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We assume that the violation of homocysteine (Hcy) metabolism and vitamin D level in mothers’ utero
causes various abnormalities in offspring, including hard-woven teeth and periodontium impairments. The
aim of this study was to evaluate the biochemical parameters of blood and alveolar bone homogenates and
assess dental status of offspring born from female rats under long-term methionine hyperhomocysteinemia
(HHcy). Clinical, biochemical and morphometric studies were performed on 30 female rats and 281 infantile
and early juvenile rats. Serum Hcy levels were determined by competitive immunoassay with electrochemi-
luminescent detection, 25-hydroxyvitamin D (250HD) level was estimated by ELISA. No violation of Hcy
serum level was found in rats born from females with long-term methionine-induced hyperhomocysteinaemia.
Hyperhomocysteinaemic diet caused by long-term use of methionine reduced the level of total and ionized
calcium and phosphates in the blood of pregnant females and their offspring. Elevated levels of homocysteine
and decreased vitamin D levels in pregnant females caused a delay in the complete physiological eruption of
permanent molars in their offspring. Biochemical changes in the blood, jawbones and the presence of early
carious processes in the teeth of young rats, in our opinion, are the result of metabolic disorders in utero
caused by hyperhomocysteinaemia and vitamin D deficiency in their mothers.

Keywords: methionine-induced hyperhomocysteinaemia, homocysteine, vitamin D, choline, dental status,
tooth eruption.

ccording to recent studies, hyperhomo-
A cysteinemia [1] and vitamin D deficiency

[2, 3], individually and in association, play
a crucial role in developing pregnancy complica-
tions in mothers and offspring [4]. However, data on
the possible synergism of these causal factors are
not fully established. The hyperhomocysteinaemia
in pregnant women causes a decreasing number of
newborns, the birth of infants with low body weight,
and further decreasing the body weight gain [5].
Other defects in the development of the fetus and
pathology of pregnant mothers with hyperhomo-
cysteinaemia are evidenced by numerous investiga-
tions in the field of obstetrics and gynecology.

We assume that the violation of the metabolism
of Hey and vitamin D in the mother causes various
abnormalities in their offspring, which increases the
risk of developmental defects, structural and func-
tional disorders in the postnatal period, including
hard woven teeth and impairments in periodontium,
which are tissue derivatives of the cutaneous ecto-
derm of the embryo.

The aim of this work was to evaluate the bio-
chemical parameters of blood and alveolar bone ho-
mogenate and assess the dental status of offspring
born from female rats, with long-term methionine
hyperhomocysteinaemia and after the enriching the
diet with choline and vitamin D.

© 2021 Kutelmakh O. et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Materials and Methods

The two-part experiment was conducted in ac-
cordance with the current requirements for the hu-
mane treatment of experimental animals, adopted by
the European Convention for the Protection of Ver-
tebrate Animals Used for Research and Other Scien-
tific Purposes (Strasbourg, 1986), the First National
Congress of Ukraine of Bioethics (Kyiv, 2001), in
compliance with the rules approved by the Commit-
tee on Bioethics of Vinnytsia National Pirogov Me-
morial Medical University.

The first part of the experiment was performed
on adult female rats. Animals were divided into 3
groups: intact control and two experimental, 10 rats
each (Table 1). Animals of all groups received a
semi-synthetic starch-casein diet (basic diet), which
included in physiological doses all macro- and
micronutrients [6]. In the second (2) group, a me-
thionine model of hyperhomocysteinaemia was re-
produced by enriching the main diet with 1% L-me-
thionine, ie 10 g per 1 kg of dry food [7]. In the third
(3) group of animals, choline and vitamin D were
added to the main diet to correct methionine hy-
perhomocysteinaemia [8]. Choline is a well-known
agent which reduce plasma Hcy levels [9] due to an
activation of the enzyme betain-gomocysteine meth-
yltransferase, which converts Hcy to methionine.
Choline was introduced into the diet in the form of
a water-soluble compound — choline chloride [10] in
the amount of 500 mg/kg of diet. An aqueous solu-
tion of choline chloride was added in a calculated
amount ex tempore during the preparation of ready-
to-eat food. Supplementation of vitamin D to the
standard diet is explained by the fact that a decrease
in the blood level of vitamin D was observed under
the state of hyperhomocysteinaemia, as described

previously [11, 12]. Vitamin D was introduced into
the diet at a dose of 0.15 mg/kg of feed. Due to the
fact that hyperhomocysteinaemia may inhibit the ac-
tivation of vitamin D, its active form was added to
the diet in the form of a fat-soluble drug “Alpha D3-
TEVA” [10], in the amount of 1 pg/kg of diet. Both
forms of vitamin D were previously included in the
fatty component of the diet — oil. A control group of
animals (1 group) was injected intragastrically with
an equivalent volume of 1% starch gel. Water is pro-
vided to the animals ad libitum.

