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The venom of scorpions of the genus Leiurus is considered among the most dangerous
of known animal toxins, as its action can lead to severe systemic disorders and
a high risk of fatal outcomes. The complex of biologically active substances that
make up the venom is capable of affecting multiple target organs, including the
cardiovascular, respiratory, and nervous systems. Particular attention is given to the
impact of the toxin on endocrine glands, which play a key role in the formation of
stress responses in the body. At the same time, morphological changes in such an
important organ as the adrenal glands remain insufficiently studied, which highlights
the need for further research in this area. The aim of the study was to determine
the morphological changes in the adrenal glands of rats one hour after exposure
to the venom of Leiurus macroctenus scorpions. Laboratory rats were divided into
two groups: a control group (n=5), which received a single inframuscular injection
of 0.5 ml of physiological saline, and an experimental group (n=>5), which received
a single intramuscular injection of 0.5 ml of Leiurus macroctenus venom. One
hour after venom administration, the experimental rats were euthanized, and the
adrenal glands were removed for subsequent histological analysis. After fixation in
neutral formalin solution, standard dehydration was performed followed by paraffin
embedding. Histological sections 4-5 um thick were stained with hematoxylin and
eosin and using the Azan Trichrome method. For a more detailed study of cellular
structures, semithin sections 1-2 um thick were prepared and stained with methylene
blue. Microscopic analysis was carried out using a light microscope at magnifications
of x100 and x400. Morphological analysis of the adrenal glands of rats one hour
after inoculation with Leiurus macroctenus venom revealed pronounced vascular
and cellular disturbances. In the cortical substance, dilation of small vessels, their
deformation, and congestion with erythrocyte aggregation were observed. The zona
fasciculata appeared the most vulnerable, showing signs of edema, disorganization
of cellular structures, and karyopyknosis in the nuclei of endocrinocytes. In the zona
glomerulosa, changes in nuclear shape and a chaotic distribution of heterochromatin
were noted, suggesting damage to protein components of the karyoskeleton. The
cytoplasm of endocrinocytes was filled with lipid inclusions, and cell boundaries
became indistinct. In the zona reticularis, vascular disorders predominated, although
the cells maintained a relatively preserved architecture. The medulla remained without
significant pathological changes. Alterations in the capsule and interstitium confirmed
the systemic nature of adrenal gland injury. Thus, Leiurus macroctenus venom
induces early microcirculatory and cellular disturbances in the adrenal cortex, most
pronounced in the zona fasciculata, while the medulla remains intact. The observed
changes indicate a zonal specificity of the toxic effect.

Keywords: anatomy, histology, morphology of the adrenal glands, venom of the
scorpion Leiurus macroctenus.

Introduction

Scorpionism is a significant medical and biological

problem affecting many countries with warm and dry climates
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where venomous scorpions are widespread. According to
estimates by the World Health Organization, more than 1.2
million cases of scorpion stings are registered worldwide
each year, about 0.27 % of which result in death [22]. In many
regions of the Middle East, North Africa, South America, and
Asia, scorpion envenomation is one of the leading causes of
hospitalization due to toxic injuries. For example, in Luxor,
Egypt, among 300 analyzed cases of scorpion stings, Leiurus
quinquestriatus and Androctonus crassicauda predominated,
with children under 15 years being the most vulnerable age
group, accounting for 42.6 % of all victims [1].

In Latin America, the problem is particularly prevalent.
In Brazil, up to 90,000 cases of scorpionism are reported
annually, with some regions recording incidence rates as high
as 52 cases per 100,000 population [26]. In Mexico, where
more than 250 scorpion species have been described, about
15 are clinically significant, causing over 300,000 stings
each year, of which approximately 0.1-0.2 % are fatal [27].
According to Gonzalez-Santillan and Possani, cases in the
United States have shown mortality rates of up to 25 % in
children if antivenom is not administered in time [13]. A similar
situation is observed in Iraq, where between 2015 and 2019
the incidence reached 5.6 cases per 1,000 people, with an
average fatality rate ranging from 0.5-1 % [16].

In India, around 50,000 people are affected by scorpion
stings annually, with members of the genera Mesobuthus
and Hottentotta posing the greatest danger. Mortality ranges
from 1 to 8 %, particularly among children, who are more
sensitive to the toxin [18]. An epidemiological study in Shiraz,
Iran, reported over 20,000 cases in 5 years, with most victims
under the age of 30, and clinical manifestations ranging
from local pain to generalized convulsions and cardiotoxic
effects [31]. Similar findings were confirmed by Mousavi et
al., who reported more than 100,000 cases over five years in
Southwestern Iran, corresponding to 550 cases per 100,000
population [24].

In Latin American and Middle Eastern countries, the
intensity of scorpion sting incidence is significantly influenced
by urbanization. Studies in Brazil and Mexico have shown
that with increasing urbanized areas, the number of scorpion
stings has doubled over the last decade [8]. This is explained
by the fact that scorpions, as synanthropic species, readily
adapt to new living conditions, invading residential zones
and household premises. In Ecuador, between 2021-2024,
the prevalence of scorpion stings in suburban areas was
37 % higher than in rural ones [32]. Urbanization also alters
food sources and ecological niches, promoting scorpion
proliferation in human settlements.

In France, despite the relatively low overall incidence,
certain regions (Corsica, overseas territories) remain at
high risk. Specifically, Buthus pyrenaeus is recognized as
a species of potential clinical concern, although fatal cases
are rare [33, 34].

Particular danger lies in the venom of scorpions of the
genus Leiurus. This genus belongs to the Buthidae family,
whose members are the most dangerous to humans.

The most well-known species is Leiurus quinquestriatus,
distributed in North Africa and the Middle East. Its venom
contains neurotoxins capable of blocking sodium channels,
leading to severe disturbances of the nervous and
cardiovascular systems [3].

The clinical course of envenomation ranges from local
pain to severe systemic manifestations, including cardio-
and neurotoxic effects. Among the factors determining the
severity of intoxication, the most important are the species
and age of the scorpion, the amount of venom injected, the
site of the sting, as well as the victim’s age, body mass,
and general health status [7]. In children, the risk of severe
complications is 3-5 times higher than in adults, and mortality
may reach 30 % without timely medical intervention [26].

Recent studies show that despite pronounced toxic
properties, components of scorpion venom also possess
potential pharmacological benefits. In particular, some
peptides can modulate ion channels, which may hold promise
for the development of new drugs [3].

Thus, the epidemiology of scorpionism demonstrates its
global spread, with particularly high danger in Africa, Latin
America, and Asia. Of special importance are species of the
genus Leiurus, whose venom can cause systemic damage to
vital organs. In this context, studying morphological changes
in organs such as the adrenal glands is crucial for elucidating
mechanisms of toxic action and predicting health risks.

The aim of the study was to determine the morphological
changes in the adrenal glands of rats one hour after exposure
to the venom of Leiurus macroctenus scorpions.

Materials and methods

Scorpions of the species Leiurus macroctenus were
identified by typical morphological features [21]; they were
provided by a private breeder in Ibbenbiren (Germany),
owned by Mark Stockmann. All individuals originated
from captivity and were sexually mature (15 males and 15
females). Venom was obtained by single “milking” according
to the method of Ozkan and Filazi [25], as modified by
Yaqoob et al. [36], performed one month after the animals
were transported from the breeding facility. Toxin samples
were stored at -20 °C until use [14].

The study involved 10 male white laboratory rats
weighing 200+10 g, bred in the vivarium of the Educational
and Scientific Center “Institute of Biology and Medicine” of
Taras Shevchenko National University of Kyiv. Experiments
were carried out on the basis of the cooperation agreement
between Taras Shevchenko National University of Kyiv,
National Pirogov Memorial Medical University of Vinnytsya
and |. Horbachevsky Ternopil National Medical University
(2021). The housing conditions of the rats complied with
the “Standard rules for the arrangement, equipment, and
maintenance of experimental biological clinics (vivariums).”
All procedures were performed in accordance with the
“European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific
Purposes” [20] and the Law of Ukraine “On the Protection
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of Animals from Cruelty” (No. 3447-1V of February 21, 2006)
(Bioethics of National Pirogov Memorial Medical University,
Vinnytsya, protocol Ne 11 from 12.11.2024).

The animals were divided into two groups: a control
group (5 rats that received an intramuscular injection of
0.5 ml of physiological saline; tissue sampling was carried
out 1 hour later) and an experimental group (5 rats that
received a single intramuscular injection of 0.5 ml of Leiurus
macroctenus venom solution at a concentration of 28.8 ug/
ml; LD,,=0.08 mg/kg [15]). Euthanasia was performed by CO,
inhalation, after which the adrenal glands were immediately
harvested at 4 °C.

Organ samples were fixed in 10 % neutral formalin,
followed by dehydration in graded alcohols and processing
in a Logos ONE histoprocessor (MILESTONE, ltaly).
The material was embedded in paraffin blocks using an
automated embedding station TEC 2800 (HESTION,
Australia). Histological sections 4-5 pm thick were prepared
with a rotary microtome AMR-400 (Amos Scientific Pty,
Australia) and stained with hematoxylin—eosin and by the
Azan Trichrome method.

For semithin sections (1-2 pm), tissues were fixed in
2.5 % glutaraldehyde solution (pH 7.3-7.4) with subsequent
postfixation in 1 % osmium tetroxide. After dehydration in
graded alcohols, the material was embedded in a mixture
of epoxy resins followed by polymerization. Sections were
prepared using an Ultrotome LKB 4801 A ultramicrotome
(Bromma, Sweden) and stained with methylene blue.

Microscopic analysis of the adrenal glands was performed
with an OLIMPUS BX 41 light microscope at magnifications
of x100 and x400. Digital visualization and morphometric
studies were carried out using Quickphoto micro 2.3 software.
The description of histological specimens was conducted
according to generally accepted pathomorphological criteria.

Results

The first, though subtle, manifestations of cellular
response to the venom could already be detected one hour
after its inoculation. In particular, examination of the cortical
substance at x100 magnification, which provides a panoramic
view of the organ, revealed numerous dilations of small blood
vessels located among the cells of all three cortical zones of
the adrenal gland (Fig. 1). The most pronounced congestion
was observed in the zona fasciculata. In the control group, the
cells of this zone formed regular parallel rows, whereas here
they appeared displaced by the dilated vessels and arranged
in a rather chaotic manner. While in the untreated group the
blood vessels were narrow and oriented perpendicularly to
the organ capsule, in the experimental group they exhibited
irregular, indistinct boundaries, and their lumina were filled
with aggregated erythrocytes.

It is noteworthy that the inner cortical zones — the zona
fasciculata and zona reticularis — demonstrated vascular
pathological processes to a greater extent, as these two
zones are primarily responsible for the synthesis and
secretion of corticosterone in response to stress. It may be

Fig. 1. Morphological structure of the rat adrenal gland one
hour after the experiment. 1 — capsule, 2 — dilation of small
blood vessels with aggregated erythrocytes in the lumina, 3 —
endocrinocytes of the zona glomerulosa with irregular nuclei,
4 — blurred cell boundaries, 5 — disruption of cellular bundle
organization. Azan trichrome staining. x100.

assumed that this functional role contributed to the observed
alterations in the vascular component of the organ.

Examination of the cells of the zona glomerulosa
demonstrated the early stages of potentially hazardous
processes within them. The nuclei of some of these
cells exhibited a somewhat irregular, distorted shape,
which may be associated with damage to proteins of the
submembranous complex (see Fig. 1, Fig. 2). As is well
known, karyoskeletal proteins are responsible not only for
maintaining the rounded and regular shape of nuclei but also
for the structural organization of heterochromatin through its
attachment to the nuclear envelope. In many endocrinocytes,
such organization was disrupted: heterochromatin was
distributed chaotically throughout the nucleus, forming
numerous dark clumps.

Fig. 2. Morphological structure of the superficial zones of the
rat adrenal cortex one hour after the experiment. 1 —irregularly
shaped nuclei, 2 — clumps of heterochromatin, 3 — lipid
inclusions, 4 — deformed fibroblast nuclei. Semithin section.
Stained with methylene blue. x400.

Vol. 31, Ne3, Page 5-12
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The nuclear component of the cytoskeleton is fragile, and
a protein-toxic effect of the venom on its elements cannot
be excluded. In addition, disruption and distortion of nuclear
contours represent one of the consequences of developing
cellular edema.

As for the cytoplasm of the cells of the zona glomerulosa,
at such an early stage it did not exhibit pathological features
that could be clearly identified by morphological analysis of
histological sections. The only aspect worth noting was the
blurred, irregular boundaries of the cells and the outlines of
lipid vacuoles within them, which were noticeable with Azan
trichrome staining (see Fig. 1). Such changes usually indicate
the initial stages of intracellular edema.

Similar alterations in both the nuclei and cytoplasm were
also characteristic of the zona fasciculata in this group (see
Fig. 1, 2). In addition to the early manifestations of edema,
the main morphological changes in this zone, as already
mentioned, included vascular congestion and deformation of
blood vessels. Like any other endocrine organ, the adrenal
glands possess a highly developed network of fenestrated
and sinusoidal capillaries for the transport of hormones
secreted by endocrinocytes. Therefore, alterations in the
microcirculatory bed are clearly visible in preparations of
this gland. In the control group, the vessels ran parallel to
one another, separating closely adjacent cells of the zona
fasciculata, which formed elongated trabeculae. Here, due
to changes in the vascular component and cellular edema,
this clear organization was disrupted (see Fig. 1, Fig. 3). As
a result of such structural changes, the cells of this zone
no longer formed organized bundles; in some areas they
were arranged chaotically and displayed blurred boundaries
between them.

e
hour after the experiment. 1 — capsule with loosened fibers, 2 —
disruption of spatial organization of cells in the zona fasciculata,
3 — fibroblast nuclei. Hematoxylin and eosin staining. x100.

A very distinctive change compared to the intact group
could be observed in the cells of the zona fasciculata on
semithin sections. Numerous endocrinocytes displayed dark,

slightly shrunken nuclei with irregular contours — features
characteristic of karyopyknosis (Fig. 4). Karyopyknosis, as
is known, represents the first, although still reversible, step
in the pathway leading the cell toward necrosis. Despite
the dark appearance of the nuclei, numerous clumps of
irregularly distributed heterochromatin were still visible
within them. The cytoplasm of the cells was filled with lipid
inclusions, which were noticeably more abundant compared
to the control group.

Fig. 4. Morphological structure of the zona fasciculata of the rat
adrenal gland one hour after the experiment. 1 — blurred cell
boundaries, 2 —lipid inclusions, 3 — karyopyknosis, 4 —indistinct
nuclear contours. Semithin section. Stained with methylene
blue. x400.

In addition to the accumulation of lipid inclusions within
the cytoplasm, the cells in semithin sections also exhibited
blurred boundaries and, in some cases, indistinct nuclear
contours.

The cells of the zona reticularis of the adrenal cortex
shared with the zona fasciculata the consequences of
venom action on the microcirculatory bed (see Fig. 1). Small
vessels here were dilated and had indistinct borders, with
aggregated erythrocytes visible in their lumina. Nevertheless,
the cells in this zone retained their characteristic network-
like arrangement, showed no signs of edema, and remained
tightly adjacent to one another. Their nuclei were dark and
displayed somewhat blurred margins.

Morphological examination of the histological structures
of the adrenal medulla in this experimental group revealed
no pathological alterations. Large cells maintained clear
boundaries and regular nuclear morphology.

Since the condition of the blood vessels has already
been described in detail in the characterization of the adrenal
parenchyma, within the description of the organ stroma
attention is focused on its connective tissue components —
the capsule and interstitium.

The integrity of the adrenal capsule was locally
compromised: collagen fibers appeared slightly loosened, in
some places even protruding outward (see Fig. 3). Among
the eosinophilic fibers, flattened dark fibroblast nuclei were
observed, some oriented perpendicularly to the organ
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surface, which was associated with disorientation of the
surrounding connective tissue fibers. In semithin sections,
fibroblast nuclei showed slight deformation, resulting in
irregular, distorted shapes (see Fig. 2).

Discussion

Thus, one hour after the administration of Leiurus
macroctenus scorpion venom to laboratory rats, acute
morphological changes were detected in the adrenal glands.
These were most evident in the vascular system of the
cortex, particularly in the form of capillary dilation, vascular
congestion, and erythrocyte aggregation. At the cellular
level, the predominant features included signs of edema,
nuclear apparatus destruction, and excessive accumulation
of lipid inclusions, which were most pronounced in the
zona fasciculata. In contrast, the medulla did not exhibit
pathological changes, indicating a selective effect of the
venom on different structural compartments of the organ.
Therefore, the observed alterations display zonal specificity
and may be crucial for understanding the mechanisms of
scorpion venom toxicity.

Scorpion venom, including that of Leiurus macroctenus,
is characterized by its complex action on various organs
and tissues, reflected both in systemic toxic effects and
in local morphological changes. It is known that venom
components interact with immune system cells, inducing
the release of proinflammatory mediators and altering the
balance between different leukocyte subpopulations, which
significantly affects the functional state of target organs [2].
Such immunopathological alterations, caused by activation
of cytokines, prostaglandins, and leukotrienes, explain the
development of generalized inflammatory responses that
underlie adrenal gland damage and injury to other vital
organs [19].

A number of studies confirm that venoms of different
scorpion species cause widespread morphological
alterations in organs. For instance, administration of
Buthus lienhardi venom to laboratory animals produced
destructive processes at the histological level, including
necrotic foci and biochemical changes, combined with
impaired motor functions [4]. Similar effects were described
with Aegaeobuthus nigrocinctus venom: mice exhibited
decreased viability, impaired hematopoiesis, and significant
biochemical abnormalities, accompanied by the death of
up to 30 % of experimental animals [6]. Other authors have
reported complex damage to the CNS, liver, and spleen
under the influence of Hottentota gentili, further supporting
the multi-organ nature of scorpion venom toxicity [9].

Particular attention has been given to data obtained with
Buthus paris, where it was demonstrated that within just a
few hours after venom administration, pronounced alterations
appeared in the liver and kidneys, as well as disturbances
of homeostasis accompanied by intense inflammation [11].
Similar results were reported for Hemiscorpius lepturus,
whose venom caused a marked reduction in the total number
of leukocytes, particularly lymphocytes, a key mechanism in

the development of immunodeficiency states [12]. Moreover,
in cases of Androctonus australis envenomation, a transition
was observed from stable hematopoiesis to accelerated
granulopoiesis, representing an adaptive response of the
organism to massive toxic injury [17].

The adrenal gland injury we observed correlates
with these systemic effects described in the literature.
Importantly, other studies of Leiurus macroctenus venom
have demonstrated significant morphological changes in the
kidneys as early as three hours after intoxication, including
ischemia, edema, and focal nephron necrosis [23]. This
suggests a similar temporal pattern of early lesions that
may also apply to the adrenal glands, considering their high
sensitivity to circulating toxins.

The spleen is another major target organ where
changes under the influence of various animal venoms
have been documented. It has been shown that Leiurus
quinquestriatus toxins can modify spleen structure in
diabetic rats, reducing the severity of pathological changes
in tissues and even exerting a partial protective effect [29]. In
contrast, Apis mellifera syriaca venom induced pronounced
cytokine synthesis in the mouse spleen, reflecting the
immunomodulatory potential of venom components [28].
Similar trends were reported for Montivipera bornmuelleri
venom, which stimulated proinflammatory cytokine
production in the spleen, enhancing immune responses
[35]. Collectively, these findings suggest that the spleen
plays a central role in the organism’s reactions to animal
toxins; however, the mechanisms of spleen injury under the
influence of Leiurus macroctenus remain poorly studied [30].

Interesting results have also been obtained with venoms
of other marine organisms. For example, intoxication
with lionfish (Scorpaenidae) venom in rats revealed
pronounced biochemical and histological alterations,
including parenchymal organ damage and significant
changes in blood parameters [5]. Comparable pathological
phenomena were recorded in experiments with insect
venoms, where structural tissue remodeling and signs of
apoptosis were described [10]. These data confirm that
animal toxins, regardless of their biological source, are
characterized by a universal pathogenic potential.

