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Congenital defects of the central nervous system (CNS) are one of the most common
causes of death and disability in newborns. Therefore, it is extremely important to
assess the development of the fetal CNS in the intrauterine period in time to identify
any changes in its development and give appropriate advice to parents on pregnancy
support, offer options for fetal therapy and type of delivery, as well as postpartum
treatment and prognosis. The aim of our research was to determine the morphological
features of the neural complexes of the human fetal hindbrain at 17-18 weeks of fetal
development, the size and area of the cranial nerve nuclei in the region of the pons
and the cerebellar nuclei. In a research study we used biological material obtained
from the Vinnytsia Maternity Hospital after a termination of pregnancy in a healthy
women for medical reasons, due to fetal chromosomal abnormalities not related to
CNS developmental defects. The material for anatomical and histological examination
were human fetuses with a gestation period of 17-18 weeks. The fetus's weighed
250.8+14.5 g, and the parieto-coccygeal length were 163.3+8.4 mm. The researched
tissue samples of hindbrain were fixed in a 10 % solution of neutral formalin, and
then sections of 8-9 um thick celluloid blocks were prepared for further histological
examination. The preparations were stained with hematoxylin-eosin, toluidine blue
according to the Nissl modification. For the statistical analysis of digital data Microsoft
Excel 2016 and Statistica 6.1 were used. The normality of the distribution was assessed
using the Shapiro-Wilk test, histograms were constructed for data visualization, and
the standard deviation and variance of the samples were calculated. Histograms
were constructed to visualize the data, the standard deviation and sample variance
were calculated. The microscopic examination of the cerebellum revealed the outer
granular, molecular, inner granular, intermediate, and ventricular layers. The presence
of cerebellar nuclei, which were located in the intermediate layer, was also established.
On the cerebellar section, the dentate nucleus was visualized as a thin curved line with
its convex side directed laterally and dorsally. The abducens nucleus is located ventrally
to the dorsal surface of the pons, laterally to the medial longitudinal fascicle. The facial
motor nucleus is located medially to the abducens nucleus and has an elongated shape
with indistinct borders. The trigeminal motor nucleus is laterally to the facial nucleus,
has indistinct borders, a rounded shape, and consists of neurons at different maturation
stages. In the lateral part of the pons is the vestibular nucleus, which has an irregular
oval shape; the borders of the nucleus are indistinct. Also, below the vestibular nucleus,
laterally, there is a cochlear nucleus, without clear contours, oval elongated shape.
Thus, in the posterior part of the brain at 17-18 weeks of fetal development, the nuclei
of the abducens, trigeminal, facial, and vestibulocochlear nerves located in the pons.
Dentate, globose, emboliform and fastigial nuclei also were found in the cerebellum.
Keywords: central nervous system, fetal development, hindbrain, pons, cerebellum,
neurons, nuclei.

Introduction

CNS congenital defects are one of the most common

causes of mortality and disability in newborns. Although
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the frequency of detection of such defects at birth is
about 1.4-1.6 per 1000 live births, among stillborns this
figure is higher — 3-6% [18]. The formation of the central
nervous system occurs between the 3rd and 20th week
of fetal development. During this period any disorders in
the development of the central nervous system can lead
to birth defects [21, 23, 26]. Therefore, it is extremely
important to assess the development of the fetal CNS in the
intrauterine period to identify any changes in its development
and give appropriate advice to parents due to pregnancy
management, offer options for fetal therapy and type of
delivery, as well as postpartum treatment and prognosis [2,
25, 29]. The assessment and diagnosis of CNS defects in
the intrauterine period can be performed using ultrasound at
any stage of pregnancy, which allows visualizing the brain
and spinal cord, assessing their size, shape, and structure
[10, 13, 17, 22]. Ultrasound examination makes it possible
to detect most anomalies of the central nervous system in
the early stages of pregnancy, starting from the first trimester
and throughout the second [28]. Ultrasound can be used to
identify the following defects: anencephaly — the absence
of a significant part of the brain and skull, spinal hernia — a
spinal defect in which part of the spinal cord or its meninx
extends beyond the spinal canal, hydrocephalus — excessive
accumulation of cerebrospinal fluid in the cerebral cavities,
microcephaly — abnormally small size of the brain, spinal
cord disruption —incomplete closure of the vertebral arches,
impaired development of the brain ventricles — increase or
decrease in sizes of the brain ventricles [11, 15, 27].

The hindbrain controls the most important physiological
processes, such as motor activity, breathing, sleeping, and
blood circulation. It also receives information and transmits
multiple sensory data, including auditory, pre-cerebellar,
and vestibular [8]. The development of the hindbrain is
closely related to the development of the bone structures
of the posterior cranial fossa. The posterior cranial fossa is
characterized by a complicated anatomical structure that is
formed as a result of the interaction of various tissues and
structures [14]. Disruption of these complex developmental
processes can cause serious defects, such as Chiari syndrome
and others [20, 24]. Detailed studies of the development of the
hindbrain in scientific publications are quite limited.

So the aim of our study was determination of morphological
features of neural complexes of the human fetal hindbrain at
17-18 weeks of fetal development, size and area of cranial
nerve nuclei in the pons region and cerebellar nuclei.

Materials and methods

The study was conducted using biological material
obtained from the Vinnytsia Maternity Hospital after the
termination of pregnancy in a healthy woman of 28 years old
for medical reasons, due to fetal chromosomal abnormalities
not related to CNS malformations. The material for the
histological examination was a human fetus with a gestation
period of 17-18 weeks. The fetus weighed 250.8+14.5 g, the
parieto-coccygeal length was 163.3+8.4 mm.

The weight of the fetus and the hindbrain (pons and

cerebellum) was determined using electronic scales.
According to the method of Avtandilov G. G., the size of
the head and the size of the hindbrain were determined
using a caliper SHC-125 [1]. Tissue samples were fixed
in a 10% solution of neutral formalin, and then sections
of celluloid blocks 8-9 um thick were prepared for further
histological examination. The microspecimens were stained
with hematoxylin-eosin, toluidine blue according to the
Nissl modification. Using a MBS-9 and Euromex iScope
series microscope and a camera Euromex Microscope
B. V. DC. 1359 F 100, with magnifications x4, x40, x100,
x400, microscopic examination was performed. Computer
histometry (Toup View) was used for morphometric study.

For the statistical analysis of digital data on a personal
computer, the programs Microsoft Excel 2016 and Statistica
6.1 were used. Using them the normality of the distribution of
the obtained statistical data was assessed with the Shapiro-
Wilk test. Histograms were constructed for data visualization,
and the standard deviation and variance of the samples were
also calculated.

The work was performed as part of the SRW of the
Department of Human Anatomy, “Establishment of patterns
of organ and histogenesis and topography of internal
organs of the thoracic and abdominal cavities, as well as
structures of the central nervous system of human fetuses
(macroscopic, histological, immunohistochemical and
ultrasound examination)”.

The study was approved at the meeting of the Biomedical
Ethics Committee of the National Pirogov Memorial Medical
University, Vinnytsya (Protocol No. 3 dated March 18, 2025),
in compliance with the basic provisions of GCP (1996),
Convention on the Protection of Human Rights and Dignity in
Connection with the Application of Advances in Biology and
Medicine (1996). The research materials do not contradict
the basic bioethical norms of the Declaration of Helsinki on
the ethical principles of conducting scientific and medical
research involving human subjects, adopted by the 59th
General Assembly of the World Medical Association in 2008.

Results

During examination human fetus at 17-18 weeks of
gestation period, the following anthropometric parameters of
the head were determined: circumference — 145.6+6.2 mm,
height — 58.20+2.80 mm, transverse size — 48.60+2.51 mm,
longitudinal size — 56.54+3.82 mm, longitudinal and
transverse size of the anterior fontanelle — 23.00+1.10 mm
and 14.10+0.81 mm, respectively, longitudinal and transverse
size of the posterior fontanelle — 10.53+0.50 mm and
6.032+0.298 mm, respectively. The weight of the hindbrain
was 7.914+0.401 g (Fig. 1).

At 17-18 weeks of fetal development, the human
cerebellum resembles the medulla oblongata, but is
distinguished by its greater thickness and the presence of
massive protrusions connecting it to the cerebellum, and a
distinct groove separating the cerebellum from the medulla
oblongata on the anterior surface, and the stria medullaris
of the fourth ventricle are defined on the posterior surface.
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Fig. 1. Layer-by-layer dissection of a human fetus at 17-18 weeks of fetal development with subsequent detachment of the

hindbrain. Photo by Canon EOS 1000D.

The basilar sulcus is formed on the anterior surface, and the
posterior surface is involved in the formation of the upper part
of the rhomboid fossa. Transverse grooves were observed
on the surface of the cerebellar hemispheres and cerebellar
vermis, which passed through the hemispheres and vermis,
forming cerebellar folliums. Also, a deep horizontal groove
was observed, which began at the point of entry into the
cerebellum of the middle cerebellar peduncle connecting
the pons to the cerebellum.

Macrometric measurements of the hindbrain were as
follows: pons height — 7.421+0.413 mm, pons thickness —
7.242+0.403 mm, pons width — 9.100+0.502 mm, pons
weight — 6.509+0.302 g, transverse cerebellar size —
18.33+0.80 mm, longitudinal cerebellar size — 11.22+0.51 mm,
cerebellar height — 7.103+0.388 mm, cerebellar weight —
1.442+0.104 g.

The microscopic examination identified the following
layers: outer granular, molecular, inner granular, intermediate
and ventricular layers. The presence of cerebellar nuclei,
which were located in the intermediate layer, was also
established. In the cerebellar section, the dentate nucleus was
visualized as a thin curved line with its convex side directed
laterally and dorsally. In the medial direction, the configuration
of the dentate nucleus is not closed; this area is called the
gate of the dentate nucleus. During the morphometric study,
we obtained the areas of the cerebellar nuclei: dentate —
0.240+0.100 mm?, emboliform — 0.050+£0.020 mm?, globose —
0.033+0.010 mm?, and fastigial — 7852+412 pm?2.

The dentate, emboliform, globose and fastigial cerebellar
nuclei are represented by undifferentiated neural cells
that are round and slightly oval in shape, with an area of
19.16+0.90 pm? for the round cells and 34.27+1.80 ym?
for the oval cells, respectively, with a cell diameter of
5.011£0.248 pm and 5.10+£10.03 um for the oval cells (Fig. 2).

The nuclei of the abducens, trigeminal, facial and
vestibulocochlear nerves are recognized in the pons region
in human fetuses of 17-18 weeks of gestation period. The
abducens nucleus is located ventrally to the dorsal surface
of the pons, laterally to the medial longitudinal fascicle.
The nucleus boundaries are indistinct, the nucleus area

is 0.191+0.010 mm?, the nucleus neurons are rounded
(Fig. 3A), the neuronal area is 117.2+5.8 um?, the cells
nuclei have almost the same diameter and area (cell nucleus
area is 51.5312.50 ym?, diameter is 6.339£0.302 ym). The
facial motor nucleus is located in the thickness of the pons,
medially to the abducens nucleus; it has an elongated
shape with indistinct borders (Fig. 4A), the nucleus area is
0.110£0.050 mm?, the neuronal area is 382.5+18.6 pm?. The
nucleus cells are dome-shaped, the same size, with a nucleus
area of 63.74+3.10 ym? and a cell diameter — 10.13£0.51 ym.
The trigeminal motor nucleus is laterally to the nucleus of the
facial nerve, has indistinct contours, a rounded shape and
consists of neurons at different maturation stages (Fig. 3B).
The nucleus area is 0.128+0.061 mm?, neuronal area is
316.4+£15.8 ym?, cell nucleus area is 53.17+2.60 ym?, and
cell diameter is 8.069+0.404 pym.

In the lateral part of the pons, there is an irregularly
oval nucleus with irregular oval shape, nucleus borders are
indistinct (Fig. 4B), the nucleus area is 0.179+£0.010 mm?.
One group of neurons in the vestibular nucleus is at the
stage of differentiation into mature neurons, the other — has
undifferentiated cells, neurons with different (from large to
small) nucleus areas (Fig. 5A). The average neuronal area
is 209.3£10.4 pm?, the nucleus area — 62.15+3.50 um?,
the cell diameter — 8.300£0.400 um. Also, below the
vestibular nucleus in the lateral region of the pons sample,
there is a cochlear nucleus, which has no clear contours
and with oval elongated shape (Fig. 4B), nucleus area is
0.1180.031 mm2. The cells of the cochlear nerve nucleus
are represented by rounded neuroblasts at the stage of
differentiation into mature neurons (Fig. 5B), neuronal area
is 152.44+7.8 uym?, cell nucleus area — 45.18+2.20 ym?, cell
diameter — 7.452+0.412 ym.

Discussion

Thus, in human fetuses at 17-18 weeks of gestation, the
hindbrain already contains the formed cranial nerve nuclei of
the pons (abducens, trigeminal, facial, vestibulocochlear) and
the four main cerebellar deep nuclei (globose, emboliform,
dentate, fastigial), which allowed for their quantitative

Vol. 31, Ne4, Page 5-11
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Fig. 2. Horizontal section of the cerebellum of a human fetus at 17-18 weeks of gestation period. A — undifferentiated neural cells
of the globose nucleus (matched). Hematoxylin-eosin, x400. B — undifferentiated neural cells of the fastigial nucleus (matched).
Hematoxylin-eosin, x400. C — undifferentiated neural cells of the dentate nucleus (matched). Hematoxylin-eosin, x400. D —
undifferentiated neural cells of the emboliform nucleus (matched). Hematoxylin-eosin, x400.

— A ——
e MU i

Fig. 3. Horlzontal section of the pons of the human fetus at 17-18 weeks of age. A neurons of the abducens nerve (matched)
Hematoxylin-eosin, ><400 B — neurons of the trlgemlnal nerve (matched) Hematoxylln-eosm x400.
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Fig. 4. Horizontal section of the pons of the human fetus at 17- 18 weeks of gestatlon period. A— The facial motor nucleus (matched
red colour). Hematoxylin-eosin, x40. B — vestibulocochlear nerves nuclei (1 — vestibular, 2 — cochlear). Hematoxylin-eosin, x400.
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Fig. 5. Horizontal section of the human fetal pons at 17-18 weeks of gestation period. A — vestibular nuclei neurons (neurons with
larger and smaller area, matched). Hematoxylin-eosin, x400. B — cochlear nuclei neurons (matched). Hematoxylin-eosin, x400.

assessment. The motor nuclei of the hindbrain occupy a
larger total area due to the high density and number of
interneurons and efferent neurons required for precise motor
control. Sensory neurons have a larger area compared to
motor neurons, likely reflecting their requirement for a more
complex metabolism to support the processing of large
volumes of sensory information.

An insignificant amount of modern scientific works
are devoted to the research of the human brain at the
stage of intrauterine development, especially the posterior
brain region, determines the need for comprehensive
and systematic studying of its histological structure and
topography [5]. Our study tries to fill this gap in scientific
knowledge [6, 9].

L. S. Chitty et al. [4] and T. N. Leung et al. [12] studied
the fetuses’ biometrics at different gestational periods. The
circumference and biparietal size of the head in fetuses at
17-18 weeks of gestation period according to the study of
Chitty L. S. et al. and Leung T. N. et al. coincides with the
data of our study.

Three-dimensional transvaginal neurosonography of
the middle brain and hindbrain of the human fetus at 14-19
weeks of fetal development was performed by Birnbaum
R. et al. [3] who in their study indicated that the anterior-
posterior diameter of the pons was 0.889 mm (from 0.747 mm
to 0.956 mm), according to our study, the thickness of the
pons at 17-18 weeks of gestation period was 7.242 mm.
Differences between the results of our study and the study by
Birnbaum R. et al. [3] may be explained by different methods
of research: Birnbaum R. et al. conducted the study using
transvaginal ultrasound diagnostics of mothers, while we
used data obtained during the study of the fetal cadaver.

The development of cranial nerves in human fetuses was
studied by Muller F. and O’rahilly R. [16]. In their research,
they indicated that cranial nerves can be recognized at the
16th stage of intrauterine, during our study in the pons area
of a human fetus at 17-18 weeks of gestation period, we
identified the nuclei of the trigeminal, abducens, facial and
vestibulocochlear nerves.

N. Pruthi and co-authors [19] point out that there are
four pairs of nuclei in the cerebellum: dentate, emboliform,

globose and fastigial nuclei. The deep nuclei of the
cerebellum play a significant role in cerebellar function, as
they integrate excitatory and inhibitory signals.

Fei Liu and co-authors [7] in a study of the intrauterine
development of the human cerebellum between 14 and 22
weeks of gestation period using MRI, found that the dentate
nucleus could normally be detected at 16 week. The dentate
nucleus was outlined as a semi-circular area with low signal
intensity relatively to the surrounding cerebellum. The dentate
nucleus became clearly visible and had the pocket-shape
after 18 weeks of fetal development. Other deep nuclei of
cerebellum were not visible at time of this scientific research.

K. Yamaguchi and co-authors [30] investigated the
morphometric development of human cerebellar nuclei in 9
fetuses 16-40 weeks of development. During the research of
area and neuronal density nuclei three stages were observed:
the primary or undifferentiated stage, which was observed
from 16-20 weeks of fetal development, the secondary stage
with variability at 21-32 weeks of development, and the
tertiary stage with a monotonous increase in nuclei volume
or a gradual decrease in neuronal density after 35 weeks of
development. We found that in the period of 17-18 weeks
of development the cerebellar nuclei form undifferentiated
neural cells, which coincides with research of Yamaguchi
K. and co-authors.

Conclusions

1. In hindbrain at 17-18 weeks of fetal development
we founded the following nuclei: the pons Varolii cranial
nerve nuclei — nuclei of the trigeminal, abducens, facial and
vestibulocochlear nerves; the cerebellar nuclei — the dentate,
emboliform, globose and fastigial nuclei.

2. Among the nuclei of the hindbrain, the dentate nucleus
of the cerebellum (with an area of 0.240+£0.100 mm?)
and the abducens nucleus in the pons (with an area of
0.191£0.010 mm?) occupy the largest area. The fastigial
cerebellar nucleus (with an area of 7852+412 ym?) and
the facial motor nucleus in the pons (with an area of
0.118+0.031 mm?) occupy the smallest area.

3. The area of the motor cranial nerve nuclei in the pons is
larger than the area of the sensory nuclei, but the area of the
sensory neurons is larger than the area of the motor neurons.
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MOP®OINOrA HEMPOHHUX KOMMJIEKCIB 3A0HbOI0 MO3KY Y NnoAlB NIOOUHU 17-18 TUXKHIB
BHYTPILWHbOYTPOBHOIO PO3BUTKY

Jlonamkina O. 1., 3aneeckkuti J1. J1., Tuxonas B. O., lanyHko I'. M., anunesu4 B. I1., Kpaseus P. A.

BpoodxeHi sadu uyeHmparnbHoi Hepgsogoi cucmemu (LIHC) € o0Hieo 3 HalinowupeHiwux npuduH cMepmHocmi ma iHeanioHocmi
HOBOHapPOoOXXeHUX. Tomy Had38u4aliHO 8aXUBO 84acHO oyiHumu podsumok LUHC nnoda y eHympiwHb0ympobHomy rnepiodi, ujo06
sussgsumMuU byOb-siKi 3MiHU 8 1020 po38umKy i damu 8i0noeidHi nopadu bambkam W000 Cyrnposody 8azimHOCMI, 3arnpPornoHysamu
gapiaHmu hemarnbHOI mepanii ma mun rnosoeie, a Makox ric/srnono2oee rikysaHHs ma rnpoeHo3. Memoto Haykoeoi pobomu
€ 8CmaHoereHHs1 MopghorozidHux ocobnueocmeli HeUPOHHUX KOMIIIEKCi8 3a0Hb020 MO3KY niodie noduHU 8 mepmiHi 17-18
MUXXHI8 8HYymMpIiWHbO0YymMpobHO20 pO38UMKY, PO3Mipie ma rowi sdep YepernHux Hepsig 8 OinsHui Mocma ma si0ep mMo3o4ka. [Ans
rnposedeHHs1 00CiOXeHHs1 suKopucmosysasnu bionozidyHull Mamepiarn, ompumMaHull 3 BiHHUUbKO20 1010208020 BYyOUHKY riicns
rnepepusaHHsi a2imHocmi y 300p08UX XIHOK 3a MeAOUYHUMU r10Ka3aHHSMU, Y 38’3KYy 3 XPOMOCOMHUMU aHoMarisgmu rnnodis, siki He
rnog’sisaHi 3 eadamu po3sumky LJHC. Mamepianom 0n1s1 aHamomo-2icmorno2idyHo20 0ocnioxeHHs1 6ynu nnodu fIrOUHU MepPMIHOM
eecmavuii 17-18 muxHie. Maca nnodie cmarosuna 250,8+14,5 2, mim’ssHo-kyrpukosa doexuHa — 163,3+8,4 mm. 3pasku mkaHuH
3a0Hb020 MO3KY hikcysanu 'y 10 % po34uHi HelimparsHo20 ghopmariiHy, 32000M 20myeariu 3pi3u UesnoiduHosux 6510Ki8 Mo8UWUHO
8-9 Mkm 0nst nodanbwoao 2icmosio2iyHo2o 0ocrioxeHHs. 3abapeneHHs1 rnpenapamie npoesoousiu 2emMamoKCUTiHOM-e03UHOM,
monyiouHosuM CuHiM y Mooupikauyii Hiccna. [Jns cmamucmuy4Ho2o aHanidy yughposux 0aHux Ha rnepcoHasibHOMYy KoM’ tomepi
sukopucmosysaru Microsoft Excel 2016 ma Statistica 6.1, 0e HopmarnsHicmb po3rodiny ouyiHoeanu 3a dornomozor mecmy Lllanipo-
Yinka, 0ns eisyanizauii daHux bydysanu eicmoepamu, a makox obyucrnosanu cmaHOapmHe 8i0XuneHHs1 ma oucnepcito 8UbIpoOK.
lpu mikpockomniyHomy GocnidxeHHi Mo3o4ka 6yro 8U3HaYeHO 308HIWHIL 3epHUCMUL, MoneKynsapHUl, 8HympiwHil 3epHucmud,
MPOMIXKHUU ma 8eHMPUKYISAPHUU wapu. Takox ecmaHo8usu HasieHicmb 10ep MO304Ka, siKi Bynu po3miuleHi 8 npoMixxkHomy wapi. Ha
3pi3i Mo304Ka 3ybuacme s0pO 8i3yari3ysanocs y ¢hopMi MOHKOI 8UHymOi TiHii, Uj0 8UMYKITI00 CIMOPOHOK HarpaesneHa namepanbHO
i Oop3arnbHo. 510po 8i08i0HO20 Hepsa 3Haxo0OUMbCs 8eHMpasibHO 8i0 AopcarnbHOI Mo8ePXHI Mocma, nfameparbHO 8i0 MediaribHO20
103008XHbL020 ry4Ka. Pyxose s0po nuyesoeo Hepga po3mauwiosyemscs MelianbHiwe 8i0 ss0pa 8i08i0HO020 Hepea i Mae 8UOOBKEHY
gopmy 3 HedimKkuMu mexxamu. Pyxoge ssi0po mpilidacmozo Hepea 3alMae nameparsibHe MofioxeHHs1 8iIOHOCHO si0pa Sluyes8020 Hepeaa,
mae Hedimki KoHmypu, okpyaiy gpopmy i cknadaemscs 3 HelpOHis, sKi nepebysaromp Ha pisHUX cmadisix do3pieaHHs. B nameparnbHil
OinsHYj Mocma po3mauwosyemsbCsi MPUCIHKO8e 10pO, WO Mae HerpasuribHy o08aribHy hopmMy, MexXi s0pa Hedimki. TakoxX Huxde
rpuciHkogoeo sidpa 8 nameparbHill OinsHUi 3HaxoOumbCcs 3agumkose s10po, 6€3 YimKux KOHmypig, oearnbHOI 8UOOBXEHOI chopmu.
Takum YuHOM, y 3aOHbOMY 8i00ini 20/108HO20 MO3KY 8 mepMiHi 17-18 muxxHie 8HympiwHbLOympobHO20 po38umky nnoda SIrOUHU
8CMaHo8/1eHo HasgHicmb s0ep 8i08iOHO20, mpililHacmoeo, /1UYe8020, NMPUCIHKOBO-3a8UMKOB020 HEPEI8, SiKi po3maliosysanucs y
mMocmi ma Kynsicme, KopkorodibHe, 3yb4acme ma s0p0o 8epwUHU, SKi pO3malwiosy8anuchk y MO30UKY.

KnrouoBi cnoBa: yeHmparnsHa Hepsoga cucmema, 8HympiliHboympobHUL po38UMOK, 3a0Hill MO30K, Micm, MO304OK, HEUPOHU, dpa.
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The use of chemical food additives can cause morphofunctional changes in various
internal organs. This is accompanied by disruption of both local immune and antioxidant
defences. Therefore, the aim of the study was to evaluate immunohistochemical
changes in the ileum of rats under conditions of impaired antioxidant defence
caused by the combined administration of monosodium glutamate, sodium nitrite and
Ponceau 4R dye. The study was conducted on 70 sexually mature white rats, which
were divided into a control group and six experimental groups of 10 animals each.
The control group received saline, while the experimental groups were administered
a solution of chemical food additives for 1, 4, 8, 12, 16 and 20 weeks. At the end of
each experimental period, ileal tissue was collected. Immunohistochemical studies
were performed on paraffin-embedded sections. CD4, CD8, CD20 and CD68 markers
were used to assess the cellular and humoral components of immunity. The state
of the antioxidant system was evaluated by determining the levels of superoxide
dismutase and catalase activity. Statistical analysis of the results was carried out
using the “InStat” software package. In the early stages of the experiment, an increase
in the number of CD68* and CD20* cells was observed, reflecting an acute tissue
response to the toxic effects of the food additive complex. From weeks 4-8 onwards,
a gradual decrease in the expression of CD4*, CD8*, CD20* and CD68* was noted,
indicating the depletion of the immunoregulatory and effector components of local
immunity. The lowest level of all studied cell populations was recorded at week 16.
At the same time, suppression of superoxide dismutase and catalase activity was
detected. Their reduction in the early stages indicates activation of lipid peroxidation
processes and accumulation of reactive oxygen species, which may contribute to
structural damage to the cellular components of the intestinal wall. Despite activation
of the antioxidant defence system at the intermediate stages, the subsequent decline
in enzyme activity after 12 weeks suggests depletion of defence mechanisms and
the development of oxidative stress. Partial restoration of enzymatic activity at the
end of the experiment is likely to reflect compensatory tissue responses to prolonged
exposure to the damaging factor. Thus, the combined administration of monosodium
glutamate, sodium nitrite and Ponceau 4R dye induces significant morphofunctional
changes in the rat ileal mucosa, characterized by disruption of the cellular composition
of the immune system and decreased antioxidant defence activity.

Key words: rats, digestive tract, small intestine, ileum, food additives, microscopic
changes, immunohistochemical study, CD4, CD8, CD20, CD68, superoxide dismutase,
catalase, oxidative stress, monosodium glutamate, sodium nitrite, Ponceau 4R.

Introduction

The modern food industry is characterised by the
widespread use of chemical food additives aimed at

improving the taste, colour and structural properties of
products, as well as extending their shelf life [26]. Among
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the most common are synthetic compounds such as flavour
enhancers, preservatives and colourants, in particular
monosodium glutamate [18], sodium nitrite [22] and Ponceau
4R [5]. Despite the permissible levels of these substances
established by regulatory standards, prolonged or combined
intake may have adverse effects on various organs and
systems [19], especially on the digestive organs [13, 27].

The small intestine, particularly the ileum, represents
the principal link in the digestive system, where nutrient
absorption and maintenance of the mucosal barrier function
take place. Structural alterations in its wall may lead to
disturbances in microcirculation, absorption processes and
local immune defence [14].

At the same time, a crucial aspect of the pathogenesis
of structural and functional alterations in the intestine is the
development of oxidative stress, which is accompanied by
excessive formation of reactive oxygen species and depletion
of the antioxidant defence systems [1, 9]. Among the
enzymes that neutralise free radicals, superoxide dismutase
(SOD) and catalase play a major role [11].

Immunohistochemical examination is one of the key
methods for assessing the cellular components of the
intestinal mucosa, as it enables the identification of distinct
populations of immunocompetent cells using specific
markers. Among these, CD4, CD8, CD20 and CD68 are of
particular significance, as they reflect the condition of the
cellular and humoral components of the immune response.

The selection of these immunohistochemical markers
and antioxidant defence enzymes is based on their pivotal
role in the pathogenic response of the intestinal mucosa.
CD4* and CD8* T-lymphocytes are the principal effectors
of cellular immunity [15, 32], and the balance between
them determines the nature and direction of the immune
response. CD20* B-lymphocytes represent the humoral
component of immunity [2], whereas CD68* macrophages
act as central regulators of local inflammatory processes and
as a major source of reactive oxygen species [20]. Excessive
activation of macrophages and T-cells is often accompanied
by increased oxidative stress, which in turn may lead to
structural damage of cellular elements and impairment of
the functional integrity of the intestinal wall.

The determination of superoxide dismutase and catalase
activity allows a quantitative assessment of antioxidant pro-
tection, which is essential for understanding the interrelation
between immune responses and the intensity of free radical
processes. A comprehensive analysis of these indicators enab-
les characterisation of the morphofunctional alterations in the
ileal mucosa under the combined influence of food additives
and a reduction in the organism’s antioxidant potential.

The aim of the study is to assess immunohistochemical
alterations in the ileum of rats under conditions of impaired
antioxidant defence induced by the combined administration of
monosodium glutamate, sodium nitrite and Ponceau 4R dye.

Materials and methods
The study was carried out on 70 sexually mature
white rats, which were divided into a control group and

six experimental groups comprising 10 animals each.
The animals in the control group received 0.5 ml of saline
orally each day throughout the experiment. The rats in
the experimental groups were administered a solution of
chemical food additives containing monosodium glutamate
(20 mg/kg), Ponceau 4R dye (5 mg/kg) and sodium nitrite
(0.6 mg/kg), dissolved in 0.5 ml of distilled water. The
duration of exposure was 1, 4, 8, 12, 16 and 20 weeks,
respectively, depending on the group. The doses used
were equivalent to half of the maximum permissible levels.
Throughout the experiment, the animals had free access to
standard vivarium feed and drinking water. At the end of the
respective observation period, the animals were humanely
euthanised by an overdose of thiopental sodium under ether
anaesthesia.

The study was conducted in accordance with the
requirements of the Rules for the Use of Laboratory
Experimental Animals (2006, Appendix 4), the principles of
the Helsinki Declaration on the humane treatment of animals,
and the Law of Ukraine On the Protection of Animals from
Cruel Treatment (No. 3447-1V of 21 February 2006). The
experimental procedures complied with the provisions of
the European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific Purposes
(Strasbourg, 1986) and were approved by the Bioethics
Commission of Poltava State Medical University (Protocol
No. 208, 22 September 2022).

Immunohistochemical analysis

Fragments of the ileum were fixed in 10 % neutral
buffered formalin, dehydrated, embedded in paraffin, and
3-4 um thick histological sections were prepared using
standard methods. For general morphological evaluation, the
sections were stained with haematoxylin and eosin.

Immunohistochemical examination was performed on
paraffin sections using the following primary antibodies:
rabbit recombinant anti-CD4 (ab237722, Abcam, USA) for
the identification of CD4* cells; mouse monoclonal anti-CD8
(ab33786, Abcam, USA) for the detection of CD8* cells; rabbit
recombinant anti-CD20 (ab64088, Abcam, USA) for CD20*
cells; and rabbit recombinant anti-CD68 (ab303565, Abcam,
USA) for the detection of CD68* macrophages. The Mouse/
Rabbit PolyVue™ HRP/DAB polymer detection system
(Diagnostic BioSystems, USA) was used as the secondary
antibody. The sections were counterstained with Mayer’s
haematoxylin (Biognost, Croatia).

Microphotography of selected areas was performed
using a Levenhuk D740T microscope equipped with a
digital camera, followed by image processing in specialised
software modules. The results of the immunohistochemical
reactions were evaluated by counting the number of
positively stained areas, represented by brown-stained cell
nuclei of varying intensity.

Biochemical analysis

The activity of SOD was determined by monitoring the
kinetics of adrenaline auto-oxidation, while catalase activity
was assessed using the molybdate method, both of which
were previously modified and validated for use with 10 %
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tissue homogenate.

Statistical analysis

Statistical processing of the results was carried out using
the InStat software package. Differences were considered
statistically significant at p<0.05.

Results

When assessing the immunohistochemical reactions
in the rat ileum following administration of monosodium
glutamate, sodium nitrite, and Ponceau 4R, it was found
that CD4* positive cells were predominantly localised in the
lamina propria and in the walls of the vascular elements
of the haemomicrocirculatory bed. Morphometric analysis
revealed that their number decreased by 6.05 % after 1
week compared with the control group. After 4 weeks, no
statistically significant difference was observed compared
with the previous period, although the value remained 6.85 %
lower than the control. After 8 weeks, the number of cells

decreased by 32.47 % compared with the previous period
and by 37.10 % relative to the control (p<0.05). At 12 weeks,
the index decreased further compared with both week 8 and
the control group, by 37.12 % and 60.48 %, respectively. In
the histological sections, CD4" positive cells (T-helper cells)
were cytotopographically located within the layers of loose
connective tissue between adjacent villi and occasionally in
the basal regions of the villi. Goblet cells were arranged in
groups, and their cytoplasm appeared oxyphilic, indicating
secretion extrusion (Fig. 1A). The lowest value was observed
after 16 weeks, being 2.04 % lower than in the previous period
and 61.29 % lower than in the control. After 20 weeks, the
number of CD4* cells increased by 63.54 % compared with
the previous stage but remained 36.69 % lower than the
control (Fig. 2). In the histological sections, T-helper cells
were visualised at the base of the crypts and within the fibrous
component of the loose connective tissue surrounding them.
The cytoplasm of goblet cells retained its oxyph|I|C|ty (Fig. 1B).

Fig. 1. D|str|but|on of CD4* immunoreactive structures in the rat ileum: A after 12 weeks of the experimental study; B — after
20 weeks of the experimental study. 1 — serosa; 2 — muscular layer; 3 — submucosa; 4 — villi of the mucosa; 5 — T-helper cells;
6 — goblet cells at the extrusion stage; 7 — mucosal crypts. Paraffin section. Immunohistochemical staining for CD4 antigen with

Mayer’s haematoxylin counterstaining. x400.
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Fig. 2. Dynamics of changes in the mean number of CD4*-positive cells in the rat ileum at different periods of administration of the

chemical food additive complex.
at p<0.05 compared with the previous observation period.