The second part of the study was conducted on
281 rats of infantile and early juvenile period, ob-
tained from experimental females from the previous
part of the experiment. At the end of the lactation
period in adult females, rats of group 2 received a
methionine diet, 3 group - a methionine diet adjusted
by choline and vitamin D (group 1). General char-
acteristics of the animals by groups (duration of the
experiment, number of offspring, body weight of
rats at the beginning and end of the experiment) are
given in Table 2. The duration of the experiment on
rats of different groups was not identical, because
it was calculated by the day of eruption of the last
permanent molar: this parameter varied slightly in
different groups. Teething was determined by visual
inspection of the oral cavity of individual animals
in each group, starting from day 30 of life, with an
interval of 1 day, and from day 40 — daily. Before
euthanasia, in vivo, a visual assessment of the con-
dition of the oral mucosa was performed to deter-
mine the presence and nature of the inflammatory
process. After that, the mucous membranes of the
gums, tongue and cheeks were treated with Lugol’s
solution, and after 30-60 sec a 1% solution of tolui-
dine blue was applied (after 10-30 sec the areas of
acute inflammation turned to brown-violet color in

Table I The duration of the first part of the experiment in days

Stages of the first part of the experiment and their duration

Groups of female rats

I-st Reproduction of the
hyperhomocysteinaemic

II-nd Fertilization

of female rats I1-rd Pregnancy

model
Control, n =10 28 days 1-4 days 20-22 days
Methionine-induced
hyperhomocysteinaemia, n = 10 28 days 1-4 days 17-19 days
Methionine-induced
hyperhomocysteinaemia corrected
by choline and vitamin D, n = 10 28 days 1-4 days 20-23 days
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contrast to weakly stained areas of healthy mucous
membranes). At the end of the experiment, the rats
were euthanized under ether anesthesia. Blood from
the heart and lower jaws were taken for research.
Biochemical studies were performed in blood serum
and homogenates of skeletal lower jaws [13, 14].

Serum obtained from rats of each group pooled
into a single sample was analyzed. 6 exemplar were
taken from each group for evaluation. Similarly, the
homogenates of the lower jaws were taken for the
same manner. Serum Hcy levels were determined
by competitive immunoassay with electrochemi-
luminescent detection, and the determination of
vitamin D (serum), namely 25-hydroxyvitamin D
(250HD), was performed by enzyme-linked im-
munosorbent assay on a solid sorbent “ELISA”
(analyzer and test system “EUROIMMUN”, Ger-
many). The levels of total protein, total calcium and
inorganic phosphorus were detected photometrically
on an automatic biochemical analyzer, and the con-
tent of ionized calcium (Ca*") was potentiometri-
cally detected (ion-selective electrode method) on a
semi-automatic electrolyte analyzer. Determination
of alkaline and acid phosphatases in the blood and
homogenates of the jaws was performed according
to the method [15].

Morphometric studies were performed on the
skeletal right mandibles after mechanical removal

of soft tissues (with a previous one-day exposure
in 5% NaOH). We used a method of computerized
photo-fixation of fragments of jaws with root teeth
using a digital camera (Canon EOS 700D 18-55 IS
STM) and a microscope MBS-10 with a fixed dis-
tance and strict parallelism. We derived a standard
ratio of monitor pixels and millimeter divisions of
the caliper (SHC-11-250 0.1 cells), which was 237 px
in 1 mm. The calculations were performed using the
software PhotoM 1.21. In order to visually differen-
tiate the demineralization process from alimentary
pigmentation of fissures, molars removed from the
wells and kept in a 10% solution of hydrogen per-
oxide during the day. Teeth in which the fissures re-
mained dark were considered carious. Additionally,
to confirm the presence of carious process, the ex-
amined teeth were kept in a solution of caries marker
“VOCO” for 30 sec on a vibrating table (to deepen
the permeability of the red dye in the area of demin-
eralization), then they were washed and centrifuged
for 1 min. Statistical processing of the results was
performed for the mean values of the Student’s #-test.
The results are presented as M + m. The changes
were considered statistically significant at P < 0.05.