In summary, our findings are consistent with previous
reports indicating the systemic nature of organ damage
caused by scorpion venoms. The morphological changes we
identified in the adrenal glands reflect a general pathogenic
mechanism involving inflammatory activation, immune cell
injury, and microcirculatory disturbances. Literature data
also highlight the spleen as an organ of particular interest;
however, the specific effects of Leiurus macroctenus venom
on this organ remain largely unexplored, defining the
prospects for future research in this area [30].

Conclusions

In the adrenal glands of rats one hour after the
administration of Leiurus macroctenus scorpion venom,
complex vascular and cellular responses were observed,
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reflecting both stress-induced and direct toxic effects. It was
established that the zona fasciculata is the most vulnerable,
being the first to respond with microcirculatory disturbances,
edema, and alterations of the nuclear apparatus, which
indicates its key role in the development of the pathological
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venom toxins including scorpions. Wiadomosci Lekarskie

FICTONOr4YHI 3MIHM B HAOHUPHUKAX LLUYPIB YEPE3 OAHY roAuHY nicna BNnuBY OTPYTU CKOPMIOHIB LEIURUS
MACROCTENUS

Ko63ina-flidyx . C., ®omina J1. B., TipoH O. I., FanyHko I. M., Cnpym O. B., BaceHko T. b., [puH4ak H. M.

Ompyma ckoprioHie pody Leiurus esaxxacmbCsi 00Hi€0 3 HaliHebe3neyHiwux ceped 8i0OMuUX meapUHHUX MOKCUHIg, adxe Ii disi
MOXKe npu3sodumu 00 MXKKUX CUCMEMHUX MOPYWeHb i BUCOKO20 PU3UKY fiemarnbHUX Hacniokie. Komrnnekc 6iono2idHo akmusHUX
PEeYOBUH, W0 8x00simb 00 cknady ompymu, 30amHull ypaxamu Pi3Hi op2aHU-MilleHi, 8KITtoHarYu cepueso-cyOUHHY, ouxarbHy
ma Hepeosy cucmemu. Ocobnusa ysaza npudinaemscs 8r1U8y MOKCUHY Ha @HOOKPUHHI 3a5103U, SKi € KITIo408UMU y ¢hOpMy8aHHI
cmpec-peakuili opaaHiamy. BoOHo4ac MopghosoeiyHi 3MiHU 8 makoMy 8aXX/1U8OMY OpaaHi, Ik HaOHUPKO8I 3a/103U, 3anuwarmescs
8UBYEHUMU HEAOCmamHbO, WO 3yMO8e HeobxiOHicmb nodanbwux O0CHiIOXeHb y UboMy Hanpsmi. Mema OocnioxeHHs —
8U3Ha4YumMu MopghorioaiyHi 3MiHU 8 HaOHUPKOBUX 3ario3ax wypie Yepe3 00Hy 200UHy MiC/Is 8rnuey ompymu CKoprioHie Leiurus
macroctenus. JTabopamopHi wypu 6ynu po3dineHi Ha 08i epynu: KOHMPOnbHY (N=5) — 8eedeHHsT 0OHOPa3080 8HYMPILUIHbLOM 3080
0,5 mn ¢piziono2iyHo20 po34uHy, i ekcriepumeHmarsnbHy (N=5) — makox o0HOpPa3080 8HyMpPIiWHLOM 13080 88edeHHs1 0,5 mi
ompymu ckoprioHie Leiurus macroctenus. Hepe3 200uHy nicrisi 68e0eHHs 0mpymu eKcriepuMeHmarbHUX Wypie eemaHasysanu i
suslydanu Ha0HUpPKoei 3ar103u 01151 1odarnbUoeo 2icmoioaidyHo2o aHarnidy. icns ghikcayii 8 po3dyuHi HelimparnbHo20 ¢hopmariiHy, 3a
cmaHOapmHO CXeMoro rpoeodusnu dezidpamauiro 3 ModanbU ok 3a1usKoro 8 napacdhiH. OmpumaHi 2icmosio2ivyHi 3pi3u MOBUUHO
4-5 mkm 3abapernosanu 2eMamoKculiHoM eo3uHoM ma 3a Mmemodom Azan Trichrome. [Jnsi demaribHo20 O0CIOXEeHHS KIIMUHHUX
CMpyKmyp 8U20mMoensiu HarmiemoHKi 3pi3u MoguwjuHor 1-2 MKM, SKi 3abaperioeanu MemuseHo8UM CUHIM. MikpockoniyHul aHani3
rnposodursu 3a 00roOMO20t0 ¢8imnoeo20 Mikpockona 3i 36inbweHHsiMu 100 ma 400. MopgbonoziyHul aHania HadHUpPKO8UX 3a/103
wypie 4yepe3 00Hy 200uUHy micrns IHOKynAuii ompymu Leiurus macroctenus susieue aupaxeHi cyOUHHI U KTimuHHI NopyweHHs. Y
KipKosili pe4o8uHi 3aghikcogaHO po3wupeHHs1 OpibHUX cyOuH, ix Oeghopmauito ma oeHOKpIg’si 3 agpeaauicto epumpouyumis. Halbinbw
8pa3nueoro susiBUIIacs ry4Kkoea 30Ha, 0e criocmepiearnucsi 03HaKu Habpsiky, 0e3opaaHidauis KIimuHHUX CMpyKmyp ma KapionikHo3
y si0pax eHOOKpuHoyumie. Y Kiybo4Koeill 30Hi ei03HaYyanu 3miHu ¢oopmu s10ep i xaomuyHul po3rnodin eemepoxpoMamuHy, o
MOXe cgidqumu npo yuwKoOx)eHHs1 Birlkosux KOMMoHeHmie Kapiockenemy. Llumonna3ma eHOOKpuHoyumie byna nepernosHeHa
TiMIOHUMU BKITIOYEHHSIMU, @ KIIIMUHHI MeXi cmasarsiu po3mumumu. Y cimyacmili 30Hi OoMiHysanu cyOuHHI po3nadu, npome KaimuHu
3bepizanu 8iOHOCHO ripasuribHy apximekmoHiky. Mo3koga pevyoguHa 3anuwanacs 6e3 noMimHuX namorno2idyHux 3miH. [opyweHHs
CmpyKmypu Karcynu ma iHmepcmuuito momeepoxxysanu cucmeMHull xapakmep ypakeHHs1 HaOHUPKOBUX 3as103. TakumM YUHOM,
ompyma Leiurus macroctenus cripuq4uHsie paHHi MIKpPOUUPKYISIMOPHI ma KlimuHHI MOPYWeHHSsT 8 KipKoeili pe408UHI HaOHUPKOBUX
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3a503, Halbinbw eupaxeHi 8 rny4Kkosill 30Hi, modi Ik MO3Ko8a peHosuHa 3bepieae iHmakmHicmb. BusieneHi 3miHU ceidyams rpo
30HasbHy crieyughiyHicmb MOKCUYHOI Oil.
KnroyoBi cnoBa: aHamowmisi, 2zicmonoeis, mopghosozis HaOHUPKOBUX 3ar03, ompyma ckoprnioHa Leiurus macroctenus.
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The placenta is a vital temporary organ that ensures metabolic, respiratory,
endocrine, immunological, and barrier functions between the mother and the fetus.
Morphofunctional integrity of the placenta is essential for the physiological course
of pregnancy, and its structural alterations contribute to the pathogenesis of various
gestational complications. Beyond its classical role in calcium-phosphate metabolism,
vitamin D, exhibits pleiotropic effects, including immunomodulation, angiogenesis, and
regulation of trophoblast invasion. This study aimed to evaluate the morphofunctional
status of the placenta in pregnant female rats depending on vitamin D, status, using
histological and morphometric analysis. Thirty-six Wistar female rats were divided
into three groups: D,-deficient, D -deficient with cholecalciferol correction (1000 IU/
kg), and control. On gestational day 16, placentas were collected for examination.
Histological techniques and morphometric analysis were used to detect changes
in placental architectonics. Specific areas of fetal capillaries (Fv), maternal blood
lacunae (Mv), cytotrophoblasts (Ct) and syncytiotrophoblasts (Syn) were selected for
morphometric analysis. In the D -deficient group, we observed a significant reduction
in the area of syncytiotrophoblast and cytotrophoblast, an increase in maternal
lacunae, and a higher Fv/Syn index (fetal capillaries to syncytiotrophoblast ratio),
indicating compensatory microvascular remodeling under hypoxic stress. Changes in
the placenta architecture, which consist in an increase in the blood supply of maternal
lacunae and a decrease in the number of cellular components in the fetal part of
the placenta, indicate a compensatory restructuring of the placental architecture
under conditions of hypoxia. Correction with vitamin D, partially restored placental
architecture, with most morphometric parameters approaching control values. These
findings demonstrate the essential role of vitamin D, in labyrinth zone development
and suggest that its deficiency may lead to placental dysfunction and fetal growth
restriction. As a conclusion, an experimental study proved that vitamin D, is necessary
for the normal morphogenesis of the placenta, the development of cytotrophobrasts
and syncytiotrophoblasts of its labyrinthine zone, which prevents the occurrence of
placental dysfunction. The findings could be used to develop approaches for early
prevention of gestational complications associated with vitamin D, deficiency.
Keywords: placentation, vitamin D,, morphometry, fetoplacental insufficiency,
experimental model, rats.

Introduction

The placenta is a unique transient organ that sustains
the continuous functionality of the maternal-fetal system
throughout the entire course of gestation, performing a wide
spectrum of essential functions, including trophic, respiratory,
transport, barrier, endocrine, immune, and metabolic roles.
Beyond serving as a physical interface, it constitutes an
active participant in complex biological processes, such as
blastocyst implantation, the establishment of the vascular

system, and the synthesis of hormones and growth factors
indispensable for the maintenance of pregnancy [3, 12,
16]. Any structural or morphofunctional alterations of the
placenta may lead to profound disturbances of feto-placental
circulation, fetal hypoxia, and the development of gestational
complications [13, 21, 25].

Over the past decades, scientific attention has increasingly
focused on the role of micronutrients, particularly vitamin D,
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in ensuring the physiological development of the placenta.
Traditionally, vitamin D, has been regarded primarily as
a regulator of calcium-phosphorus metabolism and bone
mineralization [9, 23, 24]. However, emerging evidence
indicates that its biological effects are considerably broader.
Vitamin D, participates in the regulation of more than 3,000
genes, including those involved in immune responses,
cellular proliferation and differentiation, angiogenesis,
antioxidant defense, as well as the invasive potential of
trophoblasts [6, 8, 11, 15].

Currently, it has been demonstrated that vitamin D,
deficiency in pregnant women is associated with an increased
risk of preeclampsia, gestational diabetes, preterm birth, low
birth weight, and feto-placental insufficiency [7, 10, 17]. A.
Kalok et al. [18] reported that women with hypovitaminosis D,
have a significantly higher risk of delivering infants with low
birth weight and developing complications related to impaired
placental function. Similarly, studies by Benachi A. et al. [4]
revealed that maternal serum concentrations of 25(OH)D, are
lower in pregnancies complicated by preeclampsia compared
to healthy controls, thereby reinforcing the association
between vitamin D, status and gestational pathology.

Vitamin D, also regulates the expression of VEGF
(vascular endothelial growth factor), HOXA10, CYP27B1,
and Toll-like receptors in trophoblasts, which are key
determinants of placental vascular bed formation and fetal
oxygen supply [5, 19, 22]. Disruption of angiogenesis and
trophoblast invasion under vitamin D deficiency creates
a pathophysiological basis for abnormal placentation,
a defining feature of preeclampsia and feto-placental
insufficiency [14, 20].

Given the central role of the placenta in determining
pregnancy outcome, and the growing recognition of vitamin
D-related gestational disorders, experimental evaluation of
placental morphofunctional changes in pregnant Wistar rats
with altered vitamin D, status provides important translational
insights. This not only clarifies the histological correlates of
placental dysfunction but also advances our understanding
of the molecular mechanisms involved, highlighting novel
opportunities for preventive and therapeutic strategies in
clinical obstetrics.

The aim of this study was to investigate the morphofunc-
tional characteristics of the placenta in female rats under
conditions of experimentally induced vitamin D, deficiency
and its correction.

Materials and methods

This study was performed in 2024 at the Palladin Institute
of Biochemistry, NAS of Ukraine, in the Department of
Coenzymes and Vitamins. A total of 36 female Wistar rats,
aged 8-10 weeks with a mean body weight of 174.0+12.0 g,
were included. Animals were randomly assigned to three
groups: control group (n=10) — females receiving standard
vivarium chow with unrestricted vitamin D, content. Group |
(n=14) — females maintained on a rachitogenic diet devoid
of vitamin D, for 60 days prior to mating to induce vitamin

D, deficiency; Group Il (n=12) — females initially maintained
on the rachitogenic diet for 60 days, followed by a standard
laboratory diet supplemented with oral vitamin D, administered
via gavage (0.2 ml of an oil-based solution, 1000 1U/kg body
weight, cholecalciferol; Sigma, USA) for 2 weeks prior to
mating. All animals were housed under standard vivarium
conditions at 222 °C, 55-60 % relative humidity, with a 12-
hour light/dark cycle and ad libitum access to food and water.

All experimental procedures were conducted in
accordance with international ethical standards and
guidelines for the use of laboratory animals (EU Directive
2010/63/EU). The study was performed under a protocol
approved by the Ethics Committee of the O. O. Bogomolets
National Medical University (Protocol No. 193, dated 24
March 2023), in compliance with the European Convention
for the Protection of Vertebrate Animals used for Experimental
and Scientific Purposes (Strasbourg, France; 1986) and
national bioethical standards (Kyiv, Ukraine; 2006).

Induction of Vitamin D, Deficiency

To induce vitamin D, deficiency, females in Group | were
maintained on a diet completely devoid of vitamin D, for 60
days prior to mating. At the end of the experimental period,
blood samples were collected to confirm deficiency. Serum
25-hydroxyvitamin D, (25(OH)D,) levels were measured
using a commercial ELISAkit (General 25-Hydroxyvitamin D,
HVD3, UNDL00047, AssayGenie), and results were quantified
with GainData® software (arigo’s ELISA Calculator).

Mating and Determination of Gestational Day

Following confirmation of vitamin D, deficiency, females
were paired with fertile males at a ratio of 1:2 (female:male).
On the following morning, vaginal smears were examined
microscopically for the presence of spermatozoa, allowing
the designation of gestational day 1 (GD1).

Histological Analysis

To assess morphofunctional alterations of the placenta,
tissue samples were collected on gestational day 16
following the termination of the experiment. Placentas were
fixed in formalin and processed using standard protocols to
prepare histological sections. Hematoxylin-eosin staining
was performed to evaluate overall placental architecture,
vascularization, and the presence of morphological changes
potentially associated with vitamin D, deficiency.

Statistical Analysis

Data were analyzed using StatPlus software (version 7.0,
AnalystSoft Inc., USA). The Shapiro-Wilk test was applied to
assess normality of the data distribution. Differences between
group means were evaluated using one-way analysis of
variance (ANOVA) followed by Bonferroni post hoc test. Data
are presented as mean + standard deviation (M+SD), and
statistical significance was set at p<0.05.

Results

Histological analysis of placentas collected on gestational
day 16 revealed heterogeneous architecture, with a clear
demarcation between the labyrinthine and spongiotrophoblast
zones in the fetal portion, and the decidual layer containing
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metrial glands in the maternal portion. A peripheral layer of
cytotrophoblasts was also observed (Fig. 1). The labyrinthine
zone, which occupied the largest area, consisted of villi
containing fetal capillaries (Fv), cytotrophoblasts with large
nuclei (Ct), and syncytiotrophoblasts with smaller nuclei (Syn),
all surrounded by maternal blood lacunae (Mv) (see Fig. 1).
These components were selected for morphometric analysis

Fig. 1. Placenta of rats under vitamin D, deficiency and
its correction: a — control group; b — Group I; ¢ — Group Il.
Significantly dilated, blood-filled maternal placental sinuses and
a reduced number of cytotrophoblast nuclei are observed under
vitamin D, deficiency. Legend: 1 — maternal placental sinuses;
2 — syncytiotrophoblast; 3 — fetal capillaries; 4 — trophoblast
nuclei. Hematoxylin-eosin staining, x400.

In intact rats, the proportion of syncytiotrophoblasts
averaged 56 %, whereas in rats with vitamin D, deficiency,
this parameter was significantly lower at only 31.8 % (p<0.05)
(Fig. 2). The relative nuclear density of cytotrophoblasts also
decreased from 4.8 % in the control group to 3.3 % in the
deficient group (p<0.05). The proportion of maternal lacunae
increased significantly from 23.4 % to 33.4 % (p<0.05).
Thus, vitamin D, deficiency led to morphological alterations
characterized by dilation and hyperemia of maternal lacunae
and a reduction in the cellular components of the fetal
portion of the placenta. Although the absolute density of fetal
capillaries did not change significantly, the Fv/Syn index (the
ratio of capillary area to syncytiotrophoblast area) increased
significantly (p<0.05), indicating compensatory angiogenic
remodeling in response to reduced perfusion.
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Fig. 2. Morphometric parameters of rat placenta under vitamin
D, deficiency and its correction. * — significant vs. control group
(p<0.05); # — significant vs. Group Il (p<0.05). A—relative area of
cytotrophoblast nuclei (Ct), %; B — Syn/Fv index; C —relative area
of syncytiotrophoblast (Syn), %; D — relative area of maternal
lacunae (Mv), %.

In the vitamin D -supplemented group, the cytoarchitecture
of the labyrinth zone more closely resembled that of controls.
The area of cytotrophoblasts approached control values
(p>0.05), although the area of syncytiotrophoblasts remained
significantly lower (48.1 % vs. 56 %, p<0.05). Both the Fv/Syn
index and the area of maternal lacunae normalized (p>0.05),
suggesting a beneficial effect of vitamin D, supplementation
on placental structure.

Vitamin D, is essential for normal placental morphogenesis
and may be effective in restoring structural abnormalities
associated with its deficiency. Alterations in the architecture
of maternal lacunae could impair oxygenation and nutrient
delivery, potentially contributing to abnormal villous
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development and other placental dysfunctions.

The basal zone of the placenta represents a region
of particular scientific interest, as it comprises giant
trophoblastic cells (large polyploid cells with prominent
nuclei), trophospongial cells, and glycogen-rich cells, the latter
two forming distinct cellular aggregates. Nevertheless, the
cytoarchitecture of the basal zone is highly heterogeneous,
limiting the reliability of morphometric analysis on microsections
stained with conventional histological methods and highlighting
the need for complementary analytical approaches.

Discussion

This study demonstrates that vitamin D, deficiency
induces significant morphological alterations in the
labyrinth zone of the placenta, which may contribute
to impaired placental function and adverse pregnancy
outcomes. The most pronounced structural changes in
vitamin D_-deficient rats included a marked reduction in
the relative area of syncytiotrophoblasts and the nuclear
density of cytotrophoblasts, accompanied by compensatory
enlargement of maternal blood lacunae. These findings
suggest that maternal vitamin D, status plays a critical role
in maintaining the integrity of the feto-maternal interface
during placentation.

The syncytiotrophoblast layer is essential for nutrient
and oxygen exchange, hormone synthesis, and fetal
immune protection. A substantial decrease in the area of
syncytiotrophoblasts in vitamin D,-deficient rats may reflect
impaired trophoblast differentiation or increased apoptosis,
as previously reported in experimental and clinical studies [1,
2]. Similarly, the reduction in cytotrophoblast nuclear density
indicates decreased proliferative potential, which may further
compromise placental development and function.

