special receptor apparatus on the thyrocyte membrane has
been proven.

There is a point of view that TSH regulates the formation of
hormones in the TG by stimulating the activity of deiodinase D1, using
cyclic AMP [16].

Also, the ability of TSH to increase the activity of deiodinase in
many types of cellular experiments, increasing the formation of T,, has
been established.

At the same time, within the euthyroid range, a direct relationship
has been established between TSH and the T,/T, index.
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Thus, TSH predominantly increases the production of T, and
proportionally decreases T,, which confirms its ability to stimulate the
activity of D2 deiodinase [55].

This is one of its main functions.

Comparison of correlations in individual genetic groups allowed us
to conclude that the formation of T, is associated with the activation of
the transsulfuration reaction cycle.

In this cycle, H, is intensively converted to Cys, which, together
with selenium, forms a cofactor for the deiodinase enzyme, converting
T, into T,.

The most pronounced activation of the transsulfuration reaction
cycle occurs with impaired MS functioning.

However, the formation of the active form of thyroid hormones is
enhanced with simultaneous dysfunction of MTHFR and MS.

A strong inverse T,-T, association was recorded in a subgroup
including cases with risk alleles of all 4 analyzed polymorphisms in the
genome.

It is known that T, acting on mitochondria, is an active stimulator
of the formation of cellular energy carriers [14].

Our studies have shown that T,, acting on the enzyme systems of
the FC, primarily on MTHFR, stimulates the process of H_  methylation
(a direct T,-B,, and inverse T,-H_ associations).

A decrease in the level of H_ in the blood leads to a slowdown in
the process of T, deiodination, as a result of which the concentration of
T, in the blood decreases.

The consequence of this is an increase in the content of H, in
the body, promoting the formation of TSH, which stimulates  the
deiodination of T, and the formation of T,. In this case, HCy 1s utilized in
the cycle of transsulfuration reactions.

Thus, the metabolic cycle, including FC and the pituitary-thyroid
axis, is repeated again.

Based on the obtained results, we can state the participation of T,
in the control of H, utilization.

By ensuring the process of H, methylation, T, activates FC and the
production of 5-MTHF, and therefore methylcobalamin.

A decrease in the H content in the blood leads to a decrease in its
utilization in the cycle of transsulfuration reactions.
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With an increase in the T, content in the blood, there is a decrease in
the activity of CBS, and therefore the use of vitamin B, as a coenzyme,
as evidenced by the inverse T,-B, association.

Thus, with the help of T,, the concentration of HCy in the blood is
maintained, ensuring the physiological level of metabolic processes in
the body.

Confirmation of T, participation in the regulation of H, metabolism
is that in a state of hyperthyroidism (increased T, formatlon) the H,
level in the blood decreases and the content of B Vltamlns involved in
its methylation increases [56, 57].

In this regard, it is logical to know that MTHFR activity decreases
in hypothyroidism and increases in hyperthyroidism, while MS activity
increases in hypothyroidism and decreases in hyperthyroidism [58].

At the same time, the state of hypothyroidism is accompanied by a
decrease in the content of folates and B, in the blood [59].

T, directly affects the process of T, utilization.

Ifalot of T, is formed, HCy methylation increases, the TSH level in
the blood decreases, the activity of the transsulfuration cycle decreases,
and T, deiodination decreases.

With a decrease in the formation of T,, the methylation of H_
weakens, the level of TSH in the blood increases, the utilization of H_
in the cycle of transsulfuration reactions increases, which leads to an
increase in the deiodination of T,

Genetic factor in the regulation
of thyroid hormone metabolism.

FC genes play an important role in the process of H, methylation,
influencing the processes of synthesis of active forms of B, and B, .

First of all, this concerns the MTHFR:C677T polymorphism,
which affects the activity of MTHFR, an enzyme that provides the body
with the active form of B, -5-MTHF.

Thus, the level of active forms of folic acid in the blood is
determined by the state of the MTHFR genes.

The TMTHFR:677 allele reduces the formation of active forms of
B,, and thus increases the HCy content in the blood.
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In the examined group of children, this allele was recorded in
53.62% of cases.

The presence of the TMTHFR:677 risk allele in the genome causes
an increase in the HCy level in the blood and stimulates the participation
of TSH in the process of T, deodination and T, formation.

The T/TMTHFR:677 genotype was found in 8.55% of cases,
including 8.70% of cases in the subgroup of boys and 8.39% of cases
in the subgroup of girls.