Results and Discussion

As it can be seen from Table 2, in females of
group 2 with hyperhomocysteinaemia the number of

Table 2. Characteristics of groups of females, duration of experiments on rats, number of born rats and

their body weight (M £ m)
) Characteristics of offspring
Duration of
Groups of rats the exper}ment Total number nﬁl\;e;:fz ¢ Primary Average
(dfror;1 (bAi[rth ) of the young young rafs in mass, final mass,
ays +m
rats per group females (M) (gr.,M+m) (gr.,M=m)
Control, n =10 38-42 103 10.30 £ 0.95 571+£0.32 70.20+£2.35
(39.26 + 1.41)
Methionine-induced 40-45 77 7.70 £ 0.67 4.05+048 5540+3.22
hyperhomo- 4375+ 1.24) P <0.05 P, <0.05 P <0.05
cysteinaemia, P <0.05
n=10
Methionine-induced 36-42 101 10.10 £ 0.88 545+040 6550=£2.97
hyperhomo- (39.21£1.99) P, >0.05 P, >0.05 P, >0.05
cysteinaemia P, >0.05 P,<0.05 P,<0.05 P,<0.05
corrected by choline P,<0.05

and vitamin D, n =10

Note: in this and the following tables P < 0.05 means a probable difference between the groups, P, , - digits correspond

to the comparison group
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offspring was statistically smaller compared to group
1 and group 3, which confirms the available data on
the negative impact of hyperhomocysteinaemia on
the reproductive function of females [16]. At the end
of the experiment, body weight in rats of group 2
was probably (P < 0.05) lower than the control and
animals of group 3, between which there was no sta-
tistically significant difference. The difference be-
tween the initial and final body weight in rats was in
group 1 ~64.5 gr, in group 2 — ~51.3 gr, in group 3
~60 gr.

Biochemical studies showed that the level of to-
tal serum protein was 57.6 + 3.09 gr/l in the control
group, 57.2 £ 2.44 gr/l in group 2 and 58.8 = 1.13 gr/l
in 3 groups of rats. A significant difference in this
parameter between groups of animals was not ob-
served, which indicates the preservation of protein-
synthesizing function of the liver and the body as a
whole and the importance of protein homeostasis on
the background of hyperhomocysteinaemia.

Although the level of Hcy in group 2 rats was
slightly higher, it probably did not differ from the
values of groups 1 and 3 (Fig. 1), in the latter it was
almost the same. This can be explained by the fact
that young animals have increased protein synthesis
and metabolism of amino acids, including methio-
nine and Hcy. Based on the above, it can be argued
that the hyperhomocysteinaemia was absent in rats
of group 2.

In group 2 of animals, the level of vitamin D
probably (P < 0.05) decreases in comparison with
groups 1 and 3. A possible reason is a change in
the structure and activity of the protein part of cy-
tochrome P450, which synthesizes the active form
of vitamin D. Hyperhomocysteinemia increases
the formation of reactive oxygen species and thiol-
actone homocysteine — substances that can oxidize
and homocysteinilation of proteins and reduce their
functions. Slightly higher levels of vitamin D were
recorded in group 3 rats, but no significant difference
with control was observed (Fig. 2).

Applied hyperhomocysteinaemic diet in preg-
nant females and their offspring, probably (P < 0.05)
reduces the level of total and ionized calcium and
phosphates in the blood of young animals (group 2)
as compared to control group and group 3. Thus, the
level of total calcium (Fig. 3) in animals with simu-
lated hyperhomocysteinaemia was lower by 16%
and ~18%, the level of ionized calcium — by 14% and
~16% (Fig. 4), and the level of total phosphorus -
by ~14% and 12%, in groups 1 and 3, respectively
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Fig. 1. Serum levels of homocysteinein the young
rats
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Fig. 2. Serum 250HD levels in the young rats
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Fig. 3. The level of total calcium in the serum of
young rats

(Fig. 5). Thus, changes in blood mineral composition
in experimental rats occur in the prenatal period and
are more related to vitamin D status than to Hey.
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Fig. 4. Serum ionized calcium levels of the young
rats
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Fig. 5. Serum ionized phosphorus levels of the young
rats
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Fig. 6. Serum BSALP levels in the young rats

The results of the study of the activity of en-
zymes that affect bone mineral density are shown
in Fig. 6-9. The activity of the bone isoform of ALP
(BSALP) in the serum is the lowest in animals of
group 2, but a probable difference (P < 0.05) is ob-

Serum TRAP

500 422.0+321

400 /334,0 +214 332.0+316
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U/l

200

100

Group 1 Group 2 Group 3

Fig. 7. Serum TRAP levels in the young rats

served only with the results of experimental group 3
(Fig. 6).