* — statistically significant at p<0.05 compared with the control group; ** — statistically significant
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CD8" positive cells were mainly located intraepithelially
and within the submucosa. Their number decreased
by 13.55 % after 1 week compared with the control.
Histologically, CD8"* positive cells (cytotoxic T-lymphocytes)
were cytotopographically distributed within the layers of
loose connective tissue surrounding the crypts. Degranulated
goblet cells indicated secretion extrusion (Fig. 3A). After 4
weeks, the value decreased by 19.09 % compared with the
previous period and by 30.05 % relative to the control group
(p<0.05). After 8 weeks, no statistically significant decrease
was observed compared with the previous period, although
the value remained 30.30 % lower than the control. After
12 weeks, the indicator increased by 24.03 % compared
with the previous stage of the study, but remained 13.55 %
lower than in the control group (p<0.05). After 16 weeks, a
further decrease in the number of CD8" positive cells was
observed — by 21.08 % compared with the previous period
and by 31.77 % relative to the control values. At the final

Y - R -

ST M

stage of the study, a 5.78 % increase was recorded compared
with week 16, although the value did not return to control
levels, remaining 27.83 % lower (Fig. 4). In the histological
sections, cytotoxic T-lymphocytes were localised in the
basal parts of the crypts and within the submucosa. The
oxyphilicity of goblet cells was preserved, while their mean
number decreased 1.4-fold (Fig. 3B).

CD20* positive cells were localised within lymphoid
follicles and the lamina propria. Their number increased
by 38.19 % after 1 week compared with the control. In the
histological sections, CD20* positive cells (B lymphocytes)
were situated around the crypts within layers of loose
connective tissue. A reduction in the lumen of the crypts,
which appeared elongated, was observed. Signs of goblet
cell extrusion were also noted (Fig. 5A). After 4 weeks, the
value decreased by 24.37 % compared with the previous
period, but remained 4.51 % higher than the control. After 8
weeks, a decrease in the studied parameter was recorded

Mgy -

e

Fig. 3. Distribution of CD8* immunoreacﬁve structures in the rat ileum: A — after 1 week of the experimental 'study; B — after
20 weeks of the experimental study. 1 — muscular layer; 2 — submucosa; 3 — mucosal crypts; 4 — cytotoxic T lymphocytes; 5 —
degranulated goblet cells; 6 — serosa. Paraffin section. Immunohistochemical staining for CD8 antigen with Mayer’s haematoxylin

counterstaining. x400.
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Fig. 4. Dynamics of changes in the mean number of CD8"-positive cells in the rat ileum at different periods of administration of the
chemical food additive complex. * — statistically significant at p<0.05 compared with the control group; ** — statistically significant

at p<0.05 compared with the previous observation period.
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both relative to week 4 and to the control group — by 8.97 %
and 4.86 %, respectively (p<0.05). After 12 weeks, the
number of CD20* cells increased by 20.07 % compared
with the previous stage and by 14.24 % compared with
the control. After 16 weeks, a reverse trend was observed,
characterised by a decrease in the studied parameter relative
to the previous period (by 32.83 %) and to the control (by
23.26 %). At the end of the experiment, the number of cells
increased slightly compared to week 16 (by 4.98 %), but
remained 19.44 % lower than the control (Fig. 6). Histological
evaluation revealed a reduction in the mean number of
B-lymphocytes. The crypts appeared elongated with enlarged
lumens. Cytotopographically, CD20" cells were localised
around the crypts. The oxyphilicity of goblet cells indicated
an ongoing secretory process (Fig. 5B).

ol o

CD68" positive cells were mainly localised in the lamina
propria. After 1 week of the experiment, their number
increased by 34.09 %. Cytotopographically, CD68* positive
cells (macrophages) were visualised within the villous lumen.
Goblet cells were characterised by reduced secretion,
with some appearing “empty” (Fig. 7A). After 4 weeks, the
indicator decreased by 24.86 % compared to the previous
period, although no statistically significant difference was
observed relative to the control group. After 8 weeks, a
marked decrease in the studied parameter was recorded,
both compared with the previous period and with the control
data, by 48.50 % and 48.11 %, respectively (p<0.05). After
12 weeks, no statistically significant increase in the number
of CD68* positive cells was observed compared with week
8, although their number remained 47.73 % lower than in

= -
=

Fig. 5. Distribution of CD20* immunoreactive structures in the rat ileum: A — after 1 week of experimental study; B — after 20 weeks
of experimental study. 1 — serosa; 2 — muscular layer; 3 — submucosa; 4 — mucosal crypts; 5 — B-lymphocytes; 6 — goblet cells in the
stage of extrusion. Paraffin section. Immunohistochemical staining for CD20 antigen with Mayer’s haematoxylin counterstaining. x400.
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Fig. 6. Dynamics of changes in the mean number of CD20*-positive cells in the rat ileum at different periods of administration of the
chemical food additive complex. * — statistically significant at p<0.05 compared with the control group; ** — statistically significant

at p<0.05 compared with the previous observation period.
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the control. Histologically, the mean number of macrophages
decreased; they were localised within the villous lumen and
observed in the vessels of the capacitive segment of the
haemomicrocirculatory bed. Goblet cells were arranged in
groups and exhibited oxyphilic cytoplasm, indicating the
preservation of the extrusion phenomenon (Fig. 7B). The
lowest value was recorded after 16 weeks of the experiment,
being 39.86 % lower than the previous period and 68.56 %
lower than the control. At the final stage of the study, the
parameter increased by 43.37 % compared with week 16 but
remained 54.92 % lower than in the control group (Fig. 8).
At the next stage of the study, biochemical parameters
characterising the state of antioxidant protection were
assessed against the background of combined administration
of monosodium glutamate, sodium nitrite, and Ponceau 4R.
When evaluating the dynamic changes in the mean
superoxide dismutase (SOD) activity in ileal biopsies, it was
found that this parameter decreased by 33.24 % after 1 week

.E-;I ¥ Ly ’ “ -"'.r‘. -l L ] 4
Fig. 7. Distribution of CD68* immunoreactive structures in the rat ileum: A — after 1 week of experimental study; B — after 12 weeks
of experimental study. 1 — mucosal villi; 2 — degranulated goblet cells; 3 — macrophages; 4 — mucosal crypts; 5 — venule; 6 —
submucosa. Paraffin section. Immunohistochemical staining for CD68 antigen with Mayer’s haematoxylin counterstaining. x400.
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of the experiment (p<0.05). After 4 weeks, the parameter
increased by 7.36 % compared with the previous stage, but
remained 28.32 % lower than the control. After 8 weeks, a
similar trend was observed, with the value 22.98 % higher
than the previous period, yet 11.85 % lower than the control.
The lowest SOD activity was recorded after 12 weeks, being
29.84 % lower than the previous stage and 38.15 % lower
than the control (p<0.05). After 16 weeks, the parameter
increased by 21.26 %, but remained 25.00 % lower than the
control. At the final stage, despite a slight increase compared
with the previous period (by 2.50 %), the value remained
below the control by 23.12 % (Fig. 9).

Catalase activity was subsequently assessed in ileal
biopsies. After 1 week of the experiment, the parameter
decreased by 30.30 % compared with the control. After
4 weeks, it increased relative to the previous period (by
26.09 %), but remained 12.12 % lower than the control
(p<0.05). After 8 weeks, a similar trend was observed: the
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Fig. 8. Dynamics of changes in the mean number of CD68*-positive cells in the rat ileum at different periods of administration of the
chemical food additive complex. * — statistically significant at p<0.05 compared with the control group; ** — statistically significant

at p<0.05 compared with the previous observation period.
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Fig. 9. Dynamics of the mean superoxide dismutase activity in ileal biopsies of rats at different periods of administration of the
chemical food additive complex. * — statistically significant at p<0.05 compared with the control group; ** — statistically significant

at p<0.05 compared with the previous observation period.
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Fig. 10. Dynamics of the mean catalase activity in ileal biopsies of rats at different periods of administration of the chemical food
additive complex. * — statistically significant at p<0.05 compared with the control group; ** — statistically significant at p<0.05

compared with the previous observation period.

value was 6.90 % higher than in the previous period, yet
6.06 % lower than the control. The lowest catalase activity
was recorded after 12 weeks, with a 41.94 % decrease
compared with week 8 and a 45.45 % decrease compared
with the control (p<0.05). After 16 weeks, the parameter
increased by 27.78 % compared with the previous stage, but
remained 30.30 % lower than the control. At the final stage
(20 weeks), despite an increase compared with the previous
period (by 21.74 %), the value did not return to control levels,
remaining 15.15 % lower (Fig. 10).

Discussion

The results indicate that the combined administration
of monosodium glutamate, sodium nitrite, and Ponceau 4R
leads to significant alterations in the structural and functional
organisation of the local immune response in the ileal mucosa
of rats.

In the early stages of the experiment, activation of
phagocytic and humoral cells (reflected by an increase in the

number of CD68* and CD20" positive cells) was observed,
indicating an acute tissue response to the toxic effects of
the food additive complex. Subsequently, from weeks 4-8, a
gradual decrease in the expression of CD4*, CD8*, CD20",
and CD68* cells was observed, suggesting depletion of
immunoregulatory and effector components of local immunity.
Despite a modest increase in the number of CD68*, CD8",
and CD20* positive cells at week 12, CD4* levels continued
to decline. The most pronounced decrease in the number of
all studied cells at week 16, and the absence of recovery to
control values even at the end of the experiment, are likely
associated with exhaustion of adaptive mechanisms and the
limited potential of the mucosal immune response.

At the same time, the activity of key antioxidant defence
enzymes — superoxide dismutase and catalase — was
suppressed. Their reduction at the early stages indicates
activation of lipid peroxidation processes and accumulation
of reactive oxygen species, contributing to structural damage
of the cellular components of the intestinal wall. A gradual
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increase in enzyme activity during the intermediate stages
of the experiment reflects activation of the antioxidant
defence system, whereas a subsequent sharp decrease
at week 12 indicates exhaustion of defence mechanisms
and the development of oxidative stress. Partial restoration
of enzymatic activity at the end of the experiment reflects
compensatory tissue responses to prolonged exposure to a
damaging factor.

Thus, the combined administration of chemical food
additives adversely affects the local immune defence of
the ileal mucosa, accompanied by disruption of antioxidant
homeostasis with partial compensation at the later stages
of observation.

The selected immunohistochemical markers allowed
assessment of changes in both the cellular and humoral
components of regional immunity. CD4 is a marker of
T-helper lymphocytes, which play a central role in regulating
immune responses by stimulating the differentiation and
activation of otherimmune cells [17]. CD8 identifies cytotoxic
T-lymphocytes, whose primary function is the elimination of
cells infected by viruses or altered by pathological processes
[12]. CD20 is a specific marker of B-lymphocytes and reflects
the activity of the humoral immune response, as these
cells are responsible for antibody synthesis [10]. CD68 is a
marker of macrophages involved in phagocytosis, antigen
presentation, and regulation of the inflammatory response [4].

Changes in the quantitative composition of these cell
subpopulations can occur under the influence of both
exogenous and endogenous factors, particularly in the
mucosa of the small intestine, a crucial component of the
body’s natural barrier that supports immune function [6, 30].
Assessment of immune cell proliferation is important for the
accurate diagnosis of inflammatory bowel diseases [28, 31]
and irritable bowel syndrome [3]. In addition, macrophages
play a key role in local inflammatory processes [8, 23, 25]
and in tissue repair [7, 24, 29].

Disruption of the antioxidant defence in the small
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IMYHOTICTOXIMIYHA XAPAKTEPUCTUKA KIYBOBOT KALUKU LWYPIB HA TINI MOPYLWEHHA AHTUOKCUOAHTHOIO
3AXUCTY NPU BBEAEHHI KOMMJEKCY XIMIYMHUX XAPYOBUX OOBABOK

Binaw C. M., OnitiHiyeHko 51. O., [IpoHiHa O. M., LLlocmsi A. M., Konmee M. M., lMupoez-3aka3Hukoea A. B., [JoH4yeHko C. B., OnekcieHKko
B. B., Mamati O. B., OnitiHiyeHko M. O., Koeans 0. I1., Konumsko H. C.

BacmocysaHHs XiMidHUX xap4o8ux 006asok Moxe bymu nNPUYUHO BUHUKHEHHS MOPQOODYHKUIOHANbHUX 3MiH PI3HUX 8HYMPIWHIX
opeaHis. Lle cynposodxyembcs MopyweHHsM sIK Micye8o20 iMyHHO20, mak i aHmuokcudaHmHoz20 3axucmy. ToMy mMemoro
docnidxeHHs 6yrno nposecmu OUjiHKY iMyHO2iCmOoXiMidHUX 3MiH y Kiy608ill Kuwui uypie 3a yMo8 ropyueHHs1 aHmuoKcudaHmHo20
3axucmy, 8UKITUKaHO20 KOMbBIHO8aHUM 88€0€HHSIM a2/lymamamy Hampito, Himpumy Hampito ma 6apeHuka NoHco 4R. [JocnioxeHHs
8UKOHaHO Ha 70 cmameego3pinux 6inux wypax, sKux po3nodinunu Ha KOHmMpPOsbHy ma wicme ekcriepumeHmarsHux epyn no 10
meapuH y KOoXHil. KoHmpornbHa epyna ompumysarna ¢bisiono2idyHuli po34yuH, a ekcriepuMeHmaribHi — PO34UH XiMIHHUX Xap4o8ux
0dobasok npomsizom 1, 4, 8, 12, 16 ma 20 muxHis. 1o 3agepuieHHo 8i0rogi0Ho20 mepmiHy, npogoduru 3abip biomamepiarny (k1y6oeoi
KUWKU). ImyHo2icmoximidHe OocrioxeHHs1 npoeodunu Ha napacgpiHogux 3pizax. [ns ouiHKU KIimuHHOI ma 2ymMoparsbHOI faHoK
imyHimemy sukopucmaHo CD4, CD8, CD20 ma CD68 mapkepu. CmaH aHmuokcudaHmHOI cucmemu OUiH08anu WiisiXxoM 8U3HaYEHHS
pigHs1 akmusHocmi cyrnepokcudducMymasu ma kamana3u. Cmamucmuy4Hul aHarniz pesyrbmamie O0CiOXeHHS nposodusnu 3
guUKOpUCMaHHSM MpoepamMHo20 nakema «InStaty. Y paHHi mepmiHu ekcriepumeHmy gid3Haqanocs nidsuweHHs Kinbkocmi CD68*
ma CD20* no3umuesHuUX KimuH, wo g8idobpaxasio 20cmpy peakyito mKaHUHU Ha MOKCUYHUU 8r1/1U8 KOMITIIEKCY Xap4o8ux 00basok.
lMoquHaro4u 3 4-8 muxkHsI, criocmepieanocs nocmyrnose 3HUXeHHs1 ekcripecii CD4*, CD8*, CD20* ma CD68*, w0 ceidyums npo
BUCHa)EHHS iMyHopez2ynsimopHUX ma eheKmopHUX KOMIMOHEHMI8 Micue8020 iMyHimemy. HalHuX4uli moKkasHUK 8Cix OOCiOXy8aHUX
KnimuH 6yno ecmaHoeneHo Ha 16 muxHi. BoOHovac 8usierieHo npueHiYeHHs akmusHocmi cyrnepokcudducMyma3su ma Kamanasu.
Ix sHUXeHHs Ha paHHiX emanax ceidyumb NMPO aKmueauito MPOUECIe NePeKUCHO20 OKUCHEHHS Ninidie i HaKOMUYEeHHS aKmuEHUX
QOPM KUCHIO, WO MO2/I0 Cripusimu CMpyKMmMypPHUM YUKOOXEHHSIM KIIIMUHHUX KOMIOHEHMI8 KUWKOB0I CMiHKU. Hesgaxarodu Ha
akmueaujito cucmemu aHmMuUOKCcUOaHmMHO20 3axucmy Ha MPOMIKHUX MePMIHax, 3HUXEHHSI akmugHocmi chepMeHmig ricns 12 muxHs
€8i0HUMb MPO BUCHAXEHHS 3aXUCHUX MExaHi3Mie | p038UMoK okcudamueHo20 cmpecy. Hacmkoee 8i0HO8MEHHS chepMeHmMamueHoi
aKkmueHocmi HarnpukKiHyi ekcriepumMeHmy, UMOBIPHO, € MPOsi8OM KOMMEHCamMOPHUX peakuyil mKaHuHU y e8i0noesiob Ha mpueanudl
81/1U8 YWKOOXYHH020 YUHHUKA. Takum YuHoM, KombiHo8aHe 88e0eHHS arymamamy Hampito, Himpumy Hampito ma 6apeHuka
lMoHco 4R suknukae cymmesi MopghobyHKUIOHarbHI 3MiHU y ¢riu308ili 06010HUI KiTyb080I KUWIKU Wypig, WO Xapakmepu3yembcsi
MOPYWEHHSIM KITiIMUHHO20 CKady iMyHHOI cucmemu ma 3HUXEHHSIM akmugHOCMi aHmuoKcuOaHmMHO20 3axucmy.

KntoyoBi cnoBa: wypu, mpasHa mpybka, moHKa Kuwka, Kiyboea Kuluka, xap4o8i 006asKu, MiKpOCKOMIYHI 3MiHU, iMyHO2icmoxXimidHe
docnidxeHHsi, CD4, CD8, CD20, CD68, cynepokcudducmymasa, kamasnasa, okcudamusHull cmpec, arlymamam Hampito, Himpum
Hampito, lMoHco 4R.
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Alopecia areata is believed to be an isolated dermatological disease and also a
potential marker of systematic diseases, particularly changes in body fat distribution as
well as metabolic risk. An analysis of the thickness of skin-fat folds in men with alopecia
areata in Ukraine makes it possible to expand our understanding of pathogenetic
mechanisms of this disease and to approach more deeply its early diagnosis, and
individual therapy. The aim of the study was to determine the features of skinfold
thickness (SFT) in young adult Ukrainian men with alopecia areata. A clinical and
instrumental examination (using an ARAMO ASW 300 dermatoscope-trichoscope)
and an anthropological assessment (measurement of SFT in accordance with the
recommendations of P. P. Shaparenko) were performed in 81 young adult Ukrainian
men with alopecia areata. The severity of alopecia areata was determined according
to I. V. Shutskiy. As a control group, we used SFT indicators of 82 apparently healthy
Ukrainian men of the same age group from the database of the Research Center of
Vinnytsia National Pirogov Memorial Medical University. Statistical processing of the
results was carried out using the licensed software package Statistica 6.0, applying
nonparametric evaluation methods. Significantly higher values of SFT were found
in Ukrainian men with alopecia areata overall and at different degrees of severity,
compared with practically healthy men, on the posterior (by 13.42-22.11 %), anterior
surface of the arm (by 47.16-66.90 %), forearm (by 35.56-47.78 %), chest (by
70.59-87.86 %), and flank (by 21.77-31.63 %), and significantly lower SFT values
on the thigh (by 15.73-20.98 %) and under the inferior angle of the scapula (by
36.13-47.59 %). Between groups of Ukrainian men with alopecia areata of different
severity, only significantly lower SFT values on the posterior (by 9.31 % and 14.08 %)
and anterior (by 9.73 % and 13.42 %) surfaces of the arm in patients with grade |
severity compared with patients with grades Il and Il were established. The identified
oppositely directed changes in SFT on the upper limb and thigh, as well as under
the inferior angle of the scapula versus on the chest and flank in Ukrainian men with
alopecia areata overall and at different degrees of severity, are manifestations of a
“subpathological” constitutional type in this disease.

Keywords: skin diseases, alopecia areata, practically healthy and sick Ukrainian
men, anthropometry, skinfold thickness.

Introduction

Alopecia areata (AA) is among the most prevalent
autoimmune non-scarring alopecias, marked by abrupt hair
loss on the scalp and other body sites and having a tendency
to a relapsing course. Based on classic population-based
studies and systematic reviews, the estimated lifetime
prevalence of AAis about 2 % in the general population, with
data from the Rochester Epidemiology Project showing a
cumulative incidence of 2.1 %. The global burden of disease

attributable to AA is estimated to exceed 1.3 million years
lived with disability (DALY's), which highlights the substantial
medical and social impact of what may initially appear to be
a purely “skin condition” [11, 24, 30].

Ameta-analysis by Lee H. H. et al. [11] demonstrated that
the prevalence of AA on a worldwide scale is approximately
2.11 % in health-care-based samples, close to 0.75 % in
population-based samples, and exceeds 3 % in clinical

22 Copyright © 2025 Shakatira M. A. M. et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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samples, which may be influenced by both methodological
differences and healthcare-seeking behavior. There has
been a noticeable change in prevalence over time, with rates
around 1.0 % reported before 2000 and more than 3.2 % after
2009, particularly higher in children than in adults. An earlier
systematic review by Villasante Fricke A. C. and Miteva
M. [24] underlined, on the one hand, the high worldwide
prevalence of AA and, on the other, a wide spectrum of
comorbid mental disorders together with reduced quality
of life (QoL) in more than 50 % of patients; together, these
observations enhance our perception of the burden of AAas
a major medical problem. Furthermore, a recent systematic
review with a pharmacoeconomic focus demonstrated
large differences in estimates: point prevalence of AA in
the general population ranged from 0.04 % to 6.7 %, period
prevalence (0-5 years) from 0.42 % to 4.95 %, and lifetime
prevalence from 2.5% to 13.8 %, which may be explained
by heterogeneity in study designs, registries and diagnostic
criteria [25].

Recent global model-based research improves our
understanding of AA epidemiology, but also reveals
substantial discrepancies in the currently available
data. In a systematic review and Bayesian hierarchical
model-based meta-analysis, Jeon J. J. et al. [9] analyzed
88 studies from 28 countries and noted that recorded
incidence is higher among individuals aged 19-50 years,
with Asia showing a higher prevalence than Africa. Lifetime
prevalence of physician-diagnosed AA has been estimated
at approximately 0.10 % in the general population (0.12 % in
adults and 0.03 % in children), yet almost half of the regions
mapped by the Global Burden of Disease project lack robust
epidemiological data. Comparable conclusions regarding
an absolute increase in the number of AA cases and AA-
related years lived with disability, alongside only marginally
fluctuating age-standardized incidence and prevalence rates,
were reported by Wang H. et al. [26], consistent with recent
analyses of the global burden of AA and related disorders
from 1990 to 2021 [30].

Large national studies show distinct ethnic, social and
age-related patterns of AA within populations, with the
total number of affected individuals reaching many millions
worldwide. In the UK, Harries M. et al. [7] reported an overall
incidence rate of 0.26 per 1000 person-years and a point
prevalence of 0.58 % in adults in primary care in 2018,
with increased risks among non-European (particularly
Asian) individuals, urban residents and people living in
socioeconomically deprived areas, based on a primary-
care database of more than 4.1 million individuals. In South
Korea, nationwide insurance database studies showed low
but gradually increasing prevalence and incidence rates
of AA over 2006-2015, with a predominance of limited
forms in young adult patients [12]. In Saudi Arabia, a
tertiary-centre clinical study found that AA affected 2.3 % of
dermatology clinic attendees and showed a predilection for
children, with close associations with atopic conditions and
other comorbidities [2]. Analysis of a large US dataset of

employed, insured individuals demonstrated a rising trend
in both prevalence and incidence of AA, alopecia totalis and
alopecia universalis among adults and children in recent
years, reflecting not only a true increase in case numbers but
also improved case detection due to heightened diagnostic
awareness [17, 25].

The review by Lintzeri D. A. et al. [15] presents the
up-to-date concept of AA as a chronic multifactorial
autoimmune disease that represents one of the most
common dermatoses, with an estimated lifetime risk of
approximately 2 %, and is significantly associated with other
autoimmune, atopic, metabolic and psychiatric disorders. In
the context of emerging targeted therapies (particularly JAK
inhibitors) and growing interest in the systemic metabolic
and neuropsychiatric implications of AA, issues related to
accurate estimation of its prevalence and risk factors in
different populations are becoming increasingly important.
At the same time, global modelling work highlights the
under-representation of middle- and low-income countries
(including those of Eastern Europe) in large epidemiological
datasets [7, 9, 26, 30]. This underscores the need for regional
studies that not only refine the prevalence of alopecia areata
but also clarify its relationship with somatotypological and
anthropometric characteristics, particularly the distribution
of subcutaneous fat, which forms the rationale for our study
on the peculiarities of skinfold thickness in Ukrainian men
with alopecia areata.

The aim of the study is to determine the characteristics
of skinfold thickness in young Ukrainian men with alopecia
areata.

Materials and methods

A clinical and instrumental as well as anthropological
examination (in accordance with the recommendations of
Shaparenko P. P. [20]) was performed in 81 young adult
Ukrainian men (25-44 years according to the WHO age
classification, 2015) with alopecia areata. The Committee on
Bioethics of National Pirogov Memorial Medical University,
Vinnytsya (protocol No. 4 from 18.03.2023) concluded that
the study does not contradict the basic bioethical standards of
the Declaration of Helsinki, the Council of Europe Convention
on Human Rights and Biomedicine (1977), the relevant WHO
regulations and the laws of Ukraine.

The diagnosis of alopecia areata was established using
an ARAMO ASW 300 (Korea) dermatoscope-trichoscope,
which makes it possible to assess hair density, hair thickness,
the condition of the cuticle, scalp keratin and scalp capillary
vessels. According to the severity of alopecia areata by
Shutskiy I. V. [16], the following distribution of male patients
was established: 35 patients with grade | severity, 33 patients
with grade |l severity, and 12 patients with grade Ill severity.

Skinfold thickness (SFT) on the extremities and trunk
was measured with a caliper (mm). The skinfold was
firmly grasped between the index finger and thumb, or
with three fingers, in such a way that both the skin and the
subcutaneous fat layer were included in the fold. The caliper
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branches were applied so that the distance from the crest
of the fold to the measurement point approximately equaled
the thickness of the fold itself.

As a control group, we used SFT indices of 82 apparently
healthy Ukrainian men of the same age group, obtained from
the database of the Research Center of Vinnytsia National
Pirogov Memorial Medical University. Statistical processing
of the results was carried out using the licensed software
package “Statistica 6.0”, applying nonparametric evaluation
methods. The mean values and standard deviations were
calculated for each variable. The significance of differences
between independent quantitative variables was determined
using the Mann-Whitney U-test.

Results

It was found that SFT on the posterior surface of the armin
Ukrainian men with alopecia areata overall (8.901+1.751 mm),
and in those with grade Il (9.182+1.590 mm) and grade
Il (9.583+£1.084 mm) severity, was significantly higher
(p<0.05-0.01) than in apparently healthy Ukrainian
men (7.848+2.914 mm) (Fig. 1A). When comparing this
parameter among Ukrainian men with alopecia areata
of different severity, significantly lower values (p<0.05 in
both cases) were found in patients with grade | severity
(8.400+1.988 mm) compared with patients with grades Il
and Il severity (see Fig. 1A).

SFT on the anterior surface of the arm in Ukrainian
men with alopecia areata, both overall (8.716+1.919 mm)
and in patients with different degrees of severity (grade | —
8.229+1.987 mm, grade Il — 9.030+£1.976 mm, and grade
111 -9.333+1.303 mm, respectively), was significantly higher
(p<0.001 in all cases) than in apparently healthy Ukrainian
men (5.592+2.132 mm) (Fig. 1B). When comparing this
parameter among Ukrainian men with alopecia areata of
different severity, significantly lower values (p<0.05 in both
cases) were found in patients with grade | severity compared
with those with grades Il and Il severity (see Fig. 1B).

SFT on the forearm in Ukrainian men with alopecia
areata, both overall (5.926+1.439 mm) and in patients with
different degrees of severity (grade | — 5.657+1.392 mm,
grade Il -6.121+1.495 mm, and grade Il - 6.167+1.467 mm,
respectively), was significantly higher (p<0.001 in all cases)
than in apparently healthy Ukrainian men (4.173+1.621 mm)
(Fig. 1C). When comparing forearm SFT among Ukrainian
men with alopecia areata of different severity, no significant
differences or even trends toward differences in this
parameter were found (see Fig. 1C).

SFT under the inferior angle of the scapula in Ukrainian
men with alopecia areata, both overall (9.593+1.745 mm)
and in patients with different degrees of severity (grade | —
9.429+1.668 mm, grade Il — 9.939+1.983 mm, and grade
Il —9.167+1.193 mm, respectively), was significantly lower
(p<0.001 in all cases) than in apparently healthy Ukrainian
men (13.53+£3.92 mm) (Fig. 2A). When comparing SFT under
the inferior angle of the scapula among Ukrainian men with
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Fig. 1. Features of SFT on the upper limbs in Ukrainian men with
alopecia areata of different severity. A — SFT on the posterior
surface of the arm (GZPL); B — SFT on the anterior surface of
the arm (GPPL); C — SFT on the forearm (GPR). In this and the
following figure: 1 — apparently healthy men; 2 — all men with
alopecia areata; 3 — men with alopecia areata of grade | severity;
4 — men with alopecia areata of grade |l severity; 5 — men with
alopecia areata of grade Ill severity. group — corresponding
groups of the examined men; Mean — mean value; MeantSE —
mean value * standard error of the mean; Mean+SD — mean
value * standard deviation.

——=

—I= Mean+50
Mean.50

[ MeansSE
Mean-SE

5 o Mean

GPR
;
1
:

alopecia areata of different severity, no significant differences
or trends toward differences in this parameter were found
(see Fig. 2A).

SFT on the chest in Ukrainian men with alopecia areata,
both overall (8.864+1.752 mm) and in patients with different
degrees of severity (grade | — 8.400+1.897 mm, grade
Il — 9.182+1.722 mm, and grade Il — 9.250£1.138 mm,
respectively), was significantly higher (p<0.001 in all cases)
than in apparently healthy Ukrainian men (4.924+1.729 mm)
(Fig. 2B). When comparing chest SFT among Ukrainian men
with alopecia areata of different severity, a trend (p=0.064) and
a slight trend (p=0.099) towards lower values of this parameter

24

ISSN 1818-1295 elSSN 2616-6194 Reports of Morphology



Shakatira M. A. M., Dmytrenko S. V., Prokopenko S. V., Golubovsky I. A., Gonchar O. O., Zverkhovska V. F., Kyselova T. M.

- 13
&
4 s
o | e
o 2 o] — " MeansSD
9 i Mean-SD
] Mean+SE
7 Mean.SE
9 2 3 1 5 o Mean
A group

i
g
o
L

& - .
& — i £
B |
|
4 | T MeansSD
Mean-SD
[ Mean+SE
3 Mean5E
= 1 2 3 4 5 o Mean
B qroup
18
/i
16 |
il |
g n” ? == o
" T
| 1= Mean+SD
8 i Maan-50
1 Mean+SE
. Mean-SE
S 1 2 3 f 5 o Mean
C group
10 [
16 T - i l
o
‘ | T 5
o Mo == cEy [
- 10
8 \
[ I Mean+SD
6 Mean.50
[ MeansSE
Mean-SE

1 2 £l 4 5 o Mean

D qroup

Fig. 2. Features of SFT on the trunk in Ukrainian men with
alopecia areata of different severity. A — SFT under the inferior
angle of the scapula (GL); B— SFT on the chest (GGR); C—SFT
on the abdomen (GG); D — SFT on the flank (GB).

was found in patients with grade | severity compared with
those with grades Il and Il severity (see Fig. 2B).

When comparing abdominal SFT between apparently
healthy and Ukrainian men with alopecia areata, as well
as among patients with different degrees of severity, no
significant differences or trends towards differences in this
parameter were found (Fig. 2C).

SFT on the flank in Ukrainian men with alopecia
areata, both overall (13.57+2.53 mm) and in patients with
different degrees of severity (grade | — 13.09+2.33 mm,
grade Il — 14.15+2.81 mm, and grade Ill — 13.50£2.20 mm,
respectively), was significantly higher (p<0.01-0.001) than
in apparently healthy Ukrainian men (10.75+4.41 mm) (Fig.
2D). When comparing flank SFT among Ukrainian men with
alopecia areata of different severity, no significant differences
or trends towards differences in this parameter were found
(see Fig. 2D).

SFT on the thigh in Ukrainian men with alopecia
areata, both overall (10.81£1.21 mm) and in patients with
different degrees of severity (grade | — 10.69+1.28 mm,
grade Il — 11.06+£1.25 mm, and grade Ill — 10.58+0.79 mm,
respectively), was significantly lower (p<0.05-0.001) than
in apparently healthy Ukrainian men (12.80+3.85 mm)
(Fig. 3A). When comparing thigh SFT among Ukrainian
men with alopecia areata of different severity, no significant
differences or trends towards differences in this parameter
were found (see Fig. 3A).

SFT on the shin in Ukrainian men with alopecia areata
overall (9.111£1.118 mm) and in those with grade Il severity
(9.273£1.098 mm) showed only slight trends toward higher
values (p=0.082 and p=0.088, respectively) compared
with apparently healthy Ukrainian men (8.982+2.691 mm)
(Fig. 3B). When comparing shin SFT among Ukrainian
men with alopecia areata of different severity, no significant
differences or trends toward differences in this parameter
were found (see Fig. 3B).
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Fig. 3. Features of SFT on the lower limb in Ukrainian men with
alopecia areata of different severity. A — SFT on the thigh (GBD);
B — SFT on the shin (GGL).
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Discussion

Thus, when comparing SFT between apparently healthy
and Ukrainian men with alopecia areata overall and with
different degrees of severity, the following was established:
significantly higher values (p<0.05-0.001) or slight trends
toward higher values (p=0.081 and p=0.088) in patients
for SFT on the posterior (by 13.42 %—-17.00 %—22.11 %,
except in patients with grade | severity) and anterior surface
of the arm (by 55.87 %—-47.16 %—61.48 %-66.90 %), on
the forearm (by 42.01 %—-35.56 %—46.68 %—47.78 %),
on the shin (only trends of 1.44 % and 3.24 % in patients
overall and with grade Il severity), on the chest (by
80.02 %—70.59 %—86.47 %—87.86 %), and on the flank (by
26.23 %—21.77 %-31.63 %—25.58 %). At the same time,
significantly lower SFT values (p<0.05-0.001) were found in
patients on the thigh (by 18.41 %—19.74 %—15.73 %—20.98 %)
and under the inferior angle of the scapula (by
41.04 %-43.49 %-36.13 %-47.59 %). The oppositely
directed changes in SFT on the upper limb and thigh, as
well as under the inferior angle of the scapula versus on
the chest and flank in Ukrainian men with alopecia areata
compared with apparently healthy men, are manifestations
of a “subpathological” constitutional type in this disease [18].

When comparing SFT among Ukrainian men with
alopecia areata of different severity, only significantly lower
values (p<0.05) or trends (p=0.064 and p=0.099) toward
lower values were found in patients with grade | severity
compared with those with grades Il and Il severity for SFT
on the posterior (by 9.31 % and 14.08 %) and anterior (by
9.73 % and 13.42 %) surfaces of the arm and on the chest
(by 9.31 % and 10.12 %).

C. Lie et al. [14] systematic review revealed that AA
and AGA are both often related to metabolic syndrome
(MetS) components, such as abdominal obesity, arterial
hypertension, dyslipidemia and insulin resistance. A meta-
analysis and systematic review by Qiu Q. I. U. et al. [29]
confirmed these findings using both unadjusted and adjusted
estimates: the pooled OR for AGA in the presence of MetS
was 3.46 (95 % CI 2.38-5.05; p<0.001), and AGA patients
had a worse profile with respect to BMI, waist circumference,
fasting blood glucose, lipids and blood pressure than
individuals without alopecia. A number of primary case—
control studies have shown a greater prevalence of MetS
and central obesity among men with AGA than in controls. In
the investigation by Gopinath H. and Upadya G. M. [5], MetS
was noted in 22.4 % of AGA patients compared with 9.4 %
of the comparison group (p=0.021), i.e. more than twice as
often. M. M. Devi et al. [4] found even more striking disparities
in an Indian population: MetS was detected in 60 % of AGA
patients and 24 % of controls (p=0.0002); abdominal obesity
by waist circumference was presentin 68.4 % versus 18.4 %,
and hypertriglyceridaemiain 51 % versus 22 %, respectively.