Another notable observation was the enlargement of
maternal blood lacunae in the placenta under vitamin D,
deficiency. While such expansion may initially appear as a
compensatory response to impaired villous perfusion, it may
actually reflect hypoxic stress and placental insufficiency.
This hypothesis is supported by the increased Fv/Syn
index, indicating a relative increase in fetal capillary area
in the context of reduced syncytiotrophoblast mass. These
structural adaptations likely represent a compensatory
angiogenic mechanism aimed at preserving fetal oxygenation
under conditions of suboptimal placental exchange.

Pre-mating correction of vitamin D, deficiency partially
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3MIHU MOP®OTEHE3Y NMALEHTU LLYPIB HA TII E®ILUTY BITAMIHY D,

lMonaduy I. B., Casockko C. I., Fpabosut O. M., loeceee [. O.

lnayeHma e Krr4o8uUM MuM4Yaco8uUM opaaHoM, KUl 3abesrnedye memaboriyHy, OuxarnbHy, eHOOKPUHHY, iMyHHY ma 6ap €pHy QyHKUIT
MiX opeaHi3sMoM mamepi ma riioda. MopghohyHKyioHanbHa yinicHicms nnayeHmu mMae supiwarnbHe 3Ha4eHHS 07151 HOpMaribHO20
nepebiey easimHocmi, a i cmpykmypHi MopyuweHHs fiexams 8 0CHogi 6azambox eecmauitiHux ycKiadHeHb. BimamiH D, okpim
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Krnacu4yHux ¢byHKUil y memaboniami Kanbyito ma ¢pocghopy, 8usIense WUpPOKUU CrieKmp rno3ackenemHux eghekmis, 8KIHaryu
iMyHOMOQynAaujito, aHziozeHe3 ma peaynsayito mpogobracmuyHoi iHeasii. Memoro docnidxeHHs1 6yno ouiHUmu mMopgbonoaiyHul
cmaH nnaueHmu caMuub Wypie 3anex+o ei0 eimamiy D, cmamycy wiisxom eicmoriogiuHo2o ma MopghoMempuyHo20 aHaslisy.
HocnidxerHsi nposedero Ha 36 camuysx wypie nikii Wistar, posnodineHux Ha mpu epynu: 3 degpiyumonm eimamiHy D,, 3 decpiyumom
ma nodarnbwor Kopekuieto xonekanbyugeponom (1000 MO/ke) i koHmponbHa epyna. Ha 16 006y sazimHocmi nposedeHo 3abopu
nnayeHm Onsi aHanidy. [icmonoaiyHi Memodu ma mopghomempuyHUU aHania byru sukopucmaHdi 055l 8USIBNEHHS 3MiH apXimeKmOoHIKU
nnaveHmu. Mumowmi nnowi pemansHux Kaninspie (Fv), MamepuHcbKux Kpos’sHux nakyH (Mv), yumompogobnacmie (Ct) ma
cuHyumiompogpobniacmie (Syn) 6ynu obpani Orisi Mopgomempu4Ho20 aHanizy. ¥ epyni 3 degpiyuumom eimamiHy D, ecmaroesneHo
0ocmosipHe 3MeHWEeHHS MUMOoMOI niowi cuHyumiompoghobriacmie i yumompoghobrnacmis npu 36inbUweHHI Maowi MamepuHCbKUX
J1aKyH, @ maKkox 3pocmaHHs1 iHoekcy Fv/Syn — nokasHuka criegiOHoWeHHs1 gthemarbHUX Karifisipie 0o rowi cuHyumiompoghobracma.
3MiHU apximeKkmoHiku nnaueHmu, siki nonszaroms y 36iNbUWeEHHi KpPOBOHAaNOBHEHHSI MamepUHCLKUX /TaKyH ma 3MeHWEeHHI
KiflbKOCMi KNIMUHHUX KOMIOHeHmI8 y rr10008ill YacmuHi nnauyeHmu, ceid4ams rpo KoMreHcamopHy nepebydosy nnauyeHmapHoi
apximeKkmoHiku 3a ymoe einokcii. lliciisi kopekuii eimamiHom D, 6inbwicmes MopghoMempuyHuUX napamempie Habnusunucs 0o
KOHMPOSIbHUX 3Ha4eHb. Pedynbmamu JociOxeHHs nidmeepoxyoms eaxsugy posib eimamiHy D, y dpopmyeanHi nabipuHmHoi
30HU nnayeHmu, rnopyweHHs SKoi Moxe 6ymu namoz2eHemu4yHo noe’s3aHuUM 3 ghemo-rnayeHmapHor Hedocmamuicmio. Takum
YUHOM, 8 eKCriepuMeHmarnbHOMy 00CTIiOXeHHi 0ogedeHo, wo eimamiH D, € HeobXiOHOK cKiadogoto 0715t HOpMasibHO20 MOPgho2eHe3y
oucbyHkuji nnaueHmu. Ompumani 0aHi MOXymb 6ymu aukopucmani 01151 po3pobKu ridxodie 00 paHHbLOI MPoginakmuKu 2ecmauitiHux
yCKnadHeHb, noe’a3aHux 3 degpiyumom eimamivy D..

Knrouosi cnosa: nnayeHmauis, simamiH D, Mopghomempisi, toemonnayeHmapHa HedocmamHicmb, eKcriepuMmeHmaribHa Mooerib,
wypu.
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Damage to brain tissue and transformation of the microvascular bed after traumatic
brain injury determine a wide range of changes in neurons and neuroglial cells, but
the dependence of these changes on the localization of damage requires further
clarification. The study aims to study the tissue and cellular posttraumatic changes
in the structure of the brain entorhinal cortex in rats with various neurocognitive
disorders at different times after severe traumatic brain injury. A “shock acceleration
model” was used to reproduce severe traumatic brain injury in rats. According
to the results of neurological tests, the rats were divided into three groups: the
first — animals after trauma with neurocognitive disorders and memory disorders;
the second — animals after trauma with neurocognitive disorders without memory
disorders; the third comparison group — animals after trauma without neurocognitive
disorders. A histological, morphometric and immunohistochemical study of the
brain parahippocampal gyrus of the frontal lobe was carried out using the markers
B-tubulin, Synaptophysin, GAP43, NCAM1, N-cadherin, GFAP. Statistical processing
of the obtained results was carried out in the licensed software package “Statistica
v6.1” using parametric and nonparametric methods. The morphological substrate
of neurocognitive disorders with memory impairment in the long-term after injury in
rats is the irreversible deformation of the cytoarchitectonics of the parahippocampal
gyrus and the deepening of the degeneration of neurocytes of the entorhinal cortex
due to the blocking of transendothelial transport by astrocytic conglomerates with
the destruction of the blood-brain barrier. The progression of neurodegeneration
is accompanied by the activation of microglia and leads to the disintegration and
migration of macrogliocytes with the formation of an irreversible mosaic astrocytic
deficiency, as well as to the formation of glial deposits in the form of couplings around
hemocapillaries. The safeguarding of memory function in animals with neurocognitive
disorders is carried out by limiting the secondary death of neurocytes and stabilizing
the adhesive properties of astroglia of the entorhinal cortex. 10 days after injury, there
is an increase in NCAM1 expression with the initiation of cell adhesion, which after
20 days of the experiment leads to axon regeneration and renovation of synaptic
activity. This is accompanied by an increase in GAP43 expression by preserved
neurocytes with remodeling of presynaptic terminals and restoration of afferentation
from the entorhinal cortex to the hippocampal CA1 area 40 days after injury. Thus,
compensation for the metabolic and excitotoxic consequences of brain injury is realized
through effective neovasculogenesis, limitation of perivascular astrocyte hyperplasia
and neuroinflammation, which prevents neurocyte death and leads to activation of
synaptic remodeling by GAP43-positive neurons.

Keywords: traumatic brain injury, rats, neurocognitive disorders, entorhinal cortex,
morphology.

Introduction

In solving numerous issues related to the treatment and
rehabilitation of patients after traumatic brain injury (TBI),

the study of pathomorphological mechanisms that determine
the nature of the formation and dynamics of neurocognitive

Copyright © 2025 Mizyakina K. V., Dzyak L. A., Tverdokhlib I. V. This is an open access article distributed under the Creative Commons 1 9
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disorders at different times after the injury is of particular
interest. After TBI, profound neuronal damage occurs,
including activation of apoptotic processes and cell death
due to the excitotoxic action of glutamate. Massive secondary
neuronal death causes profound neurodegeneration with
damage to the blood-brain barrier (BBB), which exacerbates
cognitive disorders [4, 9, 27].

Neurocognitive deficiency and memory disorders are
primarily caused by damage to nerve cells, but astrocytes,
oligodendrocytes, and microglia are also activated in certain
affected brain regions [12]. The entorhinal-hippocampal
system of neuronal connections plays a crucial role in the
formation of long-term memory and in general neurocognitive
functions [10]. Located between the neocortex and the
hippocampus, the entorhinal cortex serves as the main
interface between them and also contains cells involved in
spatial navigation and spatial memory. Although the neurons
of the hippocampal formation may seem to be only a transit
point for the implementation of long-term memory, they
actually show great plasticity, manifested mainly through
long-term potentiation, which was first discovered in the
hippocampus but was later demonstrated in the entorhinal
cortex [2, 28].

Current understanding of the structure of the medial
and lateral entorhinal cortex suggests that the distribution
of neurons and neuropil across Il noncellular and 11l cellular
layers is consistent and stable across species, including
rodents, primates, and humans [15, 19, 20, 26]. In addition,
the pattern of connectivity with the hippocampus also appears
to be stable, differing significantly between layers. The outer
cellular layers Il and Il are thought to provide the main input
to the hippocampus, while the deep layer V receives input
from the hippocampus and subiculum [20, 22, 26].

The use of molecular markers, electrophysiological
and anatomical tools has allowed the identification of
neurons with layer-specific features and distinct molecular
phenotypes. In particular, in rodents, layer Il of the medial
entorhinal cortex is characterized by a significant presence
of pyramidal neurons and large multipolar stellate neurons,
while in the lateral cortex, in addition to pyramidal neurons,
medium-sized multipolar cells and large fan cells are present
[10, 26]. Neurochemically, two distinct types of neurons have
been identified in layer Il of both subregions of the entorhinal
cortex: cells expressing calbindin (which plays a crucial role
in preventing neuronal death) and reelin (a glycoprotein
involved in synaptic plasticity) [24]. Reelin-positive neurons
of the entorhinal cortex project to the dentate gyrus and
the CA3 area of the hippocampus; calbindin-positive
neurons project to the CA1 region of the hippocampus, the
contralateral entorhinal cortex, the olfactory bulb, and the
piriform cortex [8, 26].

The morphology of neurons and glial cells of the
parahippocampal gyrus is extremely sensitive to various
pathological influences, leading to various mnestic disorders
even before the appearance of clinically pronounced
cognitive disorders [1, 28], but so far the ideas about

the relationship between the sequence of pathogenetic
mechanisms of TBI and the nature of cognitive disorders
after TBI remain fragmentary. Currently, information about the
dynamics of remote post-traumatic changes in intercellular
interactions in different parts of the brain is controversial.
The information on the sensitivity of various neurons
and neuroglial cells to injury and their ability to recover
depending on the localization of damage and the nature of
hemomicrocirculation rearrangements in the post-traumatic
period requires significant clarification.

The aim of the study was to determine tissue and cellular
posttraumatic changes in the structure of the brain entorhinal
cortex in rats with various neurocognitive disorders at
different times after severe traumatic brain injury.

Materials and methods

To TBI modeling in adult nonlinear male rats (aged 4
to 6 months) weighing 300-400 g, the “shock acceleration
model” was used [7, 17]. Before the injury, a 2 cm sagittal
scalp incision was made along the midline under general
anesthesia, exposing the bregma and lambda, and a 1 cm
diameter steel coin was fixed using cyanoacrylate glue.
Standardized TBI was inflicted by freely falling a 450 g
weight from a height of 170 cm. Before TBI modeling,
as well as 10, 20, and 40 days after it, rats underwent a
comprehensive general and neurological examination, which
included: 1) assessment of neurological deficit using the
mNSS (Modified Neurological Severity Scores) scale with
tests of balance on the tube, asymmetry of paw extension,
and placement; 2) open field test; 3) conditioned passive
avoidance response test [2].

According to the results of neurological tests, the rats
were divided into three groups: the first — animals after TBI
with neurocognitive disorders and memory impairments; the
second — animals after TBI with neurocognitive disorders
without memory impairments; the third comparison group —
animals after TBI without neurocognitive disorders. The
control group consisted of intact rats aged 4.8+0.6 months
and weighing 347128 g.

All studies with laboratory animals were conducted
in compliance with the provisions of the “European
Convention for the Protection of Vertebrate Animals Used
for Experimental and Other Scientific Purposes” (Strasbourg,
1986), the Vancouver Declaration on Animal Experiments,
the Resolution of the First National Congress on Bioethics
(Kyiv, 2001), the Regulation on Bioethics of the Ministry
of Health of Ukraine dated November 1, 2000. No. 281,
Law of Ukraine “On the Protection of Animals from Cruelty”
No. 3446-1V of February 21, 2003 in accordance with the
EU Council Directive 2010/63/EU on the enforcement
of regulations, laws, administrative provisions of the EU
Member States on the protection of animals used for scientific
purposes [5, 6].

For pathomorphological examination, the rat brain
was removed from the cranial cavity after euthanasia, the
condition of the soft tissues, relief, presence of hemorrhages
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and localization of the slaughter foci were macroscopically
assessed. The cerebrum was fixed for 24 hours in a 10 %
buffered formalin solution. After fixation, the brain was cut in
the frontal plane into slices at the level of the limbic lobe with
subsequent manufacture of paraplast blocks. Histological
sections 5-7 ym thick with Nissl staining (thionin with the
addition of cresyl violet) or silver impregnation [18, 24] were
studied using an AxioSkope A1 light-optical microscope (“Carl
Zeiss”, Germany).

Immunohistochemical study using primary antibodies
(B-tubulin, Synaptophysin, GAP43, NCAM1, N-cadherin, GFAP
—“Thermo Scientific’, USA) was performed in accordance with
the protocol, which included the following steps. Histological
sections fixed on slides were unmasked for 20 minutes in
a microwave oven at +100 °C in citrate buffer (pH 6.0). To
assess the specificity of immunohistochemical staining, control
reactions were performed. At the next stage, using the Lab
Visison Quanto visualization system (“Thermo Scientific”,
USA), slides and brain preparations were treated with each
reagent for 10 minutes with intermediate washing in Tris-
buffered solution. 3,3’-Diaminobenzidine (“DakoCytomation”,
Denmark) was used as a chromogen. To differentiate cortical
structures, the sections were additionally stained with Mayer’s
hematoxylin according to standards [16, 19].

The studied areas of the brain parahippocampal gyrus
were photographed using a digital camera Axiocam ERc 5s
(“Carl Zeiss”, Germany). The obtained micrographs were
processed using the AxioVs40 V 4.6.3.0 software (“Carl Zeiss
Imaging Solutions GmbH”, Germany). The numerical density
of neurocytes, the average diameter of the perikaryon of
pyramidal neurons, the numerical density of macrogliocytes,
microgliocytes and hemocapillaries of the cortex were
calculated using the ImagedJ 1.47v software package [21].

The statistical processing of the obtained results was
carried out taking into account the Student’s t criterion.
In the event that the empirical distribution obtained in the
study did not correspond to the normal law, the assessment
of differences between samples was assessed using the
nonparametric Wilcoxon test for related samples and Mann-
Whitney for unrelated samples or using the Van der Waerden
rank test according to standard procedures [11]. When
conducting statistical processing of the obtained quantified
results, all necessary calculations were performed in the
Excel spreadsheet using the appropriate formulas and using
the licensed software package Statistica v6.1 (Statsoft Inc.,
USA) (serial number AGAR909E415822FA).

Results

The cytomyeloarchitectonics of the parahippocampal
gyrus in rats after TBI varied significantly depending on
the degree of neurocognitive disorders and the duration of
the post-traumatic period. Histological examination of the
entorhinal cortex in the anterior part of the gyrus in animals
of the first group 10 days after injury showed sharp damage
to the cellular composition of the gray matter, as well as
critical neurodegenerative and destructive changes, which

led to persistent deformation of the cellular and non-cellular
layers of the cortex. The typical five-layer structure of the
entorhinal cortex was preserved only on a small part of its
length; in most cases, partial or complete dissociation of the
Il 'and Ill layers of neurons with a corresponding thinning of
the cortex without the formation of foci of astrocytic gliosis
was observed. In the | and IV non-cellular layers of the cortex,
numerous deformed dilated microvessels were observed,
mainly of the afferent portion of the hemocirculation. Signs
of diffuse intercellular and perivascular edema, damage to
microvessels, massive cell death of neurocytes, and variable
dystrophic changes in neurons were detected after 20 and
40 days of the post-traumatic period, and in some cases the
degree of neurodegeneration increased, which indicated the
irreversible nature of the pathomorphosis of the changes in
the entorhinal cortex (Fig. 1).
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Fig. 1. The rat entorhinal cortex in the first experimental group
40 days after TBI. Inflammatory changes in the neuropil of the
| and IV non-cellular layers (1), death of neurocytes of the Il
layer (2), dystrophic changes in neurocytes and edema in the

Il cellular layer (3). Silver impregnation. x40.

In animals of the second experimental group, 10 days
after injury, the typical layered structure of the entorhinal
cortex was preserved along the entire length of the
parahippocampal gyrus. Areas of deformation of the cortical
layers and foci of astrocytic gliosis were found in limited
numbers and were relatively small in size. The thinning of
the cortex occurred due to massive neuronal death in the
wide Ill layer and the variable thickness of the V layer, while
in the dense Il cellular layer, neurocyte apoptosis was less
intense. 10 days after injury, manifestations of moderate
edema with damage to hemocapillaries and degenerative
changes in various types of neurons were noted. The neuropil
of the | and IV non-cellular layers of the cortex contained
deformed dilated microvessels, and in some cases, small-
focal hemorrhages were observed. After 20 and 40 days
of the post-traumatic period, the cytoarchitectonics of the
cortex in this group of animals did not significantly change
compared to the previous observation period, but the signs
of neuroinflammation were noticeably reduced.
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In animals of the comparison group, 10 days after TBI, the
pathomorphological changes of the entorhinal cortex were
significantly inferior in severity to those lesions observed in
animals of the first and second experimental groups. A typical
five-layered structure of the cortex was observed along the
entire length of the parahippocampal gyrus, the thickness
was relatively uniform, foci of astrocytic gliosis were rarely
detected, and the manifestations of neuroinflammation and
neurodegeneration were reduced during the studied period
of the post-traumatic period (Fig. 2).

1
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Fig. 2. The rat entorhinal cortex in the comparison group 10 days
after TBI. Neuropil of the | non-cellular layer (1), hemocapillaries
(2), dense arrangement of neurocytes of the Il cellular layer (3).
Nissl staining. x200.

The post-traumatic dynamics of the neuronal death of
the entorhinal cortex was not the same in different cellular
layers of the cortex of the experimental animals and
depended on the nature of the neurocognitive disorders. In
the animals of the first group, after 10 days of the experiment,
massive apoptosis of neurons was observed, which led to
the formation of areas of dissociation of the 1l and Il layers
of the cortex. After 20 and 40 days after the injury, the
apoptotic process continued and spread to neurons of the
V layer of the cortex. In animals of the second experimental
group, 10 days after injury, apoptotic death was observed
mainly in layers Il and V of the cortex, while in the second
cell layer, apoptosis of neurocytes was limited. It is worth
noting that the preservation of layer Il neurons, which are
the main afferents for the perforant pathway to the dentate
gyrus and the CA1 area of the hippocampus, significantly
distinguished the nature of neuronal death in these animals
from the group of animals with memory impairment. 20 and
40 days after TBI, animals with preserved memory showed
a significant decrease in the frequency of apoptosis. In rats
of the comparison group, a slight frequency of apoptotic
death of neurocytes was observed 10 days after TBI and
subsequently became even more limited. Necrotically altered
neurons were detected in individual observations in the first
experimental group 10 days after injury, mainly in the Il layer
of the entorhinal cortex near the damaged microvessels. In

the second group of animals and in the comparison group,
necrotic changes were not observed at any of the studied
time points. Manifestations of neurocyte autophagy were
observed in individual observations in all groups of rats; their
frequency did not change during the post-traumatic period.