The activity of tartrate-resistant acid phos-
phatase (TRAP) in group 2 is probably (P < 0.05)
higher than in the control group, and as compared to
group 3 is registered at the level of the tendency to
probability (Fig. 7).

The rate of ALP activity in the bone tissue of
the mandible in rats of group 3 is probably higher,
and activity of acid phosphatase is lower than in
group 2 (P <0.05) (Fig. 8, Fig. 9).

According to the activity of the above en-
zymes, we determined the index of mandibular bone
mineralization in rats of group 2 with methionine-
induced hyperhomocysteinaemia. It is probably
(P < 0.05) less than in animals of intact control and
rats with corrected hyperhomocysteinaemia, name-
ly —in ~2,2 times fold.

On day 30 of life in rats of all groups, the
presence of the first and second permanent molars

BSALP homogenate

300 256.0 £39.8

250 /214.0 +23.4

200
150

100
50

161.0 £24.7

u/l

Group 1 Group 2 Group 3

Fig. 8. Levels of BSALP in homogenates of edentu-
lous mandibles of the young rats
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TRAP homogenate
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Fig. 9. Levels of TRAP in homogenates of edentu-

lous mandibles of the young rats

was registered, but the final completion of molar
eruption occurred at different times. In the control
group, the fastest eruption of the third molar was
registered on day 36 from birth, in group 2 — on day
40, and in group 3 — on day 34 of life. On average,
the presence of all permanent molars was registered
at 39.3 + 1.41 days of life in the control group, in
group 2 — at 43.8 = 1.24 days, and in group 3 — at
39.2 £ 2.03 days, moreover, between 2 and 1 groups
of rats this parameter was considered statisti-
cally significant (P < 0.05), and between 2 and 3
groups — was registered at the level of the tendency
to probability. Thus, elevated levels of Hcy and, as a
consequence, decreased levels of vitamin D in preg-
nant females cause a delay in complete physiological
eruption of permanent molars in their offspring. Ta-
ble 4 shows the data of morphometric studies of the
size of the molars of the mandible of experimental
rats.

Significant differences in the width and thick-
ness of the studied teeth in rats of all groups were
not detected. The difference in the height of the
crowns of the first and second molars between the
studied groups was not detected, and the crown
height of the last permanent tooth in group 2 ani-
mals was probably smaller compared to the control
and group 3. The above differences can be explained
by the slowing down of the final eruption of the 3
molar, which is most likely due to the incomplete
formation of its roots due to impaired calcium-phos-
phorus metabolism in young rats. Signs of inflamma-
tion in the gums, pathological mobility, periodontal
pockets in the area of the molars in rats of all groups
were not observed. Atrophy of the alveolar sprout in
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Fig. 10. Index of mineralization of the mandible in
the young rats (M + m)

all groups was determined within the physiological
norm.

The presence of superficial carious process in
the teeth, which was localized only in the fissures,
was registered only in 2 and 3 groups of rats. How-
ever, in animals of group 3 caries was detected in
the first or second molars in isolated cases (only
in the area of one fissure), and in group 2 — in all
examined permanent teeth. In our opinion, this is
due to the violation of mineral metabolism in utero
under the influence of hyperhomocysteinaemia and/
or vitamin D deficiency and, as a consequence, the
imperfection of the enamel structure in the natural
recesses of the occlusal surface of the molars.

Our results indicate that hyperhomocysteinae-
mia and vitamin D deficiency in the organism ad-
versely affect calcium-phosphorus metabolism,
which is actively reflected in the functioning of bone
tissue and tooth physiology. This negative effect
causes a decrease in the mineral density of the jaw
bones, which in the future may lead to an increase
in the number of fractures or destructive changes in
the dental alveoli, as well as to the progression of the
carious process.

Conclusions. Long-term simulation of methio-
nine hyperhomocysteinaemia in pregnant female rats
and hyperhomocysteinaemic diet reduces vitamin D
status but does not increase Hcey levels in young off-
spring of infantile and early juvenile periods. Bio-
chemical changes in blood, jaw bones and the presen-
ce of early carious process in the teeth of young rats,
in our opinion, are the result of metabolic disorders
in utero, caused by hyperhomocysteinaemia and vi-
tamin D deficiency in their mothers. Our research re-
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Table 4. Width, thickness and height of molar crowns of the right branch of the mandible of experimental young rats
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sults confirm the importance of the correction of hy-
perhomocysteinaemia with choline and vitamin D,
that prevents the loss of bone mineral density of the
jaws and effectively inhibits the carious process in
the fissures of the root teeth of young rats.

Conflict of interest. Authors have completed
the Unified Conflicts of Interest form at http://ukr-
biochemjournal.org/wp-content/uploads/2018/12/
coi_disclosure.pdf and declare no conflict of interest.