In the studies by Swaroop et al. M. R. [22], Taheri A. R. et
al.[23] and Qureshi H. F. et al. [19], early-onset or severe AGA
in men was associated with a significantly higher frequency
of MetS, insulin resistance (by HOMA-IR) and elevated blood

pressure (p<0.05), further supporting the concept of AGA
as a marker of cardiometabolic risk. A biochemical study by
Hamed A. M. et al. [6] showed that in patients with AGA and
MetS, circulating levels of the peptide alarin were significantly
higher and correlated with waist circumference, triglycerides
and insulin resistance, suggesting the involvement of
adipokines in the pathogenic link between obesity and
hair loss. At the same time, some studies, such as that by
Danesh-Shakiba M. et al. [3], did not confirm clear differences
in BMI or waist-to-height ratio between AGA and controls,
given similar proportions of individuals with WHtR>0.5,
emphasizing that not all anthropometric indices are equally
sensitive for risk detection.

The evidence regarding AA as an autoimmune non-
scarring type of alopecia is more heterogeneous. In a
recent case—control study conducted by Abdollahimajd F.
et al. [1], MetS was reported in 11.67 % (7 of 60) of patients
with AA versus 6.67 % (4 of 60) in age- and sex-matched
control subjects, with no statistically significant difference
between the two groups (p=0.34). Meanwhile, the authors
also demonstrated that MetS was strongly correlated with
abdominal circumference (OR 1.10, 95 % CI 1.02-1.19),
emphasizing the role of fat distribution rather than BMI
alone. Similar results were reported by Singdia H. et al.
[21] in north-western India: the prevalence of MetS among
cases (7.54 %) and controls (8.47 %) was comparable
(p=1.0), but all patients with AA who had MetS also had an
increased waist circumference, and low HDL-C was the only
component observed significantly more frequently in cases
than in controls. A Ukrainian study conducted by Horda I. I.
and Vozianova S. V. [8] revealed that, among AA patients with
MetS, dyslipidemia and insulin resistance were predictors of
a more progressive and recurrent course.

Other investigations expand on these findings by focusing
on body weight, obesity and prediabetes. In a retrospective
study analyzing 257 AA patients, Lee Y. B. and Lee W. S. [13]
described the distribution of BMI categories across clinical
subtypes and age at onset; they suggested that overweight
and obesity are common comorbidities, but could not
demonstrate a clear association with AA severity. However,
in a large population-based cohort study by Wohl Y. et al.
[27] involving 33,401 patients with AA and 66,802 controls,
the prevalence of prediabetes (26.3 % vs 18.1 %; OR 1.62)
and obesity (17.2 % vs 13 %; OR 1.35) was substantially
higher in the patient group; furthermore, individuals with AA
aged 240 years had approximately a twofold increased risk of
developing prediabetes. A prospective cohort of 2.16 million
Korean children analyzed by Kim S. R. et al. [10] showed that
childhood obesity significantly increases the risk of immune-
mediated skin diseases, including AA: a total of 4,878 cases
of AA were registered, and the trend of increasing risk with
rising BMI was statistically significant (p<0.01).

The study by Wroblewska-Konczalik K. et al. [28] did
not reveal statistically significant differences in BMI or
mean WHtR between patients and controls (0.49 and
0.51, respectively), and the proportion of individuals with
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WHtR>0.5 was even higher among controls [28]. There was,
however, a high prevalence of vitamin D deficiency (64.86 %)
and low ferritin (48.65 %) in the patient group, as well as
hypertriglyceridemia (27.2 %), corresponding to the findings
of Lie C. et al. [14] on the involvement of dyslipidemia,
micronutrient deficiencies and hormonal disturbances in
determining the “metabolic phenotype” of alopecic subjects.

Our finding of regional patterns of SFT in young Ukrainian
men with AA, characterized by high levels of SFT on the
upper limb, chest and flank together with low levels of SFT on
the thigh and under the inferior angle of the scapula, fits well
into the concept of a “subpathological” constitutional adipose
pattern associated with cardiometabolic risk. In contrast to
the majority of investigations that report only global indices
(BMI, waist circumference, WHtR) and the presence/absence
of MetS [14, 19, 22, 23], our study describes in more detail
the topography of subcutaneous fatty tissue. The opposite-

References

[1] Abdollahimajd, F., Niknezhad, N., Bahreini, N., Younespour,
S., & Namazi, N. (2021). Metabolic syndrome in patients
with alopecia areata: a case-control study. Dermatologic
Therapy, 34(4), e14979. doi: 10.1111/dth.14979

[2] Alshahrani, A. A., Al-Tuwaijri, R., Abuoliat, Z. A., Alyabsi,
M., Aldasser, M. ., & Alkhodair, R. (2020). Prevalence and
clinical characteristics of alopecia areata at a tertiary care
center in Saudi Arabia. Dermatology research and practice,
2020(1), 7194270. doi: 10.1155/2020/7194270

[3] Danesh-Shakiba, M., Poorolajal, J., & Alirezaei, P. (2020).
Androgenetic alopecia: relationship to anthropometric indi-
ces, blood pressure and life-style habits. Clinical, cosmetic
and investigational dermatology, 137-143. doi: 10.2147/
CCID.S231940

[4] Devi, M. M., Raju, P. K., Gopal, K. V. T,, & Rao, T. N. (2018).
Study of prevalence of metabolic syndrome in androgenetic
alopecia. Int J Res Dermatol, 4, 522-526. doi: 10.18203/
issn.2455-4529.IntJResDermatol20184454

[5] Gopinath, H., & Upadya, G. M. (2016). Metabolic syndrome
in androgenic alopecia. Indian journal of dermatology, ve-
nereology and leprology, 82, 404-408. doi: 10.4103/0378-
6323.174421

[6] Hamed, A. M., Fatah, M. A., & Shams, G. M. (2022). Androge-
netic alopecia and metabolic syndrome: is Alarin a missing
link?. The Journal of clinical and aesthetic dermatology,
15(7), 32-37. PMID: 35942015

[7] Harries, M., Macbeth, A. E., Holmes, S., Chiu, W. S., Gal-
lardo, W. R., Nijher, M., ... & Messenger, A. G. (2022). The
epidemiology of alopecia areata: a population-based cohort
study in UK primary care. British journal of dermatology,
186(2), 257-265. doi: 10.1111/bjd.20628

[8] Horda, I. 1., & Vozianova, S. V. (2021). Effect of dyslipidaemia
and insulin resistance on the course of alopecia areata as-
sociated with metabolic syndrome. Dermatology and vene-
reology, (1), 18-22. doi: 10.33743/2308-1066-2021-1-18-22

[9]Jeon, J. J., Jung, S. W., Kim, Y. H., Parisi, R., Lee, J. Y., Kim,
M. H., ... & Lee, S. (2024). Global, regional and national
epidemiology of alopecia areata: a systematic review and
modelling study. British Journal of Dermatology, 191(3),
325-335. doi: 10.1093/bjd/ljae058

[10] Kim, S. R., Koh, S. J., & Park, H. (2024). Childhood obe-
sity, weight change, and pediatric immune-mediated skin
diseases. Journal of Investigative Dermatology, 144(9),

direction changes in SFT on the upper limb, trunk and thigh
may represent early constitutional shifts in fat distribution,
consistent with studies of AGA and AA in combination with
abdominal obesity, prediabetes, dyslipidemia and vitamin D
deficiency [8, 10, 14].

Conclusions

1. The higher SFT values on the upper limb, chest and
flank, together with lower SFT values on the thigh and
under the inferior angle of the scapula in Ukrainian men with
alopecia areata overall and at different degrees of severity
compared with apparently healthy men, indicate the presence
of a “subpathological” constitutional type in this disease.

2. Among groups of Ukrainian men with alopecia areata
of different severity, only isolated differences in SFT were
found, predominantly on the upper limb.

1975-1984. doi: 10.1016/j.jid.2024.01.037

[11] Lee, H. H., Gwillim, E., Patel, K. R., Hua, T., Rastogi,
S., Ibler, E., & Silverberg, J. |. (2020). Epidemiology of
alopecia areata, ophiasis, totalis, and universalis: a sys-
tematic review and meta-analysis. Journal of the American
Academy of Dermatology, 82(3), 675-682. doi: 10.1016/].
jaad.2019.08.032

[12] Lee, J.H.,Kim, H. J.,Han, K. D., Han, J. H., Bang, C. H., Park,
Y.M,, ...&Lee, Y. B. (2019). Incidence and prevalence of alo-
pecia areata according to subtype: a nationwide, population-
based study in South Korea (2006—2015). British Journal of
Dermatology, 181(5), 1092-1093. doi: 10.1111/bjd.18145

[13] Lee, Y. B., & Lee, W. S. (2022). Alopecia areata and body
mass index: A retrospective analysis of 257 cases. Annals
of Dermatology, 34(4), 305-308. doi: 10.5021/ad.20.084

[14] Lie, C., Liew, C. F., & Oon, H. H. (2018). Alopecia and the
metabolic syndrome. Clinics in dermatology, 36(1), 54-61.
doi: 10.1016/j.clindermatol.2017.09.009

[15] Lintzeri, D. A., Constantinou, A., Hillmann, K., Ghoreschi, K.,
Vogt, A., & Blume-Peytavi, U. (2022). Alopecia areata—Cur-
rent understanding and management. JDDG: Journal der
Deutschen Dermatologischen Gesellschaft, 20(1), 59-90.
doi: 10.1111/ddg.14689

[16] Mavrov, I. I., Bolotnaia, L. A., & Serbyna, I. M. (2007).
OcHosbl duazHOCMUKU U sledeHusi 8 depmamornoauu
u seHepornoau: pykogodcmeo 0ns epadyel, UHMEPHOS,
cmydeHmos [Basics of diagnostics and treatment in
dermatology and venereology: a guide for doctors,
interns, students]. XapbkoB: ®akt=Kharkiv: Fact.

[17] Mostaghimi, A., Gao, W., Ray, M., Bartolome, L., Wang, T.,
Carley, C., ... & Swallow, E. (2023). Trends in prevalence
and incidence of alopecia areata, alopecia totalis, and alope-
cia universalis among adults and children in a US employer-
sponsored insured population. JAMA dermatology, 159(4),
411-418. doi: 10.1001/jamadermatol.2023.0002

[18] Nykytiuk, B. A., Moroz, V. M., & Nykytiuk, D. B. (1998).
Teopus u npakmuka uHmMezpamugHoU aHmporonoauu.
Ouepku [Theory and Practice of Integrative Anthropology.
Essays]. Knes-BuHHuua: 3gopos’a=Kyiv-Vinnitsa: Zdorovia.

[19] Qureshi, H. F., Akhtar, A., Kakar, A., Sakina, S., Irum, S., &
Nasr, N. (2024). Association of Androgenetic Alopecia with
Metabolic Syndrome. Journal of the College of Physicians
and Surgeons--Pakistan: JCPSP, 34(10), 1245-1248.

Vol. 31, Ne4, Page 22-28

27



Features of skinfold thickness in Ukrainian men with alopecia areata

doi: 10.29271/jcpsp.2024.10.1245

[20] Shaparenko, P. P. (2000). AHTponomeTpis [Anthropometry].
BiHHuusa: BOMY im. M. I. MNuporosa=Vinnytsia: VDMU
im. M. |. Pyrogova.

[21] Singdia, H., Bhargava, P., Nijhawan, S., & Mathur, D. K.
(2023). A Study of Correlation of Alopecia Areata and
Metabolic Syndrome in Northwest Indian Population: A
Case—Control Study. International Journal of Trichology,
15(2), 63-69. doi: 10.4103/ijt.ijt_89_21

[22] Swaroop, M. R., Kumar, B. M., Sathyanarayana, B. D.,
Yogesh, D., Raghavendra, J. C., & Kumari, P. (2019). The
association of metabolic syndrome and insulin resistance
in early-onset androgenetic alopecia in males: A case—
control study. Indian journal of dermatology, 64(1), 23-27.
doi: 10.4103/ijd.1IJD_724_16

[23] Taheri, A. R., Afkhamizadeh, M., Sabourirad, S., Hassani, O.,
& Ghanizadeh, S. (2020). The association of androgenetic
alopecia with metabolic syndrome: a case control study on
Iranian population. Iranian Journal of Dermatology, 22(4),
129-132. doi: 10.22034/ijd.2020.104819

[24] Villasante Fricke, A. C., & Miteva, M. (2015). Epidemiol-
ogy and burden of alopecia areata: a systematic review.
Clinical, cosmetic and investigational dermatology, 397-403.
doi: 10.2147/CCID.S53985

[25] Vu, B. K., Tuson, H., Harricharan, S., Law, E., Wosik, K.,
Tran, H., ... & Neary, M. P. (2022). EPH57 Epidemiology of
Alopecia Areata Across Global Regions—A Systematic Liter-

ature Review. Value in Health, 25(12), S202. doi: 10.1016/j.
jval.2022.09.979

[26] Wang, H., Pan, L., & Wu, Y. (2022). Epidemiological trends
in alopecia areata at the global, regional, and national
levels. Frontiers in immunology, 13, 874677. doi: 10.3389/
fimmu.2022.874677

[27] Wohl, Y., Mashiah, J., Noy, O., Drutin, Y., Vered, S., &
Ben-Tov, A. (2025). Alopecia Areata Is Associated with an
Increased Risk for Prediabetes and Obesity: A Nationwide
Case—Control Study. Journal of Personalized Medicine,
15(1), 16. doi: 10.3390/jpm15010016

[28] Wroéblewska-Konczalik, K., Pawlaczyk, M., Kolasinski,
J., Kolenda, M., Miechowicz, |., Seraszek-Jaros, A,, ... &
Gornowicz-Porowska, J. (2024). Non-cicatricial alopecia
and its association with anthropometric measurements and
nutritional laboratory markers. Life, 14(5), 609. doi: 10.3390/
life 14050609

[29] Yueqi, Q. I. U., Xingyu, Z. H. O. U., Siqi, F. U., Shuaihantian,
L.U.O., &Yaping, L. I. (2022). Systematic review and meta-
analysis of the association between metabolic syndrome
and androgenetic alopecia. Acta dermato-venereologica,
102, 1012. doi: 10.2340/actadv.v101.1012

[30] Zhou, J., Liang, L., Zhang, H., Liu, M., Zhu, Z., Leng, L., &
Li, J. (2025). Global burden of alopecia areata and associ-
ated diseases: a trend analysis from 1990 to 2021. Journal
of cosmetic dermatology, 24(3), e70076. doi: 10.1111/
jocd.70076

OCOB/IMBOCTI TOBLUMHMU LWWKIPHO-XXUPOBUX CKINAOOK Y XBOPUX HA rHI3AOBY ANONELIIO YKPAITHCbKUX
YOIOBIKIB

Llakamipa M. A. M., imumpeHko C. B., lpokoneHko C. B., lony6oeckkuli l. A., FoH4yap O. O., 3sepxoeckka B. @., Kucenboea T. M.
lHi30osy anoneuito po3ensdarome He fuwe siK i30bosaHe 0epMamorioziyHe 3axeoprosaHHs, ane U SK nomeHuitdHul mapkep
CcUCMeMHUX opyWeHb, 30Kpema 3MiH po3rodiny Xupoeoi MKaHUHU 8 opaaHismi ma memabosniyHo20 pusuKy. AHari3 moswuHu
WKIPHO-XUPOBUX CKNadoK y HYoroeikie 3 2Hi30080K0 anoneujeto 8 YKpaiHi dae 3Mo2y po3wupumu po3yMiHHS namo2eHemu4yHuUX
MexaHi3Mie Ub0oe20 3axe8optosaHHs ma rnoanubumu nidxodu 00 o2o paHHLOI diaeHocmuku U iHOusiOyanidosaHoi mepanii. Mema
0ocrnideHHsT — ecmaHo8reHHs1 ocobriugocmell MoBUWUHU WKIPHO-Xuposux ckrnadok (TLLXKC) y xeopux Ha 2Hi3008y anorneuito
yKpaiHCcbKux 4orosikie Monodozo eiky. [1posedeHo KiliHiko-iHcmpymeHmarbHe (3a 00roMo20t0 0epMamoCKOy-mpuUxoCcKomy
ARAMO ASW 300) ma aHmpononoeziyHe (8uaHa4eHHs1 TLLPKC y sidnoesidHocmi 0o pekomeHOauiti LLlanapeHka 1. [1.) o6cmexeHHs
81 xe8opux Ha eHi3008y arnoneujio yKpaiHCbKUX 40r108ikie Moriodo2o 8iKy. BusHayeHHS msixkocmi eHi30080i anoneuii nposodunu
3a llyuybkum I. B. B sskocmi KOHMPOIbHOI 2pynu sukopucmaHi nokasHuku TLLIXKC 82 npakmu4HO 300po8ux yKpaiHCbKUX YOs108IKig
aHaro2iyHoi 8ikosoi epynu 3 baHKy daHUX HayKko80-00C1iOHO020 ueHmMpPy BiHHUUbKO20 HauioHarIbHO20 MeOUYHO20 yHigepcumemy
im. M. I. lNupozosa. CmamucmuyHa 0bpobka ompumaHux pe3ynbmamie nposedeHa y niueH3itdHoMy nakemi «Statistica 6.0» 3
8UKOPUCMAaHHAM Herapamempu4HUx memodie ouiHku. BcmaHoeneHi 9ocmoeipHO binbuii 3Ha4EHHST y X80pUX Ha 2Hi3008y anoneuito
YKpaiHCbKUX YOr108IKi8 3a2asioM i Pi3HO20 CmyneHs1 MsXXKOCMmi, HiX y npakmu4Ho 300posux Yyonosikie, TLLXKC Ha 3adHil (Ha 13,42-
22,11 %), nepedHiti nosepxHi nneda (Ha 47,16-66,90 %), Ha nepednniqyi (Ha 35,56-47,78 %), Ha epydsix (Ha 70,59-87,86 %) i Ha
60Ky (Ha 21,77-31,63 %) ma docmosipHo meHwi 3HayeHHs1 TLLDKC Ha cmeaHi (Ha 15,73-20,98 %) i r1i0 HUXHIM Kymom fonamku (Ha
36,13-47,59 %). Mix epynamu xeopux Ha eHi3008y anomneujito 3 pi3HUM CMyrneHeM msXKKocmi yKpaiHCbKUX YOI108iKie 6CcmaHO8eHi
nuwe 0ocmosipHo MeHwi 3Ha4eHHs1 TLLPKC Ha 3adHit (Ha 9,31 % i 14,08 %) i nepedHit (Ha 9,73 % i 13,42 %) nosepxHi nneva y
X80pux 1-20 cmyneHsi Ms>XXKOCmi MOPIBHSHO 3 X80PUMU 2-20 ma 3-20 cmyreHs msXkocmi. BcmaHoerneHa pidHoHarnpaeneHicms
3miH TLLDKC Ha eepxHil KiHUigYi ma cmeaHi, a makox nid HUXHIM Kymom sionakmu ma Ha 2pyosix i 60Ky y X80pux Ha 2Hi30osy
aroneuit yKpaiHCbKUX YOs08iKie 3a2anom i pi3Ho20 CmyneHst MsKKocmi € nposisamu «CcybrnamoriogidHo20» KOHCMuUMYyUjioHarbHO20
muny npu 0aHOMY 3ax80PH8aHHI.

Knro4voBi cnoBa: wkipHi 3axeoprogaHHs, 2Hi30osa anoneuis, npakmu4Ho 300p0o8i ma xeopi yKpaiHCbKU YOmosiku, aHmporomempisi,
mo8LWUHa WKIPHO-XUPOBUX CKIaooK.
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The problem of identifying morphological markers of susceptibility to suicidal behavior
remains relevant both in forensic medicine and in psychobiology, particularly in view
of the rising suicide rates in modern society. The dermatoglyphic characteristics
of the plantar surfaces of the human feet — ridge counts and delta counts — are
stable, embryogenetically determined traits that form at 13-19 weeks of intrauterine
development simultaneously with the central nervous system and may be associated
with psychophysiological features of an individual. The aim of the study was to
determine gender-specific features of plantar skin patterns in individuals who died
by suicide and to evaluate the feasibility of their application in forensic practice for
identification and risk assessment. The study material included plantar prints of 52
individuals who died by suicide (37 males and 15 females), aged 18 to 59 years,
and 50 individuals in the control group (25 males and 25 females). Dermatoglyphs
were documented by photography followed by image processing using specialized
software. Ridge and delta counts were measured on the distal phalanges of the toes,
as well as in the plantar thenar, hypothenar, and subdigital areas. Statistical analysis
included tests of distribution normality (Shapiro-Wilk and Kolmogorov-Smirnov tests)
and the non-parametric Mann-Whitney U test to evaluate between-group differences
at p<0.05. Statistically significant gender differences in dermatoglyphic parameters
were identified: male suicide victims demonstrated significantly higher ridge counts
on the first toe (radial areas) of both feet (p=0.017; p=0.006), which may indicate
a more complex organization of epidermal ridges. Female suicide victims exhibited
significantly higher delta counts in the subdigital areas of both the left (p=0.018) and
right foot (p=0.010), suggesting morphogenetic features potentially associated with
neuropsychic vulnerability. No significant gender differences were found for the plantar
hypothenar areas, confirming their lower diagnostic value. The identified patterns
demonstrate the high potential of plantar dermatoglyphic analysis as an additional tool
for forensic identification and as an objective marker for assessing the risk of suicidal
behavior, with possible practical applications in forensic expert work.

Keywords: plantar dermatoglyphics, suicidal behavior, ridge count, delta count,
gender differences, forensic identification.

Introduction

Dermatoglyphics — the science that examines the ridge

One of the most compelling avenues of modern forensic

patterns of the skin on fingers, palms, and soles — is one of
the most stable morphogenetic markers reflecting hereditary
and prenatal factors of human development [1]. Over recent
decades, its application has markedly expanded: from
anthropological and forensic examinations to diagnostic and
prognostic tools in behavioral, neurological, and psychiatric
sciences [5, 6].

medicine is the investigation of dermatoglyphic correlates
of suicidal behavior [27, 29]. Several studies support the
hypothesis that specific features of papillary ridge patterns,
the number of ridges and triradii, as well as degrees
of asymmetry, may serve as morphological markers of
susceptibility to suicidal acts [4, 14, 18]. Prior research has
demonstrated alterations in dermatoglyphic configurations
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among suicide victims compared with control groups,
suggesting neurodevelopmental instability associated with
the formation of suicidal behavior [7].

Gender differences play an important role, manifesting
both in suicidal behavior and in dermatoglyphic structures
[15, 22, 26]. According to multiple authors, males tend to
exhibit lower ridge counts and greater pattern asymmetry,
whereas females typically demonstrate higher stability of
patterns and elevated triradial counts [5, 10, 19, 21]. This
sexual dimorphism is particularly pronounced in plantar
dermatoglyphics, which, although less studied than digital
or palmar patterns, may serve as informative indicators of
neuroendocrine and behavioral characteristics [11, 20].

Recent investigations conducted across various ethnic
groups — including Indian, Chinese, Korean, and African
populations — underscore the value of analyzing plantar
ridge and triradial counts for detecting gender-specific
morphological traits associated with suicidal behavior
[16, 24]. Moreover, dermatoglyphic markers have shown
correlations with psychological characteristics such as
impulsivity, aggression, and emotional instability — factors
known to elevate suicide risk [2, 3].

Given the multifactorial nature of suicide and the
potential of dermatoglyphic parameters to reflect biological
predisposition, the present study focuses on analyzing
gender-specific features of plantar ridge and triradial counts in
individuals who died by suicide. The findings may be valuable
both for improving the precision of forensic identification
and for deepening the understanding of the biopsychosocial
mechanisms underlying suicidal behavior [23, 25].

Thus, the examination of plantar dermatoglyphics in the
context of suicidal behavior represents a highly relevant
research direction that integrates anthropological, forensic,
and psychosocial approaches. Studying gender-specific
differences in this domain may provide new tools for identifying
individual risk factors and for developing preventive strategies.

Aim of the study: to analyze the gender-specific
characteristics of plantar ridge and triradial counts in
individuals who died by suicide and to evaluate their potential
application in forensic medical practice.

Materials and methods

The object of the study comprised dermatoglyphic
features — specifically, the ridge count and triradial (delta)
count — of the distal phalanges of the toes and the plantar
digital pads, obtained from 52 individuals, including 37 males
and 15 females, aged 18 to 59 years, who died by suicide,
as well as 50 individuals in the control group (25 males and
25 females).

To determine group assignment, the following inclusion
factors were considered: the commission of a suicidal
act; authorization from the investigative officer in charge
of the respective criminal case; absence of genetic
disorders, endocrine system pathology, or musculoskeletal
abnormalities; age between 18 and 59 years.

Exclusion criteria included: presence of psychiatric or
genetic disorders, endocrine pathology, or musculoskeletal
abnormalities; age younger than 18 or older than 59 years;
lack of investigator’s permission to conduct the study.

To examine dermatoglyphic characteristics, we employed
digital photography of plantar dermatoglyphics, followed
by image processing using specialized graphic software,
including the Fingerprint Identification Algorithm (FIA).

Ridge and triradial counts were determined according to
standardized dermatoglyphic methodology.

A combination of descriptive and nonparametric statistical
methods was used to compare plantar dermatoglyphic
indicators (ridge and ftriradial counts) between men and
women who died by suicide. For preliminary assessment of
the distribution of quantitative variables, the following tests
were utilized:

 Shapiro-Wilk test — the primary method for evaluating
conformity to the normal distribution;

» Kolmogorov-Smirnov test with Lilliefors correction —an
auxiliary test to confirm or refute normality for larger samples;

 Graphical methods (histograms, density plots) — for
visual assessment of distribution shape and detection of
asymmetry or multimodality.

Since, in most cases, the distribution of examined
variables deviated from normality (p < 0.05), the use of
nonparametric tests for further analysis was justified.

To compare dermatoglyphic parameters between two
independent groups (males and females), the Mann-Whitney
U test — a nonparametric analogue of Student’s t-test — was
applied, enabling comparison of medians between samples
independently of distribution type.

For all quantitative variables, core descriptive statistics
were calculated: mean (Mean), median (Median), minimum
and maximum values (Min, Max), standard deviation (SD),
and standard error of the mean (SE). All statistical analyses
were performed using licensed software packages IBM
SPSS Statistics v.27 and Microsoft Excel 2019. Statistical
significance was set at p<0.05.

The volume and methods of the study complied with the
ethical principles of the Helsinki Declaration on Biomedical
Research (1974), adapted at the 41st International Assembly
in Hong Kong (September 1989), governing research
involving human subjects. The study adhered to fundamental
principles of respect for the individual, informed consent, and
assessment of risk versus benefit. Compliance with bioethical
requirements was confirmed by the Ethics Committee
of Ilvano-Frankivsk National Medical University (protocol
No. 153/25 dated 18.06.2025).

Results

During the study, an assessment of the normality of
distribution of the examined parameters was performed. The
Shapiro-Wilk test values for the ridge counts of the distal
phalanges of the toes in male and female suicide victims
indicated a deviation from the normal distribution, which
was additionally confirmed by the Kolmogorov-Smirnov test
(criterion: p=0.20). The results of normality assessment were
further verified using graphical methods, which supported the
hypothesis that the distribution of triradial (delta) counts of
the distal phalanges also deviated from normality.

The mean statistical values of the ridge counts of the
distal phalanges of the toes in individuals who died by suicide
are presented in Table 1.
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Table 1. Statistical indicators of ridge counts of the distal
phalanges of the toes in suicide victims.

Indicators |Sex N |Median|Min |Max [Mean Std. Std'. .
Error |Deviation
male |37 10 |7 |18 11049/0.32 |1.94
RCILF U ltomale 115 (11 |9 |11 11040021 |0.83
male |37 |9 4 |11 |8.649/0.255 1.549
RC2LF_U ftomale 15 |9 8 (10 |8.800/0.200/0.775
male |37 |8 5 (12 |8.3240.254 |1.547
RC3LF_U ftomale |15 |8 7 o |7.800/0.200/0.775
male |37 |7 5 |11 |7.541/0.244 1483
RCALF U fomale [15 |8 6 (10 |8.000/0.378|1.464
male |37 |7 4 |10 |6.865/0.252 1.530
RCSLF_U ftomale |15 |7 6 (10 |7.200/0.393 1.521
male |37 10 |5 |17 |10.70/0.47 |2.88
RCILF R ftomale 115 |9 8 10 |9.000/0.239]0.926
RC2LF R male 37 |8 4 |11 [8.027/0.2811.708
fernale |15 |9 7 10 |8.400/0.321|1.242
RC3LF R male 137 |7 5 |11 |7.595/0.250|1.518
fernale |15 |8 6 |9 |7.600/0.273|1.056
RC4LF R male 137 |7 4 |12 |6.946/0.260 1.580
fernale |15 |6 5 |8 |6.400/0.273|1.056
RC5LF R |male 137 |7 4 |9 |6.487/0.238 1.446
ferale |15 |5 4 |8 |5:8000.393 1.521
male |37 10 |6 |17 11043|0.37 |2.24
RCIRF Ultomale 115 (11 |9 12 |10.60/0.27 |1.06
male |37 |8 5 (12 |8.487/0.270|1.644
RC2RF_Ultomale |15 |9 8 10 |8.800/0.200/0.775
male |37 |7 5 |11 |7.919/0.278|1.689
RC3RF_Ultomale |15 |8 7 10 18.000/0.293|1.134
male |37 |7 4 12 17.514/0.297 [1.805
RCARF
CARF_ Ut omale 115 |8 5 (10 |7.800/0.4601.781
male |37 |7 5 (13 |7.270/0.302|1.836
RCSRF_Ultomale (15 |7 5 |0 |7.000/0.378|1.464
male |37 |11 |6 |19 |10.84/0.39 |2.37
RCIRF Rifomale 115 10 |7 10 ]9.200/0.312 |1.207
RC2RF R|male |37 |8 4 13 |8.243/0.294 |1.786
female |15 |8 7 |10 |8.2000.262 1.014
RC3RF R|male 37 |7 5 |11 17.460/0211 |1.282
female |15 |7 6 |11 |7.6000.466|1.805
RC4RF R|male 137 |7 5 |11 |7.054/0.236 1433
female |15 |7 6 |7 |6.6000.131]0.507
RC5RF R|male |37 |6 4 11 16.297/0.265|1.614
female |15 |7 5 |8 |6.800/0.312|1.207

Notes: In this and the following tables: RC1-5LN_U — ridge
counts (number of papillary ridges between the triradius and
the pattern core) of the distal phalanges of toes 1-5 of the left
foot with an ulnar (U) pattern type; RC1-5LN_R - ridge counts of
the distal phalanges of toes 1-5 of the left foot with a radial (R)
pattern type; RC1-5RN_U —ridge counts of the distal phalanges
of toes 1-5 of the right foot with an ulnar (U) pattern type; RC1-
5RN_R - ridge counts of the distal phalanges of toes 1-5 of the
right foot with a radial (R) pattern type.

Since the distribution of ridge-count values of the distal
phalanges of the toes did not meet the criteria of normality, a
nonparametric Mann-Whitney U test was applied to perform
a comparative analysis of potential differences between male
and female subjects (Table 2).

As demonstrated by the results of the comparative
analysis using the nonparametric Mann-Whitney U test, the
triradial (delta) counts of the distal phalanges (ulnar and radial
patterns) of the toes of male and female suicide victims did
not differ significantly, except for the 1st toe with a radial
pattern (ULF: U=162.0, p=0.017; URF: U=145.5, p=0.006).

The mean statistical values of the ridge counts of the
thenar, hypothenar, and plantar digital areas of the feet in
suicide victims showed that the Shapiro-Wilk test for these
indicators in males ranged from 0.708 to 0.895, indicating
that the distributions of ridge counts in the thenar, hypothenar,
and plantar digital regions in male suicide victims deviated
from normality. In female suicide victims, the Shapiro-Wilk
test with the auxiliary Kolmogorov-Smirnov consistency
test indicated deviation from normality in 75.00 % of cases.
Graphical assessment further confirmed the hypothesis
that the distribution of triradial count variables of the distal
phalanges of the toes deviated from a normal distribution.

The mean statistical values of ridge counts in the thenar,
hypothenar, and plantar digital regions of the feet in suicide
victims are presented in Table 3.

Since the distribution of ridge-count values in the
thenar, hypothenar, and plantar digital regions of the feet
did not conform to a normal distribution, a nonparametric
Mann-Whitney U test was applied to perform a comparative
analysis of potential differences between male and female
subjects (Table 4).

According to the results of the comparative analysis using
the nonparametric Mann-Whitney U test, the ridge counts
of the thenar regions of the feet in male and female suicide
victims differed significantly only on the left foot for ulnar
loops (U=175.5, p=0.038). Statistically significant differences
were also observed in the plantar digital areas of both feet
for ulnar (U=163.5, p=0.018) and radial (U=151.5, p=0.010)
loops. No statistically significant differences were identified
between male and female suicide victims for ridge counts
of the hypothenar regions of the feet.

Similar results were obtained for the total triradial (delta)
count of the toes of the left and right feet in males and females
who died by suicide.

Since the probability value P (Sig.) according to both the

Table 2. Results of the comparative analysis of ridge counts of the distal phalanges of the toes in female and male suicide victims.

[RCILF_U|RC2LF U |RC3LF U |RCALF U |RC5LF UJRCILF RIRC2LF R|RC3LF R|RC4LF R|RC5LF R
Female suicide victims
Mann-Whitney U 273.0 273.0 219.0 226.5 259.5 162.0 241.5 264.0 225.0 211.5
Wilcoxon W 976.0 976.0 339.0 929.5 962.5 282.0 944.5 967.0 345.0 331.5
VA -0.094 -0.094 -1.222 -1.057 -0.371 -2.380 -0.746 -0.279 -1.109 -1.369
Asymp. Sig. (2-tailed) ]0.925 0.925 0.222 0.291 0.710 0.017 0.456 0.780 0.268 0.171
Male suicide victims
Mann-Whitney U 231.0 231.0 256.5 240.0 262.5 145.5 262.5 246.0 237.0 207.0
Wilcoxon W 934.0 934.0 959.5 943.0 382.5 265.5 965.5 366.0 357.0 910.0
z -0.957 -0.969 -0.436 -0.771 -0.309 -2.735 -0.312 -0.662 -0.856 -1.455
Asymp. Sig. (2-tailed) ]0.338 0.333 0.663 0.441 0.757 0.006 0.755 0.508 0.392 0.146
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Table 3. Statistical indicators of ridge counts in the thenar,
hypothenar, and plantar digital regions of the feet in suicide
victims.

Table 4. Results of the comparative analysis of ridge counts of
the thenar, hypothenar, and plantar digital regions of the feet in
female and male suicide victims.