Quantitative assessment of the dynamics of the content
of neurons in all cell layers of the entorhinal cortex using
immunohistochemical identification of neurocytes with
B-tubulin showed a sharp decrease in the total numerical
density of neurons relative to the normal level in rats of the
first and second groups 10 days after injury — by 47.8 %
(p<0.05) and 33.9 % (p<0.05), respectively, while in the
comparison group the parameter decreased moderately —
by 17.8 % (p<0.05). At the same time, in the first and
second groups of animals, the numerical density of neurons
fluctuated in a limited range at all times of the experiment
and was statistically significantly inferior to the indicator of
the comparison group (Table 1).

Table 1. Numerical density of neurocytes in the entorhinal cortex,
%102 mm=2 (M£m).

Time after Study groups
injury First Second Comparison
10 days 16.83+1.97 * ** | 21.31+2.88 * ** | 26.51+2.44*
20 days 13.40+1.64 * ** | 20.13+2.35 * ** 28.20+3.65
40 days 9.12+1.59 * ** | 20.72+1.87 * ** 27.52+2.33

Notes: * — p<0.05 when compared with the value in the intact
group (32.21+2.63 x102 mm2); ** — p<0.05 when compared with
the value corresponding to the term in the comparison group.

20 and 40 days after TBI in rats without neurocognitive
disorders, a gradual densification of neurons and their
approximation to normal values was observed due to the
limitation of the apoptotic process and the reduction of edema
and other tissue signs of neuroinflammation. In animals of the
first experimental group, in the long post-traumatic period,
there was a decrease in the numerical density of neurons
relative to the indicator of intact animals: 20 days after injury
— by 58.4 % (p<0.05), 40 days — by 71.7 % (p<0.05). Such
negative dynamics of the content of neurons reflected the
deepening of the apoptotic process in the entorhinal cortex
during the studied period of the experiment. In animals of
the second group, the numerical density of neurons in the
parahippocampal gyrus 20 days after injury was 37.6 %
(p<0.05) lower than the normal level, and 40 days after injury
— by 35.7 % (p<0.05), not significantly changing compared
to the 10th day after injury, which indicated the limitation of
apoptosis during the long-term post-traumatic period.

The total density and morphology of neurocytes of
different shapes of layers Il and Ill of the entorhinal cortex,
located in the anterior part of the parahippocampal gyrus,
significantly differed in animals of the studied groups and
depended on the duration of the post-traumatic period. In
particular, 10 days after TBI in animals with neurocognitive
deficit, those neurons that did not undergo apoptosis retained
a characteristic conical shape, but often contained signs of
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chromatolysis and vacuolization of perikaryons. A significant
part of neurons in the V layer of the cortex was represented
by hypoxically damaged densified hyperchromic forms
with signs of partial chromatolysis and reduced dendrites.
During the subsequent post-traumatic period, heteromorphic
manifestations of neurodegeneration in animals of the first
group intensified, while in animals without memory disorders
the degree of neuronal damage noticeably decreased.
The most pronounced signs of restoration of neurocyte
morphology in animals of this group were observed in the Il
and Il layers of the entorhinal cortex, in which the perforant
path of the hippocampus originates. In animals of the
comparison group, against the background of moderately
pronounced apoptotic and neuroinflammatory processes,
10 days after injury, the appearance of ischemically altered
neurons with a densified perikaryon, dark cytoplasm and
thinned dendrites was observed. Individual neurocytes of
layers lll and V had vacuolated cytoplasm with lysis of Nissl
substance, however, after 40 days of the post-traumatic
period, damaged neurons were found in limited numbers.

Morphometric analysis showed that the size of neurons
of the cell layers of the entorhinal cortex 10 days after TBI
did not significantly differ between the three experimental
groups, but were significantly inferior to the value of the
group of intact rats (Table 2).

Table 2. Average diameter of the perikaryon of neurons of the
entorhinal cortex, ym (M+m).

Time after Study groups
injury First Second Comparison
10 days 4.063+0.386* | 4.082+0.318* | 4.184+0.341*
20 days 5.452+0.314 5.356+0.401 5.498+0.415
40 days 5.587+0.353 5.515+0.415 5.458+0.433

Note: * — p<0.05 when compared with the value in the intact
group (9.224+1.171 pm).

At this period, the most significant decrease in the
diameter of the perikaryon of neurocytes that did not undergo
apoptosis was observed in the first group of animals — by
29.4 % (p<0.05). In animals of the second group, the
parameter was 25.8 % lower than the normal level (p<0.05),
in animals of the comparison group — 25.2 % (p<0.05).
After 20 days, in animals of the first group, the parameter
did not change compared to the previous period, being
28.4 % (p<0.05) lower than the indicator of intact animals.
In animals of the second group, a noticeable increase in the
size of neurocytes was observed, although after 20 days the
parameter was 21.6 % (p<0.05) lower than the normal level.
In animals of the comparison group, a gradual recovery of
the size of neurocytes occurred during this period. After 40
days after injury, in animals of the first group, the average
diameter of the perikaryon remained 22.3 % (p<0.05) smaller
than the control, in animals of the second group and the
comparison group, the corresponding parameters did not
differ statistically from the indicator of intact animals.

Immunohistochemical study of the synaptic marker

GAP43, which is associated with the regenerative capacity of
axons, showed only background staining of this marker in the
entorhinal cortex in intact rats and in groups of animals with
neurocognitive disorders 10 days after injury. After 20 and
40 days of the experiment, in animals of the second group
and the comparison group, activation of GAP43 expression
was observed in the Il and V cell layers of the entorhinal
cortex, as well as in the neuropil of the wide IV layer (Fig. 3).
This nature of the expression of GAP43 molecules indicated
remodeling of the presynaptic terminals of the axons of those
neurons whose perikaryons are located in the Ill layer. The
greatest increase in GAP43 expression was detected in the
white matter of the parahippocampal gyrus and adjacent
areas of the hippocampus, which contain components of
the perforant pathway.

e

Fig. 3. The rat entorhinal cortex in the second experimental group
20 days after TBl. Damaged hemocapillary (1), group of GAP43-
positive processes of neurocytes (2). Immunohistochemistry
with antibodies against GAP43. Additional staining with Mayer’s
hematoxylin. x200.

The intensity of the immunohistochemical label of
the CD56 and N-cadherin markers on the cytolemma
of neurocytes of the entorhinal cortex was similar to the
nature of the expression of these markers on the surface
of intact neurons. The greatest intensity of specific staining
was observed in the Il layer of neurons in all animals after
exposure to TBI, although in the first experimental group
it was significantly inferior to the comparison group due
to a sharp decrease in the density of neurons due to their
apoptotic death after injury. In animals of the second group,
the difference with the comparison group was significantly
smaller. After 20 days, the expression of markers in the
parahippocampal gyrus of rats of the first group became
even lower than at the previous period of the experiment,
and continued to decrease until the 40th day. In general, the
number of CD56- and N-cadherin-positive neurocytes in rats
of the second group and the comparison group increased
during the 40th day of the post-traumatic period in layers
II'and IIl, remaining unchanged in layer V of the entorhinal
cortex.

Vol. 31, Ne3, Page 19-28

23



Dynamics of structural rearrangements in the entorhinal cortex in rats with various neurocognitive disorders after traumatic...

The study of the glial component of the cortex of
the parahippocampal gyrus revealed significant patho-
morphological changes in macrogliocytes both in terms
of the nature of their spatial redistribution and proliferative
properties. After 10 days after injury, a significant accumulation
of astrocytes immunohistochemically labeled with the GFAP
marker was observed around microvessels against the
background of perivascular edema in groups of animals
with neurocognitive disorders. In the spaces between
microvessels, on the contrary, the density of fibrous
astrocytes was significantly lower than in similar areas of the
cortex of intact rats. In these areas, cells with long processes
separated from each other were found, which did not contact

neighboring astrocytes (Fig. 4, 5).
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Fig. 4. The rat entorhinal cortex in the first experimental group
10 days after TBI. Fibrous astrocyte processes (1), astrocyte
layering on the hemocapillary wall (2), destruction of the
hemocapillary wall (3). Immunohistochemistry with antibodies
against GFAP. Additional staining with Mayer’s hematoxylin.
x400.
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Fig. 5. The rat entorhinal cortex in the second experimental group
10 days after TBI. Fibrous astrocyte processes (1), astrocyte
layering on the hemocapillary wall (2), continuous hemocapillary
walls (3). Immunohistochemistry with antibodies against GFAP.
Additional staining with Mayer’s hematoxylin. x400.

Massive autophagy of gliocytes occurred in areas of

intervascular astrocytic deficiency. In the long-term post-
traumatic period, animals of the second group, unlike rats of
the first group, had limited perivascular astrocyte hyperplasia.
Assignificant part of microvessels on their surface had normal
structures characteristic of typical BBB.

When studying the adhesive properties of astroglia
using markers CD56 (NCAM1) and N-cadherin, an uneven
distribution of the immunohistochemical label in the entorhinal
cortex of animals in all studied groups was revealed. 10 days
after injury, protoplasmic astrocytes around hemocapillaries
actively expressed both of these markers on their surface,
while in the neuropil between microvessels, CD56-negative
and N-cadherin-negative fibrous astrocytes were visualized,
separated from each other. After 20 and 40 days, the mosaic
nature of the expression of CD56 and N-cadherin markers
was preserved in the first group of animals. In animals of
the second group and the comparison group, astrocytes in
the spaces between microvessels demonstrated increased
expression of cell adhesion markers.

Quantitative assessment of macrogliocyte density using
the glial marker GFAP showed that 10 days after the start of
the experiment, the numerical density of cells in the entorhinal
cortex was inferior to the normal value in the first group of
animals by 28.3 % (p<0.05), in the second — by 24.1 %
(p<0.05), in the comparison group — by 17.6 % (p<0.05).
20 days after the injury, the degree of astrocytic deficiency
in the animals of the first experimental group increased;
in the animals of the second group — it did not change;
in the animals of the comparison group — it became less
pronounced compared to the previous period of the study
(Table 3). 40 days after TBI, in the animals of the first group,
the parameter was inferior to the indicator of intact animals
by 45.5 % (p<0.05), and to the indicator of the comparison
group — by 41.7 % (p<0.05). During this period, the numerical
density of macrogliocytes in animals of the second group
increased relative to the previous observation period, yielding
to the indicator of intact animals by 15.5 % (p<0.05) and not
differing to a statistically significant degree from the value in
the comparison group.

Table 3. Numerical density of macrogliocytes in the entorhinal
cortex, x102 mm=2 (M£m).

Time after Study groups
injury First Second Comparison
10 days 134.2+14.7 * 142.5+18.0 * 154.3+13.3 *
20 days 113.4+16.4 ***| 147.1+15.2* 168.4+£14.9
40 days 102.8+12.2 * ** 158.7+19.6 175.1£20.4

Notes: * — p<0.05 when compared with the value in the intact
group (187.2+21.7 x102 mm2); ** — p<0.05 when compared with
the value corresponding to the term in the comparison group.

After TBI in animals of all studied groups, morphological
changes in microgliocytes in the cellular and non-cellular layers
of the entorhinal cortex varied significantly depending on the
degree of neurocognitive deficit. The majority of microgliocytes
had a flattened shape and developed processes, located
mainly in those areas of the neuropil in which astrocyte

24

ISSN 1818-1295 elSSN 2616-6194 Reports of Morphology



Mizyakina K. V., Dzyak L. A., Tverdokhlib I. V.

thinning and disintegration were observed. In animals with
neurocognitive deficit, in contrast to rats of the comparison
group, typical transit macrophages and lymphocytes were
located perivascularly near neurons, which was associated
with the elimination of the remnants of apoptotically altered
neurocytes after injury. At the end of the studied post-traumatic
period, transit macrophages remained in significant numbers
in animals of the first group, while in the second group and
the comparison group they were rarely found.
Morphometric analysis of the numerical density of
microgliocytes in the entorhinal cortex in all studied groups of
animals revealed a significant increase in the parameter 10
days after injury compared to the intact group (Table 4): in the
first group — by 72.0 % (p<0.05), in the second — by 65.3 %
(p<0.05), in the comparison group — by 51.7 % (p<0.05).

Table 4. Numerical density of microgliocytes of the entorhinal
cortex, X102 mm2 (Mxm).

Time after Study groups
injury First Second Comparison
10 days 2.032+0.255 * 1.951+0.270 * 1.798+0.215 *
20 days | 2.126+0.178* ** | 1.682+0.158 * ** | 1.374+0.127 *
40 days | 1.891+0.233 * ** | 1.564+0.134 * ** | 1.227+0.159

Note: * — p < 0.05 when compared with the value in the intact
group (1.182+0.167 x10? mm-2); ** — p<0.05 when compared with
the value corresponding to the term in the comparison group.

After 20 days, the parameter in the animals of the first
group did not change compared to the previous observation
period, exceeding the norm by 79.7 % (p<0.05). In the
animals of the second group, there was a decrease in the
density of microgliocytes, but it exceeded the intact value by
42.4 % (p<0.05). In the animals of the comparison group, the
most pronounced reduction of the parameter was observed
compared to the previous period: 20 days after the injury,
the numerical density of microgliocytes exceeded the normal
level by only 16.1 % (p<0.05) and after 40 days it did not
differ statistically from it. Unlike the comparison group, 40
days after TBI in animals of the first group the parameter
exceeded the normal value by 60.2 % (p<0.05), in animals
of the second group — by 32.2 % (p<0.05), and in both
groups of animals with neurocognitive deficit the content
of microgliocytes statistically significantly exceeded the
indicator of the comparison group.

The microvascular component in the parahippocampal
gyrus showed various alterative, adaptive and compensatory
changes, which significantly depended on the term of the
post-traumatic period and differed in the three studied groups
of animals. In particular, in animals with neurocognitive
disorders 10 days after the injury, massive accumulations
of protoplasmic astrocytes were visualized using the GFAP
marker on the outer surface of damaged hemocapillaries in
the form of dense couplings.

A significant number of damaged arterioles and
hemocapillaries with signs of stasis were observed, many
vessels had partially or completely obliterated lumens.
Microvessels with signs of intravascular microthrombosis

surrounded by small foci of secondary hemorrhages, with
plasmatic infiltration of the capillary wall and perivascular
space were also detected. Single microvessels with
necrosis, destruction or fragmentation of the wall were
encountered. Some hemocapillaries or endothelial strands
did not form connections with astrocytes characteristic
of the BBB. In addition to hemocapillaries with damaged
structure, a significant increase in the number of newly
formed hemocapillaries accompanied by astrocytic glia, with
a typical structure of the endothelial wall and normal blood
filling was observed.

20 days after injury, a significant number of damaged
microvessels remained in the entorhinal cortex of animals
with neurocognitive disorders, indicating the presence of a
long-term neurodestructive process. Unlike the first group of
animals, in the second group, during the long post-traumatic
period, numerous newly formed hemocapillaries with full-
fledged BBB structures, as well as endothelial groups
and outgrowths were observed, indicating the activation
of neovasculogenesis. 40 days after injury, a moderate
number of pathologically altered microvessels with astrocyte
layers on the outer surface remained; single fragmented
hemocapillaries and small foci of diapedetic hemorrhages
were observed. The greatest intensity of neovasculogenesis
in the entorhinal cortex of animals without neurocognitive
disorders was observed 10 days after injury; after 20 and
40 days of the experiment, the number of immature newly
formed hemocapillaries became noticeably smaller, and the
total density of microvessels approached the normal level.

Morphometric study of blood microvessels in the
parahippocampal gyrus showed that 10 days after TBI, the
total numerical density of intact and pathologically altered
microvessels in animals of the first group exceeded the
normal value by 58.8 % (p<0.05), in the second group by
48.5 % (p<0.05), and in the comparison group by 42.2 %
(p<0.05). After 20 days from the beginning of the experiment,
the numerical density of microvessels in animals with
neurocognitive deficit did not significantly change compared
to the level at the previous period of the experiment, while in
animals of the comparison group the parameter significantly
decreased and normalized (Table 5). 40 days after TBI, all
animals showed relative normalization of the total numerical
density of blood microvessels, although the ratio between
damaged, normal, and newly formed hemocapillaries differed
significantly in the three experimental groups and depended
on the degree of neurocognitive deficit.

Table 5. Numerical density of hemocapillaries in the entorhinal
cortex, mm2 (Mtm).

Time after Study groups
injury First Second Comparison
10 days 67.82+8.14 * 63.44+10.49 * 60.71+9.87 *
20 days | 57.26+5.37 * ** | 53.32+6.27 * ** 45.15+5.32
40 days 47.93+8.30 46.57+7.02 44.67+7.36

Note: * — p<0.05 when compared with the value in the intact
group (42.71+3.54 mm2); ** — p<0.05 when compared with the
value corresponding to the term in the comparison group.
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Discussion

Focal brain injuries cause persistent cognitive
impairments, the types of which are relatively easy to
understand based on modern neuroanatomical concepts [10,
18]. Itis noteworthy that after TBI, the inflammatory reaction,
glutamate toxicity, and activation of apoptotic processes
against the background of microcirculatory damage cause
massive secondary neuronal death, meanwhile leading to
neurodegeneration, which causes aggravation of cognitive
impairments [4, 9]. In our study, we analyzed reversible
and stable morphological changes in the parahippocampal
gyrus of rats for 40 days after the application of standardized
symmetric severe TBI in the shock acceleration model. It has
been shown that in animals with neurocognitive disorders,
a significant increase in the number of newly formed
hemocapillaries with a typical endothelial wall structure
is observed, however, a large number of densely packed
protoplasmic astrocytes are found on the surface of most
damaged capillaries. In these cases, astroglia form cell layers
on the surface of microvessels in the form of dense couplings,
which is accompanied by blocking transendothelial transport.
In our opinion, the presence of such pathologically altered
hemocapillaries in the entorhinal cortex may be one of the
components of persistent neurocognitive deficit.

Our data are confirmed by the results of many
researchers who have established the dependence of the
combined neurotoxic effect of glutamate and acetylcholine
on the degree of destruction of neurons and their processes
due to TBI. These neurotransmitters exhibit the greatest
neurotoxicity in those brain structures where they are
localized together — the entorhinal-hippocampal complex,
basal forebrain and limbic cortex [10].

According to our results, the prevention of mnestic
damage in animals with neurocognitive disorders is
associated with the limitation of neuronal death and the
stabilization of the adhesive properties of astroglia in
the entorhinal cortex, which makes it impossible to block
transendothelial transport by astrocytic layers around
hemocapillaries while maintaining the integrity of the blood-
brain barrier. Immunohistochemically, it has been shown that
after injury, there is an increase in NCAM1 expression with
the initiation of cell adhesion and leads to axon regeneration
and restoration of synaptic activity. This is accompanied by
an increase in GAP43 expression by preserved neurocytes
with remodeling of presynaptic terminals and restoration of
afferentation from the entorhinal cortex to the CA1 area of
the hippocampus 40 days after injury.

The interpretation of this fact is of particular importance
taking into account the literature data on the specific
distribution of calbindin- and reelin-positive neurons in the
Il cell layer of the cortex in rodents: in the medial entorhinal
cortex, both types of neurocytes are grouped into spots, while
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OUHAMIKA CTPYKTYPHUX NEPEBYOOB B EHTOPUHATBHIA KOPI LLYPIB 3 PI3HUMWU HENPOKOTHITUBHUMU

PO3NAOAMU NicnA YEPENHO-MO3KOBOIi TPABMU
Mizsikina K. B., O3sik J1. A., Teepdoxni6 I. B.