Funding. 77777

MOKA3HUKHU MIHEPAJILHOT' O
OBMIHY TA CTOMATOJIOTTYHOI' O
CTATYCY MOJIOAMX LY PIB,
HAPOJI’)KEHHUX BIJJ CAMOK 13
METIOHIH-IHIY KOBAHOIO
rNOEPTOMOLIMCTEIHEMIEIO

O. I Kymenomax"™, P. b. Jlecux??,
I0. I 9ymaxosa®, C. A. Bonoap',
B. I /lponenko’, JI. I. IlIxinonax’

'HarionanpHAN MEIUYHUHN YHIBEPCUTET
iMm. M. I. ITmporona, Ykpaina;
2JIpBIBCHK Ui HANIOHABHUH MEIUIHUN YHIBEPCUTET
imeni Jlannna [anumnekoro, Ykpaina;
3VuiBepcuTeT iHGOPMALIHHIX TEXHOIOTIH
Ta MeHeKMeHTY, JKemys, [onbma;
‘MikHapOAHUHN I'yMaHITApHUH
yHiBepcuteT, Oneca, Ykpaina;
Me-mail: ahzelo1968vin@i.ua

Mu  mpummyckaemo, 00  MOPYIICHHS
meTabomnizmy romouucteiny (Hey) i piBHs BiTamMiHy
D y wmarepi BHYTpPIIIHBOYTPOOHO CHPUYHHSIE
pi3Hi aHoMaiii y iX Ham@AKiB, y TOMY YHCIHI
MaTOJIOTI0 Y TBEPAUX TKAaHUHAX 3y0iB Ta MOPYIIICH-
Hsl B MapojoHTi. Merow pobotu Oyjo BUBYCHHS
010XIMIYHHMX TMMOKAa3HUKIB y KPOBI Ta TOMOTeHATaXx
aJBBEOJSIPHUX KICTOK Ta OLliHKa crarycy 3yOiB
MOTOMCTBA, HAPOJKEHOI'0 BiJ] CAMOK IIYPIB MICIs
TpuBaiol  METIOHIHOBOI  TimeproMouucTeiHeMii
(HHcy). Kuiniko-6ioxiMiuai Ta MOphOMETpHUHI
JIOCTIJKeHHST 1ypiB mpoBoauian Ha 30 mrypax-
camkax Ta 281 mypax iH()aHTHUIBHOTO Ta paHHBO-
ro 1oBeHUIbHOrO mepioxy. PiBHi Hcy B cupoarmi
KpOBI BH3HAUaJIH 3a JOMOMOTOK KOHKYPEHTHOTO
iIMyHOQHaNi3y 3 EJIeKTPOXEMITIOMIHECIICHTHUM
BU3HaueHHIM, piBeHb 250HD oriHtoBanu 3a no-
nomoror [EA. YV urypiB, HapoOJKCHUX BiJ] CAMOK 3
HHcy, nopymenns pisas Hey y cupoBatii He BU-
siBjieHo. [imeproMonucTeiHeMiuHa Ji€Ta, 3HUXKY-
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BaJjia piBEHb 3araJibHOrO Ta 10HI30BAHOTO KAaJIbIIilO
ta (ocdaTiB y KpoBi BariTHUX CaMoOK Ta y IX TO-
tomcTBa. [lifBUIICHUI pIBEHb TOMOIUCTEIHY 1
3HIKEHWH piBeHb BiTaMiHy D y BariTHUX caMoK
COPUYHMHSIIM 3aTPUMKY TOBHOTO (hi3i0J0TriyHOTrO
MPOPiI3yBaHHS MOCTIHHUX MOJSIPIB y iX MOTOM-
cTBa. 3po0JIEHO TPHUMYINEHHS, IO OloXIMIiYHI
3MIHU B KPOBI, HICJEMHUX KICTKaX Ta HAsBHICTh
PaHHBOTO KapiO3HOTO MPOLECYy B 3y0ax MOJIOIHUX
LIypiB, € HACTIAKOM BHYTPIIIHbOYTPOOHOTO MOPY-
HIeHHs1 OOMiHy peuoBWH, cnpuunHeHoro HHcy ta
nedinurom Bitaminy D y 1X marepis.

KnoyoBi cmoBa: MeTioHiH-iHIyKOBaHa
TieproMoIMcTeiHeMisl, TOMOIIUCTETH, BiTaMiH D,
XOJIIH, CTOMATOJIOTIYHHH CTaTyc, MNPOpi3yBaHHS
3y0iB.
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