Indicators Sex [N |Median|Min|Max|Mean Etr?or gte(zj\}iation Indicators Groups N 'I\RA:r?kn g:rkgf
RCT_LF_U |male |15|14 9 |23 |14.65|0.60 |3.64 Thenar LF_U Female suicide victims |15 [19.70 |295,5
female |37 |12 8 |18 |12.40|0.87 |3.38 Male suicide victims 37 129.26 |1083
RCT_LF_ R |male |15 |14 8 124 [14.43|0.57 |3.49 Thenar LF _R Female suicide victims |15 |25.00 |375.0
female |37 |14 10 |21 [14.20/1.03 |4.00 Male suicide victims 37 |27.11 1003
RCT_RF_U [male |15 |14 9 |23 |14.84|0.59 [3.56 Thenar RF _U Female suicide victims |15 |25.80 |387.0
female |37 |14 12 |18 [14.60|0.67 |2.59 Male suicide victims 37 126.78 |991.0
RCT_RF_R |male [15|13 3 |21 |13.27]0.55 |3.36 Thenar RF _R Female suicide victims |15 |28.30 |424.5
female |37 |15 10 |18 |14.00|0.81 |3.14 Male suicide victims 37 |25.77 |953.5
RCH_LF U [male |15 |12 8 |18 [12.62]0.42 |2.53 Hypothenar LF_U |Female suicide victims |15 |26.30 |394.5
female |37 |12 9 |17 |12.60]0.73 |2.82 Male suicide victims 37 |26.58 |983.5
RCH_LF R [male |15 |12 7 |24 |12.49|0.53 |3.21 Hypothenar LF _R |Female suicide victims |15 |26.80 ]402.0
female |37 |12 11 |15 [12.20/0.39 |1.52 Male suicide victims 37 126.38 |976.0
RCH_RF_U |male |15]12 9 |18 [12.590.37 |2.28 Hypothenar RF _U |Female suicide victims |15 |27.00 ]405.0
female |37 |13 10 |15 [12.60/0.50 |[1.92 Male suicide victims 37 126.30 |973.0
RCH_RF_R [male |15 |12 8 |19 [12.4610.35 |2.12 Hypothenar RF _R |Female suicide victims |15 |25.40 |381.0
female |37 |11 10 |15 [12.20/0.52 |2.01 Male suicide victims 37 126.95 |997.0
RCPZ_LF_U |male |15 |11 8 |17 |11.73]0.33 |2.00 DPALF_U Female suicide victims |15 |24.40 |366.0
female |37 |11 8 |14 [11.20 |0.57 |2.21 Male suicide victims 37 |27.35 |1012
RCPZ_LF_R |male [15 |11 7 |16 [11.43]0.38 |2.29 DPALF _R Female suicide victims |15 |24.10 |361.5
female |37 |10 9 |16 |11.20]0.71 |2.73 Male suicide victims 37 |27.47 |1017
RCPZ_RF_U |male |15 |11 7 |20 [11.92]0.40 |2.41 DPARF _U Female suicide victims |15 |18.90 |283.5
female |37 |10 9 |12 |10.40|0.27 [1.06 Male suicide victims 37 129.58 |1095
RCPZ_RF_R|male |15 |12 7 119 [11.76 |0.50 |3.06 DPARF _R Female suicide victims |15 |18.10 |271.5
female |37 |9 7 |12 ]9.400/0.434|1.682 Male suicide victims 37 129.91 |1107
Notes: RCT_LF_U —ridge counts of the thenar region of the left ~ Table 5. Statistical indicators of the total triradial (delta) count
foot with an ulnar (U) pattern type; RCT_LF_R —ridge counts of  of the toes in suicide victims.
the thenar region of the left foot with a radial (R) pattern type; ] ] ] Std.  IStd. De-
RCT_RF_U - ridge counts of the thenar region of the right foot | Indicators Sex N |Median Min Max|Mean | " | i
with an ulnar (U) pattern type; RCT_RF_R — ridge counts of  [TRC LF male 155 5 |8 1|551210.143 |0.870
the thenar region of the right foot with a radial (R) pattern type; - female 137 |5 5 |7 15.26710.153 |0.594
]f{CtH__It_hF_U _I ridg(S )coutrtns Otf the g)gl?lthLanaé reg&on of thet Ief]tc TRC_RF male 15|56 5 |13 |5.70310.242 [1.469
oot with an ulnar (U) pattern type; _LF_R-ridge counts o
the hypothenar region of the left foot with a radial (R) pattern type; |- <o = female :13; g g 2 gigg 882; 8282
RCH_RF_U —ridge counts of the hypothenar region of the right — =" |male : : :
foot with an ulnar (U) pattern type; RCH_RF_R —ridge counts of 3714 3 |6 14.00010.195 |0.756
the hypothenar region of the right foot with a radial (R) pattern female
type; RCPZ_LF_U — ridge counts of the plantar digital area of |TTRC_PZ RF| o (153 3 |12 |3.568|0.247 (1.501
the left foot with an ulnar (U) pattern type; RCPZ_LF_R —ridge fomaie 13714 3 5 13.80010.125 0561

counts of the plantar digital area of the left foot with a radial
(R) pattern type; RCPZ_RF_U - ridge counts of the plantar
digital area of the right foot with an ulnar (U) pattern type;
RCPZ_RF_R - ridge counts of the plantar digital area of the
right foot with a radial (R) pattern type.

Shapiro-Wilk and Kolmogorov-Smirnov tests was less than
0.05 for each parameter, we accepted that the distribution
of these variables deviated from normality. Distribution plots
were additionally used to support the assessment of normality.

The statistical calculations for the total triradial (delta)
counts of the toes of both feet in suicide victims are presented
in Table 5.

To compare data that did not follow a normal distribution,
the Mann-Whitney U test was applied (Table 6).

According to the results of the comparative analysis
using the nonparametric Mann-Whitney U test (Table 7),
the triradial (delta) counts of the toes on both feet did not
differ between male and female suicide victims, in contrast
to the triradial counts of the plantar zones, which showed
statistically significant differences for both feet (left foot:
U=159.5, p=0.007; right foot: U=171.0, p=0.014).

Notes: TRC_LF — triradial (delta) count of the toes of the left
foot; TRC_RF —triradial (delta) count of the toes of the right foot;
TTRC_PZ_LF — total triradial (delta) count of the plantar zone
of the left foot; TTRC_PZ_RF — total triradial (delta) count of the
plantar zone of the right foot.

Table 6. Results of the comparative analysis of triradial (delta)
counts of the toes and plantar zones of the feet in suicide victims.

) Mean Sum of
Indicators Groups N Rank Ranks
TRC_LF Female suicide victims |15 24.03 360.5

Male suicide victims 37 |27.50 1017
TRC_RF Female suicide victims |15 |26.20  |393.0
Male suicide victims 37 |26.62 985.0
TTRC_PZ_LF |Female suicide victims |15 |34.37 515.5
Male suicide victims 37 [23.31 862.5
TTRC_PZ_RF |Female suicide victims |15 |33.60 504.0
Male suicide victims 37 874.0

23.62
ote: TRC_LF —friradial (delta) count of the toes of the left foot;
TRC_RF - triradial (delta) count of the toes of the right foot;
TTRC_PZ_LF — total triradial (delta) count of the plantar zone
of the left foot; TTRC_PZ_RF — total triradial (delta) count of the
plantar zone of the right foot.
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Table 7. Results of the comparative analysis of triradial (delta)
counts of the toes and plantar zones using the nonparametric
Mann-Whitney U test.

TRC_LF|TRC_RF|TTRC_PZ_LF|TTRC_PZ RF
Mann-Whitney U [240.5 |273.0 [159.5 171.0
Wilcoxon W 360.5 |393.0 8625 874.0
z -0.938 |-0.106 |-2.704 -2.454
Asymp. Sig. 0.348 [0.915 |0.007 0.014
(2-tailed)
Discussion

The obtained results demonstrate pronounced and
statistically significant gender-specific differences in plantar
dermatoglyphic parameters among individuals who died
by suicide. This finding supports the interpretation of
plantar dermatoglyphic structures as potential biomarkers
of neuropsychological vulnerability and as indicators of
embryogenetic stability, correlating with the risk of suicidal
behavior. Such an approach aligns with modern concepts
regarding phenotypic markers of psychopathology, described
in research on affective and depressive disorders [11, 20].

Male suicide victims exhibited significantly higher ridge
counts on the 1st radial toe of both the left and right foot
(p=0.017; p=0.006). Increased ridge counts are traditionally
associated with a more complex organization of epidermal
ridges and enhanced transverse differentiation of ectodermal
structures. Similar associations have been reported in
studies of individuals with psychiatric disorders, particularly
in depressive states and impairments of affective regulation
[14, 20], as well as in populations demonstrating altered
overall dermatoglyphic symmetry [13, 19]. Our findings
are consistent with a systematic review of minor physical
anomalies and dermatoglyphic markers in affective disorders,
which identified a higher frequency of morphogenetic
variations in patients with psychiatric conditions [4].

Gender differences in triradial (delta) counts, specifically
the significantly higher values in the plantar digital zones
of female subjects (p = 0.018; p = 0.010), may indicate
disturbances in early morphogenetic stability formed between
the 13th and 19th gestational weeks. This developmental
period coincides with the simultaneous formation of
cortical brain structures; therefore, plantar dermatoglyphics
may reflect the emergence of neurobehavioral traits.
Comparable changes have been reported in studies of
patients with schizophrenia, where increased delta counts
and disorganization of epidermal ridges were observed in
plantar regions [21].

Moreover, women generally exhibit a different
neurobiological risk profile for suicidal behavior, which is
reflected in studies analyzing gender-specific patterns among
adolescents and adults [11, 15, 26]. Our findings confirm this
trend at the morphological level, which may have practical
value for forensic identification and the reconstruction of
biobehavioral characteristics in postmortem analysis.

In the context of plantar dermatoglyphics, the subdigital
area is particularly informative, as it demonstrated the most
pronounced sex differences. Similar observations appear in

studies focusing on dermatoglyphic markers in affective and
neurobiological disorders [24, 27], where authors emphasize
the diagnostic usefulness of these regions. Conversely,
the absence of significant differences in the hypothenar
areas is consistent with previous anatomical research,
where hypothenar patterns showed lower correlations with
psychiatric pathology [4, 26].

The forensic context is also essential. An increased delta
count in specific plantar zones may be valuable in cases
where standard identification methods are unavailable, such
as in complex suicides, mass disasters, or military conflict
settings [3, 10, 25]. This aligns with reports highlighting
the growing role of morphological markers in postmortem
identification under contemporary conditions [8, 12].

Our results also reflect broader trends in the study of
biomarkers of suicidal behavior. Evidence accumulated in
recent years indicates the importance of a multidisciplinary
approach: integrating genetic, behavioral, neurobiological,
and morphological indicators provides a more comprehensive
model of suicide risk [7, 17, 28].

At the same time, this study has several limitations:
a small sample size; lack of stratification by psychiatric
diagnoses; possible influence of external factors (stressful
events, intoxications, socioeconomic status); and the need
for comparison with normative population dermatoglyphic
databases [16, 19].

Future research perspectives include expanding the
sample with consideration of age, ethnic background,
and psychiatric history; conducting genetic analyses of
developmental stability; integrating plantar dermatoglyphics
with digital identification methods that have demonstrated
effectiveness in forensic models [5, 21, 29]; and applying
machine-learning techniques to develop predictive risk
models.

Thus, the findings of this study broaden current
understanding of morphological markers of suicidal behavior
and confirm the relevance of plantar dermatoglyphics
as a potential tool for forensic identification and expert
assessment of psychobiological risk.

Conclusions

1. The study established that the ridge counts and delta
counts of plantar skin patterns show gender-related variability
in individuals who died by suicide. The most pronounced
differences were identified in the ridge count values of the
distal phalanges of the first toe on both feet (radial zones),
as well as in the delta count of the subdigital areas, where
women demonstrated a statistically significant increase
in the number of elements compared with men. This may
indicate differences in embryogenesis and support the role
of dermatoglyphics as a marker of neuropsychic instability.

2. The results demonstrate the potential applicability
of plantar skin patterns in forensic practice, particularly for
refining the personal profile of unidentified individuals and
for analyzing vulnerability to suicidal behavior. The use of
non-parametric statistical methods proved appropriate due to
the non-normal distribution of most of the studied variables.
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FPEBIHLEBI ¥ OENBbTOBI PAXYHKU LWWKIPHUX BIZEPYHKIB MIQOLUBU Y CAMOIYBUIB: TEHOEPHI OCOBJIUBOCTI
Yaodrk B. O., KoyrobuHckka HO. 3., Konee 5.I"., ®eHyuk B. J1., Lllymak O. B., IOpak M. 3., Conodxyk 0. I., KozaHb H. M.
lMpobnema sug4yeHHs1 MOPEhOo2idHUX MapKepie cxunbHocmi 00 cyiyudanbHOI No8ediHKU 3anuwaemscs akmyanbHOK 5K Y
cy0080-MeQUYHOMY, mak i 8 NcuxobionoaiyHOMy KOHmMeKcmi, 0cobnueo 3 oarnAdy Ha 3pOCmaHHs pieHs camoz2ybcme y cy4acHoMy
cycninscmei. JepmamoeanichidHi xapakmepucmuku rnidoweosux noeepxoHb cmon duHU — epebiHuesi ma denbmosi paxyHKu
— € cmabinbHUMuU embpioceHemu4HO 0emepMiHO8aHUMU O3HaKamu, siKi popmyrombcsi Ha 13-19 muxxHi 6HympiwHL0ympobHo20
pO38UMKY 0OHOHYACHO 3 UEHMParibHOK HEPEOBOK CUCMEMONO | MOXymb 6ymu noe'sizaHi 3 ncuxogpizionozivyHumu ocobnueocmsamu
ocobu. Memotro docridxeHHs1 cmario 8usiernieHHs1 2eHOepHUX ocobnusocmel WKIiPpHUX 8i3epyHKie nidowesu y camozybuie ma oyiHka
MOXIIUBOCMI iX 3aCMOCy8aHHs1 8 Cy0080-MeduYHIl npakmuyi Orisi ideHmugbikauii ma npoaHo3ysaHHs1 pudukie. Mamepian docridxeHHs
sKodas 8iobumku nidowos 52 ocib, siki e4uHunu camoaybemeo (37 vonosikie, 15 xiHok), sikom ei0 18 do 59 pokie ma 50 ocib
KOHMpPOIbHOI epyrnu (25 yonosikie ma 25 xiHok). Bukopucmosysanu memod ¢pomozpachysaHHs depmamoerichie 3 nodanbuior
06pobKor 306paxeHb 3a O0MOMO20K Crieyianizo8aHo20 nMpoepamMHo20 3abesnedyeHHs1. Bumiptosanu epebiHyesi ma Oenbmosi
paxyHku ducmarnbHuX hanaHe nanbuie Hie, @ makox 30H meHapa, 2inomeHapa i nionanbyesoi dinsgHku cmorn. CmamucmuyHul
aHarni3 nepedbayas repesipky HopmasnbHocmi po3nodiny (kpumepii LLlanipo-Binka, Konmozoposa-CmipHoga) ma 3acmocyeaHHs
Henapamempu4Ho20 kpumepito MaHHa-YimHi st ouiHku Mixepynosux gidmiHHocmelu ripu p<0,05. BcmaHo8rneHo cmamucmu4HO
3Hadywi 2eHOepHi 8iOMiHHOCMI 8 OepmamoanichidyHUX MOKas3HUKax: y 4orosikie-camoaybuie 8usienieHo 8ipo2i0HO 8UWi 3HAYEHHS
epebiHyeso20 paxyHKy 1-20 nanbus (padianbHi 30HU) 060X Hie (p=0,017; p=0,006), wo Moxe 8kalysamu Ha CKnaoHily opaaHisauito
enidepmarnbHUX epebeHis. Y xiHok-camoaybuie 3aghikcogaHo OOCMOBIPHO U 3HaYeHHST 0eslbImo8o20 paxyHKy 8 nidnanbuyesux
30Hax sk nisoi (p=0,018), mak i npasoi Hoau (p=0,010), wo ceid4ums rPo Mopgho2eHemMuYHi ocobrueocmi ma MoXrnuey acouiauiro
3 HellporicuxiyHoto 8pasnusicmio. s einomeHapie cmon 3Hadywux 2eHOepHUX 8iOMIHHOCMeU He 8UsI8IeHO, W0 Miomeepoxye ix
MeHwy diaeHOCMUYHy UiHHIcCmb. BusieneHi 3akoHOMIpHOCMI OeMOHCMpPYMb 8UCOKUU nomeHujan depmamoarighiyHo20 aHari3y
nidowsu sik 000amKo8oz20 IHCmpymMeHma cy0080-MeduyHoI ideHmudbikayii oci6 ma o06'ekmueHo20 Mapkepa OUIHKU PU3UKY
cyiyudarnbHoI Mo8ediHKU 3 MOXIUGICMIO MPaKMUYHO20 3aCmocy8aHHs 8 eKcriepmHil QisibHOCMI.

KntouoBi cnoBa: depmamoernichika cmonu, cyiyudanbHa nosediHka, epebiHyesuli paxyHoK, 0enbmosull paxyHoK, 2eHOepHi
8iOmiHHOCMI, cydoso-meduyHa ideHmuaikauis.
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The pineal gland is an organ of the central endocrine system that coordinates the
activity of peripheral endocrine glands, immune and nervous systems, regulates
biological rhythms, ensures adaptation processes and triggers the stress response.
The pineal gland is inherent in almost all vertebrates, but there are different variations
in the shape and location of the pineal gland in the brain of animals even within the
same species. Most often, laboratory rats of the Wistar line are use for laboratory
research, and for the correct interpretation of the results obtained, species-specific
anatomical features and possible individual variations in the location of the pineal
gland in normal laboratory rats should be taken into account. The aim of the work was
to study the features of the anatomical structure and topography of the pineal gland
in white laboratory rats of the Wistar line. The pineal glands of 24 sexually mature
male Wistar laboratory rats were examine. Morphological, morphometric and statistical
research methods were use. During the study, individual variations in the topography,
shape, and blood supply of the pineal gland in laboratory rats were identify. It has been
establish that in some animals the pineal gland was located in the groove between the
posterior edges of the occipital lobes of the cerebral hemispheres, was richly supply
with blood by a large number of blood vessels, and had either an oval or a conical
shape. In other animals, the pineal gland was located in the groove between the upper
anterior corpora quadrigemina. In this case, the pineal gland was supply with blood
by a small number of blood vessels, and the shape of the pineal gland with such
localization in the brain was rounded. Individual variations in the linear dimensions
of the epiphysis have been establish. When studying morphometric parameters, it
was found that the transverse size of the pineal glands was the most stable, while
the vertical size was more labile, which probably caused individual differences in
the volumes of the pineal glands in the studied rats. Thus, the obtained results of
the study on individual variations in the anatomical, topographic and morphometric
structure of the pineal gland in intact laboratory Wistar rats can be the basis for
assessing pathological changes in the organ when conducting experimental studies
in medical and biological fields.

Keywords: brain, pineal gland, anatomy, topography, laboratory rats, individual
variations.

Introduction

The pineal gland, or epiphysis cerebri, is an organ of the
central endocrine system that has close morpho-functional
connections with the central nervous system and coordinates
the activities of peripheral endocrine glands, the immune
and nervous systems. [12, 25]. It is known that the pineal
gland is inherent in almost all vertebrates, but in different
classes of animals, there are peculiarities of its structure,
which is associated not only with the climatic conditions

of residence, lifestyle, and weight of animals, but also with
evolutionary changes, from the photoreceptor organ in fish to
the neuroendocrine organ in mammals [18, 22, 30, 31]. In all
animal species, the main functions of the pineal gland are the
regulation of biological rhythms, in particular the sleep-wake
cycle, reproductive cycles, triggering the neuroendocrine
response to stress of various origins, and ensuring adaptive
processes in the body [4, 8, 16].

36 Copyright © 2025 Pshychenko V. V. et al. This is an open access article distributed under the Creative Commons Attribution License,
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In recent years, a very large number of scientific
publications by both Ukrainian researchers and scientists
from other countries have been devoted to the structure
and functions of the pineal gland [28]. Increased interest
in the pineal gland is due primarily to the wide spectrum of
biological action of the hormone it synthesizes - melatonin
and its successful use in various areas of medicine for the
purpose of correction and prevention of diseases of various
genesis [3, 20, 24, 29]. In addition, the pineal gland is a
source of such important biological substances as tryptophan
and serotonin, which regulate vital processes occurring in the
body [15, 27]. At the same time, it should be noted that the
pineal gland is the least studied endocrine gland, which is due
to the small size of the organ and topographic features that
complicate its atraumatic removal [4, 9, 19]. In this regard,
the morphological features of the pineal gland of various
animal species are still poor described in literary sources.
In addition, according to literature data, there are different
variations in the shape and location of the pineal gland in
the brain of vertebrates, even within the same species [10].
Considering the fact that animals, especially laboratory
rats, are objects that are most often used for experimental
research in biological and medical fields, which is due to
the similarity of the structural organization of human and
animal organs, for the correct interpretation of the obtained
research results, one should take into account not only the
species-specific features of the anatomical structure of this
organ, but also possible individual variations of its location
in laboratory rats of the Wistar line in the norm.

The purpose of the study was to study the features of the
anatomical structure and topography of the pineal gland in
white laboratory rats of the Wistar line.

Materials and methods

The results of this work are a fragment of the research
topic of the Department of Morphology and Public Health
of the Petro Mohyla Black Sea National University of the
Ministry of Education and Science of Ukraine “The influence
of environmentally hazardous factors on the mechanisms
of development of civilization diseases and their correction
with physiologically active substances”, state registration
number 0124U002163.

An anatomical and experimental study was conducted
on 24 intact male laboratory Wistar rats weighing 180-220 g,
who had reached sexual maturity. The choice of males for
the study was due to the lack of fluctuations in the level
of melatonin in the blood plasma compared to females,
in which the concentration of the melatonin hormone, the
morphological and functional state of the pineal gland are
determined by the phase of the sexual cycle. All experimental
animals were kept in standard vivarium conditions and had
free access to food and drinking water. Artificial light sources
not used in the vivarium, since the pineal gland responds to
changes in light levels with morpho-functional restructuring.
The study was carried out under natural lighting typical during
the autumn-winter period.

The object of the study was the pineal gland. In order
to remove the pineal gland, laboratory rats were fixed on a
dissecting board using special straps [13]. After fixation, the
animals were removed from the experiment by single-step
decapitation under intraperitoneal thiopentane anesthesia at
a rate of 25 mg/kg body weight. Excess wool on the animals’
heads was removed at the incision site using scissors [9].
After completion of the decapitation procedure, the skull of
the animals was scalped with subsequent removal of the
cranial vault along with the dura mater. Then the brain, along
with the pia mater, was separated from the base of the skull
and the pineal gland was isolated. Next, the isolated pineal
glands was subjected to morphometric measurements,
namely, the length and width of the organ (mm) were
determined. Caliper were used to conduct organometric
measurements of the sizes of the studied glands (mm).
Then, the pineal gland was fixed in a 10 % neutral formalin
solution. After fixation, dehydration was performed in alcohols
of increasing concentration, after which the studied material
was embedded in paraffin and sections 4-5 uym thick were
made on a semi-automatic rotary microtome “Microm” type
(Germany). The histological specimens thus obtained were
stained with hematoxylin and eosin according to standard
methods. After embedding the specimens in Canadian
balsam, histological preparations of the pineal gland were
studied at a magnification of eyepiece x10 and objectives
x4, x10 of a microscope of the “Carl Zeiss” brand (Germany).
Photo documentation of the research results was performed
using a Canon digital SLR camera.

All stages of the study were carried out in accordance
with the current requirements of the general principles of work
with experimental animals in accordance with the following
standards: Council of Europe Convention on Bioethics
(1997); European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific
Purposes, General Ethical Principles of Experiments on
Animals, approved by the First National Congress of Ukraine
on Bioethics (2001); Law of Ukraine “On the Protection of
Animals from Cruelty” (2006) and other international treaties
and current national legislation in the field of biomedical
research. The study was conducted according to a protocol
approved by the Bioethics Commission of the Petro Mohyla
Black Sea State University (Protocol No. 4 dated June 24,
2024).

We entered the determined quantitative morphometric
data characterizing the linear dimensions of the pineal
glands into the electronic research journal and subjected it
to statistical analysis. For all indicators, arithmetic means,
standard mistakes of the arithmetic mean, and standard
deviation were calculated. Statistical calculations were
performed on a personal computer using standard software
“STATISTICA 6” for computers with the Windows operating
system.

Results
The pineal gland in animals belonging to the mammalian
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class is located in the median plane between the upper
anterior corpora quadrigemina. According to the results
of our morphological studies, it was found that the shape
and location of the pineal gland in the brain in laboratory
Wistar rats had some individual variations. Thus, in most
experimental animals, the narrowed apex of the pineal
gland was located in the groove between the posterior
edges of the occipital lobes of the cerebral hemispheres,
above and caudal to the cerebellum and in direct contact
with the tissue of the third ventricle of the brain. The other,
opposite part of the pineal gland was directed towards the
cerebral hemispheres. Therefore, we divided the pineal
gland into three conditional parts. We designated the distal
pole, directed towards the cerebral hemispheres, as the
base, and the proximal pole, which faces the third ventricle,
as the apex. The middle part of the organ, located between
the poles, was called the body. With the described variant of
location in the brain, two possible forms of the pineal gland
were encountered on longitudinal sections made through
the center of the studied organ. Thus, in some animals, the
pineal gland appeared as a light red formation and had an
elongated oval shape with two pointed edges (Fig. 1).

Fig. 1. Microphotograph of the pineal gland of laboratory Wistar
rats. Oval shape of the pineal gland. 1 — narrowed apex; 2 —
body; 3 — base of the epiphysis; 4 — extraorgan blood vessels.
Hematoxylin and eosin staining. x40.

In other laboratory animals, the pineal gland had a cone-
shaped shape. At the same time, one of the ends of the
studied organ, which faced the third ventricle, was pointed,
while the opposite end, facing the cerebral hemispheres,
was thickened and rounded (Fig. 2).

With this placement in the brain, it was noted that the
pineal gland was surrounded by a large number of blood
vessels of large and small caliber and had a red-gray color,
which distinguished it from other parts of the brain. The
detected vascular plexuses were a direct continuation of
the vascular plexus of the third ventricle of the brain and in
most animals penetrated into the studied organ. However,
it should be noted that the upper surface of the pineal gland
was free and had no contact with blood vessels.

In the other part of the laboratory rats studied, the apical

Cone-shaped shape of the pineal gland. 1 — narrowed apex; 2
— body; 3 — rounded base; 4 — expanded subarachnoid space;
5 —narrowed subarachnoid space; 6 — extraorgan blood vessels.
Hematoxylin and eosin staining. x100.

part of the pineal gland was not identified in the sulcus
between the occipital lobes of the cerebral hemispheres.
In these cases, the pineal gland was found in the groove
between the upper anterior corpora quadrigemina. At the
same time, visualization of the pineal gland was complicated,
since to detect it, it was necessary to lower the cerebellum
and elevate the occipital lobes of the cerebral hemispheres. In
some animals, the pineal gland was connected by a plate of
the pia mater to the lower surface of the cerebral hemispheres.
It should be noted that with such a topography of the pineal
gland, there was no close connection with the vascular plexus,
and the color of the pineal gland was light gray, which is
explained by the smaller number of blood vessels in contact
with this organ. It was found that one, at most two blood
vessels approached the pineal gland, which tightly surrounded
it, branched and penetrated the organ. It was established that
the source of blood supply to the organ in this case was the
vascular plexus located under the cover of the third ventricle
of the brain. It should be noted that the shape of the pineal
gland with this placement was rounded (Fig. 3).

i / X Y ‘5‘ ‘. 3 |
(o e e
Fig. 3. Micrograph of the pineal gland of Wistar laboratory

rats. Rounded shape of the pineal gland. 1 — pineal gland; 2 —
extraorgan blood vessels. Hematoxylin and eosin staining. x100.
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It was found that the outer surface of the pineal gland was
surrounded by a continuation of the pia mater and arachnoid
membrane of the brain. At the same time, it was noted that
the subarachnoid space in the apex region was the widest,
but when moving to the main part, it gradually narrowed (see
Fig. 2). It can be assumed that the width of the subarachnoid
space varies depending on individual fluctuations in the size of
the organ itself or on the degree of filling it with cerebrospinal
fluid. On the outside, the pineal gland was covered by a thin
capsule formed by connective tissue. The capsule was tightly
attached to the pineal gland and contained blood vessels.
In places, connective tissue membranes extended from the
capsule into the organ, dividing the parenchyma into lobes
of various sizes. The intercellular membranes contained
numerous blood vessels and nerve fibers.

During further anatomical studies, variations in the linear
dimensions of the pineal gland in experimental animals
were established. Thus, in rats whose pineal gland had a
conical shape, the average length was 1.141+0.912 mm,
and the width in the widest part was 0.884+0.382 mm. For
animals whose pineal gland was oval shape, the following
average linear dimensions were characteristic: length was
1.263+0.722 mm, and width was 0.812+0.294 mm. With a
rounded shape of the pineal gland, its average length was
1.023+0.872 mm, and its width was 0.911+0.363 mm. As
the obtained digital data showed, the transverse size of the
pineal glands was the most stable, while the vertical size
was more labile, which probably determines the individual
differences in the glands volumes.

Discussion

The presented study was aimed at supplementing data on
the topographic and anatomical features of the pineal gland
in laboratory Wistar line rats, since information on possible
variations in the location of the pineal gland in the domestic
and foreign literary sources we reviewed is sparse.

According to these literature sources, the pineal gland
in different classes and species of animals has anatomical
and physiological features that are determined by a number
of factors, including climatic conditions of residence,
lifestyle, animal’s weight, circadian and seasonal rhythms
[13]. In addition, significant sexual differences in the linear
dimensions of the pineal gland within the species are noted
[7, 11]. The results of our study indicate that the topography,
shape, and size of the pineal gland in Wistar line rats differ
and have individual anatomical variations within the species,
which is consistent with the data of other authors’ research
results [10]. Morphological studies have shown that there are
two main types of pineal gland localization in the rat brain
[10]. It was found that in some laboratory rats, the pineal
gland was located in the groove between the posterior edges
of the occipital lobes of the cerebral hemispheres. A similar
variant of the pineal gland location has been observed in
other vertebrates [1, 2]. With this placement, the pineal gland
had an oval or cone-shaped shape and a close connection
with the choroid plexus of the third ventricle [12, 14, 17, 30].

At the same time, the blood supply to the organ was intensive,
as it occurred due to a large number of blood vessels [25].
It should be noted that the intensive blood supply also
affected the color of the pineal gland, which manifested itself
as a red-gray formation [10]. In other animals, the pineal
gland was located in the groove between the upper anterior
corpora quadrigemina and was characterized by a rounded
shape [14. 21, 26]. With such topographic features, a small
number of blood vessels approached the pineal gland, which
branched and penetrated into the organ parenchyma. With
the described variant of the pineal gland’s location in the
brain, its color was light gray. It is also necessary to note
the fact that with all the identified variations in the location
of the pineal gland, there was always a connection with the
vascular plexus of the third ventricle of the brain, which is
also indicated by the data of studies by other authors [10,
23]. Differences in the color of the pineal gland in different
placement options may be associated with a different number
of blood vessels that contact the pineal gland and penetrate
its parenchyma, as well as with the intensity of blood supply
to the organ under study [14].

Externally, the pineal gland was surrounded by the soft
meninges of the brain and was washed by cerebrospinal
fluid [6]. A thin connective tissue capsule, which contained
a large number of blood vessels, was tightly attached to the
pineal gland [14]. Connective tissue membranes extended
from the capsule into the organ, dividing the parenchyma into
lobules. In general, the described histological features of the
pineal gland were typical for this organ and corresponded to
the literature data on the structure of the pineal gland in rats
and other vertebrates [12, 14].

Depending on the shape of the pineal gland, we also
detected changes in its linear indicators. Thus, in the oval
and conical shape, the length of the pineal glands exceeded
the length of the pineal glands, which were characterized by
a rounded shape. Instead, the width of the round-shaped
pineal glands was greater. It should be noted that the shape
of the pineal gland and its linear dimensions influenced the
volume of the subarachnoid space, which was wide in the
apex and narrowed as it moved towards the main part. The
linear dimensions of the pineal glands we have established
correlate with the data of other researchers and are within
the physiological norm for rodents [12, 13].

Thus, our morphological and morphometric analysis of
macropreparations and histological sections of the pineal
gland of laboratory Wistar rats allowed us to characterize
in detail its possible individual topographic and anatomical
features.

This experimental article differs from those published in
this field in that it is the first to describe and analyze possible
individual variations in the location of the pineal gland in
laboratory Wistar rats. The morphological analysis performed
allowed us to systematize the obtained experimental data
and present a comparative topographic and anatomical
characteristic of the pineal gland in animals that are most
often used in experimental studies.
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Conclusions

1. The anatomical features of the pineal gland in
laboratory rats of the Wistar strain have certain species
and individual variations, which are determined by the
peculiarities of the topography, shape, and blood supply of
the organ, which must be taken into account when conducting
experimental studies and interpreting the results obtained.

2. Two variants of the pineal gland location in the brain of
laboratory rats have been established. In some animals, the
pineal gland was located in the groove between the posterior
edges of the occipital lobes of the cerebral hemispheres, was
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TOMOINPA®O-AHATOMIYHI OCOBJIMBOCTI ENI®I3Y Y TABEOPATOPHUX LLYPIB NIHIT BICTAP
MuwuyeHko B. B., YepHo B. C., Koponsoea O. B., Haiidiy O. B., loeeHko A. B., Bpodoeckkuli B. A.