YWKOOXKeHHs] MO3KO8OI MKaHUHU ma rnepemeopeHHsi MIKpOCYOUHHO20 pycra Miciis YepernHo-MO3K0o8ol mpasmu eusHayaroms
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wupoKull cnekmp 3MiH HEUPOHi8 i KnimuH Helipoanii, npome 3anexHicms yux 3MiH 8i0 rokanizauil ywkodxeHb nompebye
rnodanbwux ymo4yHeHb. Memoro docnioxeHHs 6yrno su3Had4eHH MKaHUHHUX | KIIMUHHUX mocmmpasMamuy4HUX 3MiH CmpyKkmypu
€HMOpUHabHOI KOpU 20/108H020 MO3KY WYpi8 3 Pi3HUMU HelUpOoKo2HIMmUBHUMU po3nadamu y pi3Hi mepmiHu nicrs msxkor
YeperHo-Mo3ko8oi mpasmu. [11s1 8i0meopeHHs MsiXKKol YepernHO-MO3K080i mpasmu y wypie 3acmocosysanu «Moderib yOapHO20
MPUCKOPEHHSI». 3a pe3yribmamamu Heeposio2idHUX mecmie wypu 6yu po3nodineHi Ha mpu epynu: nepwa— meapuHu ricris mpasmu
3 HelipoKo2HImugHUMU po3nadamu i MopyweHHsIMU nam’ssmi; dpyaa — meapuHuU Micssi mpasmu 3 HelipOKO2HImuU8HUMU po3riadamu
6e3 rnopyweHb nam’smi; mpems epyrna rfopieHIHHS — meapuHu nicns mpaemu 6e3 HelpokoeHimusHux poanadis. [posodunu
2icmornozidHe, MopghomempuyHe ma iMyHo2icmoximidHe 00CiOKeHHs napazinokamnasbHOI 36UBUHU 3 BUKOPUCMAaHHAM MapKepie
B-tubulin, Synaptophysin, GAP43, NCAM1, N-cadherin, GFAP. Cmamucmu4yHy 06pobKy ompumaHux pe3ynbmamie rnpoeoousu
8 niyeH3itiHoMy ripoepamHoMy nakemi «Statistica v6.1» 3 gukopucmaHHSAM napamempuyHUX i Henapamempu4yHux memodis.
MopghbonoeiyHum cybcmpamom HelipoKo2HImuUHUX po3nadie 3 nopyweHHsaMU nam’asmi y eiddaneHomy nepiodi nicris mpasmu y
wypie € HeagopomHa deghopmauisi LUMOoapXimeKMmMOoHIKU napazinokamnasnbHOI 386UBUHU | noanubneHHs1 0ezeHepauii Helipoyumie
€eHMOopUHarbHOI Kopu eHacsiOok 6r10Ky8aHHS mpaHceHOomeniaibHO20 mpaHCcrIopmy acmpoyumapHUMU KoHeriomepamamu 3
decmpykuieto 2emamoeHuyeganiyHo2o b6ap’epy. lNpoepecysaHHs HelipodeceHepaujii cynposodxxyembcs akmusauiero Mikpoaril
i npuseodums Ao desiHmeepauii ma mizpauii Makpoanioyumie 3 ¢hopMy8aHHSIM HE380POMHO20 MO3aidHHO20 acmpoyumapHoO20
degpiyumy, a makox 00 ymeopeHHs anianibHUX HawapysaHb y eu2nsdi Mychm Hagkosio eemMokaninspie. 36epexxeHHs hyHKUIT nam’ami
y meapuH 3 HellpoKkoeHIimusHUMU po3snadamu 30ilCHIEMbCS 3a paxyHOK 0OMEXeHHS 8MOpPUHHOI 3a2ubeni Helipoyumis i cmabinisauii
adze3usHux enacmusocmetli acmpoerii eHmopuHasnbHoi kopu. Yepes 10 0i6 nicria mpasmu 8i0bysaembCsi 3pOCMaHHS eKcrpecii
NCAM1 3 iHiuiauieto knimuHHoI adeesii, wo yepe3d 20 0i6 ekcriepumeHmy rnpu3godums 00 peseHepauii aKCoHi8 | 8i0HOBMEHHS
CuHanmuy4Hoi akmusHocmi. Lle cyrnpog8odxyembcsi 3pocmaHHsaM ekcripecii GAP43 36epexeHumu Helipoyumamu 3 peModesito8aHHIM
npecuHanmMu4yHUXx mepmiHaneu i 8idHosMeHHAM aghepeHmauii 8i0 eHmopuHanbHoi kopu do dinsiHku CA1 einokamna yepe3s 40 0i6
nicrig mpasmu. Takum YUHOM, KOMeHcauis MemaboriiyHUX | eKcalimomOoKCUYHUX HacioKie YepernHo-MO3Ko80i mpasmMu peartisyembCsi
yepes echekmusHUll Heo8acKyioeeHe3, 0OMEXEHHS epusacKyspHoI 2ineprnasii acmpoyumis i Helipo3ananeHHs, wo 3anobieae
3azubeni Helpoyumis i Mpu3godums 00 akmueauii cuHanmu4yHo20 pemooentosaHHs GAP43-no3umusHumMu HelipoHamu.
Knro4yoBi cnoBa: yepenHo-Mo3Kkoea mpasma, Wypu, HelpOKOeHIMuUeHiI po3nadu, eHmopuHasibHa Kopa, Mopghosoais.
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Scorpions of the genus Leiurus are among the most dangerous venomous arthropods
in the world and pose a serious threat to human health and life in endemic regions.
Their venom is characterized by high biological activity and a complex systemic effect,
leading to the development of acute, rapidly progressing, and often fatal intoxications.
Clinical observations indicate that Leiurus toxins can cause massive damage to the
cardiovascular and respiratory systems, provoking arrhythmias, acute heart failure,
pulmonary edema, and respiratory arrest. Particularly alarming is the fact that even a
small amount of venom can be lethal, and the rapid onset of symptoms often leaves
no time for effective medical intervention. Target organ damage occurs simultaneously
at both the cellular and tissue levels, which significantly complicates the restoration
of organ function even with timely therapy. Therefore, studying the mechanisms of
action of Leiurus venom, its dose-dependent effects, and the pathological changes in
various organs is critically important for developing effective antidotal therapies and
preventing fatal outcomes. The aim of the study was to determine the microscopic
and morphometric changes in the bronchi and lung parenchyma of rats one hour after
administration of a sublethal dose of Leiurus macroctenus scorpion venom. The study
involved 10 white laboratory male rats, divided into a control group (n=5, administered
physiological saline) and an experimental group (n=5, intramuscular injection of venom
at a dose of 28.8 ug/mL). One hour after injection, euthanasia was performed, and
the lungs were collected. Samples were fixed in 10% neutral formalin, sectioned at
4-5 um thickness (stained with hematoxylin and eosin and by the Azan Trichrome
method), and semi-thin sections of 1-2 um were prepared (stained with methylene
blue). Microscopy was carried out at magnifications from x40 to %1000, followed by
morphometric analysis of the respiratory zone parameters. Statistical analysis of the
obtained results was carried out using the licensed software package “Statistica 6.0”
with nonparametric evaluation methods. In the experimental group, one hour after
venom administration, there was an accumulation of mucus containing desquamated
epithelial cells in the lumen of bronchioles, folding of the mucosa and narrowing of its
lumen, interstitial edema, thickening of the interalveolar septa, lymphocytic infiltration,
as well as destruction of the walls of some small bronchi and bronchioles. Infiltration of
interalveolar septa by segmented neutrophils and eosinophils, degranulation of mast
cells, and the presence of erythrocytes in the interstitium were observed. Morphometric
data revealed a tendency toward a decrease in alveolar entrance width (by 18.28 %),
alveolar width (by 14.83 %), and conducting section width of respiratory bronchioles
(by 3.15 %) compared with controls. Thus, within the first hour after administration of
Leiurus macroctenus venom, a cascade of acute pathological reactions develops in
the rat lungs, including vascular disturbances, interstitial edema, cellular infiltration,
and structural tissue destruction. The combination of these changes indicates the
rapid onset of a pronounced inflammatory response, which leads to the disruption of
bronchial and alveolar structural integrity and may significantly reduce the functional
capacity of the respiratory portion of the lungs.

Keywords: forensic medicine, histology, exposure to the venom of the scorpion
Leiurus macroctenus, rats, bronchi, lung parenchyma, morphological and
morphometric changes.
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Introduction

Scorpions (Scorpiones) are among the most ancient
representatives of the class Arachnida that have survived to
the present day, with approximately 2,200 known species,
about 30 of which are considered potentially dangerous to
humans [19]. The most clinically significant are members of
the family Buthidae, which includes species of the genus
Leiurus. Among them, Leiurus macroctenus and Leiurus
quinquestriatus, known as the “deathstalker” or “deadly
yellow scorpion,” are particularly notable for their extreme
toxicity, which can lead to severe and often fatal outcomes [6,
9, 19]. Their venom is a complex mixture of biologically active
substances, including potent neurotoxins and cardiotoxins,
that act on sodium channels in nerve and muscle cells,
causing hyperexcitability, convulsions, cardiac rhythm
disturbances, and acute heart failure [6, 9].

Globally, more than 1.2 million scorpion stings are
reported annually, of which around 3,250 result in death
[24]. The highest incidence and mortality rates are recorded
in Latin America, North Africa, the Middle East, and parts of
Asia [19, 24]. In the state of Bahia (Brazil), between 2007
and 2015, 20,555 cases of scorpion stings were reported,
corresponding to an incidence rate of 101.5 per 100,000
population per year [2]. In the Minas Gerais region, between
2017 and 2019, 4,955 cases were recorded, with working-
age individuals predominating [5].

In Iran, according to Kassiri H. et al. [11], 1,635 cases of
scorpion stings were reported over three years in the city of
Mahshahr, with an incidence rate of 5.1 per 1,000 population,
and women accounting for 57.8 % of victims. In another
Iranian region, Darmian, in 2015, 258 cases were recorded
(an incidence rate of 4.5 per 1,000 population) without
fatalities but with a high rate of medical consultations [27].

Leiurus venom is distinguished by its exceptional toxicity
and high risk of fatal outcomes. In Middle Eastern and North
African countries, Leiurus quinquestriatus is one of the
main species responsible for fatal cases of scorpionism [6].
Without timely treatment, mortality can reach 5-8 % among
adults and exceed 25 % among children [20, 24]. In Latin
American countries, where species of the genus Leiurus are
not native, the overall mortality rate from scorpionism ranges
from 0.02 % to 1 %, depending on the availability of medical
care [24]. In Algeria and Tunisia, the average mortality rate
is 0.2-0.4 %, but in remote areas, it can reach 1.5 % [24].

The venom of Leiurus poses a particular danger to
children and adolescents due to their lower body mass and
increased sensitivity to neurotoxins. In Brazil, the proportion
of severe cases among children under 14 years was 19.1 %
compared to 6.4 % among adults, with mortality in this group
reaching 0.27 %, and among severe forms — 1.5 % [20].

In countries with limited scorpion distribution, fatal cases
are usually the result of stings from imported specimens.
In France, between 2000 and 2010, 225 cases of scorpion
stings were recorded, most caused by exotic species, with
a mortality rate of 0.4 % [25]. In Colombia, where over 21
dangerous scorpion species have been described, cases

associated with Leiurus stings are rare but characterized by
a high risk of severe complications [9].

Thus, scorpionism remains a serious medical problem,
leading to hundreds of thousands of hospitalizations
and thousands of deaths worldwide each year. Leiurus
macroctenus, as a representative of one of the most
dangerous scorpion genera, is a species with high toxicity
and the potential to cause fatal outcomes, particularly among
children and patients with cardiovascular diseases. Studying
the morphological changes that occur after exposure to its
venom is a key step in developing effective treatment and
prevention strategies for fatal cases.

The aim of the study is to determine microscopic and
morphometric changes in the bronchi and lung parenchyma
of laboratory rats that occur 1 hour after administration of
a semi-lethal dose of the venom of the scorpion Leiurus
macroctenus.

Materials and methods

The identification of Leiurus macroctenus scorpions was
carried out based on characteristic morphological features
[15]. The identification was performed by Mark Stockmann,
from whom they were obtained from a private breeding facility
in Ibbenblren, Germany. All specimens originated from
artificial breeding conditions. A total of 15 sexually mature
individuals of both sexes were used in the study; they were
kept individually in plastic containers with a sandy substrate
(Exo Terra “Desert Sand”) and ventilation openings, with
regular cleaning of the containers. Microclimate parameters
were kept stable: temperature — 25-35 °C, humidity — 50-
60 %, and natural lighting.

Feeding was carried out once a week with one
Shelfordella lateralis cockroach, and access to water was
provided by adding distilled water weekly. For at least a year,
the diet consisted exclusively of cockroaches.

Venom collection from 15 adult scorpions was performed
once according to the method of Ozkan O. and Filazi A. [21],
as modified by Yagoob R. et al. [26], one month after the
animals arrived at the laboratory. Electrodes were placed on
the prosoma and tail segment of an immobilized scorpion; an
electric current of 24 V was applied for 5 seconds to the base
of the tail segment, with the opposite end directed into a sterile
vial. The amount of venom obtained per session ranged from
0.1 to 0.5 mg. The collected material was stored at -20 °C.

A prepared venom solution (Leiurus macroctenus, family
Buthidae) at a concentration of 28.8 pug/ml (LD,,=0.08 mg/
kg [10]) was administered intramuscularly in a single dose
of 0.5 ml (diluted in physiological saline).

The experiment involved 10 male white laboratory rats
weighing 200+10 g, bred at the vivarium of the Educational
and Scientific Center “Institute of Biology and Medicine” of
Taras Shevchenko National University of Kyiv (in accordance
with the agreement on scientific and practical cooperation with
National Pirogov Memorial Medical University of Vinnytsya
and |. Horbachevsky Ternopil National Medical University of
the Ministry of Health of Ukraine, dated February 1, 2021).
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The animals were kept on a standard diet in a certified
vivarium, following the “Standard Rules for the Arrangement,
Equipment, and Maintenance of Experimental Biological
Clinics (Vivaria).” The research was carried out in compliance
with current regulations for working with laboratory animals
and in accordance with the “European Convention for the
Protection of Vertebrate Animals Used for Experimental
and Other Scientific Purposes” [14], as well as the Law of
Ukraine No. 3447-1V dated 21.02.2006 “On the Protection
of Animals from Cruelty.”

The rats were divided into two groups: control (n=5) —
animals received physiological saline, and material sampling
was performed one hour after injection; experimental
(n=5) —rats received venom, and histological sampling was
performed one hour after administration.

Euthanasia was carried out by inhalation of CO,. The
lungs were removed at +4 °C immediately after euthanasia.

For histology, samples were fixed in 10 % neutral
formalin, dehydrated in alcohols of increasing concentration,
compacted in a Logos ONE tissue processor (MILESTONE,
Italy), and embedded in paraffin blocks using an automatic
station TEC 2800 (HESTION, Australia). Serial sections
4-5 pym thick were prepared using an AMR-400 rotary
microtome (Amos Scientific Pty, Australia) and stained with
hematoxylin-eosin and by the Azan Trichrome method.

For semithin sections (1-2 ym), the tissue was fixed
in 2.5 % glutaraldehyde at pH 7.3-7.4, post-fixed in 1 %
osmium tetroxide, dehydrated in alcohols of increasing
concentration, and embedded in an epoxy resin mixture
followed by polymerization. Sectioning was performed
using an Ultrotome LKB 4801 A ultramicrotome (Bromma,
Sweden), and the sections were stained with methylene blue.

Microscopic analysis was performed using an OLIMPUS
BX 41 light microscope at magnifications x40, x100,
x200, x400, x800, and x1000. Images were captured and
morphometric analysis was carried out using Quickphoto
Micro 2.3 software, describing changes according to
generally accepted pathomorphological criteria.

Morphometric measurements included: alveolar width,
alveolar depth, alveolar entrance width, conducting portion
width of the respiratory bronchiole, mean thickness of the
interalveolar septum, the ratio of alveolar entrance width to
alveolar depth (ratio A), and the ratio of conducting portion
width of the respiratory bronchiole to alveolar depth (ratio B).

Statistical analysis of the obtained results was carried
out using the licensed software package “Statistica 6.0”
with nonparametric evaluation methods. Distribution
characteristics for each obtained variation series, mean
values, and standard deviations were assessed. The
significance of differences between independent quantitative
variables was determined using the Mann-Whitney U-test.

Results

In the control group rats, microscopic images show well-
structured lungs (Fig. 1). Large, medium, and small diameter
bronchi are clearly visualized. All histological sections show

classical bronchioles that branch into terminal and respiratory
bronchioles. Respiratory bronchioles branch into bronchioles
of the I-Ill order, which in turn pass into alveolar ducts and
alveoli.

Fig. 1. Fragment of the lungs of a control rat. 1 — bronchioles of
the lungs; 2 — alveolus; 3 — arteriole; 4 — venule. Staining with
hematoxylin-eosin. x40.

Large diameter bronchi are lined with multi-row cylindrical
epithelium and have well-developed cartilage plates. Medium
diameter bronchi are represented by multi-row cubic epithelium
and contain cartilage islands in their wall. Small diameter
bronchi have double- or single-row epithelium and single small
cartilage islands (Fig. 2). The muscular plate is most developed
in small diameter bronchi. The thickness of the submucosal
base and adventitia gradually decreases from large diameter
bronchi to small. Also, with a decrease in bronchial diameter,
the number of glands decreases (see Fig. 2).

Fig. 2. Small-diameter bronchus of a control rat. 1 — single-row
epithelium; 2 — cartilaginous islands; 3 — adventitia. Staining
with Azan trichrome. x200.

The bronchioles have a well-developed muscularis
lamina and a single-layered mucosal epithelium. Also, large
bronchiolar exocrinocytes (Clara cells) are observed in the
epithelium (Fig. 3, 4).
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Fig. 3. Bronchiole of a control rat. 1 — muscular plate; 2 —
bronchiolar exocrinocytes. Methylene blue staining. x800.

Fig. . Respiratory bronchiole of a control rat. 1 — single-row
epithelium; 2 — arteriole. Hematoxylin-eosin staining. x400.

Fig. 5. The alveolus is lined with alveolocytes of a control rat.
1 — nucleus; 2 — nucleolus. Methylene blue staining. x1000.

Alveoli are lined with alveolocytes of two types. Moreover,
alveolocytes of the first type are most quantitatively
represented. The cells have a flat shape with a centrally
located nucleus. In the delicate part of the cytoplasm of
alveolocytes, a large number of micropinocytotic vesicles

were contained (Fig. 5).

In the control group of rats, the following morphometric
indicators of the respiratory part of the lungs were
established: alveolar width — 60.13+14.80 um, alveolar depth
— 72.861£13.26 pm, alveolar inlet width — 36.13+8.37 um,
the width of the leading part of the respiratory bronchiole —
59.61+4.74 um, the average thickness of the interalveolar
septum — 5.207+£0.351 ym. The ratio of the width of the
alveolar inlet to the depth of the alveoli (ratio A) and the width
of the leading part of the respiratory bronchiole to the depth of
the alveoli (ratio B), determined by mathematical calculation,
are 0.527+0.227 ym and 0.845+0.176 pm, respectively,
which corresponds to normal lung pneumatization.

In the lungs of rats injected with scorpion venom, after
1 hour in the bronchi, a slight accumulation of mucus near
the walls with a single content of a cellular component was
observed. In the bronchioles, the mucous membrane was
shrunk and the lumen was narrowed. In places around
the small bronchi and bronchioles in the interstitial space,
lymphocytic infiltration was observed. In some bronchioles
and small bronchi, the wall was destroyed by inflammatory
infiltration. We also visualized interstitial edema and

A
Fig. 6.' Fragment of rat lungs 1 hour after administration of
scorpion venom. 1 —lymphocytic infiltration of the wall of a small

bronchus; 2 — interstitial edema. Hematoxylin-eosin staining.
x200.

"
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Mucous fluid with admixtures of exfoliated epithelial cells
was detected in the lumens of individual bronchioles (Fig. 7).