In 81.4% of cases, the T/TMTHFR:677 genotype is associated
with the

G/GMTRR:66 and A/GMTRR:66 genotypes, which enhance its
negative effect on the H_ rnethylatlon process [51].

The heterozygous variant of the TMTHFR:677 risk allele, in the
population of children living near the ChNPP, was found in 45.1% of
cases.

In the subgroup of children, where the C/TMTHFR:677 genotype
was the main one, direct T,-B,, Hcy-TSH, B,-T,, B,-T,, B,-B,
associations, as well as inverse Bg-Hcy, Blz-Hcy, B,,-TSH associations
were observed (Fig. 11).

Thus, in this case, there is a possibility of the effect of T, on
MTHFR and the formation of B,.

The presence of the GMTR:2756 risk allele in the genome
suppresses MS activity and reduces the formation of the active form of
B,,, as a result of which the enzymes of the transsulfuration cycle are
included in the process of H_ utilization.

A marker for this is the inverse B ,-B, association (Fig. 5a).

The H_ level in the blood decreased 1n the case of the homozygous
variant of the GMTR:2756 allele.

In this case, as well as in the G/GMTR:2756+A/G, G/GMTRR:66
association, a direct H -B, association appeared (Fig. 6).

T, blocks the activity of enzymes of the transsulfuration cycle in
the combination of A/GMTR:2756 and A/GMTRR:66 genotypes, as
evidenced by the inverse T,-B, association (Fig. 20).

Compound heterozygosity— A/CMTHFR:1298-C/TMTHFR:677,
in combination with A/G, G/GMTR:2756 and A/G, G/GMTRR:66
genotypes, is a clear example of activation of TSH production, the
transsulfuration cycle and the stimulating effect of T, on MTHFR under
conditions of hyperhomocysteinemia (Fig. 21, Table 25) [52].
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If compound heterozygosity — A/CMTHFR:1298-
C/TMTHFR:677 was absent, then the connections confirming these
processes were not manifested (Fig. 22).

If the group of children included cases with the absence of risk
allele G of the MTR:A2756G polymorphism, with a combination of
A/AMTR:2756-A/CMTHFR:1298-C/TMTHFR:677-A/G, G/GMTRR:66
genotypes, the associations presented in Table 25 were also absent
(Fig. 23).

Table 25
Correlations in the subgroup of children with a combination

of A/G, G/GMTR:2756-A/CMTHFR:1298-C/TMTHFR:677-A/G,
G/GMTRR:66 genotypes

Correlation coefficient, Parameter
significance p H_-TSH B -B, T,-B,
Spearman’s 0.768™ -0.7117 0.649™
Sign. (2-tailed), p 0.001 0.003 0.009
n 15 15 15

Note. n is the number of cases; ** — correlation is significant at the 0.01
level (2-tailed).

The conducted studies have shown that the effect of T, on the FC
cycle and MTHFR will be effective with heterozygous variants of the
risk alleles of the analyzed FC polymorphisms.

However, a direct T,-B, association was also present in the
subgroup of girls with the C/CMTHFR:677 genotype (Fig. 25).

In this case, the cycle of transsulfuration reactions with the
utilization of H and deiodination of T, was also included (Fig. 25).

In the subgroup of boys with the C/CMTHFR 677 genotype this
did not happen (Fig. 24), due to which the level of HCy in the blood was
higher than in girls from the same subgroup [45].

Environmental factors as a cause of H_ and thyroid hormone
metabolism disorders.

Disruption of H_ methylation processes and changes in thyroid
hormone metabolism in children living in areas affected by the
Chernobyl accident are associated with environmental impacts.
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The 1986 Chernobyl accident resulted in radioactive contamination
of the environment.

Even many years later, the soils and forest trees in the ChEZ as well
as in the adjacent territories of the Ivankovsky and Polessky districts of
the Kyiv region of Ukraine, contain huge amounts of '*’Cs and other
long-lived radionuclides [10, 11].

As a result, the population living near the ChEZ is under constant
risk of radiation exposure.

Radioactive elements enter the body of adults and children through
food chains, air currents and water.

Incorporation of ’Cs into the cells of vital organs [5] causes
damage to mitochondrial structures and energy deficiency [11].

As aresult, the formation of active forms of B, and B , decreases,
leading to a state of hyperhomocysteinemia.

The radiation factor, in the form of radionuclides incorporated
into the body, caused a state of hyperhomocysteinemia in adolescent
children living near the ChEZ, regardless of the state of the FC genes.