Enigpis — opaaH yeHmparnbHoi eHOOKPUHHOI cucmemu, IKuli KoopOUHYe OisiribHicmb nepughepuvHUX eHOOKPUHHUX 3ar103, iMyHHOI ma
Hepeoegoi cucmem, peayrnoe bionoaidHi pummu, 3abesmnedye npouecu adanmauii ma 3amnyck cmpec-peakuii. Enichia npumamaHHul
pakmu4Ho 8ciM xpebemHum meapuHaM, ane iCHytomb pi3Hi eapiauii gpopmu ma posmauwiysaHHsi enichizy y 20/108HOMY MO3KY
meapuH Hasimb y Mexax 00Ho20 8udy. Halivacmiwe, 0ns nposedeHHs1 nabopamopHuUx O0CiOXeHb 3arydarombcs 1abopamopHi
wypu ninii Wistar i 0nsi npasurnbHoi iHmeprnpemauii ompumaHux pesyrnsmamis cid epaxogysamu 8udosi 0cobrugocmi aHamomiYHoi
bydosu ma moxnuei iHOugiOyarnbHi eapiauii podmauwyeaHHs enighidy y nabopamopHux wypie y Hopmi. Memor pobomu 6yno
8UBYEHHS1 0ocobriusocmel aHamomi4YHoi 6ydosu ma moroepadii enighidy y binux nabopamopHux wypie niii Wistar. bynu docnidxeHi
enighisu 24 cmameeo3pinux camyie nabopamopHux wypie niHii Wistar. Bukopucmosysanu mMopghosioeiyHi, MopchomempuydHi ma
cmamucmuyHi MemoOdu docridxeHHs. B xo0i nposedeHHs1 docnidxxeHHs bynu susianeHi iHOusiOyarbHi eapiauii monoepadii, gpopmu
ma KposorocmadaHHs enighidy y nabopamopHux wiypie. BcmaHoeneHo, wo 8 00HUX meapuH erighia po3matuosysascsi y 60p03Hi
MixX 3a0HIMU KpasiMu MOMUIUYHUX YaCMOK r1i8KyJslb 20/108HO20 MO3KY, PSICHO KPO8Oocma4ascsi 8E/1UKOHO KillbKiCMHO KPOBOHOCHUX
cyOuH ma mae o8arsibHy abo KoHycornodibHy ¢popmy. B iHWuUx meapuH enighiz po3mauwiosysascsi y 60pO3Hi MiX 8ePXHIMU 30p08UMU
2opbkamu Yomupuzopbukogoeo mina. [1pu yboMy KporornocmadyaHHs1 enigidy eidbysanocsi He8eUKOK KiflbKiCIMO KPOBOHOCHUX
cyOuH, a ¢hopma enichizy npu macil nokanisayii 6yna okpyanor. BcmaHoeneHi iHOugidyarnbHi eapiauii niHilIHUX po3mipie enighiy.
lNpu sus4eHHi MopghomempuyHUX napamempie 6yr10 ecmaHosneHo, Wo Halbinsw cmabinsHuUm 6ys nonepedHul po3mip enigisis,
a eepmukarnbHull po3mip 6ys binbw nabinbHUM, Wo, 8ipo2idHo, i 0bymosuo iHOugIdyanbHi 8idMiHHOcmi 06’emie enighisie y
docnidxysaHux wypie. Takum YUuHOM, ompumaHi pesynbmamu 00CnioxeHHs w000 iHOugidyanbHUX eapiauili aHamoMIYHOI,
monoepaghiyHoi ma mopghomempuyHoi 6ydosu enighidy 8 iHmakmHux sjabopamopHUX wypie niHii Bicmap mMoxyms 6ymu 0CHO800
npu OYiHUi mamorio2iyHUX 3MiH opeaHy rpu nposedeHHi ekcriepumeHmarsnbHUX 00CIOXKeHb y MeQu4YHUX ma bionozidyHux HayKax.
KntouoBi cnoBa: 20/108HUU MO30K, enichi3, aHamomisi, morogpaqpisi, nabopamopHi wypu, iHousidyanbHi eapiauii.
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Amputation of a limb leads to impaired remodeling of the bone stump, which
often results in its functional failure and the need for re-amputation. Until now, the
generally accepted explanation for the development of stress fractures has been the
accumulation of fatigue microdamage in the compact bone layer. The involvement of
other tissues in the formation of stress fractures has not been studied. In the course
of experimental research on stress fractures after amputations, in some cases
a clear pattern was observed of the occurrence of local microthromboses in the
vessels of the muscles, bone and bone marrow, with subsequent ischemic necrosis
and the formation of stress fractures of the bone stump. The aim of the study was to
investigate the role of local changes in vessels and muscles in the development of
stress fractures of the bones of an amputation stump under mechanical loading. The
experimental material consisted of 42 rabbits in which stress fractures of the femoral
bone stump were induced by graded pneumatic compression (30 mmHg) of the soft
tissues and a focused shock wave directed at the terminal surface with an energy of
0.5 mJ/mm?, frequency 2 Hz, delivering 400 impulses per session under anaesthesia
daily. The research method was histological, with injection of the vessels using an
India ink—gelatin mixture. Morphological examination of the bone included the study
of histotopographic and routine histological sections of bone tissue. The state of the
microcirculatory network of the bone and muscles was assessed. The density of vessel
distribution and their diameter were taken into account (without special quantitative
measurements). In the muscles, the amount of fibrous tissue was evaluated
morphometrically. On micrographs at magnifications x200 and x400, the diameter
of individual muscle fibres was measured. Statistical differences between groups
were assessed using the non-parametric Kruskal-Wallis test and the Mann-Whitney
U test. As a result, along with the traditional pattern of stress fracture development,
microthromboses of the vessels of the surrounding muscles, bone and bone marrow
were identified, which led to ischemic necrosis of these structures and the formation
of stress fractures. In the compact bone above and below the fracture site, dystrophic
and necrotic processes occurred, characterised by osteocyte lysis, necrosis of the
contents of central canals, impoverishment of Haversian canals and the development
of osteoporosis-like rarefaction. Marked rarefaction was accompanied by a decrease
in the number and thickness of bony trabeculae and cellular elements. The base of
the fracture gap was formed by necrotised bone marrow. Subsequently, the fracture
gap became filled with fibrous tissue and trabeculae of endosteal bone formation.
Fracture healing occurred through both fibrous and bone tissue. Thus, we established
that cyclic loading of the bone stump combined with muscle compression, in addition
to bone fatigue, also causes fatigue of the soft tissues, leading to the formation of
microthromboses in the vessels of the soft tissues, bone and bone marrow, with
ischemic necrosis of these tissues and the development of a stress fracture.
Keywords: rabbits, amputation, mechanical stress, soft tissue fatigue, microthrombosis,
stress fractures, morphological changes, regeneration.
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Introduction

Stress fractures account for up to 10-20 % of all injuries
in sports medicine and among military recruits [8]. These
are usually fatigue fractures that occur when abnormal and
repetitive stress is applied to normal bone. As a result, the
remodelling process is disrupted, leading to microdamage
and fractures. Fatigue fractures should be differentiated
from insufficiency fractures, which are the result of normal
stress on a pathological bone [2, 19]. During stress, the bone
deforms, and when the stress is removed, it returns to its
original state. Outside the elastic range, tension remains in
the cortical bone, creating microcracks and permanent plastic
deformation. Inadequate recovery and accumulated damage
with osteoclast activity predominating over osteoblast activity
leads to a stress fracture.

The aetiology of stress fractures is multifactorial and
includes numerous external and internal factors that may
indicate individual susceptibility.

External factors include nutritional deficiencies, eating
disorders, type and frequency of activity, footwear quality,
and environmental factors [10, 24].

Internal factors include structural changes in bone,
female gender, BMI, body composition, bone mineral density,
biomechanics, and bone malalignment [1, 31]. The vast
maijority of reports focus on bone. However, bone is not
isolated. Itis surrounded by skin, muscles, blood vessels, and
nerves, which also perceive mechanical loads. Unfortunately,
the role of these components of the musculoskeletal system
in the occurrence of stress fractures has not been studied.
Amputation increases the stiffness of arteries, especially
medium and small calibre ones. Acute changes occur in the
arterial system [22], which are a sign of adaptation to the
new arterial environment. They undergo neurohormonal
transformations related to blood volume, arterial pressure,
cardiac output, vascular remodelling, vascular tone and blood
flow distribution. Adecrease in blood flow in an artery leads to
a decrease in its diameter and possible secondary changes
in its wall. Vascular changes after amputation cannot fully
compensate for tissue blood supply, which causes negative
effects [22]. Amputation and prolonged immobility or sudden
increase in load increase the risk of venous thrombosis
[26, 27]. At the same time, minor injuries to the stump are
also associated with this risk [26, 27, 32]. At the molecular
level, there are several possible mechanisms: hypoxemia,
activated blood clotting factors, and inflammatory response
[25]. There is a considerable amount of literature devoted
to the study of muscles in the amputation stump [7, 9, 12].
The vast majority of these studies have found a decrease in
strength, muscle thickness and muscle fibre atrophy in the
amputated limb compared to the intact limb. Muscle fibre
splitting, atrophy, a decrease in the area and length of the
cross-section of fibres, and fatty degeneration have been
observed [29]. It should be noted that some researchers
[15] expressed the opinion that, along with bone fatigue,
muscle fatigue and decreased muscle strength can lead to
a decrease in bone protection from physical stress and an
increased risk of fatigue fractures. The authors agree with

them, who believe that cyclic bone loading leads to muscle
exhaustion [3, 5], bone resorption, temporary local hypoxia,
and the risk of stress fractures. Another study [1, 31] raised
the controversial question of what causes stress fractures:
the contractile force of the muscles acting on the bone or
increased fatigue of the supporting structures.

In this regard, there was a need to study and clarify the
possible role of the muscular and vascular systems in the
occurrence of stress fractures.

Aim: to investigate the role of local changes in blood
vessels and muscles in the occurrence and healing of stress
fractures of amputation stump bones under mechanical stress.

Materials and methods

The experiments were conducted on 42 sexually
mature rabbits of the White Giant breed weighing 2.5-3 kg.
All procedures for laboratory animals were performed in
accordance with the European Convention for the Protection
of Vertebrate Animals (Strasbourg, 1986) and Directive
2010/63 EU on the protection of animals used for scientific
purposes (2010). The research was conducted in accordance
with the recommendations of the Bioethics Commission of
the National Pirogov Memorial Medical University, Vinnytsya
(Protocol No. 10 dated 16 July 2024). The rabbits were
kept on a standard vivarium diet. The animals underwent
amputation of the thigh at the middle third and muscle plastic
surgery. Four weeks after the amputation, shock wave
therapy was performed to induce stress fractures, focusing
on the end surface of the stump with a shock wave energy
of 0.5 mJ/mm?, a frequency of 2 Hz, and 300 pulses per
session. Before this, the stump was placed in a pneumatic
cuff, in which a pressure of 30 mm Hg was created. A total
of 15 sessions were performed once a day. For pain relief
before the mechanical loading procedure, the animals were
intramuscularly injected with a combination of ketamine
(40 mg/kg) and xylazine (5 mg/kg). The combination provided
adequate sedation and analgesia for about 30 minutes, which
allowed the mechanical loading session to be performed
without stress and pain reactions from the animals. The
rabbits were removed from the experiment on days 7, 14 and
30 after the completion of the mechanical loading course.

Methodology for examining bone stumps

Before removal from the experiment, the animal was
administered 3000 IU of heparin in physiological solution
intra-arterially. After 15 minutes, a lethal dose (0.5 ml) of
hexenal was rapidly administered intravenously and the
abdominal aorta was ligated. Below the ligature, a cannula
from the intra-arterial injection system was inserted, fixing
it in the lumen of the vessel, and 10 % gelatin mixture was
poured in. After 24 hours, the femur was isolated in the hip
joint. A visual assessment of the relationship between the
soft tissues and the bone was made, after which the femoral
stump was freed from the soft tissues, leaving them only on
the end surface. The specimen was fixed in a 12 % formalin
solution and decalcified using a 15 % nitric acid solution. A
sagittal section was made through the middle of the bone,
which was poured into a block of celloidin. Sections 15-
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30 um thick were stained with haematoxylin and eosin and
according to Van Gieson. Clear sections were also made.
The morphological study included microscopic examination
of histotopographic and conventional histological sections of
bone tissue. The condition of the microcirculatory network of
bone and muscle filled with a gelatin mixture was assessed,
taking into account (without special measurements) the
density of the vessels and their diameter.

The stump muscles were fixed in a 10 % formalin solution
diluted in phosphate buffer (pH 7.4). The fixation time was 24
hours at a temperature of 4 °C. The muscle samples were
washed from formalin, dehydrated in isopropanol (from 70 %
t0 99.8 %) and embedded in paraffin. Sections 5 uym thick were
made from the paraffin-embedded samples. They were stained
with haematoxylin and eosin and embedded in a synthetic
medium. The micro-preparations were examined under an
OlympusBX51 microscope (Olympus Corporation, Japan).

The amount of fibrous tissue in the muscles was assessed
morphometrically. Images of micro-preparations, taken at
x40 magpnification, were divided according to localisations
that differed in specific staining. Micro-preparations stained
with picrosirius red contained areas with a specific red
reaction to collagen, and the muscles were stained yellow.
Using CarlZeiss software, areas that differed in colour were
separated. Areas stained red with picrosirius were assessed
as zones of collagenogenesis. They were quantified and then
the ratio of these areas to the total area of the studied micro-
preparations was obtained. The numerical measurements
obtained were then averaged and the result was presented
as the relative amount of connective tissue in relation to
muscle necrosis (%).

For morphometric analysis of diameter changes in
micrographs at x200 and x400 magnification, the diameter of
individual muscle fibres was measured. Two measurements
were obtained from each unit — for the larger and smaller
fibre diameters. Next, the numerical measurements (um)
were averaged for each sample and statistically processed.

Statistical analysis

The statistical differences between the groups were
assessed using the non-parametric Kruskal-Wallis test. This
test was used to check for statistical differences between
three independent groups, without assuming normality of
data distribution. Data from each group were combined and
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ranked. After ranking, the sum of ranks was calculated for
each group, which became the basis for further calculations.
The resulting H statistic was compared with the critical value
from the chi-square table, taking into account the number of
degrees of freedom k-7 (where k is the number of groups).
If the p-value of the test was less than the significance
level (a=0.05), the null hypothesis was rejected. If the null
hypothesis was rejected, a posthoc analysis was performed
to determine which groups differed from each other. For this
purpose, the Mann-Whitney U test was used, which allowed
comparing pairs of groups and determining between which
groups there were statistically significant differences [13].

Results

In the early stages after the fracture, stasis of individual
capillaries and pathological changes in medium-calibre
muscle vessels were observed, consisting of necrosis of
their wall cells, the appearance of thrombi and cellular debris
in the lumen (Fig. 1). Significant aggregation of platelets
and erythrocytes was observed in the lumen of the vessels.
Such aggregates occupied the lumen of the vessels, forming
light red thrombi that blocked the vessel (Fig. 2a, b). Local
thrombosis of the periosteal vessels and limited necrosis of
compact bone tissue were noted (Fig. 3). Thrombosis also
occurred in the bone marrow vessels (Fig. 2c). Perivascular
infiltration, tissue debris and a significant number of
fibroblasts and leukocytes were detected in the paravascular
connective tissue.

Parosally, against the background of wide areas of
transverse sections of muscle fibres, foci of swelling and
delamination of myofibrils were observed. In the surrounding
muscles, there were foci of haemorrhages with destroyed
blood cells and fibrin threads. Fragmentation and destruction
of the muscle fibres surrounding the vessels were noted,
as well as the absence of transverse striations and nuclei
in them. Inflammatory cell infiltrates formed, and there was
haemorrhagic impregnation and tissue detritus. Activated
fibroblasts, lymphocytes and macrophages were found
between the thin fibres.

In the area of necrobiotically altered compact bone against
the background of dilated vascular channels with pronounced
osteoclastic resorption and cavity formation, microcracks,
avascular and osteocyte-free areas, and disruption of vascular
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Fig. 1. Areas of muscle necrosis and vein wall necrosis. A, B — necrosis of muscle fibres with infiltration. C — necrosis of the vein
wall (arrow) with absence of cell nuclei and presence of cellular debris (a) in the paravasal connective tissue, muscle fibres (b).
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Fig. 2. The process of vascular thrombosis formation under mechanlcal stress. A — aggregation of formed elements in capillaries
(arrow). B — organised thrombus in an artery (arrow). C — venous thrombosis (arrow). Haematoxylin and eosin. A, B — %400, C — x 200.

Fig. 3. Formation of a stress fracture in necrotic bone. A— necrosis of compact bone tissue, B fracture gap (arrow). Haematoxylin

and eosin. x120.

continuity in the area of necrosis were observed. Microcracks
spread mainly along the fusion and resorption lines. As a
result of the fusion of microcracks, a fracture of the cortical
diaphyseal layer occurred (Fig. 4). In the fracture gap zone,
remnants of haematoma, proliferation of osteogenic cells, their
ingrowth into fibrin accumulations, avascularity, pronounced
necrobiotic changes, areas of bone tissue necrosis and
pronounced osteoclastic resorption were observed. On lighted
preparations, the compact bone showed disruption of vascular
continuity and capillary growth. Continuity was observed only
in large vessels. The bone marrow at the bottom of the gap
was avascular. Massive necrosis of its cellular elements was
observed. Against the background of pronounced oedema,
unevenly dilated veins, sinusoids, and capillaries filled with
blood cells and plasma were observed. Anastomoses formed
between the bone marrow vessels and the periosteum. Bone
tissue resorption (intracortical resorption) began with the
periosteum and was replaced by newly formed bone tissue
on the endosteal surface (Fig. 5). The inter-beam spaces
and resorption cavities were occupied by fibroreticular tissue
with chains of osteoblasts and osteoclasts located along
the contours of the beams, indicating the formation of basic
multicellular units. In the bone marrow canal, starting from
the end in the proximal direction over a considerable length,
there is loose, edematous fibrous tissue with a significant
number of sinusoids, large tissue cysts, and thin-walled

vessels of large diameter filled with ink. There was a discharge
of carcass into the perivascular space. Opposite the stress
fracture in the medullary canal, diffusely located macrophages,
lymphoid and plasma cells, a significant number of sinusoids
and tissue cysts associated with the microvascular bed were
identified in the edematous fibrous tissue. The bone walls of
the Haversian and Volkmann’s canals were enlarged, with
uneven surfaces and cracking of the bone tissue. The canals
are filled with fibroreticular tissue, indicating the onset of
remodelling of the cortical layer bone tissue. Subsequently, in
the outer layers of the cortical diaphyseal plate, at a distance
of 1 cm from the fracture line, vessels appeared, passing
through the enlarged transverse bone canals from the soft
tissues and periosteum. Revascularisation improved due to
the maximum development and inclusion of anastomosing
vessels and the existing microcirculatory bed of bone tissue
with preservation of collateral blood supply in the future.
New bone beams formed in the thickened osteoblastic
tissue of the periosteum, forming a layer of periosteal bone
formation. The gap between the fragments was filled with
cellular-fibrous tissue with tissue cysts, hyaline cartilage and
an area of enchondral ossification (Fig. 6). Tissue cysts and
extravasates were found in the medullary canal. At a distance
from the fracture, a dense network of immature bone beams
was determined on the endosteal surface of the cortical layer.
Fibrous-cartilaginous tissue formed periosteally was formed on
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the proximal fragment. The peripheral fragment was avascular.
Subsequently, immature bone beams appeared on the central
fragment. Dense fibrous tissue with large areas of cartilage
was detected in the fracture gap. Endosteal and periosteal
bone formation occurred at the ends of the fragments. The
inter-beam spaces were filled with sinusoidal vessels and
tissue cysts. The bone tissue was osteocyte-free. After a
month, bone formation in the form of a dense network of bone
beams occurred in the fracture gap on the basis of cartilage
tissue. Mature beams were found at the ends of the fragments
on the periosteal and endosteal surfaces. Subsequently, the
fracture gap was filled with bone beams of varying maturity
(Fig. 7). Cartilage and fibrous tissue were minimal. In the
long term, further remodelling of bone tissue and the vascular
system continued.

+/
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Fig. 4. Histotopograms stumps with stress fractures of the
cortical diaphyseal plate. A— bilateral stress fractures (arrow) of
the cortical diaphyseal plate. B — stress fracture of the cortical
diaphyseal plate: a — fibrous tissue around the bone closure
plate; b — muscles adjacent to the plate; ¢ — endostal beams.
Haematoxylin and eosin. x2.5.

St A 71 AR S
Fig. 5. Structure of the cortical diaphyseal plate at the fracture
site. Significant resorption of the cortical diaphyseal plate: a
— remnants of compact bone; b — dense fibrous tissue at the
site of the resorbed plate; ¢ — newly formed endosteal beams;
d — bone marrow; arrow — fracture line (arrow). Haematoxylin
and eosin. x78.

Fig. 6. Process of healing of a stress fracture of the bone
stump by enchondral osteogenesis. Hyaline cartilage (a) with
enchondral ossification (b). Haematoxylin and eosin. x80.

i
Fig. 7. Area of partial bone fusion: a — ends of fragments; b —

beams of endosteal regenerate; c — beams of periosteal bone
formation. Haematoxylin and eosin. x5.

During the healing process of the stress fracture, changes
occurred in the vessels and muscles of the stump. An
increase in vascular density was observed. In the lumen of
some of them, unchanged blood cells were already visible,
indicating the restoration of blood supply. Proliferation of
smooth muscle elements was noted. Muscle fibres were
deformed, some of them necrotic, others thinned and
less intensely stained. Transverse striations were absent.
Fibroblasts and macrophages, a large amount of connective
tissue, and cell-free areas with collagen were observed in
the interstitial space.

In preparations with healed stress fractures (Fig. 8),
restoration of the patency of arterial and venous vessels
was noted. Cell nuclei and tissue formed elements appeared
in their walls. Part of the muscle tissue was replaced by
connective tissue. The activity of its formation was reduced.
The thickness of muscle fibres decreased. Muscle fibres with
nuclei in the centre and periphery of the fibre were found,
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indicating active reparative processes. Foci of adipocytes
were found.

v&:v;gm;}ah. el aT
Fig. 8. Histotopograms of a deformed stumps with reconstruction
of the cortical diaphyseal plate in the area of the previous
fracture. A— curvature of the remodeled cortical diaphyseal plate
(arrow). Van Gieson staining. x2. B — rebuilt after a fracture: a —
cortical diaphyseal plate remodeled after fracture; b — endosteal
segment where the regenerate is located; ¢ — fibrous tissue
surrounding the end of the stump. Haematoxylin and eosin. x2.5.

The participation of the muscles surrounding the bone
in regeneration consisted in the proliferation of perimysium
cells. At the fracture site, fibrous tissue developed after 4
weeks, which subsequently acquired the structure of the
periosteum.

Since the main morphological changes in the muscles
involved were the development of connective tissue and
hypotrophy of muscle fibres, we determined the relative
density of connective tissue and the average diameter of
muscle fibres.

Table 1 shows the morphometrically determined
percentage of muscle tissue destruction (necrosis, atrophy,
and fibrotic changes) at different time points after detection.
According to the data obtained, the relative density of
collagen in intact rabbits is 5.06£0.44 %. As can be seen
from the table, the percentage of relative density of collagen-
positive muscle areas increased depending on the duration.

Table 1. Relative collagen density (%) in muscle samples at
different time periods after modelling a stress fracture.

Group Research period

7days | 14days | 30days
Control 5.06+0.44
Research groups | 48.18+1.58* | 56.83+2.83*# | 71.83+2.33*#"

Note: H Kruskal-Wallis test statistics — 10.38, p-value — 0.015;
* — significantly different from control (p<0.05); # — significantly
different from 7 days (p<0.05); * — significantly different from
14 days (p<0.05).

Table 2 shows data on the diameter of muscle fibres that
were not in a state of necrosis and decay. In the control group,

it was 81.83£1.27 um. The diameter of fibres that were not in
a state of necrosis and decay was assessed. The diameter
of muscle fibres was significantly smaller at all observation
times compared to the control group. At 7 days, it was slightly
higher than at 30 days of observation, which is explained by
oedema. In general, muscle hypotrophy developed gradually.

Table 2. Results of muscle fibre morphometry (diameter, um).
Group

Research period
14 days |

7 days |
Control 81.83+1.27
Research groups | 56.73+2.47* | 61.43+2.05"4 | 53.87+1.41*#
Note: H Kruskal-Wallis test statistics — 9.97, p-value — 0.018;
* — significantly different from control (p<0.05); # — significantly
different from 7 days (p<0.05); » — significantly different from
14 days (p<0.05).

30 days

Discussion

Amputation leads to a sharp disruption of homeostasis
in the bone, destruction of microcirculatory connections
between adjacent blood supply basins, and damage to
vascular connections between the bone and surrounding
soft tissues.

The selected model of dosed pneumatic compression
of soft tissues and focused on the end surface of the
shock wave maximally imitated the process of using a
prosthesis. The study showed that mechanical stress on
the stump leads to fatigue not only of bone tissue, but also
of the muscles surrounding the bone, with blockage of the
microcirculatory bed. Local spasm with vasoconstriction
occurs at the site of damage. The endothelial membrane is
damaged and the extracellular matrix in this area is exposed
to blood components [20, 23]. The extracellular matrix
releases cytokines and inflammatory markers, which leads
to platelet adhesion and aggregation at this site, forming
a seal over the defect. Platelet adhesion is mediated by
interactions between various receptors and proteins. This
is followed by platelet activation with the release of ADP,
thromboxane A2, serotonin and other activation factors.
Activated platelets bind to each other and to the damaged
area of the endothelium, forming a primary clot. As a result
of complex activations and transformations, a stabilised clot
forms — a thrombus with impaired anatomical patency due
to intravascular blood clotting and the formation of antigen-
antibody reaction products. In the area of excluded blood
supply, ischemic necrosis of vessels, muscles, periosteum,
bone and bone marrow occurs with destruction and melting
of the stroma under the influence of proteases secreted
from the lysosomes of damaged cell elements [20]. The
accumulated waste products contribute to inflammation
with sequestration of necrotic bone areas. The structure of
microvessels is influenced by biomechanical forces, including
shear stress and biochemical signals (hormones, growth
factors, cytokines, chemokines, nitric oxide). According
to Seymour R. S. et al. [28], microvessels are subject to
significantly increased wall shear stress and tangential force
acting on the vessel walls as a result of blood flow, as their
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size decreases. The average shear stress values in arterioles
significantly exceed those in arteries. Unlike thrombosis in
large arteries, thrombosis in microvessels leads to more
diffuse perfusion impairment and widespread avascularity.

The condition of muscles after reperfusion depends not
only on their direct damage, but also on metabolic dysfunction.
Muscle ischaemia stimulates the hyperproduction of cytotoxic
lactate, superoxide anion and creatine phosphokinase,
which are manifestations of lactic acidosis and ischaemic
damage [11]. Hypoxia causes inhibition of electrons in the
mitochondrial respiratory chain and limits the formation
of macroergic compounds (ATP, creatine phosphate) in
the cells of damaged tissues [6]. Disrupts the sodium-
potassium pump, membrane depolarisation and intracellular
Ca?+ accumulation, resulting in mitochondrial dysfunction,
hyperproduction of free radicals, lipid peroxidation of biological
membranes, cell necrosis and inflammation [4]. Reperfusion
exacerbates damage to ischaemic tissues. Active forms of
oxygen, products of lipid and protein peroxidation play a
leading role in this process [33]. This causes endogenous
activation of the antioxidant defence enzyme system. The
activity of superoxide dismutase and catalase increases [34],
while that of glutathione peroxidase decreases. According to
Li Y. at al. [21], this enzyme is activated in the presence of
low amounts of peroxide and lipoperoxides, while catalase
is activated at high concentrations of hydrogen peroxide. Its
activation and accumulation of peroxides is evidence that,
in addition to direct muscle damage, secondary damage to
muscle tissue develops. Thus, cyclic bone loading combined
with muscle compression causes not only hypotrophy and
tissue deformation, but also necrosis of muscle fibres, a
decrease in muscle tissue and microcirculation disorders in
skeletal muscles. This is evidenced by cell necrosis in the
walls of blood vessels, haemorrhages, and thrombosis in
the vessels. Interstitial oedema and haemorrhagic infiltration
of the affected muscle tissue were the result of necrosis
of the walls of blood vessels. Secondary microcirculatory
disorders arose as a result of oedema, which increased
the intra-tissue pressure inside the closed fascial space of
the muscle [17, 18]. Subsequently, the oedema processes
intensified, regional ischaemia and accumulation of cytotoxic
metabolites in the tissues occurred [30]. Increased blood
flow during reperfusion causes haemorrhagic infarction of
muscle and bone, as the structural integrity and metabolic
activity of ischaemically damaged vessels are impaired [16].

A significant number of plasma capillaries appear in
the bone tissue, vascular permeability increases with the
accumulation of plasma fluid in the perivascular spaces of
the Haversian and Volkmann’s systems. Dystrophic changes,
focal avascularity, inflammation, oedema, necrosis of the
fatty bone marrow, and its replacement by fibrous tissue
occur. In the area of mechanical stress concentration,
bone resorption occurs through vascular channels, leading
to spongiosis and porosity. Continued mechanical stress
leads to a stress fracture of the necrotic cortical diaphyseal
layer of the bone. The size of the fracture gap depends on

the location and extent of the area of ischaemic necrosis
caused by decompensated blood supply disruption. There
is widespread blockage of the microcirculatory bed of
bone fragments, and their further fate depends on the
aforementioned redistributive compensation for the disrupted
blood supply. With complete primary compensation, which
ensures rapid and sufficient restoration of blood supply,
viable bone marrow is separated from the exudate by
granulation tissue and inflammation does not spread to the
bone marrow. Blood flow slows down in bone fragments and
intraosseous pressure increases, which enhances plasma
exudation and the migration of cellular elements into the
fracture gap. With incomplete primary compensation of the
impaired blood supply, there is a slow recovery of weakened
blood flow. At the same time, in one or both bone fragments,
hypoxia leads to ischaemic damage to cellular elements and
changes in the cellular composition of the bone marrow. Cells
with low energy metabolism are preserved. The spread of
the reparative reaction to the ends of the fragments slows
down. Fibroblastic differentiation of osteogenic tissue cell
elements prevails here, the production of connective fibrous
tissue intensifies, but the conditions for reparative bone
formation deteriorate. In these cases, fibrous-chondroid
fusion occurred. Sometimes, decompensation of the impaired
blood supply to bone fragments and bone marrow occurs,
creating unfavourable conditions for the development of a
reparative reaction in the bone marrow. Revascularisation
and replacement of the necrotic area begins at the site
where the blood supply and cellular composition of the
bone marrow are preserved. The endosteal proliferative
reaction ensures slow replacement and revascularisation
of the area of ischaemic necrosis with a predominance of
fibrous connective tissue neoplasm. The periosteal reaction
begins several days later than in compensated blood supply
disorders, but then becomes pronounced. As resorption
processes intensify, the periosteal vessels form periosteal-
medullary anastomoses.

Studies show that the muscles and vessels surrounding
the bone are directly involved in the formation of stress
fractures during dosed muscle compression and mechanical
loading of the bone stump. Of course, the basis is the impact
on the bone remnant, but the data obtained indicate the
participation of surrounding tissues in this process, and they
must be taken into account in further studies, since they also
participate in the healing of the fracture.

There are some limitations to this study that must be
acknowledged. The results are based on a limited number
of histomorphological observations of local microthrombosis
in modelling stress fractures. In the future, it would be useful
to study metabolic changes in ischaemic muscles and
stump bone in order to develop possible methods for their
prevention and treatment. All experiments were conducted
under the same mechanical load. In the future, it would
probably be advisable to study the role of microthrombosis in
muscle and bone vessels under different mechanical loads.
This would allow establishing threshold and subthreshold
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loads, some of which could be used to determine the optimal
option for bone impact. It would be necessary to study
haemostasis indicators, the effect of microthrombosis on the
thrombosis factor, cytokines, neutrophil extracellular traps,
and complements. Separate studies should be planned for
this purpose.

Conclusions

1. Prosthesis-like dosed compression of soft tissues with
cyclic loading of the bone stump due to compression and
shear deformation leads to local ischaemia, thrombosis and
necrosis of muscles, bone and bone marrow tissues with the
formation of a stress fracture.
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POJlb MEXAHIYHHOIO HABAHTAXEHHA TA NOKAIIbHOIoO TPOMBO3Y CYAUH Y ®OPMYBAHHI CTPECOBOIO
NMEPENOMY KYKCWU KICTKU (EKCNEPUMEHTAINBbHE OOCHNIOXXEHHA)

BescmepmHuli 0. O., BondapeHko [. B., lllesuyk B. I., Bpariybkuli O. (0.

AmMnymauis KiHyieku npu3eodums 00 ropyweHHs1 PeMoOerno8aHHs1 KyKCU KICMKU, ke Yacmo 3aeepllyembcs i QbyHKUYiOHaIbHO0O
HecrnpoMoxHicmio | HeobxiOHicmio peammnymaduid. [Jo cb0200HIi 3a2anbHONPUUHSAMHUM MOSICHEHHSM ¢hOPMY8aHHSI Cmpecosux
reperiomie € HaKornuU4YeHHs1 8MOMHUX MIKPDOMOWKOOXEeHb 8 KOMMIakmHOMY wapi Kicmku. Ydacmb iHWUX MKaHUH y ¢popmyeaHHi
cmpecosux rnepesiomie He sus4anachk. B npoueci ekcriepumeHmarnbHuUx 00CniOXXeHb CMPecosux repesiomie nicis amnymauid e
YacmuHi eunadkie npocmesxysasnachk Yimka JliHisi BUHUKHEHHST JTOKarbHUX MIKpOmpomb03i6 CcyOuH M’s3ig, KICMKU, KICmMKO8020 MO3KY
3 IiX iwemidHUM HEKPO30M ma ¢hopMy8aHHSIM CIMPECOB8UX repesiomis Kykcu kicmku. Mema pobomu: docnidumu posib 10KanbHUX 3MiH
CYOUH [ M's3i8 Y BUHUKHEHHI CIMpeco8020 rnepesioMy KiCmok amymau,itiHoi KyKcu rpu MexaHiYHOMY HagaHmaxkeHHi. Mamepianom ons
ekcriepumeHmy 6yrnu 42 kpori, y Skux gpopMysarnu cmpecosi neperioMu Kykcu cmeeHo80iI KicmKu wiisixom 00308aHOI MHe8Mamu4Hol
komnpecii (30 MM pm. cm.) M’IKUX mMKaHUH i cghOKycogaHOoi Ha mopuesy noeepxHio yoapHoI xeursi 3 eHepaieto 0,5 mIx/mMm?,
yacmomoro 2 'y 3 nodayero 400 imnynbcie 3a ceaHc r1id 3HeboneHHaM w,00eHHo. Memod docnidxKeHHs 2icmonoeidHull 3 HarnueKo
CYOUH myw-xerramuHogoto cymiwiwito. MopghonozidHe OOCTIOKEHHS KICIMKU 8KITHOHaIIo 8UBHEHHST 2icmomoriogpaiyHux i 3sudaliHux
2icmonoeiyHux 3pisie Kicmkogoi mkaHuHU. OuiHrosanu cmaH MIKPOUUPKYISMOPHOI Mepexi Kicmku ma m’asie. Bpaxosysanu (6e3
crieyianibHUX 8UMIPO8aHb) WinbHiCMb po3maulysaHHs1 cyOuH ma ix diamemp. B m’s3ax MOpghoMempuYHO OUiHI08anuU KinbKicmb
ibposHoi mkaHuHU. Ha mikpoghomoepadgpisix npu 36inbweHHsix x200 ma %400 sumiprogariu Oiamemp OKPeMoz20 M’s1308020 80ITOKHa.
OuiHKy crmamucmuYHUX 8iOMiHHOocmeU Mixk 2pyrnamu npogodusiu 3a 00roMo20to HernapamempuyHo2o0 mecmy Kpackana-Bonnica
ma U-mecmy MaHHa-YimHi. B pe3ynbmami nopsid 3 mpaduuyitiHuM po38UMKOM CMpecosux repesiomie susiereHi Mikpompomoo3u
CYOUH OMOYYIHUX M’A3i8, KICMKU | KICMKO8020 MO3KY, WO rpu3eenu 00 iWeMiHHO20 HEeKpOo3y Yux cmpykmyp i popmyeaHHs
cmpecosux rnepesiomie. B komnakmHil Kicmuyi euwe i HUx4e nepenomy Hacmymnanu ucmpoidyHi ma HeKpomuyHi npouecu, sKi
Xapakmepu3ysarsnuch f1i3UCOM 0CMeoyumie, HeKpO3oM 8Micmy UeHmparbHUX KaHanig, 6iOHICMI0 2a8epco8UX KaHarslig, PO38UMKOM
ocmeornopo3dy. BupasHa papegpikauis cynposodxyseanacb 3MEHWEHHSIM KiflbKOCmi | moswuHU Kicmkosux 6arioK ma KilimuHHUX
enemexmig. [JHom wjinuHu nepenomy bye Hekpomu3aosaHul Kicmkosul MO30K. B nodarnbwomy criocmepieanoch 3arno8HeHHs WinuHu
nepenomy ibpo3Ho mKkaHUHOH ma baskamu eHOoCmarbHOZ0 KiCMKOYMEOPEHHS. 3a20EHHS neperiomie npoxooduso 3a paxyHoK
ibpo3HOI ma Kicmko8oi mKaHUH. TakuM YUHOM, HamMu 8CMaHOB/IEHO, WO UUKIIIYHE HagaHMaXeHHs1 KyKcu KicmKu, noedHaHe 3
Komrpecieto m's3ig, Nopsi0 3 BMOMOK0 KiCMKU 8UK/TUKAE 8MOMY M'SKUX MKaHUH 3 ¢hopMy8aHHSIM MIKpompomb03ie 8 cyOuHax M'aKux
MKaHUH, KICmMKU | KICMKO8020 MO3KY 3 ileMiYHUM HEKPO3OM UUX MKaHUH i CmpecosuM nepesioMom.