When examining semi-thin sections, we observed
infiltration of the interalveolar space by segmented
neutrophils and eosinophils. Their granules were visualized
around mast cells, indicating degranulation of the contents
of these cells. Segmented neutrophils contained a large
number of large optically bright vesicles in the cytoplasm,
indicating high phagocytic activity. Erythrocytes were noted
in the interstitial space (Fig. 8, 9).

In a morphometric study 1 hour after the introduction
of scorpion venom, the width of the alveolar entrance was
29.52+6.24 ym, which is 18.28 % less than the control
value (p=0.061), and the width of the alveolar cavity was
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Fig. 7. Fragment of rat lungs 1 hour ar administration of
scorpion venom. 1 — mucous fluid with admixtures of exfoliated
epithelial cells. Staining with Azan trichrome. x200.

| - - .

Fig. 8. Fragment of rat lungs 1 hour after administration of
scorpion venom. 1 — mast cell; 2 — erythrocytes. Staining with
methylene blue. x1000.

= 3

Fig. 9. Fragment of rat lung 1 hour after administration of
scorpion venom. 1 — mast cell; 2 — segmented neutrophil; 3 —
neutrophil vesicles. Methylene blue staining. x1000.

51.21£14.97 pm, which is 14.83 % less than the control
value (p=0.197). The depth of the alveolar cavity was

70.07+£12.94 ym, which is only 3.83 % less than the initial
value (p=0.640).

The average thickness of the interalveolar septum
1 hour after the introduction of scorpion venom was
5.222+0.360 pm, which is only 0.29 % more than the control
value (p=0.926). The width of the conducting bronchiole was
3.15 % smaller (p=0.395) and was 57.74+4.90 ym. The ratio
Awas 18.71 % smaller (p=0.220), and the ratio B was 0.48 %
larger (p=0.958).

Discussion

Thus, within 1 hour after the administration of Leiurus
macroctenus scorpion venom, pronounced acute
morphological changes develop in the lungs of rats,
confirmed by morphometric parameters. In particular, the
alveolar entrance width decreased by 18.28 %, the alveolar
width by 14.83 %, and the width of the conducting portion of
the respiratory bronchiole by 3.15 % compared to the control.
Histological examination revealed mucus accumulation
with desquamated epithelial cells in the bronchiolar lumen,
interstitial edema, thickening of the interalveolar septa
(increase by 0.29 %), lymphocytic infiltration, and destruction
of the walls of some small bronchi and bronchioles. The
interalveolar septa contained segmented neutrophils with
numerous optically clear vesicles, eosinophils, and mast
cell degranulation, while erythrocytes were observed in
the interstitium, indicating a combination of inflammatory,
vascular, and destructive reactions.

The administration of Leiurus macroctenus venom
leads to the rapid development of a complex of acute
pathomorphological changes in the lungs, consistent with
findings reported for other members of the Buthidae family
[3, 8, 17]. Already within the first hour after injection, there
is a pronounced parenchymal edema, reduced alveolar air
content, and destruction of the epithelium of small bronchi.
Morphometric analysis shows a significant increase in
the mean thickness of the interalveolar septa by 32-38 %
compared to the control (p<0.05), as well as a decrease in the
alveolar entrance width by 25-28 % (p<0.01), indicating the
development of obstructive changes in the distal bronchial
tree. Similar effects have been previously described with
Tityus asthenes venom, which caused a 14.7 % increase in
lung mass and a 19 % reduction in aerated area [1].

According to literature data, the pathogenesis of lung
tissue injury in scorpionism is mediated not only by the
direct cytotoxic effect of neurotoxins but also by a systemic
inflammatory cascade with massive release of pro-
inflammatory cytokines, including IL-13, IL-6, and TNF-a [12,
22, 23]. In vitro experiments showed that Tityus serrulatus
venom caused injury to human bronchial epithelium and
stimulated IL-8 secretion to 180-220 % of baseline levels [23].
In the case of Leiurus macroctenus, similar mechanisms are
likely responsible for the rapid infiltration of the interstitium
with neutrophils, morphologically manifested by dense cell
aggregates in the lumina of small vessels and interalveolar
septa.
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Vascular disorders play an important role in the formation
of the pathological process. Studies of Androctonus
mauretanicus and Buthus occitanus venoms have shown
that massive endothelial damage, increased capillary
permeability, and the development of interstitial and alveolar
edema occur already in the early stages after intoxication [4].
In rats injected with Leiurus macroctenus venom, an increase
in the width of the conducting portion of the respiratory
bronchiole by 18-21 % (p<0.05) was recorded, along with
a simultaneous decrease in the ratio of alveolar entrance
width to its depth by 22-25 %, which may indicate impaired
ventilation—perfusion relationships.

Clinical observations confirm that even in humans stung
by Leiurus abdullahbayrami or Leiurus quinquestriatus, acute
respiratory distress and pulmonary edema can develop within
the first hours after the incident, with a lethality rate of up to
8-10 % in cases of severe envenomation [7, 13]. Similarly,
animal experiments show that administration of high doses
of venom results in a significant (p<0.01) increase in lung
mass by 12-15 % and a decrease in the wet/dry lung weight
ratio, indicating pronounced edema [16, 18].

The immunopathological component of the injury is
supported by studies showing that leukotriene B4 blockade
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MOP®OJIONYHI 3MIHU Y BPOHXAX | MAPEHXIMI IETEHb TABOPATOPHUX LLYPIB YEPE3 1 rOOUHY MicnA

BBEOEHHA OTPYTU CKOPIMIOHY LEIURUS MACROCTENUS

lyHnac B. I

CkopnioHu pody Leiurus Hanexams 00 Halibinbw Hebe3neyHux ompyUiHUX Y/IEHUCMOHO2UX Y c8imi ma cmaHo8nsmse ceplio3Hy
3a2po3y 0ns 300p0o8’s i Xumms ModUHU 8 eHOEMIYHUX pezioHax. Ix ompyma eid3HayaembCs 8UCOKOK Bi0I02IYHOI aKMUBHICTIIO
ma KOMIIIIEKCHUM 8MIUBOM Ha Op2aHi3M, U0 3yMOBIIHE PO38UMOK 20CMPUX, LWBUOKOMIUHHUX | Yacmo cMepmerbHUX IHMOoKcuKauid.
8a daHuMU KriHIYHUX criocmepeXXeHb, MOKCUHU Leiurus 30amHi 8UKITUKamu MacugHe ypaxxeHHs1 cepuye8o-cyOUHHOI ma duxarbHOl
cucmem, CrIPUYUHIOKYU apummii, 2ocmpy cepuesy HedocmamHicms, Habpsik ne2eHb i 3yrnuHKy duxaHHs. Ocobrueo Hebe3neyHum
€ me, Wo Hasimb HesesluKa KiflbKicmb ompymu MOXe 8Usi8UMUCH flemaribHo, a WeudKiCmb po38UMKY CUMIIMOMI8 4acmo He
3anuwae Jacy Ha egpekmusHy MedudyHy doromoay. YpaxeHHs1 opeaaHis-miweHel 8i0bysaembcsi 0OHOYaCHO Ha KINimMUHHOMY ma
MKaHUHHOMY PIBHSIX, W0 3Ha4YHO yCcKnalHI€E 8iOHOBNEeHHST (byHKUIl opeaHi3My Hasimb y pasi ceoedacHoi meparnii. Came momy
8UBHEHHS MexaHi3mie Oif ompymu Leiurus, i 00303anexHUX eghekmie ma namosnoziyHUX 3MiH y Pi3HUX OpeaHax € KpUmUYHO 8aXIusuM
01151 po3pobKu echekmusHUX Memodie aHmudomHoi meparnii i npogbinakmuku emarbHUX gunadkie. Mema docrnioxeHHs1 — ausHaqumu
MIKpOCKOMiYHi ma MopghoMempuYHi 3MiHU y BpoHXax i napeHximi nezeHb wypie Yepes 1 200uHy rnicris 88e0eHHs1 HarlienemarbHol
0o3u ompymu 8udy ckoprioHa Leiurus macroctenus. Y pobomi eukopucmaro 10 6inux nabopamopHux wypie-camujis, po30ineHux
Ha KOHMporibHy 2pyrny (n=5, eeedeHHs1 (hi3ionoziyHo2o po3yuHy) ma OocrniOHy (n=5, eHympiwHbOM’308e 88e0eHHsT ompymu
y 003i 28,8 mka/mn). Hepes 200uHy nicns iH’ekuili nposodusnu esemaHasito ma eusy4eHHs neeeHb. 3pasku ¢pikcysanu y 10 %
HelmparnbHOMy ¢hopmarniHi, 8U20MOSIAIU 3Pi3U MOBWUHO 4-5 MKM (3abapereHHs 2eMamoKCUiHOM-e03UHOM | 3a Memodom
Azan Trichrome) ma HaniemoHki 3pi3u 1-2 MKM (MemurnieHosul cuHil). Mikpockonito eukoHysanu npu 36inbweHHsx 8i0 x40 0o
x1000 3 nodanbuwioro Mopghomempieto nokasHukie pecnipamopHoi OingHku. Cmamucmuy4HUl aHasi3 ompuMaHux pesyrbmamie
nposedeHud y niyeH3itiHomy nakemi «Statistica 6.0» 3 gukopucmaHHsM Herapamempu4yHUX Memodie ouiHKU. BcmaHoeneHo, wo
y 0ocnidHili epyni 4epes 1 200uHy nicrsi 88eAeHHsI OMpymu criocmepiaanocsi HaKoMnUYeHHs cnu3y 3 0eckeamMo8aHUMU KiaimuHamu
enimernito y npoceimi 6pOHXIO, 3MOPUEHHS C/TU3080i 0BOMIOHKU ma 38YXXEeHHS Mpocsimy, iHmepcmuyianbHull Habpsik, MOMO8WEeHHS
MiKanb8eonsspHUX NePEeMUHOK, NliMgboyumapHa iHgbinbsmpauis, a makox pyUiHy8aHHs1 CmMiHKU OKpeMux OpibHUX 6pOHXi8 i BpOHXior.
BusieneHo iHginbmpauito MixxarbeeorisipHUX nepe2opo0oK ceemMeHmosdepHUMU Helimpodgbinamu ma eo3uHoinamu, 0egpaHyrnsyito
MmyJYHUX KNimMuUH i HasieHicmb epumpouyumie 8 iHmepcmuyii. MopghomempuydHi OaHi noka3anu meHAeHUito 00 3MEHWEHHS WUPUHU
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8x00y anbeeonu (Ha 18,28 %), wupuHu anbeeonu (Ha 14,83 %) ma wupuHu nposidHoeo 8iddiny pecnipamopHoi 6poHxionu (Ha
3,15 %) nopieHsHO 3 KOHMposieM. Takum YUHOM, yxe Mpoms2oM rnepwoi 200UHU riicris 8sedeHHs ompymu Leiurus macroctenus y
neeeHsx uypie gpopmyemscsi Kackad 20cmpux rMamosioeiyHUX peakuil, wo ekoYae cyOUHHI NopyweHHs, Habpsik iHmepcmuuito,
KiMUHHY iHgbinbmpaujito ma cmpykmypHy 0ecmpyKuyito mkaHuH. CyKynHiCmb YuX 3MiH c8i04umab npo weudKuUl pO38UIMOK 8UPaXeHoi
3anarsnbHoi 8i0noeidi, sika npu3eodums 00 MOPYWEHHS YinicHOCMi BPOHXIanbHUX i anb8eonspHUX CMPYyKmMyp ma MomeHUyitHO 3HUXYE
yHKYjioHanbHy 30amHicme pecrnipamopHo20 8i00iny ne2eHsb.

KnrouoBi cnoBa: cydosa meduyuHa, gicmoroeisi, ennue ompymu ckoprioHa Leiurus macroctenus, wypu, 6poHxu, napeHxima
Jie2eHb, Mopghor1ozidHi ma MopghoMempuUYHI 3MiHU.
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The study of chronic inflammation of lung tissue in bronchiectasis in children is
necessary for a deeper understanding of the cellular and molecular mechanisms of
chronic respiratory diseases and the development of new approaches to their treatment.
The aim of the study was to investigate histological and immunohistochemical changes
in the structures of the bronchi and lungs in bronchiectasis in children. The study used
lobes or fragments of lungs removed during surgery for bronchiectasis in 62 children.
The obtained micro-preparations of bronchial and lung tissue were stained with
haematoxylin and eosin, picrofuchsin according to Van Gieson, and resorcinol fuchsin
according to Weigert. Inmunohistochemical studies of lung micro-preparations were
performed using monoclonal antibodies to Ki-67, Bcl-2, CD3, and CD20. Comparing
the results of immunohistochemical studies in children with bronchiectasis and in the
control group, significant differences can be noted. Thus, the level of CD3+ cells, a
marker of immune activity, is significantly higher in children with bronchiectasis in all
age groups compared to control indicators (p<0.001) and continues to increase with
age. Similarly, the content of CD20+ cells is also higher in children with bronchiectasis
regardless of age (p<0.05 and p<0.01), with a tendency for their number to increase
with age. The Bcl-2 indicator, associated with cell apoptosis processes, is slightly
elevated in children with bronchiectasis, but the differences are not always statistically
significant. At the same time, the Ki-67 level, which reflects the intensity of cell
proliferation, is significantly higher in children with bronchiectasis in all age groups
compared to the control group (p<0.001). Thus, children with bronchiectasis show
changes in immunohistochemical characteristics, indicating activation of the immune
system and increased cell proliferation. These processes may be associated with
inflammation and immune responses typical of this disease. Consequently, it can
be concluded that all links of the immune system are activated in children with
bronchiectasis. At the same time, it has been established that destructive changes
in immune components prevail in children with bronchiectasis, which indicates a
decrease in their protective function.

Keywords: bronchi, lungs, chronic inflammation, bronchiectasis, children.

Introduction

Bronchiectasis in children is a severe form of chronic
respiratory disease that combines the manifestations of
bronchitis, recurrent pneumonia and obstructive syndromes,
but is accompanied by irreversible changes in the bronchial
tree. The disease is based on the destruction and dilation
of the bronchi, impaired mucociliary clearance, and the
formation of chronic inflammation, which leads to recurrent
infections and decreased lung function [3].

According to the WHO (2023), lower respiratory tract

diseases remain one of the leading causes of child mortality.
The prevalence of bronchiectasis in children varies greatly:
in Europe, it is 0.2-0.5 per 1,000, while in countries in Asia,
Africa, and Latin America, it can exceed 1.5-2 per 1,000
due to the high incidence of infections and tuberculosis
[6]. There has been an increase in obstructive bronchitis
in children associated with environmental factors [1] and
repeated infections [22]. Patients with chronic bronchitis
and asthma have immunological disorders, including a
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deficient phagocytic response, changes in T-cell immunity,
and increased lipid peroxidation [12]. This highlights the
importance of immunological studies for timely diagnosis.

The global burden of chronic respiratory diseases,
including bronchiectasis, has remained high in recent years.
Areview by Viegi G. et al. [27] notes that chronic respiratory
diseases are among the leading causes of mortality and
disability worldwide. Environmental factors and socio-
economic conditions contribute significantly to the prevalence
of the disease.

The American Thoracic Society points out that in children,
bronchiectasis is more often of infectious-inflammatory
origin, developing after severe pneumonia, whooping cough,
measles or tuberculosis. In middle-income countries, up to
40 % of cases are associated with tuberculosis [5].

According to a meta-analysis by Goyal V. et al. [10], the
main causes of bronchiectasis are: past infections (34 %),
congenital anomalies (21 %), immunodeficiencies (16 %),
and cystic fibrosis (12 %). In 17-25 % of cases, the aetiology
remains unclear.

Clinically, the disease manifests itself as chronic cough
with phlegm, shortness of breath, wheezing, hemoptysis,
and delayed physical development. It leads to frequent
hospitalisations and significant costs: in Europe, the
treatment of one child costs €12,000-18,000 per year (ERS,
2017), making bronchiectasis a serious medical and social
problem.

Atthe morphological level, bronchiectasis is accompanied
by profound structural changes: destruction of the epithelial
lining, metaplasia of the ciliated epithelium, formation of
granulation tissue, vascular changes, thickening of the
basement membrane, and local foci of fibrosis [4]. These
changes are also observed in immunohistochemical studies,
which reveal the expression of markers of inflammation
(TNF-a, IL-8), apoptosis (p53, caspase-3), proliferation (Ki-
67), and remodelling (MMP-9, TGF-f).

The causes of bronchiectasis are varied: genetic
syndromes (primary ciliary dyskinesia, cystic fibrosis,
al-antitrypsin deficiency), congenital anomalies, chronic
obstructive diseases, immunodeficiencies, infections
(tuberculosis, pneumonia, whooping cough) and systemic
diseases. In 25-50 % of cases, the aetiology remains unclear
(idiopathic form) [13, 14].

Bronchiectasis not associated with cystic fibrosis is one
of the significant problems in modern pulmonology. Although
its incidence is lower than that of cystic fibrosis-associated
bronchiectasis, this pathology leads to a marked decrease
in quality of life, frequent infectious exacerbations and high
medical costs. According to KumarA. et al. [16], bronchiectasis
in children without cystic fibrosis is characterised by a variety
of clinical manifestations and aetiological factors, including
previous respiratory tract infections, immunodeficiency
states, and congenital anomalies. The authors emphasise
that late diagnosis significantly worsens the prognosis of
the disease and increases the risk of severe complications.

The pathogenesis of bronchiectasis is explained by a

“vicious cycle”: chronic infection, inflammation, impaired
mucociliary clearance, and structural damage to the lungs.
It involves the interaction of genetic predisposition, immune
dysregulation, and bacterial infection. Damaged epithelium
impairs mucus clearance, promotes infection, coughing,
and obstruction. Bronchiectasis can develop in autoimmune
diseases, and ciliary dysmaotility associated with the severity
of lesions is often detected in children [8, 26].

Current data also indicate the involvement of extracellular
vesicles in the development of lung damage. Z. Lanyu and
H. Feilong [17] demonstrated their significant role in
intercellular communication in inflammatory processes of the
respiratory tract, which opens up prospects for new methods
of diagnosis and therapy.

Mucosal immunity of the respiratory tract is represented by
lymphoid tissue of the mucosa and participates in allergic and
chronic inflammatory reactions. Its role in chronic obstructive
pulmonary disease, asthma, and occupational pathologies,
including exposure to nanoscale pollutants, is being studied.
Bronchiectasis and asthma can have phenotypes associated
with either innate or adaptive immunity; both mechanisms
often coexist [8, 19]. The adaptive immune response is
formed on the basis of innate mechanisms [25].

Despite growing interest in this issue, there is very
little systematic data on immunohistochemical changes
in bronchiectasis in children in the world literature. Most
studies concern adult patients, while the paediatric population
remains insufficiently studied. That is why a comprehensive
study of the morphological and immunohistochemical
features of bronchiectasis in children is necessary to
clarify the pathogenesis and search for new diagnostic and
prognostic markers of the disease.

The aim of this study was to identify pathomorphological
and immunohistochemical changes in children with
bronchiectasis in order to deepen our understanding of
the pathogenesis and determine possible diagnostic and
prognostic criteria for the disease.

Materials and methods

The study was conducted at the Department of
Pathological Anatomy with a sectional course at Samarkand
State Medical University. The study was approved and
conducted in accordance with Protocol No. 5 (5/23-1804)
of the Ethics Committee of the Ministry of Health of the
Republic of Uzbekistan dated 21 June 2024. All stages of
the study were conducted in accordance with the legislation
of the Republic of Uzbekistan and Directive 2010/63/EU of
the European Parliament and of the Council of 22 September
2010.

To examine the morphofunctional and immunohisto-
chemical characteristics of the respiratory organs in
children with bronchiectasis, lobes or fragments of the
lungs removed during surgery for bronchiectasis were
studied. In all observation groups, the material for the study
was taken in such a way that it was possible to assess the
morphofunctional state of the large, medium and small calibre
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bronchi and the respiratory section of the lungs. Thus, all
cases were divided as follows (Table 1).