In the case of forest fires, people living in settlements located near
the ChEZ become victims of increasing radiation exposure.

After the forest fires in the ChEZ in the summer of 2015, the
proportion of hyperhomocysteinemia cases increased significantly in
most of the analyzed genetic subgroups of children in the Polessky
district, including in subgroups with neutral alleles of the FC genetic
polymorphisms [10].

In a subgroup of children from Ivankovsky district, with an
association of homozygotes of AMTHFR:1298 and CMTHFR:677
neutral alleles, the proportion of hyperhomocysteinemia cases was
69.0% [52].

Hyperhomocysteinemia is a stress factor for the body and can
cause a reaction from the central nervous and endocrine systems.

As a result, the production of TSH increases, which affects the
synthesis of thyroid hormones in the TG and their metabolism in
peripheral organs, increasing the formation of T..

In turn, T,, by affecting MTHFR, stimulates the formation of the
active form B, which leads to a decrease in the content of H_ in the blood.

Increased production of T, is an adaptive response of the body
aimed at increasing energy capabilities and the formation of nonspecific
and specific protective reactions.
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The obtained results indicate that environmental radiation exposure
induces in the body of children living near the ChEZ, a violation of the
H, methylation process, and the activation of TSH, which affects the
metabolism of thyroid hormones.

Elevated levels of H_ in the blood are recorded in individuals with
hypothyroidism [41].

In areas affected by the Chernobyl accident, the occurrence of
hypothyroidism may be associated with the radiation factor.

In addition to "I, which poses a danger to people in the first
days after the Chernobyl accident, *’Cs, throughout all the Chernobyl
decades, is incorporated by vital organs, including the TG [5].

And this can cause a decrease in the production of thyroid
hormones, defined as hypothyroidism.

The prevalence of clinical hypothyroidism in the world population
is 0.5-5%, while subclinical hypothyroidism is much more common —
5-20% [60, 61].

Unfortunately, at present it is impossible to obtain objective
statistical information on the prevalence of hypothyroidism in the post-
Soviet space, including in the areas affected by the Chernobyl accident.

In hypothyroidism, the level of thyroid hormones, both T, and T,,
decreases in the blood.

Thus, the stimulating effect of T, on the enzyme systems of the FC,
primarily on MTHFR, decreases.

The consequence of this is a decrease in the formation of active
forms of B, and B , and an increase in the content of H, , in the blood.

An increased concentration of H , in the blood contributes to an
increase in TSH in the blood serum.

Under physiological conditions, TSH causes an increase in the
process of T, deiodination and an increase in the formation of T,,
which can affect the enzymes of the FC, stimulating the process of H,
methylation.

However, under conditions of pronounced impact of '“’Cs on
thyroid cells [5], this does not occur, since the formation of T, is
reduced, which does not allow the formation of a regulatory cycle with
the participation of T, and H,.

At the same time, an increased level of TSH is recorded in the
peripheral blood, which negatively affects metabolic processes in the
body.
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Chapter V.

Scientific concept of regulatory
associations between the folate
cycle and the pituitary-thyroid axis.
Its importance for protecting human
health under conditions of radiation
exposure.

Scientific concept of regulatory associations between the folate
cycle and the pituitary-thyroid axis. Its importance for protecting human
health under conditions of radiation

Analysis of correlations between Hcy, B, Blz, B,, TSH, T,, T,,
taking into account the state of the genes FC in groups of chlldren
living near the ChEZ allowed us to formulate a scientific concept of
regulatory associations between FC and the pituitary-thyroid axis under
conditions of constant radiation exposure.

According to this concept, H, is a regulator of the metabolism of
hormones of the pituitary-thyroid axis.

The intensity of production of THS and other hormones regulating
the activity of endocrine organs depends on its concentration in the
blood.

The level of H, in the blood of children from areas affected by
the Chernobyl accident is directly related to the functioning of folate
enzymes and the formation of active forms of B, and B,

The activity of FC enzymes depends on the state of their genes.

Genetic polymorphisms are known that significantly change the
level of H_ in the blood.

The most important in this regard is the genetic polymorphism
MTHEFR:C677T, which affects the activity of the MTHFR enzyme,
which catalyzes the formation of the active form B; — 5 -MTHF.

The homozygous variant of the TMTHFR:677 allele is characterized
by an increased level of H, in the blood, with a decrease in the level
of B,.
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The heterozygous variant of this allele can be the cause of
hyperhomocysteinemia when combined with the GMTRR:66 allele [62].