Knro4yoBi cnoBa: kpori, amnymauisi, MexaHiyHe HasaHmakeHHs, 8moma M'aKuX mKaHuH, Mikpompomb603, cmpecosi nepenomu,
MOp@horioaiyHi 3MiHU, pe2eHepauisi.
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The fetal immune system develops and functions under complex conditions.
While it maintains internal fetal homeostasis, it must quickly adapt and respond
to maternal antigens. The aim of this study was to examine the pathological and
immunohistochemical characteristics of thymus tissue in infants who died in the
early neonatal period. The morphological and immunohistochemical characteristics
of the thymus were analyzed in 30 infants born to mothers with preeclampsia and
eclampsia who died in the early neonatal period. Thymus fragments were obtained
at autopsy, fixed in 10 % neutral formalin, and then subjected to standard processing
and paraffin embedding. Subsequent histological and immunohistochemical analysis
was performed using CD3, CD4, and Ki-67 markers. Statistical analysis of the obtained
results was performed using STATISTICA for Windows and MS Excel, employing
variation statistics methods. It was established that the statistically significant
changes in the integral ratio between the adrenal and thymus masses morphologically
indicate the development of premature glucocorticoid-associated thymus involution.
Morphologically, a marked increase in the glandular epithelium of the enterochromaffin
cells of the zona fasciculata of the adrenal cortex, a sharp increase in the number
of lipid inclusions in their cytoplasm, and signs of vascular plethora are noted. The
thymus is characterized by a fibrous capsule of variable thickness, a convoluted
surface, interstitial edema in the capsule wall, thickening and disorganization of fibrous
structures, as well as numerous Hassall’s corpuscles and signs of active apoptosis.
Morphological changes in the thymus in neonates born to mothers with preeclampsia
and eclampsia and those who died in the early neonatal period are accompanied by
signs of premature involution and secondary immunodeficiency. High expression of the
Ki-67 marker reflects increased proliferative activity of lymphocytes, while low positive
expression of CD3+ and CD4+ indicates impaired differentiation of T-lymphocytes and
insufficient production of T-helpers, which leads to decreased resistance to infections
and the development of immunodeficiency states.

Keywords: newborns, thymus, morphology, inmunohistochemistry, signs, involution,
immunodeficiency.

Introduction

Currently, the prevention of early neonatal mortality of
newborns born to mothers with preeclampsia and eclampsia
is one of the pressing problems of modern neonatology, since
the introduction into practice of criteria for live and stillbirths
developed and recommended by the WHO has led to an
increase in the number of registered newborns with a body
weight of 500 to 999 g [6]. Globally, the average incidence of
preeclampsia and eclampsia in pregnant women is 35-65 per
100,000 pregnancies. Despite a relatively small proportion
(0.2-2 %) of all newborns, extremely premature infants

account for 45-55 % of all births and 60-70 % of all cases of
early neonatal death [13, 24, 25].

The effectiveness of nursing children with very low birth
weight depends on the morphofunctional maturity of the
hypothalamic-pituitary-adrenal and immune systems, which
ensure the postnatal adaptation of children [7, 16, 22, 27].

The fetal immune system develops and functions under
complex conditions. On the one hand, it maintains internal
fetal homeostasis, while on the other, when exposed to
antigenic influences from the mother’s body, it must quickly
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adapt and respond [3, 10, 21, 30]. It has been established
that immune system processes such as proliferation,
differentiation, migration, cooperation, and apoptosis are
genetically determined [20, 28].

Despite significant advances in medicine in the study
of the thymus gland, the significance of thymomegaly and
thymus hypoplasia remains unclear, necessitating various
studies to determine the etiology, pathogenesis, clinical,
functional, morphological significance, consequences and
prognosis of its diseases.

The aim of the study was to investigate the
pathomorphological and immunohistochemical characteristics
of thymus tissue in children who died in the early neonatal
period.

Materials and methods

The morphological and immunohistochemical
characteristics of the thymus were studied in 30 infants
born to mothers with preeclampsia and eclampsia, and
those who died in the early neonatal period. The study was
approved by the Bioethics Committee of Samarkand State
Medical University (Protocol Ne 3 dated November 6, 2024).

Thymus tissue samples obtained during autopsy were
fixed in 10 % neutral formalin for 72 hours, rinsed in running
water for 3-4 hours, then dehydrated in 70, 80, 90, 96, and
100 % alcohol and chloroform, and embedded in paraffin to
prepare blocks. Sections of 3-5 um thickness were prepared
from the paraffin blocks on rotary microtomes. The paraffin
was removed from the sections by melting them with xylene
in an incubator at 57 °C, after which they were stained with
hematoxylin and eosin solutions to examine the general
histological condition of the thymus tissue.

To study profound morphological changes in the thymus
gland of children who died in the neonatal period, the IHC
markers CD-3, CD-4, and Ki-67 were used. These markers
allow the expression and identification of various types of
lymphocytes in the thymus at different stages of development.

The paraffin-embedded biopsy material was subjected
to immunohistochemistry using monoclonal antibodies using
standard methods. 4-um-thick sections were prepared from
the paraffin blocks, placed on glass slides, and dried at room
temperature for 24 hours. Before staining, sections were
placed vertically in a thermostat at 55 °C for 60 minutes.
They were then deparaffinized in orthoxylene (10 minutes
each in two-volume batteries), rehydrated in decreasing
concentrations of ethyl alcohol (3 minutes each in three-
volume batteries), and rinsed in distilled water. The slide
containing the section was heated, placed in unmasking
buffer, and placed in a water bath at 98 °C for 30-40 minutes.

After cooling to room temperature, the slides are washed
in Tris-buffered saline (pH 7.5). To block endogenous
peroxidase, sections are treated with 3 % H,O, solution
for 15 minutes. To reduce nonspecific binding and limit
background staining, slides are treated with Protein Block
(X0909) (DAKO) for 10 minutes. Before adding antibodies,
sections were immersed in a special diluting solution to

preserve the reagents and prevent leakage. Incubation with
primary antibodies was carried out for 60-120 minutes at
room temperature. The LSAB2 universal imaging kit (DAKO)
was used with a minimum exposure time of 40 minutes.

Paraffin in the sections was removed by melting it with
xylene in a thermostat at a temperature of 57 °C, after which
the general histological condition of the lymph node tissue
was studied using immunohistochemical markers.

In this study, the CD+3, CD+4, and Ki-67 markers were
used. The CD+3 marker is a coreceptor for a multiprotein
complex on the membrane of T lymphocytes present in
the thymic cortex and binds to this receptor to identify
T lymphocytes. Morphologically, it ranges in color from
golden yellow to light brown. Itis primarily used to quantify T
lymphocytes in the paracortical region. CD+4 is a coreceptor
for a protein on the B-lymphocyte membrane that binds to
this receptor and stains the T-lymphocyte a golden-yellow-
brown color. To do this, the prepared blocks are placed
on a special adhesive slide and the material is cut using a
microtome. The material is then incubated in hematoxylin
solution for 2 minutes.

Using a special automated device (DAKO), CD+3 and
CD+4 are applied to a glass slide surface labeled with a QR
code. After 20 minutes, they are rinsed with distilled water.
The slide surfaces are covered with a cover slip. To verify
the accuracy of our work, when examining the slide under a
microscope for reactions with the above-mentioned markers,
we see golden-yellow-brown cells in the biopsy specimens.
Thus, our methodology was implemented correctly. When the
above markers react with a special protein on the lymphocyte
membrane, a change in the indicator’s color is considered an
indication of a «+» expression level (Table 1). In this case,
we consider the markers to be expressed by name.

Table 1. Immunohistochemical staining intensity scale.
Evaluation criteria Note
«-» No reaction

Color index scale

«+» Low
expression

«++y Moderate

expression

«t+++»

High
expression
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The intensity of cell staining (or their nuclei for Ki-67
protein, estrogen receptors, and progesterone receptors)
was assessed visually on a scale from 0 to 3 (negative,
weak, moderately stained), and the percentage of positively
stained cells was calculated. Each indicator was calculated
as an intensity value (minimum for 500 epithelial and 500
stromal endometrial cells in 10 fields of view at a microscope
magnification of x400).

Statistical analysis was performed using MS Office Excel
2007 and STATISTICA for Windows 10. The significance
level of differences was set at p<0.05. The Student’s t-test
was used to determine the distribution norm and to examine
dynamics within groups and between populations.

Results

Our study examined morphological changes in the
thymus in infants born to mothers with preeclampsia and
eclampsia who died in the neonatal period. We selected
infants who died in the early neonatal period (0-7 days).

The average thymus mass in children born in the early
neonatal period was 7.163+1.121 g, while in the control
group this figure was 13.46+1.82 g. It was found that the
adrenal gland mass in children born during this period was
7.75240.024 g, while in the control group this figure was
4.110+0.171 g. This means that the adrenal gland mass
in children born against the background of preeclampsia
increased by 1.71 — 1.88 times.

As a result, the presence of statistically significant
differences in the integral ratio between adrenal and
thymus tissue indicates, from a morphological perspective,
the development of premature glucocorticoid-associated
thymic involution. Morphologically, it was established that
the glandular epithelium of the enterochromaffin cells of
the fasciculate layer of the adrenal cortex is significantly
enlarged, with a sharp increase in the number of lipid
inclusions in its cytoplasm, and signs of vascular congestion.
Morphologically, the thymus is characterized by a fibrous
capsule of varying thickness, a tortuous surface, signs of
plethora, the formation of interstitial edema in the capsule
wall, the appearance of thickenings and disorganization of
fibrous structures.

The epithelial cells (mother cells) in the subcapsular
region were oval in shape, with pale eosinophilic cytoplasm,
surrounded by a few prethymocytes, numerous macrophages
located along the perimeter, coarse fibrous structures were
observed in the intermediate stroma, and signs of plethora of
varying intensity were observed in the small-caliber vessels
of the cortical layer (Fig. 1, 2).

The density of cortical epithelial cells is sharply reduced,
and the stroma contains ruptured areas resembling pore
spaces. No hypercellularity is observed in the general
background at 100-fold magnification. Along the perimeter
of the lobules, longitudinally compressed epithelial growths
with surrounding punctate spaces are visible in the blood-
thymic barrier. Endothelial cells are unchanged, trabecular
structures are thickened, the number of sparse fibrous

2

-

Fig. 1. Early neonatal period. Newborn, 5 days old. Thymus
lobule, intermediate edema in its capsule (1), pronounced
vascular congestion (2), disorganization of rare fibrous structures
in the capsule (3). Hassall's corpuscles of varying size are
revealed (4), the trabecular meshwork of the cortex extends
into the medulla, and edema forms in the interstitium. Exposed
stromal fragments are determined in the medulla. Vascular
congestion is revealed in all layers. Hematoxylin-eosin staining,
x100.

Fig. 2. Early neonatal period. 7-day-old newborn. Increased
apoptosis of small lymphocytes was detected in the cortex of
the gland (1), and pronounced exposure and disorganization of
fibrous structures were detected in the stroma (2). Hematoxylin-
eosin staining, x40.

structures is increased, trabecular blood vessels are markedly
congested, and proliferatively active foci of fibroblasts are
visible along their perimeter. Specifically, around the foci
of actively proliferating fibroblasts, proliferation of sparse
fibrous connective tissue is observed, trabeculae of varying
thickness appear, and the fibrous tissue surrounding the
thymus lobules thickens.

In the medulla, numerous endothelial cells with high
cytoplasm are reduced in size, metaplasia into normal
endothelial cells is observed, and foci of interstitial edema
and randomly distributed fibrous structures are seen around
postcapillary venules. The detection of a large number of
epithelial cells within Hassall's corpuscles confirms the rapid
development of new corpuscles. The presence of intertwined
cellular branches, separated and dissociated from each
other, as well as the presence of homogeneous, loosely
arranged cellular fragments in the form of various corpuscles,
indicates the rapid development of apoptosis (Figs. 3, 4).

A relatively significant increase in the number of
macrophages containing homogeneous inclusions of varying
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Fig. 3. Early neonatal period. 7-day-old newborn. It was
established that plethora, occurring even in small capillaries
(1), leads to the formation of plasma congestion in the thymus
parenchyma and foci of disorganization in the stromal connective
tissue with the presence of spaces (2). Hematoxylin-eosin
staining, x40.

%ia’ Fe L { o SRRES e = o o)
Fig. 4. Early neonatal period. 7-day-old newborn. Space
between glandular lobules. In the cortex, disruption of the
anastomoses of small-caliber venous vessels and a sludge
phenomenon in erythrocytes were detected (1). Hematoxylin-
eosin staining, x400.

intensity in the cytoplasm around Hassall's bodies and
postcapillary venules indicates an increase in the phagocytic
process during apoptosis and confirms the development of
thymus involution in children with severe preeclampsia and
eclampsia, as well as in those who died in the early neonatal
period from diseases of various origins.

In the early neonatal period, on days 0-7, a high level of
proliferation with a high level of positive expression of the Ki-
67 marker is observed in the organs of the immune system,
which is maintained as the degree of differentiation increases.

In our study, among those who died in the early neonatal
period, 80.0 % (24 patients) had high positive expression
of the Ki-67 marker, with an average of 26.1 % and higher.
Moderate positive expression was detected in 15.1 % of the
examined individuals, which amounted to 16.7 % (5 patients),
while in 3.3 % (1 patient), the expression level was less than
10 %. In our material, high expression was observed in 4/5
patients, which can be considered a highly positive indicator
indicating a high response of the Ki-67 marker (Figs. 5, 6).

The study found that the CD3+ marker was primarily used
as a marker characterizing T-lymphocytes. This confirms
that T-lymphocyte cellular immunity in newborns is not fully

Fig. 5. Thymus tissue from a newborn who died on day 4 of
the early neonatal period. High positive expression of the Ki-67
marker in the thymus tissue (1). Scanning with QuPath-0.4.0.ink
and determination of expression levels. Expressed cells are dark
brown. Dab chromogen staining, x40.

Fig. 6. Thymus tissue from a newborn who died on day 6 of the
early neonatal period. Moderately positive expression of the
Ki-67 marker in the thymus tissue (1). Scanning with QuPath-
0.4.0.ink and determination of the expression level. Expressed
cells are dark brown. Dab chromogen staining, x40.

developed, as the low positive expression of the CD3+
marker, which predominantly stains macrophages, is due to
the sharp decrease in the number of T-lymphocytes in the
thymic cortex, most of which undergo induced apoptosis.

In our study, 83.3 % of participants had low positive
expression, and 16.7 % had negative expression. This
means that lymphocytes with the CD3+ marker were very
few (Figs. 7, 8).

One of the main changes in the thymus during autopsy
of those who died in the early neonatal period was revealed
by simple morphological studies, which manifested itself in
an accidental transformation of the thymus and a decrease
in immunocompetent cells. Immunohistochemical studies
performed to identify the T-helper lymphocyte subpopulation
using the CD4+ marker revealed a very low level of positive
expression, which is due to the extremely low number
of T-helper cells in the thymic cortex and medulla, which
produce immunostimulatory factors that activate killer T-cells.
The absence of autologous tissue confirms the lack of
differentiation toward tolerance. Therefore, from a clinical and
morphological perspective, this manifestation is considered
a type of immunodeficiency (Figs. 9, 10).
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Fig. 7. Thymus tissue from a child who died on day 3 of the
early neonatal period. High levels of CD3 marker expression in
the thymus tissue (1). Scanning was performed using QuPath-
0.4.0.ink, and the expression level was determined. Cells that
do not express most of the red dye are shown in red. Dab
chromogen staining, x40.
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Fig. 9. Thymus tissue from a newborn who died on day 7 of the
early neonatal period. Moderately positive expression of the CD4
marker in the thymus tissue (1). QuPath-0.4.0.ink. The program
was used for scanning and determining the expression level.
Expressed cells are dark brown. Dab chromogen staining, x40.

Thymic marker and CD4+ expression was also very low
and scattered, mainly in macrophages, as relatively large
and elongated cells around postcapillaries.

Discussion

In children who died on the 7th day, morphologically,
the thymus had branched bundles of fibrous tissue in the
stroma, which were more clearly developed compared to
those in children 3-5 days old, which indicates a significant
disruption of the boundaries of the cortical, corticomedullary
and medullary parts of the thymus. In particular, it has been
established that the thymus capsule is rich in fuchsinophilic
fibers of varying thickness with an uneven trajectory of
location along the perimeter, which leads to deformation of
the thymus surface, and as a result of compression of the
parenchyma, to atrophic changes, which causes a decrease
in mass from an organometric point of view [4, 5, 11, 14].

As a result of increased formation of lymphocytes present
in the parenchyma of the fully formed thymus, that is, the
primary immune organ, a positive expression of the Ki-67
marker is determined, which is 200 times higher than in
the control group and amounts to an average of 26.1 %.
In the early neonatal period, damage caused by various
infections leads to the release of profilogenic inflammatory
mediators through the blood and lymphatic vessels in large

Fig. 8. Thymus tissue from a newborn who died on day 4 of
the early neonatal period. High levels of positive expression
of the CD3 marker in the thymus tissue (1). Scanning with
QuPath-0.4.0.ink and determination of expression levels. Non-
expressing cells are dark brown. Dab chromogen staining, x40.
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Fig. 10. Thymus tissue from a newborn who died on day 5 of
the early neonatal period. Low levels of positive expression of
the CD4 marker in the thymus tissue (1). Expressed cells are
dark brown. Dab chromogen staining, x40.

quantities, leading to increased cytokine and lymphokine
production. This leads to increased hyperfunctional activity
of the primary immune organs. As a result, a large number
of small lymphocytes are detected in the thymic cortex in the
early neonatal period [23, 29].

In our study, this is mainly due to the low number of
immature small lymphocytes in the thymic cortex and
incomplete differentiation of CD3+ lymphocytes to the
autologous antigen, which is manifested by the presence of
lymphocytes, but the absence of their coreceptors, which do
not give positive immunohistochemical reactions. At the same
time, the morphologically greater number of T-lymphocytes
than the number, and the morphofunctionally greater ability
of dendritic cells to recognize autologous tolerance receptors
on the lymphocyte membrane, their preservation in the form
of prothymocytes and the absence of binding to the CD3+
marker we used, confirm the above data [12, 19].

According to an immunohistochemical study conducted
to identify the T-helper lymphocyte subpopulation using
the CD4+ marker, the level of positive expression was
extremely low, and the extremely low number of T-helper
cells producing immunostimulating factors that activate
T-killer cells in the thymic cortex and medulla confirms the
absence of differentiation toward autologous tissue tolerance.
Moreover, from a clinical and morphological perspective,
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this manifestation is considered a type of immunodeficiency
[17, 18].

Thus, low positive expression of CD3+ and CD4+
markers in the examined thymus tissue indicates impaired
differentiation of CD3+ lymphocytes and low formation of
T-helper cells with CD4+ markers, which in turn leads to
a sharp decrease in immunodeficiency and resistance to
infection. This was confirmed in all patients who died from
sepsis and septicemia that developed as a result of infection
in the postnatal period, as was formed in the clinical and
anamnestic data of children who died in the early neonatal
period [6, 9].

It has been established that factors influencing the
ontogenesis of the thymus in children born in the early
neonatal period, against the background of preeclampsia
and eclampsia, creating conditions for the development of
involution of the gland, premature formation of Hassall’s
bodies, expansion and sclerosis of the interstitial barriers,
uniform distribution of reticuloepithelial cells in all zones,
the practical absence of epithelioid cells rich in secretory
granules, accidental transformation of the thymus, a sharp
decrease in lymphocytes, persistent vascular congestion
and the development of interstitial edema lead to premature
involution of the thymus and the development of secondary
immunodeficiency [12, 15].

This directly confirms the partial detachment of a normally
located placenta in preeclampsia and eclampsia, as well as
increased stress factors caused by impaired fetoplacental
circulation and fetal hypoxia. The thymus of newborns in
the early neonatal period is characterized by incomplete
formation of morphofunctionally active zones of immune
organs and a decrease in the size of reticuloepithelial cells of
the cortical layer, a decrease in the number of lymphocytes
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MOP®ONONIYHI TA IMYHOTICTOXIMIYHI XAPAKTEPUCTUKU TUMYCA HOBOHAPOIXKEHUX Y PAHHIN

HEOHATANBbHWUWA NEPIOA

Icnamoe L. E., Slky6oe M. 3., Anikynoe A. I., Xypaee K. []., Maxmammypadoea H. H., Kydpamoe P.

ImyHHa cucmema nnoda po3susacmscs ma (hyHKUIOHYE 8 CKriadHUX ymosax. 3 00Ho20 BOKY, 80Ha rMidmpumye 8HympiluHili 2omeocmas
nnoda, a 3 iHWo20 — 3a3HaroyU aHMuU2eHHO20 81Uy 3 60Ky MamepuHCLKO20 OpaaHi3my, Mae weudko adanmysamucs U peagysamu
Ha yeu srnus. Memotro pobomu byio 8ug4eHHS MamomMopgoIo2iHHUX ma iMyHO2ICMOXiMIYHUX XapaKmepucmuk mKaHUHU mumyca
y Oimed, siki momepnu 8 paHHbOMY HeoHamaribHoMy repiodi. JocnidxeHo mopghonoeidHi ma iMyHoeicmoximiyHi ocobnusocmi
mumyca 30 dimed, HapodxxeHuUx 8i0 Mamepig 3 NpeeKIaMriciero ma eKnamriciero i TOMepuxX y paHHbOMY HeOHamarsbHOMY nepiooi.
®paemeHmu mumyca bynu ompumaHi nid 4ac aymorcii, gpikcosaHi 8 10 % HelimpansHomy ¢hopmariHi, Hadani niddaHi cmaHOapmHil
npoeodui ma 3anusyj 8 napachid 3 modanbUWUM 2iCmOoso2iYHUM ma iMyHO2iCmoXiMidHUM OOCTIOXEHHSIM i3 BUKOPUCMaHHAM MapKepig
CD3, CD4 i Ki-67. Cmamucmud4Hull aHarnia ompumaHux pe3yribmamie 8UKOHysanu 3 eukopucmaHHsam rnakema STATISTICA for
Windows ma MS Excel i3 3acmocysaHHsim Memodig 8apiauiliHoi cmamucmuku. BcmaroeneHo, wo ausisrieHi cmamucmuyHO 3Hadywi
3MiHU iHMeaparbHO20 Crie8iOHOWEHHST MK Macoto HaOHUPHUKI8 i mumyca MopghonoeidHo ceidyams npo po38UMOK rnepedyacHoi
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2/T1tKOKopmuKoio-acouitiosaHoi iHeormouii mumyca. MopghonoeidHo 8id3HayaembCs supaxeHe 36inbWeHHs 3a103UCmMOoe20o enimertito
eHmepoxpomaiHHUX KIiMUH ny4Ko80i 30HU KOpU HaOHUPHUKI8, pi3ke 3p0CmaHHs KiflbKocmi MiniOHUX 8KIIYEeHb y iX yumornnaami
ma o3Haku rnemopu cyOuH. Tumyc xapakmepu3yembcs QibpO3HOI KariCysior Pi3HOI MOUUHU, 38UBUCMOK MOBEPXHEI,
iHmepcmuujanbHUM HabpsiKoM y CmiHUi Karcysiu, nomosuweHHsIM i 0e3opaaHizauieto ¢hibpo3HUX CmMpPyKmMyp, a Makox YUCIeHHUMU
minbysmu laccans G 03Hakamu akmugHoe20 anonmo3sy. MopghonoeidHi 3miHu mumyca y HO80HapPOAKEHUX, HAPOOXKEHUX 8i0 Mamepig
i3 peeknamrcieto ma eknamriciero | MOMepUX y paHHbOMY HeOHamasibHOMY repiodi, Cyrnpo8oOXyombCsl O3HaKaMu nepedyacHoi
iHeosrouii ma emopuHHo20 imyHodegbiyumy. Bucoka ekcripecisi Mapkepa Ki-67 gidobpaskae nocuneHy nposighepamusHy akmueHicmb
nimgoyumie, modi ik HU3bka rno3umusHa ekcrpeciss CD3+ i CD4+ cgidyumb npo nopyweHHs dughepeHyiayii T-nimgpoyumis i
HedocmamHto npodykuito T-xennepis, Wo npu3sodums 00 3HUXEHHS pe3ucmeHmHocmi 00 iHgbeKuili i po3sumky imyHodeghiyumHux
cmakis.

KnrouoBi cnoBa: HogoHapoOxeHi, mumyc, Mopghoroeais, iMmyHo2icmoximis, 03HaKu, iHeomouis, imyHodegbiyum.
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Malocclusions and discrepancies in dental arch form remain highly prevalent among
children and adolescents worldwide, significantly affecting oral health, facial aesthetics
and quality of life. Accurate, population-specific prediction of individual dental arch
parameters based on cephalometric and odontometric characteristics is therefore
essential for personalized planning of orthodontic and orthognathic treatment in
young patients with normal occlusion. The aim of the study is to construct and analyze
regression models of the dimensions required for constructing the correct dental arch
form in Ukrainian young men and women with physiological occlusion depending
on teleroentgenometric indices according to the Schwarz method and computed-
tomographic tooth dimensions. In the OnyxCeph®™ application, 3DPro version (Image
Instruments GmbH, Germany) teleroentgenometric indices according to the Schwarz
method were performed on conventionally obtained lateral teleroentgenograms and
on teleroentgenograms created in the 3D Slicer v5.4.0 software with points marked
on 3D objects in 41 Ukrainian young men and 68 young women with physiological
occlusion. Also, in these young men and women, using the software applications
i-Dixel One Volume Viewer (Ver.1.5.0) J Morita Mfg. Cor and Planmeca Romexis
Viewer (ver. 3.8.3.R 15.12.14) Planmeca OY, measurements of the dimensions of the
teeth of the maxilla and mandible and the linear parameters of the dental arches were
performed on computed tomograms. Using the licensed software package “Statistica
6.0” regression models were constructed for the parameters of the correct dental
arch form depending on the characteristics of the cephalometric parameters and
computed-tomographic tooth dimensions. It was established that in young men all 18
possible significant models with a coefficient of determination greater than 0.6 were
constructed (R2=0.680-0.893, p<0.001); and in young women only 6 significant models
with a coefficient of determination greater than 0.6 were constructed (R2=0.611-0.800,
p<0.001). In the analysis of the frequency with which computed-tomographic tooth
dimensions and teleroentgenometric indices entered the regression equations it was
established: in young men the variables most frequently included in the models are
crown width in the vestibulo-oral and mesio-distal planes, cephalometric parameters
and tooth length; and in young women cephalometric parameters and crown width
in the mesio-distal and vestibulo-oral planes. In the analysis of the frequency with
which individual teeth entered the regression equations it was established that in
young men the teeth most frequently included in the models are maxillary incisors,
mandibular incisors, maxillary premolars, mandibular premolars and maxillary canines;
and in young women maxillary incisors, mandibular incisors, mandibular canines and
mandibular premolars.

Keywords: dentistry, teleroentgenometry by the Schwarz method, computed
tomographic dimensions of teeth and dental arches, regression analysis, Ukrainian
young men and women with normal occlusion.
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Introduction

Pathology of the dentoalveolar system occupies one
of the leading positions in the structure of dental morbidity
in children, and its incidence tends to increase in most
countries. The global distribution of the main occlusal classes
in permanent dentition is approximately 74.7 % for class |,
19.6 % for class Il and 5.9 % for class Ill, as reported by
Alhammadi M. S. et al., which demonstrates that the overall
burden of malocclusion is high [3]. Another systematic
review on the prevalence of malocclusion in children and
adolescents revealed that the proportion of individuals with
various types of malocclusion generally ranges from about
40 % to more than 90 % in different regions, which indicates
not only extremely high variability but also the mass character
of this pathology as a worldwide public health problem [8].

Regional studies corroborate the high prevalence
of malocclusions in schoolchildren in countries with
diverse socio-economic conditions. A high prevalence of
malocclusions and a high percentage of children in need of
orthodontic treatment have been recorded in the northern
regions of Saudi Arabia, which is attributed both to the
characteristics of craniofacial growth and to limited access to
specialized services [1]. Studies in Turkey and in major cities
of China (Shanghai, Xi'an) have demonstrated that various
types of malocclusion are found in a significant proportion
of children aged 10-12 years and in the mixed dentition
stage, with the structure of anomalies differing considerably
according to age, sex and place of residence [4, 29, 30].

In view of their high prevalence, malocclusions have
not only medical but also pronounced social and psycho-
emotional importance, affecting the quality of life of children
and adolescents. Brazilian studies have shown an association
between orthodontic treatment need and oral health-related
quality of life, demonstrating that a considerable number
of adolescents require some type of orthodontic treatment
according to public health criteria, and that the presence
of severe dentoalveolar anomalies is related to worse
OHRQoL, impaired self-esteem and reduced satisfaction with
appearance [7]. In a study of 8-12-year-old schoolchildren
it was demonstrated that the presence of moderate and
severe malocclusion has a significant negative impact on
functional aspects and on emotional and social well-being
related to oral health, which supports the societal benefits of
early orthodontic intervention at an age when disturbances in
dental arch form can be detected and corrected [28].

The morphology and shape of the dental arches are key
components in the development of occlusal relationships and
in maintaining stability after orthodontic treatment. Recent
studies indicate that children with normal occlusion and
those with various types of malocclusion differ significantly
in dental arch form and dimensions, and that deviations of
transversal and sagittal arch parameters are associated
with the development of dentoalveolar anomalies [12].
Certain groups of patients, for example children with cleft
lip and/or palate, show marked changes in dentoalveolar
arch morphology and a high percentage of anomalies in the

position and shape of individual teeth, which emphasizes the
role of individual dental arch parameters in the development
of complex dentoalveolar conditions [24].

Despite a wide range of studies on the prevalence
of malocclusion and its impact on quality of life, several
important issues remain insufficiently resolved, including
the quantitative description of dental arch form and the
construction of regression models aimed at linking linear
characteristics of the dentitions with cephalometric data
and odontometric indices, especially in adolescents. One
probable reason is that most existing studies on different
types of anomalies focus primarily on the frequency and
qualitative characteristics of malocclusion types and do not
consider individual craniofacial morphology or spatial tooth
dimensions, although precisely these approaches could
potentially be used to predict the optimal dental arch form
and to individualize orthodontic care. Given the global and
local significance of dentoalveolar pathology and its proven
relationship with arch morphology, which contributes to the
formation of malocclusions, research on regression models
of parameters necessary for designing an adequate dental
arch form in healthy young men and women with normal
occlusion acquires scientific and practical relevance [3, 8, 12].

The aim of the study is to construct and analyze regression
models of the dimensions required for constructing the
correct dental arch form in Ukrainian young men and women
with physiological occlusion depending on cephalometric
parameters according to the Schwarz method and
computed-tomographic tooth dimensions.

Materials and methods

From the database of the Department of Pediatric
Dentistry and the Research Center of National Pirogov
Memorial Medical University, Vinnytsya primary computed
tomograms of 41 Ukrainian young men (aged from 17 to
21 years) and 68 Ukrainian young women (aged from 16
to 20 years) with physiological occlusion were obtained.
All teleroentgenographic (using the dental cone-beam
tomograph Veraviewepocs 3D Morita, Japan) and computed-
tomographic (using the dental cone-beam tomograph
Planmeca ProMax 3D Mid, Finland) examinations were
carried out on the basis of the principle of voluntary
informed consent in the private dental clinic “Vinintermed”
and in the “Center for Maxillofacial Diagnostics Planmeca
3D”. Committee on Bioethics of National Pirogov Memorial
Medical University, Vinnytsya (protocol Ne 8 From 9.09.2025)
found that the studies do not contradict the basic bioethical
standards of the Declaration of Helsinki, the Council of
Europe Convention on Human Rights and Biomedicine
(1977), the relevant WHO regulations and laws of Ukraine.

On conventionally obtained lateral cephalograms and
cephalograms created in the 3D Slicer v5.4.0 software with
points marked on 3D objects, measurements according to
the method of Schwarz A. M. [26, 27] were performed in the
OnyxCeph*™ application, 3DPro version, Image Instruments
GmbH (Germany).
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In accordance with the Schwarz method the following
craniometric (Fig. 1), gnathometric indices (Figs. 2, 3) and
soft tissue profile indices (Fig. 4) were determined: angle
F (°) — facial angle, formed by the lines Se-N and N-A and
defining the position of the anterior contour of the maxilla in
the sagittal plane relative to the cranial base; angle H (°) —
the angle formed by the lines Po-Or (Frankfurt plane (Fp))
and Pn ((nasal perpendicular, the perpendicular line from
point N’ (cutaneous nasion) to the line Se-N)), defining the
inclination of the Frankfurt plane to the cranial base; angle |
(°) = inclination angle, defining the angle of inclination of the
maxilla (spinal plane) to the nasal perpendicular, the angle
formed by the line ANS-PNS and Pn (nasal perpendicular,
the perpendicular line from point N’ to the line Se-N); angle
T (°) — profile angle T, formed by the lines Sn-Pog’ and Pn
(nasal perpendicular); angle B (°) —basal angle, indicating the
angle between the maxilla and mandible, formed by the lines
ANS-PNS (palatal plane SpP) and Im-Me (mandibular plane
MPS according to Schwarz); distance N-Se (mm) — distance
from point Se to point N, or the length of the anterior part of
the cranial base; distance Max (mm) — maxillary length, the
distance from the projection of point A onto the line ANS-PNS
to point PNS; angle Max1-SpP (°) —formed by the lines Ap1u-
Is1u (inclination of the central axis of the maxillary central
incisor) and ANS-PNS (palatal plane, SpP); angle Il (°) —
interincisal angle, formed by the lines Ap1u-Is1u (central axis
of the maxillary central incisor) and Ap1L-Is1L (central axis
of the mandibular central incisor); angle G (°) — gonial angle,
mandibular angle, formed by the lines ppCond-MT2 and MT1-
Me, which intersect at point tGoS; distance L-Mand (length
of mandible) (mm) — mandibular length; the distance from the
projection of point Pog onto the line MT1-Me to point tGoS;
distance R.asc. (mm) — ramus length; the distance from the
constructed point R.asc to the constructed point tGoS; angle
Mand1-MP (°) — formed by the lines Ap1L-Is1L and Me-Im
and defining the position of the axes of the mandibular incisors
relative to the mandibular plane according to Schwarz; angle
MM (°) — maxillo-mandibular angle, defining the angle at which
the maxilla is positioned relative to the mandible in the sagittal
plane, formed by the lines A-B and ANS-PNS; distance Sn-
Pn (mm) — defining the position of point Sn relative to the
perpendicular Pn; distance Pog’-Por (mm) — distance from
point Pog’ to the orbital perpendicular Por, defining the position
of the chin relative to the perpendicular to the Frankfurt
plane drawn through the orbit; angle GI'LsPog’ (°) — formed
by the lines GI'-Ls and LsPog’, defining facial convexity;
angle SnPog’-Pn (°) — formed by the lines SnPog’ and the
perpendicular Pn; distance Li-SnPog’ (mm) — defining the
position of point Li relative to the line SnPog’.