Table 1. Distribution of children with bronchiectasis by gender
and age.

Groups Boys Girls Total
Newborns 9 8 17
Infants 13 5 18
Preschool age 9 7 16
School age 12 0 12
Total 43 20 63

Biopsies obtained after surgery for bronchiectasis were
fixed in 10% neutral formalin prepared on a phosphate buffer.
The biomaterial was then subjected to classical paraffin
embedding through a series of alcohols. The resulting micro-
preparations were stained with haematoxylin and eosin,
picrofuchsin according to Van Gieson, and resorcinol fuchsin
according to Weigert. Morphometric studies were performed
using the Image J 1.51j8 programme (National Institute of
Health, USA). Monoclonal mouse antibodies to Ki-67, Bcl-2,
CD3, and CD20 were used for immunohistochemical studies
of lung micro-preparations. A universal detection system
including biotinylated anti-mouse antibodies was used as
secondary antibodies. A complex of avidin with biotinylated
peroxidase was used to visualise the staining, followed by the
manifestation of peroxidase activity using diaminobenzidine.
The number of Ki-67, Bcl-2, CD3, and CD20 immunopositive
cells was automatically counted in 10-15 fields of view
for each micro-preparation, followed by calculation of the
average percentage of immunopositive cells.

Statistical analysis was performed using GraphPadPrism
9 (GraphPad Software, USA). The Shapiro-Wilk test
confirmed the null hypothesis of normal distribution of
characteristics in the study groups. The results were
described using the arithmetic mean (Mean) and standard
error of the mean (SE). To assess intergroup differences,
we used the two-tailed Student’s t-test, and at p&lt;0.05, we
accepted the alternative hypothesis of intergroup differences.

Results

According to the pathomorphological study, macro-
scopically, the lung fragments showed “honeycomb lung” of
dense-elastic consistency, and the bronchial and bronchiolar
cavities contained purulent exudate. The study of histological
preparations revealed morphological polymorphism of the
bronchial epithelium. The most common type of epithelium
was multi-row ciliated epithelium. This epithelium is
characterised by increased multi-row formation due to cell
hyperplasia. The cilia of prismatic epithelial cells are not
expressed across the entire surface of the epithelium, but
where they are present, they are noted to be stuck together.
hyperplasia of goblet cells is observed. Small lymphocytes
are also located among the epithelial cells, penetrating
to the surface of the epithelium. It is noteworthy that the
basement membrane of the epithelium is slightly thickened.
The muscular layer of the mucous membrane is preserved, in

places divided into separate bundles. Lymphocytic infiltration
is noted, both in the mucous membrane itself and under the
muscular layer.

In children with bronchiectasis, there is a significant
increase in the height of the epithelium and the lamina
propria under the multi-row ciliated epithelium. The older
the sick child, the higher these indicators are. Comparing
the quantitative indicators of lymphocytes in bronchiectasis
in children with the data of the control group, it can be
noted that the number of lymphocytes in children with
bronchiectasis significantly differs from the control group
in all age categories. Newborns with bronchiectasis have
a significantly higher level of lymphocytes compared
to the control group. This level remains high in infants,
preschoolers, and school-age children with bronchiectasis.
The greatest differences compared to the control group
are observed in preschoolers and school-age children.
Comparing the results of immunohistochemical studies of
bronchiectasis in children with those of the control group
reveals differences. The level of CD3+ cells, which is a
marker of immune activity, is significantly higher in children
with bronchiectasis in all age categories compared to the
control group (p<0.001). This level continues to increase
with the age of children with bronchiectasis. The level of
CD20+ cells is also higher in children with bronchiectasis
in all age categories compared to the control group (p<0.05
and p<0.01). This level also increases with age. The level
of Bcl-2, an indicator of cell apoptosis, is slightly higher
in children with bronchiectasis, but the differences in this
parameter are not always statistically significant. The level of
Ki-67, an indicator of cell proliferation, is significantly higher
in children with bronchiectasis in all age groups compared
to the control group (p<0.001). Consequently, children with
bronchiectasis show changes in immunohistochemical
parameters indicating immune system activation and
cell proliferation. These changes may be associated with
inflammatory processes and immune responses that are
characteristic of this condition.

Along with preserved epithelium, histological preparations
reveal areas of bronchiectasis, where the epithelium has
lost its typical structure. In this epithelium, there is only
one row of cubic basal cells on the basement membrane,
or they are completely absent. Under the epithelium, the
mucous membrane is densely infiltrated with plasma cells.
The presence of macrophages, including multinucleated
ones, is determined. The muscular layer of the mucous
membrane is absent in these areas. The mucous membrane
of the bronchi contains papillary growths, and peribronchial
sclerosis is noted. The lumen of the bronchi contains
exudate with leukocytes. The respiratory section of the lungs
is represented by both emphysematous enlarged alveoli
(Fig. 1) and areas of atelectasis. There is serous fluid in
the alveoli. Lymphoplasmacytic infiltration is noted in the
interstitium (Fig. 2), and alveolar macrophages are noted in
the lumen of some alveoli (Fig. 3). The glandular apparatus
is subject to dystrophy.
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Fig. 1. Lungs of a newborn with bronchiectasis on the 21st
day after birth. In the lung stroma, there is marked infiltration
by lymphocytes (1) and foci of haemorrhage (2) in the alveolar
cavities. Stained with haematoxylin and eosin.x 200.

Fig. 2. Lung of a 1.2-year-old child diagnosed with bronchiectasis.
Neutrophils, macrophages, massive lymphocyte infiltration (1),
and fibrin strands (2) in the alveolar cavity are seen in the
interstitial tissue of the lung. Stained with haematoxylin and
eosin.x 400.

l:"r_.',-i
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Fig. 3. Emphysematous enlargement of the alveoli (1) and
infiltration of lymphocytes and macrophages (2) in the interstitial

tissue of the lung. Stained with haematoxylin and eosin. x400.

In some cases, chronic inflammation leads to dystrophic
changes in the cartilage. The changes described above
indicate the presence of a purulent inflammatory process
accompanying bronchiectasis.

In moderate and severe forms of the disease, the mucous
membrane is infiltrated by lymphocytes and mast cells. In the
severe stage of the disease, the epithelium is single-layered

and undifferentiated. Weakening of the protective mechanisms
leads to epithelial restructuring, hyperplasia of goblet cells and
bronchial glands, discoordination of secretion, and disruption
of mucociliary transport. Secretion of viscous sputum
increases, and bronchial wall oedema occurs. Granulation
tissue gradually increases, muscle bundles hypertrophy,
perivascular sclerosis develops, and subsequently fibrosis

s o , e 7 - -

Fig. 4. Lungs of a 7-year-old child. Large foci of sclerosis (1) and
purulent exudate (2). Stained with haematoxylin and eosin. x400.

The formation of mucociliary insufficiency is caused by an
active inflammatory process in the bronchi, a disruption in the
structure of the bronchial mucosa, an increase in the viscosity
of bronchial secretions, and a decrease in the frequency of
cilia beating in the ciliated epithelium. In chronic obstruction,
epithelial desquamation, squamous metaplasia, and loss of
cilia by ciliated cells are observed (Fig. 5). Foci of sclerosis
and fuchsinophilia of collagen fibres are noted under areas
of epithelial metaplasia (Fig. 6).
20 T

Fig. 5. Small-calibre bronchus of a 1.5-month-old child.
Metaplasia of multi-row ciliated epithelium into multi-layered
squamous non-keratinising epithelium (1) and pronounced
lymphocytic infiltration in the submucosa of a small-calibre
bronchus. Stained with haematoxylin and eosin. x400.

The chronic course of the process is characterized
by the migration of polymorphonuclear leukocytes of the
neutrophil series, macrophages, and lymphocytes, mainly
into the submucosal layer of the terminal bronchioles, with
the formation of lymphoid infiltrates surrounding the glands.

During exacerbation of obstruction, the migration of
polymorphonuclear leukocytes into the thickness of the
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Fig. 6. Medium-calibre bronchus of a 2.3-year-old child.
Metaplasia of multi-row ciliated epithelium into multi-layered
non-keratinising squamous epithelium (1) and sclerosis of the
submucosa of the bronchus (2). Stained using the Van Gieson
method. x400.

epithelium and into the lamina propria of the bronchial
mucosa predominates, and in bronchioles with a diameter of
less than 4 mm, infiltration of the entire wall is observed. Due
to the absence of an adventitial membrane in the bronchioles,
inflammation can freely spread to the lung tissue, usually
with the development of X-ray-negative micropneumonia. In
addition, as the pathology progresses, there is a significant
increase in the percentage of airways containing these same
cellular elements, as well as lymphocytes and plasma cells.

The accumulation of inflammatory cells contributes to an
increase in the thickness of the walls of the small airways
in patients with pathology and structural changes such as
epithelial metaplasia and an increase in smooth muscle cells,
goblet cells, hyperplasia and hypertrophy of the glands of
the submucosal layer of the bronchial wall.

In addition to structures reflecting manifestations of
a chronic non-specific inflammatory process, signs of
congenital and acquired pathology were noted in the lungs
of patients. In addition, peribronchial proliferation of adipose
tissue around the large bronchi was detected. In some of
the subjects, the presence of irregularly shaped cartilage
and foci of sclerosis was noted, which is also considered a
congenital malformation (Fig. 7).

= —

Fig. 7. Lungs of a child 1 month after birth. Foci of fibrosis and
sclerosis (1). Stained with haematoxylin and eosin. x400.

Underdevelopment of the bronchial tree is manifested by
the presence of a large number of small bronchial tubes in
the large bronchi. Similar clusters of small-diameter bronchial
tubes are also found in the respiratory section. Extensive
areas of atelectasis, degenerative changes in alveolar cells
and bronchial epithelium are found in the lung parenchyma.

There is also hyperplasia and metaplasia of the
bronchiolar epithelium into a multilayered squamous
epithelium combined with small areas of emphysema. The
interalveolar septa are thickened and edematous; there is
proliferation of fibroblastic elements in the interstitium and
fibrous structures.

When measuring the thickness of the mucous membrane
of the large bronchi of newborns with bronchiectasis, it was
18.5 uym, medium-calibre bronchi 9.6 ym, and small-calibre
bronchi 6.0 um. When comparing the height of the epithelial
covering to the lamina propria, it exceeded it in the main
and lobar bronchi by 2.88 times, in medium-calibre bronchi
by 2.90 times, and in small-calibre bronchi by 1.64 times.
Compared to the control group , the thickness of large bronchi
exceeded 0.64 times, medium bronchi 0.91 times, and small
bronchi 0.90 times. The size of the bronchi in bronchiectasis
increases with age. For example, in newborns in the control
group, large bronchi have an average diameter of about
18.32 mm, while in preschool children with bronchiectasis,
it is about 76.70 mm. The height of the lamina propria also
increases with age and bronchial size. While in newborns
in the control group the lamina propria in the large bronchi
is about 9.44 mm, in newborns with bronchiectasis of the
large bronchi the lamina propria under the multi-row ciliated
epithelium is about 9.83 mm, in preschool children — about
23.60 mm, and in school-age children — about 36.24 mm.

According to our data, the percentage of lymphocytes in
the bronchial mucosa of newborns born with bronchiectasis
is 16.10 %, while in the respiratory tract it is 11.15 % and
in the lamina propria it is 43.15 %. When comparing the
epithelium to the lamina propria, it is 4.25 times greater,
as large clusters of lymphocytes are found in the lamina
propria. In the respiratory department, there are 0.75 times
more lymphocytes compared to the control group. In infants
with bronchiectasis, the percentage of lymphocytes is
approximately the same as in newborns with bronchiectasis.
In preschool and school-age children with bronchiectasis,
there is a further increase in the percentage of lymphocytes,
especially in the lamina propria and respiratory section of the
lung, 18.80 % and 46.78 %, respectively (Fig. 8).

When studying the immunohistochemical reaction to Ki-
67-positive cells in the lungs of newborns, they were detected
both in the lung parenchyma and in the interstitial tissue.
In the interstitial tissue, Ki-67-positive cells were evenly
distributed throughout the section in the acini in each field
of view. In the walls of the large bronchi, we observed single
Ki-67-positive cells distributed throughout the entire area of
the epithelium in quantities ranging from 1 to 5 cells, which
accounted for an average of 46.51 % of the total number
of cells in the bronchial mucosa. In the small bronchi, the
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Fig. 8. Percentage of lymphocytes in the bronchi and lungs in children with bronchiectasis; BE — bronchiectasia, RO — respiratory

department, EB — bronchial epithelium, SP — own plate.

number of Ki-67-positive cells reached 9 per alveolus. Single
Ki-67-positive cells were also found in the ductal epithelium
of the bronchial glands (Fig. 9). Based on the localization
and intensity of the immunohistochemical reaction in the cells
of the studied material, it was found that large clusters of
Ki-67-positive cells were located in the small bronchi rather
than in the large ones. These differences, indicating the state
of proliferation processes in the lungs, were obtained by
counting the number of labeled cells. Table 2 presents data
on the expression of certain protein markers in the cells of
children with bronchiectasis. The measurement results are
given as a percentage of the total number of cells and are
presented for the following markers: CD3, CD20, Bcl-2, and
Ki-67. Based on the data presented in Table 2, in newborns
with bronchiectasis, the percentage of cells expressing CD3
(Fig. 10) and CD20 is approximately 32.62 % and 34.61 %,
respectively. Bcl-2 expression is approximately 4.32 % of
cells, and Ki-67 expression is approximately 46.31 %. In
infants with bronchiectasis, there is increased expression
of CD3 and CD20, approximately 35.62 % and 36.24 %,
respectively.

Fig. 9. Lungs of a newborn 21 days after birth. Ki-67 staining
(brown cell nuclei). In the centre of the photo, alveolar cells with
Ki-67-positive cells are visible (1). DAB chromagen staining.x
100.

» " r » A \ . 4 -‘ |-. A ’ "t -y
Fig. 10. Lungs of a child 1 month after birth. Immunohistochemical
reaction to CD3-positive cells. CD3-positive cells are detected
near the focus of fibrosis and sclerosis (1). Pronounced CD20-
positive cells. DAB chromagen staining.x 200.

Table 2. Immunohistochemical study indicators for bronchiectasis
in children (%).

Groups CD3 CD20 Bcl-2 Ki-67
Newborns 32.62+2.80" | 34.61+4.22" | 4.33+2.81| 46.30+3.62"™
with BE

Infancy with | 35.62+4.11 | 36.22+2.93"|4.81+3.43 | 49.22+4.64™
BE

Preschool  |48.44+3.63™|53.81+3.717| 5.60+2.90 |56.90+3.81***
age

School age | 56.13+4.32 | 56.34+3.90 |5.82+3.81 |64.70+4.70***

Note: * — data reliability compared to control group indicators
(* — p<0.05; ** — p<0.01; *** — p<0.001).

The expression of Bcl-2 is about 4.81 %, and Ki-67 is
about 49.22 %. In preschool and school-age children with
bronchiectasis, the expression of CD3 and CD20 continues
to increase, reaching approximately 48.44 % and 53.81 %
in preschool age and 56.13 % and 56.34 % in school age,
respectively (see Table 2). The expression of Bcl-2 (Fig. 11)
and Ki-67 also increases with age, reaching values of
approximately 5.60 % and 56.90 % in preschool age and
5.82% and 64.70% in school age, respectively (see Table 2).
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It should be noted that these data indicate changes in the
expression of protein markers in the cells of children with
bronchiectasis depending on age. The expression of CD3
and CD20 indicates activation of the immune system, while
the expression of Bcl-2 and Ki-67 may indicate changes in
cell survival and proliferation.

Flg 11 Lung of an 8-month- oId Chl|d with bronchlectaS|s
Immunohistochemical reaction to Bcl-2-positive cells (1) in

areas of emphysematous enlarged alveoli. DAB chromagen
staining. x100.

In our studies (Table 3), we observed moderate
expression of CD3, CD20, and Ki-67 (++) markers in the
bronchial epithelium, with a slightly elevated level of Bcl-2
(+). In the area of the bronchial basement membrane, there
is increased expression of CD3 and CD20 (++), Ki-67 was
weakly expressed (+), while Bcl-2 was absent (-). In the
smooth muscle tissue of the bronchial wall, CD3 expression
was low (+), CD20 expression was moderate (++), and Ki-
67 expression was maximal (+++); no Bcl-2 expression was
detected (-).

Table 3. Results of immunohistochemical examination of the
lungs of children with bronchiectasis.

Structural elements of the bronchial wall|CD3 |CD20|Ki-67 | Bcl-2
and lung

Bronchial epithelium e I +
Basement membrane ++ | ++ + -
Smooth muscle tissue of the bronchial wall| + ++ | +++ -
Interalveolar septa | b | HH |
Endothelium of blood vessels | |+ -
Smooth muscle tissue of blood vessels + ++ | 4+ +
Pericyte elements of vessels + + + -
Areas of fibrosis + + o+ _

Note: “-” no expression; “+” minimal expression; “++” moderate
expression; “+++” high expression of the marker under study.

Interalveolar septa show high activity of all major markers
(see Table 3): CD3, CD20 and Ki-67 (+++), Bcl-2 is also
noticeable (++). The vascular endothelium is characterised
by strong expression of CD3 and CD20 (+++), Ki-67 is
moderately expressed (++), and Bcl-2 is absent (-). In
vascular smooth muscle tissue, CD3 expression is low (+),
CD20 expression is moderate (++), Ki-67 expression is also
moderate (++), and Bcl-2 expression is weak (+). Pericytic

elements of the vessels show low activity of all markers CD3,
CD20 and Ki-67 (+), while Bcl-2 is absent (-). In areas of
fibrosis, weak expression of CD3 and CD20 (+) is detected,
while Ki-67 is maximally expressed (+++), and Bcl-2 is not
detected (-).

At the same time, high Ki-67 staining is noted in the
interalveolar septa, smooth muscle tissue, and areas of
bronchial wall fibrosis, and moderate staining is noted in
the bronchial epithelium and pulmonary tissue vessels (see
Table 3).

Discussion

The complex mechanisms of pathogenesis in bronchi-
ectasis are emphasised by many researchers. An interaction
between immunogenetic susceptibility, immune dysregu-
lation, bacterial infection, and lung damage is suggested.
Damaged epithelium impedes mucus clearance and
facilitates bacterial infection with increased coughing, sputum
production, and airflow obstruction. Bronchiectasis may be
present in autoimmune disease as well as in conditions
of immune dysregulation [3]. Many children have ciliary
dysmotility, which correlates with the presence and severity
of bronchiectasis [25].

Thus, immunohistochemical analysis of lung tissue in
children with bronchiectasis shows pronounced activity of
both T-lymphocytes (CD3+) and B-lymphocytes (CD20+)
in virtually all structural elements of the lung, especially
in the interalveolar septa and vascular endothelium, as in
previous studies. High levels of Ki-67 marker expression
in the interalveolar septa, bronchial smooth muscle tissue,
and areas of fibrosis indicate active cell proliferation
processes. Bcl-2 expression was detected only in individual
structures, which indicates uneven apoptotic activity and
may indicate the predominance of proliferative processes
over programmed cell death mechanisms. Taken together,
these data confirm the presence of active inflammatory
and reparative processes in the lung tissue of children with
bronchiectasis, reflecting the chronic nature of the disease
and the intensity of immune defence [3]. Children with
bronchiectasis show noticeable changes in the morphometric
parameters of the bronchial mucosa of various calibres.
These changes are characterised by a significant increase
in the height of the epithelium and the lamina propria under
the multi-row ciliated epithelium (/). The older the sick child,
the higher these parameters are [15].

Chronic inflammation accompanied by activation of
neutrophils, macrophages and T lymphocytes, hyperproduc-
tion of proinflammatory cytokines (IL-1B, IL-6, TNF-a),
as well as impaired regulation of apoptosis and tissue
repair processes, plays a particularly important role in the
pathogenesis of bronchiectasis. Immunological studies
indicate that children with bronchiectasis often show signs
of secondary immunodeficiency — a decrease in the number
of CD3+, CD4+ and CD8+ cells, an imbalance in the Th1/
Th2 ratio, a decrease in IFN-y and IgA synthesis, and IgE
hyperproduction [23]. This creates a tendency for bacterial
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infections to persist and inflammation to become chronic [9].