However, after forest fires in the ChEZ in the spring and summer
of 2015, an increase in the HCy level in the blood was recorded in most
children, regardless of the state of their FC genetic apparatus.

Thus, an increase in the H, level in the blood of children living
near the ChEZ is associated with genetic polymorphisms of the FC, as
well as with the impact of the environmental radiation factor, causing
a state of energy deficiency in highly differentiated cells of vital organs
[11].

An increase in the H_ , content in the blood above the physiological
level stimulates the synthes1s of TSH in AH cells [10, 11, 48, 63, 64].

Correlation analysis shows the participation of THS in the process
of T, deiodination and T, formation.

Stimulation of the process of T, formation is one of the most
important functions of TSH.

In the body of children with the GMTR:2756 allele in the genome,
activation of transsulfuration reactions occurs, in which HCy 1s converted
to Cys, followed by activation of the T, deiodination process with the
formation of T, [11, 49].

In the group of children with the GMTR:2756 risk allele, the
proportion of cases of elevated triiodothyronine levels in the blood is
significantly more than in the group of children who do not have this
allele in their genome (A/AMTR:2756 genotype) [65].

The connection between the cycle of trans-sulfuration reactions
and the T, deiodination process ensures the participation of H, in the
formation of T, — the active form of thyroid hormones.

T, stimulates the processes of cellular energy supply, which leads
to increased activity of MTHFR and an increase in the synthesis of
5-MTHF [52].

As a result, methylation of H, and the formation of internal Met
increase.

The direct T,-B, association, as well as the inverse T,-TSH and
T-H, ass001at10ns conﬁrrn the participation of T, in this process and
the blockmg of TSH production [53].

But this happens under conditions of balanced metabolism, when
the FC enzymes, including MTHFR, are able to respond to the effects
of T, [53].
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In the case of pronounced genetic disorders of the FC, in particular
homozygous variants of the TMTHFR:677 allele, T, does not have a
stimulating effect on the H_ methylatlon process.

The most effective effect of T, on the FC and MTHFR occurs in the
case of a heterozygous variant of the TMTHFR:677 allele.

T, reduces the H_, content in the blood and reduces its effect on
the pituitary-thyroid axis, which ultimately leads to a decrease in the
formation of T itself [53].

A decrease in the stimulating effect of T, on the FC leads to an
increase in H_levels, promoting the actlvatlon of the process of
converting T, to T,

The effect of T, on MTHFR is more pronounced in girls than in
boys.

There is reason to believe that this is one of the main reasons for
the lower level of H in their blood.

Based on the proposed scheme (Fig. 26) [66], it can be concluded
that T, is a stimulator of FC, promoting the methylation of HCy and the
formation of internal Met.
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Fig. 26. Regulatory links between FC, H_ and the pituitary-thyroid axis [66].
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At the same time, H_, affecting hormonogenesis in the pituitary-
thyroid axis, regulates T, metabolism.

In physiological concentrations, H maintains the necessary level

. cy
of T, in the blood.

In concentrations exceeding the physiological barrier, HCy
stimulates the synthesis of TSH, the process of T, deiodination and the
formation of T,

The level of T, in the blood depends on how this metabolite is used
by peripheral organs and tissues, and indicates, in particular, what the
body’s energy needs are.

It is the peripheral organs, including the liver and kidneys, that are
responsible for the utilization of T, and the formation of T,, the active
form of thyroid hormones. In areas affected by the Chernobyl accident,
radiation agents interfere with this process, significantly disrupting
cellular energetics [11].

In the first decade after the Chernobyl accident, significant amounts of
radioactive elements entered the bodies of residents of the affected areas.

Particularly pronounced incorporation of *’Cs occurred in thyroid
cells [5], which could be one of the main reasons for the decrease in
the production of thyroid hormones, with clinical manifestations of
hypothyroidism.

In the decades following the Chernobyl accident, the intake of
radioactive elements by adults and children decreased.

However, the danger of radiation exposure for children of the
second Chernobyl generation did not decrease.

According to laboratory tests, heart cell damage was recorded
in 37.5% of cases in adolescents from the Ivankovsky and Polessky
districts in 2015 [11].

This is associated not only with the direct impact of '*’Cs on the
myocardium and TG [5], but also with the disruption of the regulatory
mechanisms of H_ and thyroid hormone metabolism that arose during
antenatal and early postnatal ontogenesis.

In conditions of constant environmental radiation exposure,
attention should be paid to how the body uses T,, whereas, usually,
attention is paid only to how the TG produces this hormone.