For the morphometric study of the teeth of the maxilla
and mandible and the dimensions of the dental arches the
software applications i-Dixel One Volume Viewer (Ver.1.5.0) J
Morita Mfg. Cor and Planmeca Romexis Viewer (ver. 3.8.3.R
15.12.14) Planmeca OY were used.

For the anterior group of teeth, namely for the incisors and
canines of the maxilla and mandible, crown width and the width
of the dentinoenamel junction of the tooth were determined in

Fig. 1. Craniometric indicators according to the Schwarz method.
1—angleF,2-angleH,3-anglel, 4 -angleT.

Fig. 2. Gnathometric indicators according to the Schwarz method.
5 — angle B, 6 — distance N-Se, 7 — distance Max, 8 — angle
Max1-SpP, 9 — angle Il.

Fig. 3. Gnathometric indicators according to e Schwarz method.
10 —angle G, 11 — distance L-Mand, 12 — distance R.asc., 13 —
angle Mand1-MP, 14 — angle MM
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Fig. 4. Soft tissue profile indicators according to the Schwarz
method. 1—- Sn-Pn distance; 2 — Pog’-Por distance; 3 — GI'LsPog’
angle; 4 — SnPog’-Pn angle; 5 — Li-SnPog’ distance.

the mesiodistal (MdK and MdC, respectively) and vestibulo-
oral (VoK and VoC) projections, the length of the whole tooth
(MdLD —identical in both projections), as well as crown height
(MdLK and VoLK) and root length (MdLR and VoLR) relative
to the cervical line in the corresponding projections.

For the premolars of the maxilla and mandible the crown
width was determined in the mesiodistal and vestibulo-oral
projections, as well as tooth length, which was measured
between the cusp tip of the buccal cusp and the root apex
in the vestibulo-oral projection (if the premolar had two roots
tooth length was determined to the apex of the buccal root).

For the first molars of the maxilla and mandible the crown
width was determined in the mesiodistal and vestibulo-oral
projections.

Since in previous studies [17], when comparing
computed-tomographic dimensions of corresponding teeth
on the right and left sides, no significant differences or trends
toward differences were found, we used mean values of
the corresponding teeth in the maxilla and mandible: 11
or 41 — maxillary or mandibular central incisors, 12 or 42 —
maxillary or mandibular lateral incisors, 13 or 43 — maxillary
or mandibular canines, 14 or 44 — maxillary or mandibular
first premolars, 15 or 45 — maxillary or mandibular second
premolars, 16 or 46 — maxillary or mandibular first molars.

The parameters of the dental arches were determined in
three cranial planes. In the axial plane the following distances
were measured: between the cusp tips (13_23Bugr and
33_43Bugr) and root apices (13_23Apx and 33_43Apx) of the
maxillary and mandibular canines (Fig. 5); distances between
the apices of the mesiobuccal (napx_6), palatal (mapex_6),
distobuccal roots (dapx_6) and the buccal cusps (VestBM) of
the maxillary first molars (Fig. 6) and the apices of the mesial
(mapx_46) and distal (dapx_46) roots of the mandibular first
molars; the distance between the premolar (PonPr) and molar
(PonM) Pont’s points in the maxilla, and in the sagittal plane
the distances were measured between the incisal edges of
the central incisors and the lines connecting the canine cusps

(DL_C), the premolar (DL_F) and molar (DL_S) Pont’s points
in the maxilla (Fig. 7). In the vertical plane distances were
measured that characterize the position of the occlusal plane
at the level of the canines (GL_1), first premolars (GL_2) and
molars (GL_3) relative to the hard palate (Fig. 8).

Fig. 5. Determination of the distance between the cusp tips (1)
and root apices (2) of the maxillary canines.

Fig. 6. Determination of the distances between the apices of the
mesiobuccal (1), palatal (2) and distobuccal roots (3) and the
buccal cusps (4) of the maxillary first molars.

Fig. 7. Determination of the distances between the canine cusps
(1), the premolar (2) and molar (3) Pont’s points, and the distances
between the incisal point and the canine (4), premolar (5) and
molar (6) lines in the maxilla.
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Fig. 8. Determination of the distances that characterize the
position of the occlusal plane relative to the hard palate at the
level of the canine (1), premolar (2) and molar (3) lines.

Using the “Statistica 6.0” license package, regression
models were built (using the stepwise regression analysis
method) of the dental arch parameters depending on the
characteristics of teleradiometric indicators and computed
tomography dimensions of the teeth.

Results

In Ukrainian young men with physiological occlusion the
following significant regression models (with a coefficient of
determination R?>0.60) of the linear dimensions required
for constructing the correct dental arch form depending on
the characteristics of cephalometric parameters according
to the Schwarz method and computed-tomographic tooth
dimensions were constructed:

distance DL_C (young men)=-14.89 + 0.814xMdK11 +
1.323xVoK41 +0.081xMM - 0.403xVoLK41 + 0.744xMdC11
+ 0.381MdLK13 - 0.155VoLR13 (R?=0.849, F,,,=26.45,
p<0.001, Std.Error of estimate=0.575);

distance DL_F (young men)= -9.443 + 1.570xMdK11
+ 1.240xVoK15 - 0.381xVoLK42 - 0.590xVoK45 +
1.248xVoC42 - 0.323xMdLR42 + 0.166xMdLR41 +
0.032xGI'LsPog’ (R?>=0.849, F . =22.51, p<0.001, Std.Error
of estimate=0.669);

distance DL_S (young men)= 6.145 + 1.905xMdK11
+ 1.548xVoK15 + 0.861xVoK46 - 0.071xMand1-MP -
0.857xVoK45 - 0.336xMdLR12 + 0.370xVoK14 (R?=0.893,
F(7'33)=39.35, p<0.001, Std.Error of estimate=0.675);

distance GL_1 (young men)=17.66 + 0.201xMax1-SpP
- 2.482xMdK46 + 1.333xVoK15 - 0.255xH + 0.122xMax +
2.087xVoC42-0.581xMdLR12 +0.325xMdLD13 (R?=0.727,
F 622=10.63, p<0.001, Std.Error of estimate=1.417);

distance GL_2 (young men)= -2.572 + 0.173xMax1-
SpP + 0.683xVoLR13 - 0.980xMdLD45 + 2.864xVoK12 +
0.773xMdLK13-0.654xMdLD41 +0.477xMdLK11 (R?=0.680,
F 75=10.00, p<0.001, Std.Error of estimate=1.641);

distance GL_3 (young men)=-0.775 + 0.120xGI'LsPog’
- 1.127xMdLD45 + 0.910xMdLD11 + 0.065xL-Mand -
1.920xMdK16 + 1.002xVoK15 + 1.726xMdK14 (R?=0.753,
F )=14.40, p<0.001, Std.Error of estimate=1.141);

(7.33

distance PonPr (young men)= 5.701 + 1.366xMdK12

7.33

(8.32)

+ 1.573xMdK15 - 0.478xMdLR12 + 2.217xMdK45 +
2.042xMdK41 - 0.319xMdLD14 (R?=0.801, F 6.24=22.80,
p<0.001, Std.Error of estimate=1.002);

distance PonM (young men)= 35.38 + 2.544x\VoK15 +
0.751xMdLD44 - 0.494xMdLD14 - 0.124xG - 0.157xSn-
Pn - 1.808xVoK42 + 1.453xVoK43 (R?=0.758, F , ., =14.75,
p<0.001, Std.Error of estimate=1.392);

distance VestBM (young men)=48.12 + 2.526xVoK15 +
1.282xMdLD44 - 0.569xMdLD42 - 0.625xMdLD45 - 0.122xG
- 0.074xMax (R*=0.786, F ,,=20.87, p<0.001, Std.Error of
estimate=1.326);

distance 13_23Bugr (young men)=7.992 + 2.502xMdK12
+ 1.849xMdK13 - 0.487xVoLR12 - 0.913xVoK14 +
1.396xMdK41 + 1.171xMdC41 (R?=0.764, F650=18.34,
p<0.001, Std.Error of estimate=1.058);

distance 13_23Apx (young men)= 38.82 + 0.205xMax1-
SpP + 0.322xLi-SnPog’ - 1.357xVoK16 + 2.037xVoK45
- 2.229%xVoK13 + 1.742xMdK12 + 0.450xMdLD14 -
2.237xMdK13 - 0.072xL-Mand - 0.124xB (R?=0.771,
F 1020=9-14, p<0.001, Std.Error of estimate=1.270);

distance napx_6 (young men)= 37.58 + 3.061xMdC42
- 2.737xVoK16 + 4.664xMdK12 - 0.732xVoLR13 +
0.762xMdLD45 - 0.800xVoLR11 - 0.097xMax (R?=0.715,
F(7_33)=11.84, p<0.001, Std.Error of estimate=1.876);

distance dapx_6 (young men)= -23.49 + 2.973xVoK15
+ 3.030xMdK46 - 5.057xMdC13 + 1.121xVoLK13
+ 2.296xMdK12 + 3.452xMdK15 + 2.377xVoC13 -
1.996xMdK16 (R?*=0.764, F ,=12.95, p<0.001, Std.Error
of estimate=2.374);

distance mapex_6 (young men)=-44.74 + 3.792xMdK45
+4.363xMdK15 + 3.178xMdK12 + 0.309xH + 1.630xMdC41
-0.567xMdLR42 - 1.567xVoK15 + 1.476xVoK12 (R?=0.872,
F(8_32)=27.14, p<0.001, Std.Error of estimate=1.328);

distance 33_43Bugr (young men)=-0.244 + 1.476xMdK12
+ 2.401xMdK42 - 0.420xMdLR11 + 0.376xMdLD43 -
0.243xVoLR13 + 0.202xMdLR42 (R?=0.704, Fea0=13-45,
p<0.001, Std.Error of estimate=0.871);

distance 33_43Apx (young men)=22.05 + 0.884xMdLD43
-0.124xMax + 4.785%xVVoK43 - 2.772xV0oC43 - 1.923xVVoK42
- 0.468xMdLD45 - 1.865xMdK15 (R?=0.751, Fras=14.21,
p<0.001, Std.Error of estimate=1.273);

distance mapx_46 (young men)=13.14 + 1.487xMdLK12
+ 2.458xMdK45 + 2.978xVoK16 - 0.664xMdLD45 -
2.050%xVoK46 - 0.083xR.asc. + 2.985xMdK42 (R?=0.782,
F(7_32)=16.43, p<0.001, Std.Error of estimate=1.401);

distance dapx_46 (young men)= 23.21 + 0.143xMand1-
MP - 0.169xMax + 1.552xVoK16 + 1.910xMdC12 -
2.452xVoK12 + 1.978xVoK15 (R?=0.747, F 6.35=16-26,
p<0.001, Std.Error of estimate=1.551);

where, here and in the following equations, R? — coefficient
of determination; F ,=! - critical , and obtained (!) Fisher’s test
value; p — confidence level; Std.Error of estimate — standard
error of estimate.

In Ukrainian young women with physiological occlusion
the following significant regression models (with a coefficient
of determination R#>0.60) of the linear dimensions required
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for constructing the correct dental arch form depending on
the characteristics of cephalometric parameters according
to the Schwarz method and computed-tomographic tooth
dimensions were constructed:

distance DL_F (young women)= 1.379 + 1.202xMdK11
+ 0.141xLi-SnPog’ + 0.879xVoK12 + 0.101xSn-Pn -
0.043xMand1-MP + 0.186xVoLR11 (R?=0.680, F . .. =21.59,
p<0.001, Std.Error of estimate=0.817);

distance DL_S (young women)=7.206 + 1.201xMdK11
+ 0.211xLi-SnPog’ + 0.706xVoK12 + 0.351xMdLK11 -
0.068xMand1-MP + 0.627xMdK16 + 0.239xMdLD41
(R?=0.800, F760=34.29, p<0.001, Std.Error of
estimate=0.776);

distance GL_2 (young women)=4.175 + 0.368xMdLK42
+ 0.193xMax1-SpP + 1.600xMdK46 - 1.610xVoLK43 -
0.259%| + 1.161xVoLK41 + 1.128%xVoK46 - 1.464xMdK16 +
1.133xMdK45 (R?=0.635, F,.,=11.20, p<0.001, Std.Error
of estimate=1.557);

distance 13_23Bugr (young women)= -12.68 +
1.122xMdK11 + 0.132xGl'LsPog’ - 0.039xMdC43 +
0.882xMdK43 + 0.352xVoLK11 + 0.290xMdLK42 +
0.820xVoC12 (R?=0.632, F ,=14.71, p<0.001, Std.Error
of estimate=1.090);

distance mapx_46 (young women)= 25.26 +
1.640xMdK16 - 0.066xMdC43 - 0.190xT + 1.096xMdLK13 -
0.368xLi-SnPog’ + 1.938xMdK15 - 1.215xVVoK44 (R?=0.611,
F 754=12.13, p<0.001, Std.Error of estimate=1.820);

distance dapx_46 (young women)= 17.87 - 0.197xT
+ 0.954xMdLD45 - 0.455xVoLK11 + 2.311xMdC12 +
0.152xGl'LsPog’ - 0.444xMdLR41 - 0.841xVoK44 (R?=0.698,
F(7.54)=17.81, p<0.001, Std.Error of estimate=1.886).

Since, in young women in the constructed reliable
distance models, DL_C, GL_1, GL_3, PonPr, PonM, VestBM,
13_23Apx, napx_6, dapx_6, mapex_6, 33 _43Bugr and
33_43Apx the coefficient of determination of the regression
equations is from 0.340 to 0.594, these models do not have
important practical significance for dentists.

(6.61)

7.60
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Discussion

Thus, in Ukrainian young men with physiological occlusion
all 18 possible significant (p<0.001 in all cases) models of
the linear parameters of the dental arches depending on
the characteristics of cephalometric parameters according
to the Schwarz method and computed-tomographic
tooth dimensions were constructed with a coefficient of
determination greater than 0.6 (R?= from 0.680 to 0.893).

As a result of the analysis of the frequency with which
cephalometric parameters according to the Schwarz method
and computed-tomographic tooth dimensions entered
the regression equations in young men the following
percentage of inclusion of these parameters in the models
was established: crown width in the vestibulo-oral (22.66 %)
and mesio-distal plane (21.88 %), cephalometric parameters
according to the Schwarz method (17.97 %), tooth length
(13.28 %), root portion length in the mesio-distal (6.25 %)
and vestibulo-oral plane (4.69 %), cervical portion width in

the mesio-distal (4.69 %) and vestibulo-oral plane (3.13 %),
and crown portion length in the mesio-distal (3.13 %) and
vestibulo-oral plane (2.34 %).

As a result of the analysis of the frequency with which
the corresponding teeth entered the regression equations
in young men the following percentage of inclusion of
these parameters in the models was established: 22.86 %
maxillary incisors (of which 15.24 % lateral and 7.62 %
central), 19.05 % mandibular incisors (of which 11.43 %
lateral and 7.62 % central), 18.09 % maxillary premolars (of
which 12.38 % second and 5.71 % first), 13.33 % mandibular
premolars (of which 11.43 % second and 1.90 % first),
12.38 % maxillary canines, 5.71 % maxillary first molars,
4.76 % mandibular canines and 3.81 % mandibular first
molars.

In Ukrainian young women with physiological occlusion,
of 18 possible models only 6 significant (p<0.001 in all
cases) models of the linear parameters of the dental
arches depending on the characteristics of cephalometric
parameters according to the Schwarz method and computed-
tomographic tooth dimensions were constructed with a
coefficient of determination greater than 0.6 (R?= from 0.611
to 0.800).

As a result of the analysis of the frequency with which
cephalometric parameters according to the Schwarz method
and computed-tomographic tooth dimensions entered
the regression equations in young women the following
percentage of inclusion of these parameters in the models
was established: cephalometric parameters according to
the Schwarz method (27.91 %), crown portion width in the
mesio-distal (23.26 %) and vestibulo-oral plane (11.63 %),
crown portion length in the mesio-distal and vestibulo-oral
plane (9.30 % each), cervical portion width in the mesio-distal
(6.98 %) and vestibulo-oral plane (2.33 %), tooth length
(4.65 %), and root portion length in the mesio-distal and
vestibulo-oral plane (2.33 % each).

As a result of the analysis of the frequency with which
the corresponding teeth entered the regression equations
in young women the following percentage of inclusion of
these parameters in the models was established: 35.48 %
maxillary incisors (of which 22.58 % central and 12.90 %
lateral), 16.13 % mandibular incisors (of which 9.68 % central
and 6.45 % lateral), 12.90 % mandibular canines, 12.90 %
mandibular premolars (of which 6.45 % first and 6.45 %
second), 9.68 % maxillary first molars, 6.45 % mandibular
first molars, 3.23 % maxillary canines and 3.23 % maxillary
second premolars.

Our findings support the feasibility of formulating sex-
specific regression models of the linear variables of the dental
arches that include both cephalometric indicators according to
Schwarz and computed-tomographic odontometric features.
In Ukrainian young men with physiological occlusion, it was
possible to construct all 18 significant models, with R? values
ranging from 0.680 to 0.893 (p<0.001), whereas in young
women only 6 models with R? values from 0.611 to 0.800
(p<0.001) were obtained [16, 20, 21, 22].
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Among the correlations between CT-derived
measurements of the dental arches and jaws, the most
numerous are those involving mesiodistal crown dimensions
(53.5 %) and buccolingual crown dimensions (50.7 %),
as well as the width of the dentinoenamel junction in the
buccolingual direction (54.2 %) [14]. This is consistent with
the fact that in our models for young men the frequency of
inclusion of crown width in the vestibulo-oral and mesiodistal
planes was 22.66 % and 21.88 %, respectively, while tooth
length was included in 13.28 % of cases, that is, these
parameters constitute the “core” of predictability for the
linear dimensions of the dental arches. Similarly, in young
women the largest proportion of predictors was represented
by cephalometric characteristics (27.91 %) and by crown
width in the mesiodistal (23.26 %) and vestibulo-oral planes
(11.63 %), which mirrors the structure of relationships
described in the studies by Marchenko A. V. on different
craniofacial types [14, 15].

Our findings also agree with the conclusions of the
review by Ryabov T. V., based on multiple studies of tooth
size versus cranial parameters, which suggests that most
correlations between tooth dimensions and cranial factors
have moderate or greater strength (often r>0.4-0.5, p<0.05)
and should be considered separately for different sexes,
age-related stages of development and facial patterns [25].

In the works of Brotskyi N. O. and co-authors regression
models of the linear dimensions required for the formation of
a correct dental arch shape were constructed on the basis
of teleradiography according to Ricketts and computed-
tomographic tooth dimensions in boys and girls with wide and
very wide facial types; high coefficients of determination were
obtained, and mesiodistal and vestibulo-oral crown diameters
were identified as particularly important predictors [5, 6].

In research conducted by Prokopenko O. S. in young
men and women with various facial profiles, regression
models were constructed for teleradiographic indicators
of tooth position and soft tissue facial profile according to
Schwarz; these models showed high sensitivity to sex and
profile type [20]. A similar principle was applied in the study
by Marchenko A. V. et al., where mathematical modeling of
cephalometric values according to Schwarz was based on
basic craniometric indices, and in the study by Nesterenko
Y.A. etal., where COGS parameters were modeled in young
women with a broad facial type [16, 18]. The approach
presented by Dmitriev M. O. for modeling COGS parameters,
with subdivision of indices into three groups, reflects the
idea that not all indices contribute equally to the formation of
dental arch form and occlusal relationships, emphasizing that
only part of the indicators makes a substantial contribution
to the variability of arch morphology and occlusion [10, 18].

From a methodological point of view, the justification for
the use of computed tomography for combined cephalo-
and odontometric assessment is particularly important. In
the study by Devanna R. a three-dimensional CBCT-based
cephalometric analysis was developed, which made it
possible to determine 3D cephalometric norms with good

reproducibility of measurements compared with conventional
two-dimensional methods [9]. The study by Lin Y. et al.
in children with operated unilateral cleft lip and palate
showed that CBCT-reconstructed lateral cephalograms
allow detection of differences in craniofacial structures
between clinical groups and are not less informative than the
traditional method [11]. In the systematic review by Raj G.
and colleagues the diagnostic accuracy and reproducibility
of CBCT-synthesized lateral cephalograms were found to
be equivalent to those of conventional lateral cephalograms
in 20 included studies, and in four studies even higher
accuracy of CSLC was reported [23]. Taken together, these
data support the use of CBCT as a high-precision source
of odontometric and cephalometric measurements and
verify our methodological approach, which further develops
teleradiography according to Schwarz by adding detailed
three-dimensional characterization of tooth dimensions.

Given the current discussion regarding the predictability
of classical indices (particularly Pont) with respect to dental
arch width in various populations, our findings gain special
interest. In the Malay sample studied by Alam M. K. and
co-authors using CBCT it was shown that predictions
based on Pont’s index often failed to correspond to the
actual interpremolar and intermolar widths, which raises
questions about the universality of classical formulas [2].
More recently, much more rigorous conclusions were reached
by Mahmood T. M. A. et al., who demonstrated in a Kurdish
sample that actual arch width differed significantly from the
calculated values and that only weak positive correlations
between them were observed; the authors explicitly call
for the development of alternative formulas based on
scan-derived data [13]. The models we constructed, with
high R? values based on real computed-tomographic tooth
dimensions and cephalometric indicators, in fact implement
this approach for Ukrainian young men and women with
physiological occlusion, offering a personalized rather than
a “universal” forecast of dental arch form [2, 5, 6, 13].

A. Potapchuk and co-authors studied dental arch forms
and their correlations with morphotopogeometric facial
parameters and reported that the shape and dimensions
of the dental arches exert a considerable influence on
the morphotopogeometric characteristics of the face and
therefore can be regarded as one of the significant factors
in achieving harmonious aesthetic proportions [19].

Conclusions

1. In Ukrainian young men and women with physiological
occlusion without taking facial type into account significant
regression models of the linear parameters of the dental
arches depending on the characteristics of cephalometric
parameters according to the Schwarz method and
computed-tomographic tooth dimensions with a coefficient
of determination greater than 0.6 were constructed (in young
men all 18 possible models, R?= from 0.680 to 0.893; in young
women only 6, R?= from 0.611 to 0.800).

2.Inthe analysis of the frequency with which cephalometric
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parameters according to the Schwarz method and computed-
tomographic tooth dimensions entered the models in young
men the variables most frequently included in the models are
crown width in the vestibulo-oral (22.66 %) and mesio-distal
plane (21.88 %), cephalometric parameters (17.97 %) and
tooth length (13.28 %); and in young women cephalometric
parameters (27.91 %) and crown width in the mesio-distal
(23.26 %) and vestibulo-oral plane (11.63 %).
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PEFPECIVHI MOAENI NAPAMETPIB HEOBXIAHUX ONA NOBYAOBU KOPEKTHOI ®OPMW 3YBHOI YU B 3ANEXHOCTI
Bl OCOBJIMBOCTEW TEJIEPEHTTEHOMETPUYHUX NMOKA3HUKIB 3A METO,OM SCHWARZ | KOMMTIOTEPHO-
TOMOIPA®IYHUX PO3MIPIB 3YBIB B YKPATHCbKUX IOHAKIB | AIBYAT I3 ®I3I0NOMNYHUM NMPUKYCOM

Cnoodapyk A. J1., Winkapyk-Qukosuybka M. M., Bane4yk O. I"., [Mo3yp T. 1., LLlegeyeHko B. M., Tuxona3s C.l., Yepruw A. B.

AHowmanii npukycy ma po3bixHocmi 'y ¢popmi 3y6HUx Oy2 3anuwaromscs Oyxe nowupeHuMu ceped dimel ma nidnimkie y 8Cbomy
cs8imi, cymmeso 8riniugarodu Ha 300p08'si MOPOXHUHU poma, ecmemuky obnuyyssi ma sikicme Xummsi. TomMy moyHe, creyucpidHe
0ns nonynsauii Npo2Ho3yeaHHs iHOugiOyanbHUX Mnapamempie 3ybHux Oy2 Ha OCHO8I uegharomempuyHUX ma o0OHMOMEMPUYHUX
Xapakmepucmuk € 8axrusum Orisi epCcoHarizo8aHo20 riaHye8aHHs OpPMOOOHMUYHO20 ma OpmMO2HamuUYHoO20 liKy8aHHs y
monodux naujieHmis 3 ¢izionoziyHum rnpuxkycom. Mema docnidxeHHs1 — nobydysamu ma rnposecmu aHaris peepeciliiHux modenel
po3mipie HeobxiOHUX Or1si Nobydosu KopekmHOi ghopmu 3yOHOI Oyau 8 yKpaiHCbKUX toHakig i digdam i3 ¢hiziono2iyHum rMpuKycom 8
3anexHocmi 6i0 menepeHMaeHOMeMpPUYHUX MOKa3HUKi8 3a memodom Schwarz i Komm’'romepHo-momoepacghidHux poamipie 3ybis.
B 3acmocyHky OnyxCeph3™, gepcii 3DPro (komnaHisi Image Instruments GmbH, HimeyyuHa) Ha ompumaHux cmaHOapmHum
wssXoM mernepeHmaeHoegpamax i cmeopeHuUx 8 npoespamHomy sabesneyeHHi 3D Slicer v5.4.0 menepeHmeeHozpamax 3
mapkosaHuMmu Ha 3D 06’ekmax moykamu y 41 ykpaiHcbKo20 toHaKa i 68 dig4am i3 hi3iorno2idyHUM rPUKycoM rnpoeedeHo 8UMIPIO8aHHS
mernepeHmaeHoOMempuUYHUX okKa3Hukie 3a memodom Schwarz. Takox 6 toHakig i 0is4am 8 rpoepamHuUx 3acmocyHkax i-Dixel One
Volume Viewer (Ver.1.5.0) J Morita Mfg. Cor ma Planmeca Romexis Viewer (ver. 3.8.3.R 15.12.14) Planmeca OY Ha KoM’ tomepHUX
momoepamax rpoeedeHo 8UMIpPHO8aHHS Po3mipie 3ybie 8epxHbOI U HUXHBOI wernen ma niHitHux napamempie 3ybHux dye. 3a
dornomoezoro niyeH3sitiHo2o nakemy «Statistica 6.0» nobydosaHi peepeciliHi moderi napamempie KopekmHoi ghopmu 3y6HOI dyau
8 3anexHocmi i@ ocobnusocmell menepeHmMaeHOMEeMPUYHUX MOKa3HUKI8 i KOMM'tomepHO-momozpagidHux po3mipie 3ybis.
BcmanoerneHo, wo 8 toHakig nobydosaHi yci 18 moxnusux docmosipHux modenel i3 koegiuieHmom demepmiHayii 6inbwum 0,6
(R?=8i0 0,680 0o 0,893, p<0,001); a y disdam — nuwe 6 docmoeipHux modeneli i3 koeghiuieHmom demepmiHauii inswum 0,6 (R?=
8i0 0,611 0o 0,800, p<0,001). Npu aHani3i Yacmomu 8x00xeHHs1 00 peapeciliHUX Pi8HSIHb KOMIT toMepHO-momo2paidHuXx po3mipig
3ybis i menepeHmMaeHoMempUYHUX MOKa3HUKI6 8CMaHOBIEHO: 8 oHakig Halibinbw Yacmo 0o modersiell 8X005iMb WUPUHa KOPOHKOBOI
yacmuHu 3yba y eecmubyno-oparsbHil | Me3io-OucmaribHil niaowuHi, menepeHmaeHOMEemMpPUYHI MoOKasHUKU ma 008XuHa 3yba; a y
digyam — mesiepeHmMaeHoOMempUYHI MOKa3HUKU ma WupuHa KOPOHKO80I YacmuHu 3yba y me3sio-OucmarnbHill i gecmubyno-opasnbHil
nnowuHi. lMpu aHanisi 4acmomu 8x00xeHHs1 00 pe2peciliHUX pigHsIHb 8i0M08IOHUX 3ybie cmaHo8neHo, Wo 8 tHakie 0o modernel
Haulbinbw Yacmo exo0mb 8ePXHi Pi3yi, HUXHI pi3ui, 8ePXHI Mari KymHi 3ybu, HUXHI Marni KymHi 3ybu ma eepxHi ikna; a y dig4am
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— BEPXHi Pi3ui, HUXHI Pi3ui, HUXHI iKria ma HUXHI Mari KymHi 3y6u.
Knro4yoBi cnosa: cmomamornozis, menepeHmaeHomempisi 3a memodom Schwarz, Komm’'romepHo-momoepadgidHi posmipu 3ybis i
3y6HuUX dye, peepeciliHuli aHanis, yKpaiHCbKu toHaku ma dig4ama 3 ¢bi3ionozidyHum rpuKyCcoM.
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Colorectal cancer is among the most common human malignancies, its pathogenesis
is accompanied by the development of endogenous neoplastic intoxication and
multi-organ morphofunctional disorders. Among the target organs, the lungs
occupy an important place, as they are sensitive to toxic metabolites, oxidative
stress and microcirculatory disturbances. The aim of the study was to determine
the patterns of morphological and macrophage reactions in the lungs of white rats
with N,N-dimethylhydrazine-induced in situ adenocarcinoma of the colon. The study
was conducted on 85 adult male white rats, of which 70 animals received N,N-
dimethylhydrazine hydrochloride (7.2 mg/kg body weight, subcutaneously, once a
week for 30 weeks). Morphological examination of the lungs was performed after
fixation in 10 % neutral formalin, followed by embedding in paraffin, preparation of
serial sections, and staining with hematoxylin and eosin. For the identification of
macrophages, an immunohistochemical method was used with antibodies against
CD68 (Abcam, USA) and the PolyVue™ HRP/DAB polymer visualization system.
It was established that starting from the fourth stage of the experiment, animals
with DMH-induced carcinogenesis developed vascular congestion, aggregation of
blood elements, interstitial edema, and histoleukocytic infiltration in the lungs. As
the experiment progressed, there was an intensification of destructive-degenerative
processes, the development of atelectasis, dystelectasis, emphysematous areas and
sclerosis foci were noted. In areas of inflammatory infiltration, in the walls of vessels
and bronchi, as well as in zones of atelectasis, a gradual increase in the expression
of CD68" macrophages were observed from moderate to intense with the appearance
of foamy forms. At later stages of the experiment, the phenomena of fibroblastic
proliferation, the growth of dense oxyphilic collagen fibers and the formation of
interstitial fibrosis predominated, indicating the transition of the acute inflammatory
reaction to a chronic phase. Thus, a consistent dynamic of alterative-inflammatory
and fibrotic changes in the lungs during DMH-induced colon carcinogenesis has been
revealed. These changes are accompanied by activation of the macrophage system
and remodeling of the respiratory portion of the lungs, reflecting the systemic impact
of neoplastic intoxication on the pulmonary parenchyma.

Keywords: lungs, respiratory portion, colon adenocarcinoma, rats, pan-macrophage
marker CD68, histological and immunohistochemical changes.

Introduction

According to the International Agency for Research on
Cancer and the World Health Organization, colorectal cancer
remains one of the most common malignancies in the world.
In 2022, about 1.9 million new cases and more than 930,000
deaths were registered, accounting for about 10 % of all
cancer cases and 9.3 % of cancer related mortality. According

to WHO projections, by 2050 the number of new colorectal
cancer cases may exceed 3.2 million per year, indicating
a steady rise in the global prevalence of this oncological
pathology and highlighting the relevance of studying its
systemic pathogenetic consequences [19, 27].

Modern oncomorphology considers the tumor process not
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only as a local neoplasm, but also as a systemic pathology
accompanied by multilevel metabolic and structural
rearrangements in the body. One of the leading mechanisms
of such changes is endogenous neoplastic intoxication,
which develops as a result of prolonged circulation of toxic
metabolites, tumor cell destruction products, cytokines
and free radicals in the blood. These factors have a multi-
organ, damaging effect, promoting the development of
morphofunctional disorders in distant organs [10, 11, 12, 29].

The lung tissue has a high level of vascularization, a
large diffusion area and intensive metabolic processes,
making it extremely sensitive to toxic metabolites and
hypoxic ifnluences [7]. In the pathogenesis of lung lesions
under tumor growth conditions, crucial roles are played
by microcirculatory disturbances, increased vascular
wall permeability, activation of inflammatory cells, and
secondary destructive-degenerative processes. This
leads to remodeling of the respiratory portion of the lungs,
development of atelectasis, emphysema, interstitial fibrosis
and other pathologies [9, 14, 26].

Particular attention of researchers is drawn to the
involvement of the macrophage component of the
immune system in shaping the lung tissue response to
chronic endogenous intoxication. Alveolar macrophages
perform not only a phagocytic functions but also modulate
inflammation, regulate apoptosis and stimulate fibrogenesis
through the production of proinflammatory cytokines (IL-1,
TNF-a, TGF-B). Their activity is reflected by the level of
CD68 expression, a universal marker of the monocyte-
macrophage system [2, 6, 21, 28]. Establishing quantitative
and topographical changes in CD68*cells in the lungs is
essential for understanding the mechanisms of inflammation
and parenchymal remodeling during oncogenesis.

At the same time, the available literature lacks
comprehensive data that would combine histological and
immunohistochemical aspects of the lung respiratory portion
during N,N-dimethylhydrazine-induced colon carcinogenesis.
This necessitates a more detailed morphological analysis of
this process.

The aim of our study was to investigate the dynamics of
histological changes and macrophage responses in the lungs
of rats with experimental colon adenocarcinoma induced by
N,N-dimethylhydrazine.

Materials and methods

The experimental study was conducted on 85 outbred
adult white male rats weighing 195+5 g. The experimental
animals were kept in standard vivarium conditions with
a natural light cycle, constant access to drinking water
and ad libitum basic diet. Throughout the experiment the
general condition, survival, and body weight of the rats were
monitored. All experiments were performed in accordance
with international bioethical standards [5] and were approved
by the Bioethics Committee of the lvan Horbachevsky
Ternopil National Medical University Ministry of Health of
Ukraine (Protocol No. 80 of January 10, 2025).

The experimental animals were randomly divided into

two separate groups: Group | — control group (15 animals);
Group Il — animals with DMH-induced colon adenocarcinoma
in situ (70 animals).

Colon adenocarcinoma in situ was induced by
administering of N,N-dimethylhydrazine hydrochloride
(DMH) (Sigma-Aldrich Sp. z 0.0., Japan, series D161608)
for 30 weeks. This model is often used in experimental
oncology and most adequately simulates the development
of sporadic colorectal cancer in humans [20]. The carcinogen
was diluted with an isotonic solution in a ratio of a 1:100
and injected subcutaneously into the interscapular region
at a dose of 7.2 mg per 1 kg of animal body weight (in terms
of active ingredient) once per week. To simulate potential
stress-related effects, animals in the control group received
subcutaneous injections of an isotonic solution at a dose of
0.1 ml per 10 g of body weight.

For convenience of data presentation, the entire
administration period and tissue sampling process were
divided into seven stages (each stage corresponding to
30 days of the experiment). Euthanasia was performed
under thiopental sodium anesthesia (intraperitoneally,
10 % thiopental sodium at a dose of 50 mg/kg body weight;
Arterium, Ukraine).

The morphology of the structural components of the
lungs at the microscopic level was studied using classical
histological techniques [23, 25]. Tissue samples were
fixed in a 10 % buffered formalin solution, which ensures
effective preservation of tissue structure for further analysis.
Standard methods were used to process the samples, after
which the material was embedded into paraffin blocks. The
material was cut on a rotary microtome AMR-400 4-5 pm
(Amos, Australia). The resulting sections were stained with
hematoxylin and eosin. Photographic documentation was
performed using a MICROmed SEO SCAN light microscope
with a Vision CCD Camera and a system for displaying
images from histological specimens.

To identify macrophage subpopulations in lung tissue,
immunohistochemical staining method was used with a panel
of specific markers, in particular, CD68 was employed as a
pan-macrophage marker. Antigen retrieval was performed
by heat-induced epitope retrieval in EnVision FLEX Target
Retrieval Solution High pH buffer (pH 9.0), carried out in
a KOS histoprocessor (Milestone, ltaly) at 98 °C for 20
minutes. To block endogenous peroxidase activity, a 3 %
aqueous solution of H,0, was used. Subsequent incubation
with specific primary antibodies was conducted for 60
minutes: rabbit polyclonal anti-CD68 antibody (Cat. No.
ab125212, Abcam, USA) was used to detect CD68+ cells.
The visualization of the resulting immune complexes was
performed using the Mouse/Rabbit PolyVue™ HRP/DAB
polymer detection system (Diagnostic BioSystems, USA),
which provides high sensitivity and specificity due to polymer-
conjugated secondary antibodies with peroxidase activity and
subsequent chromogenic detection with diaminobenzidine
(DAB). Counterstaining of cell nuclei was performed with
Mayer’s hematoxylin according to the standard protocol.
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Results
The results of microscopic examination of the lungs
of experimental animals in Group Il, in which colon

carcinogenesis was modeled, demonstrated initial alterative
changes in all structural components of the lungs during the
period from 1 to 3 months (i.e., the first three stages).

Starting from the 4th month, microscopic analysis of the
lungs of white rats subjected to colon carcinogenesis revealed
progressive destructive changes in the vessels, bronchi, and
components of the respiratory portion of the lungs.

At this observation point, the blood vessels of the
organ were characterized by pronounced congestion,
particularly in the venous system. Their walls were often
deformed, with pronounced edema of the adventitial tunic
and its infiltration with leukocytes. Significant remodeling
was observed in the microcirculatory vessels of the lungs.
Their lumens contained stasis and erythrocyte sludging
(Fig. 1A). Diapedesis of erythrocytes was also noted.
The bronchial walls were edematous, with desquamated
epithelial fragments present in the lumen; edema and
infiltration of the adventitia by histoleukocytic cells were

evident. In the respiratory portion of the organ, areas with
unchanged histological structure predominate, but areas of
dis- and atelectasis, areas of emphysematous altered lung
tissue were increasing. The influence of the pathological
process was confirmed during this period of observation
by an increase in the number of cells of inflammatory
genesis, which was immunohistochemically confirmed by
the presence of CD68+ cells (++-), both in the interalveolar
septa and in the lumen of the alveoli (Fig. 1B).

At the next 5 months of studying histological slides
of the lungs of experimental animals with modeled colon
carcinogenesis, it was found that the pathological process
spread with severe edema and histoleukocyte infiltration of
alveolar septa, bronchial adventitia and blood vessels. The
areas of emphysematous altered areas, dis- and atelectasis
increased and, accordingly, the areas with unchanged
histological structure decreased. The circulatory changes
were preserved. Pronounced alteration was observed in the
bronchi, characterized by epithelial desquamation, edema,
and hyperplasia of bronchus-associated lymphoid tissue
(BALT) (Fig. 2A).
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Fig. 1. Histoarchitectonics of the respiratory portion of the lung of the animal at stage 4 after DMH administration. A — the lumen
of a small-caliber vein is filled with blood (1), pronounced edema of the adventitial tunic (2), alveoli of the respiratory portion (3).
Hematoxylin and eosin staining, x200. B — moderately expressed CD68+ in interstitial cells (1). Immunohistochemical staining,

Mayer’s hematoxylin and eosin counterstaining,
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nimal lung at stage 5 after DMH administration. A — terminal

bronchioles with mucous content (1), areas of disatelectasis (2), pleura (3). Hematoxylin and eosin staining, x100. B — expression
of CD68+ cells. Moderately expressed positive reaction in atelectasis cells (1). Immunohistochemical staining, Mayer’s hematoxylin

and eosin counterstaining, x400.
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Immunohistochemical analysis showed that pulmonary
macrophages in the experimental group showed moderate
positive CD68 immunoreactivity (++-), they were localized in
the adventitia of bronchi and vessels, as well as in areas of
atelectasis, disatelectasis and freely in the alveolar lumens
(Fig. 2B).

Microscopic analysis of the lungs of white rats six
months after induced colon adenocarcinoma revealed
distinct alternative changes in all structural elements of the
organ, accompanied by deformation of the walls of blood
vessels and bronchi, formation of inflammatory cell loci
and restructuring of the respiratory portion. In this part of
the lungs, there was a significant thickening of the alveolar
septa due to leukocyte-histiocyte infiltration. The area of dys-
and atelectasis, as well as emphysematous altered zones,
increased. Numerous alveolar macrophages, in particular
foamy macrophages, were detected in the alveolar lumens
and their walls (Fig. 3A). Increased macrophage activity at
this stage was confirmed by immunohistochemistry. CD68+
cells with intense immunoreactivity (+++) were detected in the

respiratory portion, mainly in the areas of atelectasis (Fig. 3B).

The most pronounced destructive-degenerative changes
in the lungs of the laboratory animals were detected 7 months
after the completion of the induced colorectal carcinogenesis.
The respiratory portion was dominated by voluminous areas
of dis- and atelectasis, massive inflammatory infiltrates,
emphysematous dilated alveoli, and foci of hemorrhage.
Only in relatively small areas was the integrity of the lung
histostructure preserved without alteration. Significant
accumulations of alveolar macrophages and blood cells,
primarily erythrocytes, were found in the alveolar lumen,
indicating damage to the alveolar walls. In the areas of
atelectasis, there was a significant increase in the number
of fibroblasts, fibrocytes and oxyphilic dense fibrous
formations, indicating the development of fibrotic changes
in the respiratory portion of the lungs (Fig. 4A). Signs of
prolonged inflammation 7 months after DMH administration
were manifested by an intense positive reaction (+++) in the
bronchial walls and areas of atelectasis in the respiratory
portion (Fig. 4B).

Fig. 3. Histological and |mmunoh|stochem|cal changes in the lung of the anlmal at stage 6 after DMH admlnlstratlon A — small
bronchus (1), vein (2), area of atelectasis and leukocyte infiltration (3). Hematoxylin and eosin staining, x200. B — moderate expression
of CD68+ interstitial (1) and alveolar cells (2). Immunohistochemical staining, Mayer s hematoxylin and eosin counterstaining, x400.

Fig. 4. Remodellng of the structural components of the rat lung at stage 7 after DMH administration. A— areas of dis- and atelectasis
and their leukocyte infiltration (1). Hematoxylin and eosin staining, x200. B — pronounced positive expression of CD68+ in the
areas of atelectasis (1) and alveoli (2) of the respiratory portion of the lung. Immunohistochemical staining, Mayer’s hematoxylin

and eosin (H&E) staining, x400.
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Discussion

Colorectal cancer is one of the leading causes of
cancer morbidity and mortality worldwide, which makes
it highly relevant to study its etiology and mechanisms
of development. The pathogenesis of colorectal cancer
is multifactorial and involves the interaction of genetic
mutations, epigenetic changes, and the influence of external
factors such as nutrition, microbiota, chronic inflammation,
and lifestyle. Consistent accumulation of mutations in cell
cycle regulatory genes such as APC, KRAS, and TP53
contributes to the formation of adenomatous polyps and
their subsequent malignancy. Disorders of the Wnt/B-catenin
signaling pathways, MSI (microsatellite instability) and CpG
island methylation phenotype, which determine the biological
behavior of tumors and response to treatment, also play an
important role [16, 27].

An important component of colorectal cancer
morphogenesis is dynamic alteration in the stromal
component, which largely determine the invasive potential
of tumor cells. Activation of cancer-associated fibroblasts,
remodeling of the extracellular matrix, and increased
expression of metalloproteinases promote invasion of the
submucosa and formation of metastatic niches [17, 18]. At
the same time, impaired angiogenesis, reflected in increased
expression of VEGF and neovascularization in the tumor
growth zone, creates a microenvironment favorable for tumor
progression. Thus, modern morphological data emphasize
that colorectal cancer is a systemic process with a complex
interaction of epithelial and stromal components, and its study
requires the integration of traditional histological methods
with molecular and immunohistochemical technologies for
an in-depth understanding of pathogenesis.

Metaplasia remains one of the leading causes of cancer
morbidity and mortality worldwide, with an upward trend in
both developed countries and Ukraine. Its clinical course is
often asymptomatic in the initial stages, which makes timely
diagnosis and effective treatment difficult. The study of the
systemic impact of the neoplastic process on target organs
is gaining special attention [1, 15]. One of these organs is the
lung, which is highly sensitive to endogenous intoxication,
oxidative stress, and immunoinflammatory changes that
manifest themselves at early stages of carcinogenesis. Even
in the absence of metastases, tumor intoxication can cause
structural and functional disorders in lung tissue that are
important for understanding the mechanisms of the body’s
systemic response to the primary tumor focus [3, 24].

The obtained results of a comprehensive histological and
immunohistochemical analysis indicate that under conditions
of DMH-induced colon adenocarcinoma, a pronounced
syndrome of systemic endogenous intoxication is formed in
the lungs of white rats, accompanied by a gradual remodeling
of the structures of the respiratory department. Starting from
the fourth stage of the experiment, microcirculatory disorders,
vascular hemorrhage, stasis, aggregation of blood cells and
interstitial edema were observed. These changes probably
reflect the early phase of the systemic response to circulating

metabolites of neoplastic origin and activation of oxidative
stress mechanisms, as reported by other researchers [4].

The increase in the number of CD68* macrophages in
the interstitium of the respiratory tract indicates the activation
of the cellular link of nonspecific immunity. Macrophages
in such conditions play a dual role: on the one hand, they
phagocytose necrosis products and cellular detritus, and
on the other hand, they are a source of proinflammatory
cytokines (IL-1B, TNF-a) that enhance endothelial damage
and stimulate fibroblast proliferation [2, 4]. The detected
gradual increase in the expression of CD68" cells from the
4th to the 7th stage of the experiment correlates with the
increase in destructive and sclerotic changes, which allows
us to consider this indicator as an immunomorphological
marker of the intensity of lung tissue remodeling.

At the later stages of the experiment, destructive-
degenerative processes dominated in the alveolar structures,
with the formation of zones of atelectasis, dysatelectasis,
emphysematous changes, and sclerosis. The presence of
expanding oxyphilic collagen fibers and increased numbers
of fibroblasts indicates a transition of the inflammatory
response to a chronic phase with the development of fibrosis.
Similar findings have been described in studies [8, 13, 22,
30], which demonstrated that macrophage infiltration is a
key factor in activating TGF-B-dependent mechanisms of
pulmonary fibrogenesis.

The identified morphological rearrangements confirm that
the lungs function as one of the target organs of systemic
neoplastic intoxication during colorectal carcinogenesis.
Thus, the observed remodeling of the respiratory portion
reflects not only a local reaction to toxic metabolites but also
a general homeostatic shift toward chronic inflammation with
elements of fibrosis.

The novelty of the study lies in the identification of
the stepwise dynamics of morphological and immuno-
histochemical changes in the lungs under experimental colon
adenocarcinoma, which allows us to interpret lung tissue as
a sensitive indicator of systemic responses during neoplastic
processes. The findings expand current knowledge about
the morphological manifestations of chronic endogenous
intoxication, enhance understanding of the mechanisms of
pulmonary remodeling under oncogenesis, and may be used
to further develop morphofunctional criteria for evaluating
the effectiveness of therapeutic and preventive approaches.

Conclusions

1. The morphological changes in the lungs under
conditions of DMH-induced oncogenesis exhibit a pattern
of progressive remodeling of the vascular bed, proliferation
of lymphoid elements and the formation of zones of
emphysematous transformation, dis- and atelectasis within
the respiratory portion. Starting from the fourth stage of the
experiment, a gradual intensification of alterative-destructive
processes was observed, followed by the formation
of polymorphic structural disorders of the pulmonary
parenchyma. By the seventh stage, the pathological
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changes reach maximal severity, manifested by profound
destruction of alveolar walls and the appearance of regions
with significant disruption of the lung histoarchitecture.

2. The protective mechanisms in the lungs during DMH-
induced oncogenesis are manifested by a gradual activation
of the immune response, accompanied by hyperplasia of
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OCOBIMBOCTI MNCTONON4YHUX TA IMYHOTICTOXIMIYHUX 3MIH PECMIPATOPHOIO BIAAINY NEFEHb BINUX LLYPIB
MPU EKCMEPUMEHTANBbHIA AOEHOKAPLMHOMI TOBCTOI KULLUKHU IN SITU

Heb6ecHa 3. M., Kynbbiybka B. B., OziHcbka H. B., [loebyw A. B., JlumeuHrk C. O., Pumap A. A.

KonopekmarnbHul pak Hanexxume 00 HalrnowupeHiwuXx 3r105KICHUX HO80YMEOPEeHb I0OUHU, Mamo2eHe3 K020 Cyrnpo8oOXKyembCs
pP0O38UMKOM €HOO2eHHOI Heomnnacmu4YHol iIHMoKcuKauii ma nosniop2aHHUMU MOPOGYHKUiOHanbHUMU nopyweHHsamu. Ceped
opzaaHis-miweHel gaxriuee micue rnocidaroms rie2eHi, 4ymusi 00 MoKcu4YHUX Memabornimie, okcudamugHO20 Cmpecy ma rnopyuweHb
MiKpoyupKynsayii. Mema docnioxeHHs1 — 3’sicygsamu 3aKOHOMIPHOCMI MOPGhOTo2idHUX | MakpoghazanbHUX peakuil y rie2eHsix
6inux wypie npu N,N-Oumemuneidpa3uH-iHOyKkogaHil adeHOKapUyuHOMi moecmoi Kuwku in situ. JocnioxeHHs nposedeHo Ha 85
cmameso3pinux binux wypax-camusix, 3 sskux 70 meapuH ompumysanu N,N-Oumemuneidpa3uH eidpoxsopud (7,2 ma/ke macu
mina, niOwkipHo, 00uH pa3 Ha muxoeHb rpomszom 30 muxHie). MopghonoeiyHe susyeHHs1 ne2eHb 30ilCHI08anuU nicns gikcauii
y 10 % HelimpanbHomMy hopmarniHi 3 nodanbwum 3anueaHHaM y napacbiH, 8U20mMoeeHHsIM cepiliHUX 3pisie i 3abapereHHAM
2emamokcusliHoM ma eo3uHoMm. [ns ideHmucdbikauii Makpoghbazie 3acmocosyearnu iMyHo2icmoximMmidyHul Memo0d i3 8UKOPUCMaHHSIM
aHmumin do CD68 (Abcam, CLLIA) ma nonimepHoi cucmemu gidyanizayii PolyVue™ HRP/DAB. BcmaHoeneHo, wo novyuHatoqu 3
yemeepmozo emarly eKcriepuMeHmy 8 rie2eHsix meapuH i3 Ml -iHOykoeaHUM KaHUepo2eHe30M 3’671510mbCsl CyOUHHE MMOBHOKPI8 s,
aepezauis (hbopMeHuUX enneMeHmig, HabpsiK iHmepcmuyito ma 2icmornelkoyumapHa iHghinbmpauis. Y nodanbuwit duHamiyi 8idMiHeHO
riocuneHHs1 0ecmpyKmusHo-0e2eHepamueHUX NMPoyecie, Po3sUMOK ameriekmasie, Oucameriekmasis, eMgizemMamo3HUX 30H i hOKycie
CKrepogay. Y dinsiHkax 3anarnbHoi iHgbinbmpauii, cmiHkax cyOuH i GpoHXi8, @ MakoX y 30Hax ameriekmasie criocmepieanocs noemariHe
3pocmaHHs ekcripecii CD68* makpocghazie 8id momipHoi 00 iHMeHCUBHOI, i3 nosi8oro niHUcmux ¢popm. Ha nisHix emanax docnidy
OomiHysanu sisuwa ¢hibpobnacmuyHol nponighepayii, PO3pOCMaHHS WiNlbHUX OKCUQINIbHUX KOrla2eHOoB8UX BOSTOKOH i (hOpMy8aHHS
iHmepcmuujanbHo20 ibpo3sy, wo ceid4ums npo nepexio 20cmpoi 3ananbHOI peakyii 8 XpoHidHy ¢haly. Takum YUHOM, 8USIBITEHO
3aKOHOMIPHY OUHaMIKy anbmepamusHO-3ananbHux i pibpomuyHux 3miH y neaeHsix npu LMl -iHOykoeaHoMy KaHuepozeHesi
mo8cmoi KUWKU, WO Cyrnpo8odXyembCs akmueaujiero MakpoghazarbHOI naHKU ma pemoOernto8aHHAM pecripamopHo20 8iddiny,
sike gidobparkae cucmeMHy 0it0 HeornIacmu4YHoI iHMoKcuUKauil Ha fie2eHesy napeHximy.

KntouoBi cnoBa: sieceni, pecnipamopHuli 8id0irn, adeHoKapyuHOMa moecmoi KUWKU, Wypu, naH-makpoghazanbHuUl mapkep CD68S,
2icmornoaidHi i iMyHo2iCmoXiMidHi 3MiHU.
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Bites from venomous animals, such as snakes, vipers, and arthropods (particularly
scorpions), are a significant public health problem in many countries worldwide.
Acute kidney injury is one of the main effects of these venoms and is associated
with high morbidity and mortality. The study aims to investigate the features of CD20
expression in the kidney tissue of experimental rats three hours after administration
of scorpion Leiurus macroctenus venom. The study used 10 white male laboratory
rats weighing 200 g (x10 g). The venom of the scorpion Leiurus macroctenus
(Buthidae) was administered to rats once intramuscularly (0.5 ml of a venom solution
previously dissolved in saline; 28.8 ug/ml; LD50=0.08 mg/kg). To identify the CD20
cell subpopulation in kidney tissue, rabbit recombinant primary antibodies Anti-CD20
(ab64088, Abcam, USA) were used. Visualisation of the formed immune complexes
was performed using the Mouse/Rabbit PolyVue™ HRP/DAB polymer detection
system (Diagnostic BioSystems, USA). Counterstaining of cell nuclei was performed
with Mayer’s hematoxylin according to the standard protocol. The preparations were
examined using a MICROmed SEO SCAN light microscope. Administration of the
scorpion venom Leiurus macroctenus at an early stage of the study (after 3 hours)
induces activation of the immune response in the kidney tissue of rats, as evidenced
by the appearance of single CD20* B-lymphocytes in the cortical substance and renal
corpuscles. In the control group, CD20 expression is absent, confirming the normal
immune status of the kidney and the absence of physiological B-cell infiltration. Thus,
the appearance of single CD20*cells after venom administration reflects the early
phase of the inflammatory reaction and the initiation of B-lymphocyte recruitment in
response to toxic injury. However, the intensity of infiltration at this stage remains
minimal, not massive.

Keywords: histology, expression, kidney, inflammation, apoptosis, rats.

Introduction

Venomous animal bites, including those from snakes,
vipers, and arthropods, especially scorpions, are a significant
public health problem in many countries worldwide. Acute
kidney injury is one of the main consequences of these
venoms, leading to high morbidity and mortality [21, 26,
30]. The World Health Organisation recognises venomous
animal bites as a neglected public health problem, especially
in regions such as Latin America, Asia, and Africa. Estimates
range from 421,000 to 1.8 million snakebites occur annually,
with 20,000 to 94,000 of these resulting in death. The most
vulnerable groups are economically disadvantaged groups

and rural residents. However, the actual number of cases
is likely much higher, as existing epidemiological data are
primarily based on official reports and may not include victims
treated in primary care settings [1, 6, 12].

Snake and scorpion venoms have a diverse chemical
composition, including proteins, enzymes, carbohydrates,
lipids, metals, biogenic amines, and nucleotides [14, 27, 31,
35]. This toxic composition has evolved as a hunting and
defence mechanism. However, urbanisation and population
growth have led to an increase in the number of animal bites
[34]. Clinical manifestations of envenomation depend on
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various factors, including the type and dose of venom, the
site of the bite, the size of the victim, and the time of medical
intervention; symptoms can range from mild local reactions
to severe systemic poisoning that develops over several
hours [3, 8, 20].

Acute kidney injury is the leading cause of death among
patients exposed to snake and scorpion stings. Studies
show that snake and scorpion venom can penetrate renal
tissue within minutes, appearing in the urine several hours
after exposure. Without timely preventive measures, there
is a significant risk of acute renal failure, which may require
dialysis [4, 19, 32, 33]. Additional clinical manifestations, such
as rhabdomyolysis, intravascular hemolysis, coagulopathy,
neurotoxic symptoms, hypopituitarism, and systemic
inflammatory response syndrome, further worsen the
condition of victims. Studies show that histological signs
of renal injury from these venoms include acute tubular
necrosis and interstitial nephritis. Morphological analysis of
kidney tissue biopsies reveals notable changes, including
increased glomerular capillary dilation, destructive changes
in the basement membrane, oedema of endothelial cells, and
focal proliferation of mesangial cells [7, 9, 17].

Since the composition of scorpion venom has not been
thoroughly studied to date, and the mechanisms of kidney
damage remain an open question, the topic of our study is
relevant.

The study aims to study the features of CD20 expression
in the kidney tissue of experimental rats three hours
after administration of the venom of the scorpion Leiurus
macroctenus.

Materials and methods

The study used 10 white male laboratory rats weighing
200 g (10 @), raised in the vivarium of the Educational
and Scientific Centre “Institute of Biology and Medicine” of
Taras Shevchenko National University of Kyiv (Agreement
on Scientific and Practical Cooperation between Taras
Shevchenko National University of Kyiv, National Pirogov
Memorial Medical University, Vinnytsya and |. Ya. Horbachevsky
Ternopil National Medical University of the Ministry of Health
of Ukraine, dated February 1, 2021). Rats were kept on a
standard diet in an accredited vivarium in accordance with
the “Standard Rules for the Arrangement, Equipment and
Maintenance of Experimental Biological Clinics (Vivaria)®. The
experiments were conducted in accordance with the current
regulatory documents governing the organisation of work with
experimental animals and with the principles of the “European
Convention for the Protection of Vertebrate Animals Used
for Experimental and Other Scientific Purposes” [11]. Also,
all work with animals was carried out in accordance with the
Law of Ukraine dated February 21, 2006, No. 3447-IV “On
the Protection of Animals from Cruelty and Ethical Norms and
Rules for Working with Laboratory Animals”.

The venom of scorpions of the Buthidae family of the
Leiurus genus of the Leiurus species was administered to
rats once intramuscularly (0.5 ml of venom solution previously

dissolved in saline; 28.8 pyg/ml; LD50=0.08 mg/kg) [16, 23].

The rats selected for the experiment were divided into
two groups: control — 5 rats; no venom was administered;
material was collected 3 hours after saline administration;
experimental — 5 rats; histological material was collected 3
hours after venom administration. The rats were euthanised
by inhalation of carbon dioxide. The isolation of rat kidneys
was performed at 4 °C immediately after euthanasia.

To identify the subpopulation of CD20+ cells in the kidney
tissue, rabbit recombinant primary antibodies Anti-CD20
(ab64088, Abcam, USA) were used.

Antigens were revealed using the temperature-induced
reprivation method in the EnVision FLEX Target Retrieval
Solution High pH buffer (pH 9.0), which was carried out in
a KOS histology processor (Milestone, Italy) at 98 °C for 20
minutes. To block endogenous peroxidase activity, a 3 %
aqueous H,O, solution was used. Further incubation with
specific primary antibodies was carried out for 60 minutes:
to detect CD20* cells, rabbit polyclonal antibodies Anti-CD20
(Cat. No. ab64088, Abcam, USA) were used [5, 17].

Visualisation of the formed immune complexes was
carried out using the Mouse/Rabbit PolyVue™ HRP/
DAB polymer detection system (Diagnostic BioSystems,
USA), which provides high sensitivity and specificity due to
polymer-conjugated secondary antibodies with peroxidase
activity and subsequent chromogenic development with
diaminobenzidine (DAB). Counterstaining of cell nuclei
was performed with Mayer’s hematoxylin according to the
standard protocol [18]. The preparations were examined
using a MICROmed SEO SCAN light microscope, and a
Vision CCD Camera was used for photodocumentation.

Results

In the kidney parenchyma of rats in the control
group, the CD20 reaction precipitate is not detected
(-). Immunohistochemical staining is negative in all
morphological structures, particularly in the renal corpuscles,
nephron tubules, and interstitium. The absence of CD20*
cells indicates that, under physiological conditions, there is
no infiltration of renal tissue by B-lymphocytes. This confirms
the kidney’s stable immune status under normal conditions
and serves as a reference point for assessing inflammatory
changes under experimental conditions. Thus, the absence
of the precipitate can be regarded as an indicator of the
baseline level of CD20 expression, which is practically zero,
i.e. negative in the control group of animals (Fig. 1).

In rat kidney tissue, 3 hours after the introduction of
scorpion venom, a weak immunohistochemical reaction
(+--) is detected with the formation of a single brown
precipitate in the cytoplasm of cells corresponding to CD20*
B-lymphocytes. These cells are localised mainly in the
interstitium of the cortical substance, indicating the initial
phase of the immune response and the migration of B cells to
the damaged area. There is also a slightimmunoprecipitation
in the renal corpuscle area. The staining intensity is low, focal,
without signs of massive infiltration (Fig. 2).
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cortex of rats in the control group. Absence of precipitate in the
structural components of the kidney of rats in the intact group
(1). Immunohistochemical staining using an antibody to CD20,
counterstaining with Mayer’s hematoxylin. x100.

Discussion

Scorpion venom is a mixture of chemical compounds
that overactivate the autonomic nervous system, leading to a
massive release of vasoactive substances and inflammatory
cytokines. Symptoms of scorpion envenomation typically
include signs of increased cholinergic and adrenergic activity,
cardiovascular dysfunction, and increased neuromuscular
excitability. In severe cases, especially in children, there
is a risk of pulmonary oedema, multiple organ failure, and
even death [22].

Studies have shown that the venom of the scorpion
Hemiscorpius lepturus can cause cytotoxicity and hemolysis.
The venom is primarily excreted from the body through the
kidneys and liver and tends to be highly concentrated in renal
tissue. The exact mechanisms of renal injury from scorpion
stings are still being investigated, but likely include vascular
ischemia due to vasoconstriction, hemodynamic instability,
rhabdomyolysis, excessive systemic inflammation, and direct
nephrotoxic effects of the venom [15, 24, 28].

Microscopic studies have revealed acute tubular necrosis,
destructive changes in the renal glomeruli, interstitial
oedema, thrombotic microangiopathy, and cortical necrosis
in cases of scorpion stings. Clinical observations suggest that
children affected by scorpion stings are at increased risk of
developing chronic renal failure. Unfortunately, even with the
rapid administration of antivenom, the prognosis for chronic
renal dysfunction does not significantly improve [25, 29, 36].

Experimental studies by Zoccal K. F. et al. [37] showed
that Tityus silvestris envenomation in mice resulted in severe
systemic effects, including hyperglycemia, leukocytosis,
cytokine release (IL-6, IL-183, IL-10), and damage to lung and
kidney tissues. In contrast, the venoms of Tityus metuendus
and Tityus obscurus resulted in less severe symptoms in
animals.

The most significant number of scorpion sting
envenomations has been reported in Saudi Arabia, Iraq,
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Fig. 2. Expression of CD20+ cells in rat kidneys 3 hours after
scorpion venom administration. Immunoprecipitation in the
renal corpuscle area (1). Immunohistochemical staining using
an antibody to CD20, counterstaining with Mayer’s hematoxylin.

x100.

and Jordan. The most clinically substantial toxins in Old World
scorpion venoms are the a-toxins, which bind to the neurotoxin
at three sites on voltage-gated sodium (Nav) channels, leading
to sympathetic excitation and the release of endogenous
catecholamines, which can cause severe myocardial damage.
Most scorpion sting victims experience local lesions, but
systemic symptoms, especially in children, are often noted
due to the venom of Androctonus and Leiurus scorpions.
These systemic manifestations include hemodynamic and
respiratory disorders, as well as myocarditis. In addition,
other symptoms may include paralysis (from Parabuthus
leiosoma), coagulopathy (caused by Nebo hierichonticus and
Hemiscorpius species), local tissue damage, hemolysis, and
acute kidney injury (associated with Hemiscorpius lepturus).
In such cases, early antivenom therapy is crucial, although
its effectiveness remains controversial. However, intensive
treatment, including the use of vasoactive drugs, is effective
in many cases [2].

A. Elmourid et al. [13] observed significant histological
and biochemical changes in experimental mice injected with
Buthus paris scorpion venom. In the liver, morphological
changes included hepatocytes ballooning, haemorrhage,
and nuclear pyknosis. Examination of lung tissue showed
thickening of the interalveolar septum and pulmonary
oedema. In addition, hemorrhagic manifestations were noted
after administration of a dose of 450 pg/kg-1 of venom.
Examination of the kidneys revealed an expansion of the
lumen between the outer and inner layers of Bowman’s
capsule, as well as destructive changes in the glomeruli.
At the same dose, glomeruloneuromas and signs of
haemorrhage were also observed. The toxic effect of
Buthus paris venom on the heart was characterised by
disorganisation and degeneration of myofibrils. Biochemical
analysis of the blood serum of poisoned mice showed a
significant increase in ALT (p<0.05), AST (p<0.05) and LDH
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(p<0.05). An increase in CPK was also noted.

R. Dizaiji et al. [10] found significant changes in biomarkers
of acute kidney injury and mitochondrial biogenesis in
mice injected with Hemiscorpius lepturus venom. IL-18
expression increased significantly on the first day after
administration of 5 and 10 mg/kg doses of venom (p<0.01),
indicating early activation of the inflammatory cascade; after
7 days, a significant increase was observed in the 5 mg/
kg group compared to the control group. Determination of
reactive oxygen species (ROS) production demonstrated a
substantial effect of the venom on days 1 and 7 (p<0.05),
with post hoc analysis confirming a significant increase in
ROS across all groups of poisoned animals (p<0.001). After
seven days, ROS levels in the treatment groups were lower
than on day 1, indicating a partial restoration of antioxidant
status. The venom also induced apoptosis, as evidenced
by a significant increase in caspase-9 expression after 1
day in the 10 mg/kg group and after 7 days in the 5 mg/kg
group. Caspase-3 expression was significantly increased
only 1 day after administration of 5 and 10 mg/kg (p<0.05),
with no significant changes in the 7-day group. Studies of
regulators of mitochondrial biogenesis showed considerable
overexpression of AMPK (AMP-activated protein kinase) in
both the 5 and 10 mg/kg groups on day 1 and in the 5 mg/kg
group on day 7. Sirt1 expression was significantly increased
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OCOBJIMBOCTI EKCMPECII CD20 B TKAHUHI HUPOK EKCMEPUMEHTAINbHUX WYPIB YEPE3 TPU FOAUHMU MNICNA

BBEOEHHA OTPYTU CKOPNIOHA LEIURUS MACROCTENUS

Mamekiecbka P. M., Cam6opchbka I. A., Mocmrok O. M.

YKycu ompyUHUX meapuH, makux K 3mii, 2a0toKu ma 471eHUCMOHO2i (30Kpema CKOPIIOHU), € Cymmeegoro rpobrieMoro 2pomadCcbKo20
300poe’ss 8 bazambox KpaiHax ceimy. [ocmpe ypaXeHHs1 HUPOK € 00HUM i3 201108HUX eghekmis Oii yux ompym i acoyitiosaHe 3
BUCOKUM pigHeM 3axgoprosaHocmi ma cmepmHocmi. Memoro docnidxeHHs € sugyeHHsT ocobriueocmeti ekcripecii CD20 8 mkaHuHi
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HUPOK eKcriepuMeHmarbHUX Wypie Yyepe3 mpu 200UHU ficrisi 86e0eHHS ompymu ckoprioHa Leiurus macroctenus. Y 0oCnioXeHHI
sukopucmaHo 10 binux nabopamopHux wypis-camyie macoro 200 e (+10 2). Ompymy ckopnioHie poOuHu Buthidae pody Leiurus
8u0y Leiurus macroctenus egodursnu w,ypam 00HOpa3080 8HympiwHboM 13080 (0,5 M po34uHy ompymu nonepeodHbL0 PO3HUHEHOMY
y @pizionoeiyHomy posduHi; 28,8 mke/mn; J150=0,08 me/ke). Ansa ideHmucpikauii cybnonynsayii CD20 knimuH 8 mKaHUHi HUPOK
8uKopuCMOo8y8saru Kposisidi pekoMbiHaHmHi nepeuHHi aHmumina Anti-CD20 (ab64088, Abcam, CLLIA). Bisyanisaujito cgpopmosaHux
iMyHHUX Komrnekcie 30iliCHIo8anu 3 8UKOpucmaHHsaM ronimepHoi demekyitiHoi cucmemu Mouse/Rabbit PolyVue™ HRP/DAB
(Diagnostic BioSystems, CLLA). KonmpacmHe do3abapeneHHs KiimuHHUX 50ep 8UKOHyeanu 2eMamokcusniHom Maliepa 8i0nogidHo
0o cmaHOapmHo20 npomokosy. [Npenapamu Oocnidxysanu 3a 00NOMO20t0 c8immnoonmuyHo20 mikpockorna MICROmed SEO
SCAN. BeedeHHss ompymu ckopriioHa Leiurus macroctenus exe Ha paHHbOMY mepmiHi docniOxKeHHs (4epe3 3 200uHU) iHOYKye
akmueauito iMyHHOI 8i0noeidi 8 HUPKOBIU MKaHUHI uypis, Mpo wo ceid4yums rosiea nooduHokux CD20* B-nimgboyumis y Kipkosit
PeyoBUHI ma HUPKOBUX MinbUsix. Y KOHMposbHil epyni ekcripecis CD20 nosHicmio 8idcymHs, wo nidmeepoxye HopmabHUl
iMyHHUU cmamyc HUPKU ma ei0cymHicme bi3iono2idHoi B-knimuHHOI iHgbinbmpauii. Takum 4yuHoMm, rosiea nooduHokux CD20*
KnimuH riicris eeedeHHs ompymu eidobpaxkae paHHIO hasy 3amnanbHOi peakuii ma iHiyiauito pekpymysaHHsi B-nimgpoyumis y
8i0M08IOb Ha MOKCUYHE YWKOOXKEHHS, Xo4a IHmeHcusHIiCMb iHinbmpauii Ha yboMy emarii 3anuwaemscsi MiHiMarbHOK ma He
HOCUMb MacusHO20 Xxapakmepy.

Knto4yoBi cnoBa: 2icmornozisi, ekcripecis, HUPKU, 3anasneHHs, arornmos, wypu.
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