The increased concentration of H, in the blood of Chernobyl
children induces chronic hormonal stress associated with the production
of T, and cortisol [53].
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The consequence of this is a disruption of the cardiovascular
system.

In our studies, most of the examined children were found to have
heart rhythm disturbances [11], as well as a decrease in functional
reserves and adaptive capabilities of the circulatory system [67, 68].

The decrease in blood pressure and arrhythmia recorded in children
with the incorporation of '¥’Cs radionuclides into their bodies [11, 69]
may be associated with T, given its effect on the cellular elements of
the heart and blood vessels [70].

The disruption of H, methylation processes caused by genetic
mutations of FC and environmental radiation exposure [51] may create
a false impression of the existence of hypothyroidism.

In this case, to establish a correct diagnosis, it is necessary to
evaluate not only the content of TSH and thyroid hormones (T,, T,) in
the blood, but also H,, as well as the state of the genetic apparatus of
FC.

Inthis case, it is imperative to determine the content of radionuclides
in the body of children.

One should be careful when using thyroid hormones as a therapeutic
agent, since their active form, T,, may be present in sufficient quantities
in the body.

In children exposed to radiation agents, elements of damage and
compensatory-adaptive processes are recorded at the cellular, tissue
and organ levels.

Sometimes it is difficult to distinguish them, and this creates
difficulties in organizing treatment and preventive measures.

In this regard, the proposed scientific concept based on the analysis
of the results of the correlation analysis of metabolic parameters, taking
into account the state of the FC genes, in children living after the
Chernobyl accident, in conditions of constant radiation exposure, may
be useful.

The essence of this concept is that the feedback regulatory
relationship between the hormones of the pituitary-thyroid axis
functions with the participation of H_ and FC enzymes.

This is most clearly manifested in unfavorable conditions for the
body, including radiation expansion.

Exposure to '*’Cs leads to disruption of cellular metabolism and a
decrease in the formation of active forms of vitamins B, and B .
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Hyperhomocysteinemia, which occurs as a result, stimulates
hormonogenesis in the hypothalamic-pituitary-thyroid axis.

At the same time, in peripheral tissues (liver, kidneys) the formation
of T, increases, which is capable of stimulating cellular energy and the
synthesis of active forms of B,.

The consequence of this is an increase in the methylation processes
of H,.
Thus, in this case, T, protects the body from the destructive effects
of the radiation factor.

At the same time, H, is a participant in the body’s adaptation
system to environmental influences.

However, at high concentrations in the body, genetically determined
or associated with pronounced environmental influences, H, disrupts
the metabolism in the body, causing structural and functional changes
in the cells of vital organs.
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List of abbreviations

ChNPP — Chernobyl Nuclear Power Plant
ChEZ — Chernobyl exclusion zone
37Cs — radioactive isotope of cesium
PSr — radioactive isotope of strontium
TG — thyroid gland
AH — adenohypophysis
T, — triiodothyronine
T, — thyroxine
ATP — adenosine triphosphate
AMP — adenosine monophosphate
TSH — pituitary thyroid stimulating hormone
SILR — syndrome of incorporated long-lived radionuclides
BP — Dblood pressure
SBP — systolic blood pressure
DBP — diastolic blood pressure
PP — pulse pressure
AST — aspartate aminotransferase
ALT — alanine aminotransferase
AST/ALT — de Ritis coefficient
o — homocysteine
Met — methionine
FC — folate cycle
Cyst — cystathionine
Cys — cysteine
MTHFR  — Methylenetetrahydrofolate reductase
MS — B, methionine synthase
MSR — methionine synthase reductase
CBS — cystathionine p-synthase
SAM — S-adenosylmethionine
SAH — S-adenosylhomocysteine
Allele C ~ — neutral allele of the genetic polymorphism MTHFR:
C677T
AlleleT  — risk allele of the genetic polymorphism MTHFR:
C677T
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Allele A
Allele C
Allele A
Allele G
Allele A
Allele G

5-MTHF
NMDA

neutral allele of the genetic polymorphism
MTHFR:A1298C

risk allele of the genetic polymorphism
MTHFR:A1298C

neutral allele of the genetic polymorphism
MTR:A2756G

risk allele of the genetic polymorphism
MTR:A2756G

neutral allele of the genetic polymorphism
MTRR:A66G

risk allele of the genetic polymorphism MTRR:A66G
5-methyltetrahydrofolate
N-methyl-D-aspartate
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