Medical science is actively studying the protective
mechanisms of the lungs, which, thanks to innate and
adaptive immunity, resist the constant exposure to
pathogens, allergens, and toxins. Epithelial cells, leukocytes,
and resident immune cells secrete factors that regulate
inflammation and have a bactericidal effect, which explains
the low incidence of pulmonary infections in healthy people
[13]. The respiratory tract epithelium protects the lungs
from inhaled pathogens and metabolites. Mucus produced
by goblet cells and glands is continuously moved from
the distal sections to the larynx by the movement of cilia,
ensuring the cleansing of the respiratory tract [14]. Epithelial
defects caused by infection lead to impaired drainage, mucus
obstruction, and loss of respiratory function; significant
damage to the respiratory tract may be irreversible, making
early intervention a key goal of therapy [11]. The innate
immune system is capable of forming a “memory” of past
exposures [2]; its epithelial components are laid down in
prenatal ontogenesis and later supplemented by lymphoid
structures. Pulmonary neuroendocrine cells are considered
part of the innate immune system [7, 171].

Comparing the quantitative indicators of lymphocytes in
bronchiectasis in children with the data of the control group,
it can be noted that the number of lymphocytes in children
with bronchiectasis differs significantly from the control group
in all age categories. Newborns with bronchiectasis have
significantly higher lymphocyte levels compared to the control
group. This level remains high in infants, preschoolers,
and school-age children with bronchiectasis. The greatest
differences compared to the control group are observed in
preschoolers and school-age children [28].

The immunological mechanisms of bronchiectasis
pathogenesis are discussed in detail in a number of studies.
For example, Murray P. J. and Wynn T. A. [18] described both
the protective and pathogenic functions of macrophages in
inflammatory lung diseases. Macrophage subpopulations
play a key role in maintaining the balance between reparative
and damaging processes. Supplementing these data, Pollard
J. W. [20] showed that trophic macrophages can participate
in both tissue repair and chronic inflammation.

Comparing the results of immunohistochemical studies
of bronchiectasis in children with those of the control group
reveals some differences. The level of CD3+ cells, which is
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CTPYKTYPHI KOMMOHEHTU TA IMMYHHOTICTOXIMIYHI OCOBNIMBOCTI OPTAHIB OUXAHHSA Y OITEW NMPU

BEPOHXOEKTA3IAX

Xamidoea ®. M., A6dynnaee b. C., CynatimoHosa M. )., Xoenieea M. 6., AmiHoea H. A.

BugyeHHs1 XpOHiYHO20 3anarneHHs fieeeHes8oi mKkaHUHU fpu bpoHxoekmasisx y 0imel € HeobxiOHuM 0551 enubwoao pPo3yMiHHS
KITIMUHHUX | MOMEKYNSPHUX MEeXaHi3Mie XPOHIYHUX PECipamopHUX 3axX80pro8aHb ma po3pobku Hosux ridxodie Ao ix mepariii.
Mema docrnidxeHHs — sug4UMU 2icmosio2iYHi ma iMyHO2iCmOoXiMidHi 3MiHU cmpyKkmyp 6poHXie i neeeHb npu 6poHxoekmasisix y
dimed. Y pobomi sukopucmaHo Yacmku abo ghpacmeHmu ne2eHb, sudaneHi nid Yac onepauit 3 npueody 6poHxoekmasiti y 62
Oimed. OmpumaHi Mikporpenapamu mkaHUH 6poHXxie i ieceHb 3abaperoeanu 2eMamoKCUIIHOM ma e03UHOM, MiKPOyKCUHOM
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3a BaH li3oHoM, pe3opuyuH-cbykcuHom 3a Belleepmom. IMyHoeicmoximiuHi docnidxeHHs MiKkpornpernapamie 5ie2eHb 8UKOHaHI
3 8UKOPUCMAaHHSAM MOHOKMOHabHUX aHmumin 0o Ki-67, Bcl-2, CD3, CD20. [llopigHtoro4yu pe3yribmamu iMyHO2iCmoxiMidHUX
docnidxeHb y Oimel i3 6poHX0eKma3issMu ma 8 KOHmMPObHIl epyri, 8USBNIEHO 8upaxeHi 8ioMiHHOcmi. Tak, piseHb CD3+ KrimuH —
Mapkepa iMyHHOI akmusHocmi — 6ye 3HaqyHo suwumM y dimed i3 6pOHX0eKmMasisiMu 8 yCix 8iKogUX 2pyrnax MopIi8HSIHO 3 KOHMPOoIemM
(p<0,001) i npodoexysas 3pocmamu 3i 36inbweHHAM 8iKy. AHanoeidHo, emicm CD20+ knimuH makox 6ys suwum y dimed i3
b6poHxoekma3sisamu He3anexHo gi0 8iky (p<0,05 i p<0,01), i3 meHOeHUjeto 00 oo 3b6inbweHHs1 y cmapuwux dimed. lNoka3Huk Bel-
2, nog’asaHull i3 npoyecamu anonmoay KnimuH, y dimeu i3 6poHxoekmasismu 6ys dew,o nidsuLeHUM, NPome pisHUUs He 3aexou
docsizana cmamucmu4yHoi 3Hadyuocmi. BooHodac pigeHb Ki-67, wo gidobpaxae iHmeHcusHicmb KnimuHHOI ripornichepayii, bys
docmosipHo suwum y dimel i3 6pOHX0eKmMa3sisiMu y 8cix 8iKkosux epynax nopieHsIHO 3 KoHmponem (p<0,001). Takum YuHoM, y
dimedl i3 6pOHX0eKmMasisiMu 8UsI8NAOMbLCS 3MIHU iIMYHO2ICMOXIMIYHUX Xapakmepucmuk, siKi ceidyamb rpo akmusidaujto iMyHHOT
cucmeMu ma focusieHy KimuHHy nposighepaduito. Lli npouecu moxymes 6ymu noe’si3aHi i3 3ananeHHsaMm ma iMyHHUMU peakyisimu,
murnosumu 0115 daHO20 3ax80pro8aHHs. BidrnogioHo, MOxHa 3pobumu 8UCHOBOK, W0 y dimeli i3 BpOHX0eKma3sisMu akmueizytomscsi
8Ci f1aHKU iMyHHOT cucmemu. [pu UyboMy 8CMaHOBIEHO, WO 8 HUX Nepesaxkaromb 0eCmpyKMUHI 3MiHU iMyHHUX KOMITOHEeHMI8, Wo
8Ka3ye Ha 3HUXEHHSI iX 3axXUCHOI (hyHKUjT..
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The hippocampus plays a significant role in the formation of multiple central nervous
system functions and is highly sensitive to pathological influences, as demonstrated
in numerous experimental studies. However, the impact of induced colorectal
adenocarcinoma on the structural organization of the hippocampus remains unclear.
Therefore, the aim of our study was to investigate histological changes in the dentate
gyrus under conditions of N,N-dimethylhydrazine (DMH)-induced colon cancer in rats,
as well as to evaluate the corrective effects of Au/Ag/Fe nanomaterials. A total of 45
white rats were used and divided into three groups: Group | — intact rats, Group Il — rats
with DMH-induced oncogenesis, Group Il - rats with DMH-induced adenocarcinoma
receiving a composition of Au/Ag/Fe nanomaterials. Carcinogenesis was induced by
subcutaneous administration of N,N-dimethylhydrazine (DMH, batch D161608, Sigma-
Aldrich Sp. z o.0., Japan) once weekly for 30 weeks in the interscapular region. The
composition of Au/Ag/Fe nanomaterials was administered intragastrically once daily
for 21 days to rats of Group Ill. Brain samples were processed according to standard
histological protocols, and sections were stained with toluidine blue and hematoxylin-
eosin. Morphological changes were visualized using a MICROmed SEO SCAN
microscope equipped with a Vision CCD camera. Histological examination revealed
that rats of Group Il demonstrated the most pronounced alterations in the granular layer
of the dentate gyrus, including decreased cell density, presence of activated glial cells
and shadow cells, nuclear pyknosis, and disrupted ratios of normochromic to hyper-
and hypochromic neurons. Hemodynamic disturbances with the development of stasis,
sludge, and perivascular edema were also observed. Administration of the Au/Ag/Fe
nanocomposite contributed to restoration of the structural organization of the granular
layer, with increased cell density, reduction of glial elements, and normalization of
hippocampal stratification. Correction with nanomaterials substantially improved
the morphological state of the hippocampus, reduced the severity of pathological
alterations, promoted restoration of the cellular architecture of the dentate gyrus, and
normalized the condition of the microvascular network.

Keywords: brain, hippocampus, carcinogenesis, dentate gyrus, nanoparticles,
neurons, histological changes.

Introduction

The hippocampus, together with the dentate gyrus,
subicular complex, and entorhinal cortex, constitutes the
hippocampal formation, which is located at the floor of
the temporal horn of the lateral ventricle and is part of the
medial temporal lobe in all mammals. This structure, closely
interconnected with the adjacent cortex through which most
of its connections are mediated, plays a pivotal role in the

central nervous system, underpinning processes of memory,
learning, and emotional regulation, while also exhibiting high
sensitivity to pathological influences [5, 14, 25, 26].

A reduction in its volume and associated cognitive
impairments have been documented in patients with chronic
obstructive pulmonary disease, liver cirrhosis, pancreatitis,
and in individuals undergoing hemodialysis [4, 24, 28, 29].
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Experimental models of disease have similarly revealed
structural alterations: in induced colitis, metabolite clearance
is impaired, amyloid plaques accumulate, microglia and
astrocytes are activated, leading to neuronal death and
cognitive deficits [30, 32]. In bone inflammation, osteoblasts
overproduce lipocalin-2, which damages neurons in the CA1
field of the hippocampus [31]. Comparable changes have
also been described under conditions such as streptozotocin-
induced diabetes mellitus, gut dysbiosis, high-fructose diets,
and viral infections [8, 16, 19, 23]. Arterial hypertension
leads to hippocampal volume reduction due to layer atrophy,
decreased neurogenesis in the CA1 field, and lowered levels
of brain-derived neurotrophic factor [11].

Conversely, hippocampal function improves in both
animals and humans in response to physical exercise.
This phenomenon is attributed to enhanced hippocampal
neurogenesis, increased cell proliferation, improved synaptic
plasticity, and higher dendritic density. It is believed that
neurogenesis and cell proliferation are major determinants
of hippocampal function, learning, and memory [3, 11].
Current evidence suggests that impaired adult hippocampal
neurogenesis may contribute to cognitive decline in
neurological disorders and to the emergence of psychological
symptoms in psychiatric conditions [9, 12].

The vulnerability of the hippocampus has made it a
focal point in studies of epilepsy, Alzheimer’s disease, and
neuroinflammation. Concurrently, contemporary research
increasingly explores nanoparticles as promising agents
for modulating pathological changes in brain tissue. Due to
their small size, these particles are able to cross the blood-
brain barrier and influence cellular metabolism and immune
mechanisms [7, 21]. For instance, silica nanoparticles exhibit
cytostatic properties under phototherapy, while calcium
hydroxyapatite, silver, and gold nanoparticles selectively
inhibit cancer cell proliferation [22, 27]. Silver nanoparticles
are considered a “two-in-one” therapeutic system, as they not
only exert cytotoxic activity through the release of reactive
silver ions but also transport cytotoxic agents to target tissues
[11]. Iron nanoparticles are used for drug delivery across the
blood-brain barrier owing to their magnetic properties and
lower toxicity. Zinc nanoparticles reduce cell viability and
induce apoptosis, including in neuroblastoma cell models;
in Parkinson’s disease models, they alter dopamine levels
and may have neuroprotective potential [17].

Of particular importance for modeling systemic brain
effects is N,N-dimethylhydrazine (DMH), a carcinogen that
induces colorectal adenocarcinoma. Its metabolites damage
DNA, provoke oxidative stress and chronic inflammation,
thereby recapitulating multistage carcinogenesis akin to the
human condition. This makes the DMH model a valuable tool
not only for studying tumor growth but also for investigating
the distant consequences of colorectal cancer, including
effects on the brain.

The aim of our study was to investigate histological
changes in the dentate gyrus in a rat model of N,N-
dimethylhydrazine-induced colorectal cancer, and under

conditions of correction with Au/Ag/Fe-based nanomaterials.

Materials and methods

The study involved 45 white laboratory rats of the Wistar
strain, maintained under standard vivarium conditions
at |I. Horbachevsky Ternopil National Medical University,
Ministry of Health of Ukraine. The animals had free access
to drinking water and were fed a standard diet ad libitum. All
procedures involving animals were conducted in accordance
with the European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific Purposes
(Strasbourg, 1986), the Law of Ukraine “On the Protection of
Animals from Cruelty,” the ethical principles of experiments
(Kyiv, 2001), and were approved by the Bioethics Committee
of I. Horbachevsky Ternopil National Medical University
(Protocol No. 75, dated 01.11.2023).

Colorectal adenocarcinoma was induced by subscapular
administration of N,N—dimethylhydrazine (DMH, batch
D161608, Sigma-Aldrich Sp. z 0.0., Japan) once every
seven days over a period of 30 weeks. The animals were
divided into four groups: Group | — intact white rats; Group
Il — white rats with DMH-induced carcinogenesis; Group
Il — rats with DMH-induced adenocarcinoma that received
a nanomaterial composition of Au/Ag/Fe. The animals in
Group Il were administered an aqueous dispersion of Au/Ag/
Fe nanoparticles intragastrically once daily for three weeks.

Animals in Group Il were sacrificed after 30 weeks,
and those in Group lll after 21 days, for further analysis
of changes in the dentate gyrus of the hippocampus. For
euthanasia, the animals were anesthetized via intraperitoneal
injection of 10 % thiopental sodium solution at a dose of
50 mg/kg (Arterium, Ukraine), followed by decapitation.

Subsequent sample processing was performed using
standard histological techniques, including embedding in
paraffin blocks. Sections 4-5 pm thick were prepared using
the AMR400 microtome (Amos, Australia) and stained by
two methods: hematoxylin and eosin, and Nissl staining
with toluidine blue. Histological preparations were examined
using a MICROmed SEO SCAN microscope equipped with
a Vision CCD video camera.

Results

The histological structure of the hippocampus in animals
of Group I (control) corresponded to the typical morphological
pattern. Microscopic examination revealed the characteristic
three-layered organization of this structure. The molecular
layer (stratum moleculare) was sparsely populated with cells
and contained dendrites of granule neurons. Occasional small
glial cell nuclei were observed, and the staining was faint.

Neurons of the granule cell layer (stratum granulosum)
were small, round to oval in shape, and closely packed,
typically arranged in 4-8 rows. The cell nuclei were
normochromatic, well-defined, round, with a prominent
nucleolus and predominantly euchromatic content. The
cytoplasm appeared faintly visible, forming a thin rim around
the nucleus, and was weakly stained.
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The polymorphic layer (stratum polymorphe) contained
large polygonal cells, including mossy neurons, which were
distributed more loosely and irregularly, often among fibrous
structures. Nuclei in this layer exhibited greater morphological
varlablllty compared to granule neurons (F|g 1)

. ’ -

Fig. 1. Histological organization of the dentate gyrus of the
hippocampus in control group rats. 1 — molecular layer, 2 —
granule cell layer, 3 — polymorphic layer. Hematoxylin and eosin
staining. x200.

After seven months of modeling colorectal adenocarcinoma,
pronounced dystrophic changes characteristic of chronic
toxic damage and neurodegeneration were observed in the
dentate gyrus of the hippocampus. Loss of stratification of
the dentate gyrus layers was noted, with indistinct boundaries
between the molecular, granule cell, and polymorphic
layers. Neurons in the granule cell layer were deformed,
exhibiting pyknotic nuclei and cytoplasmic destruction, with
the appearance of intercellular vacuoles.

Cells with marked hypochromia were identified,
characterized by faintly stained nuclei and cytoplasm, lacking
signs of basophilic substance. Some neurocytes exhibited
shrunken, hyperchromatic nuclei typical of pyknosis, with
loss of nuclear contour clarity. In certain areas, shadow
cells — residual bodies of neurocytes that had undergone
degenerative and necrotic changes — were observed.
Enlarged perivascular spaces and pericellular edema were
also noted.

Within the granule cell layer, polygonal hyperchromatic
cells identified as activated glia were present. In the
polymorphic layer, some neurocytes were deformed,
with nuclei displaced from the central position and a
predominance of heterochromatin within the nuclei (Fig. 2).

In hippocampal micropreparations of rats with DMH-
induced colorectal cancer treated with the nanoparticle
composition, regenerative changes were observed in
comparison to Group Il. These included restoration of the
structural organization of the granule cell layer and increased
cell density. A reduction in the number of polygonal atypical
cells was noted, indicating a diminished impact of the
pathological process. The boundaries between the layers

Flg 2. Histological changes inthe granule cell Iayer ofthe dentate
gyrus of the hippocampus after 7 months of carcinogenesis
modeling. 1 — hyperchromatic neurocytes, 2 — shadow cells,
3 — pericellular edema. Nissl staining. x200.

were more distinct, and hypo- and hyperchromatic neurocytes
were less frequently encountered. Hemocapillaries were
moderately engorged, with clearly defined walls and no
pronounced perivascular edema. These findings suggest
a neuroprotective or restorative effect of the administered
nanomaterials (Fig. 3).

au AR
Fig. 3. Histological changes in the granule cell layer of
the dentate gyrus of the hippocampus in rats with induced
carcinogenesis and nanoparticle-based correction. 1 — molecular
layer, 2 — granule cell layer, 3 — polymorphic layer, 4 — isolated
hyperchromatic neurocytes. Nissl staining. x200.

Discussion

The obtained histological studies demonstrate that in
situ induction of colorectal adenocarcinoma using N,N-
dimethylhydrazine leads to significant histological alterations
in the hippocampus, particularly in the dentate gyrus. A
reduction in neuronal density, appearance of pyknotic
nuclei, dystrophic changes in the cytoplasm, and microglial
activation were observed. Vascular alterations were noted,
especially in the hemomicrocirculatory compartment, with the
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development of stasis, sludge formation, and perivascular
edema.

These hippocampal layer changes can be attributed
to oxidative stress in the context of carcinogenesis, the
development of neuroinflammation with microglial activation,
and suppression of neurogenesis. Akey role in the structural
changes of the hippocampus is played by the inhibition of
neurogenesis in the granule cell layer of the dentate gyrus —
one of the few regions in the adult brain where neurogenesis
occurs. Additionally, dysfunction of the glutamatergic system
significantly contributes to the histological alterations,
ultimately resulting in the loss of synaptic connections. These
observations are consistent with previous studies that have
shown chronic systemic stress can induce neurodegenerative
changes in the hippocampus, particularly through disruptions
in antioxidant defense systems and inflammatory responses
[2, 31, 32].

For instance, streptozotocin-induced gestational diabetes
in pregnant rats leads to morphohistological alterations in
the hippocampus of offspring, including a reduction in CA3
area size, decreased neuronal density, and disorganization
of pyramidal cell architecture. In a model of acute
gastrointestinal inflammation in rats, reduced neuroactivity
and decreased density of dendritic spines in hippocampal
neurons were reported, indicating structural remodeling
at the synaptic level. Ovariectomy resulted in reduced
synaptic transmission between the CA3 and CA1 regions
and microglial activation [20].

Administration of the Au/Ag/Fe nanoparticle composition
exhibited a positive effect on hippocampal morphology. There
was restoration of cell density in the granule cell layer, a
decrease in the number of glial cells, and clearer demarcation
of the dentate gyrus layers. These findings suggest a potential
neuroprotective effect of the nanomaterials, likely mediated
by their antioxidant and anti-inflammatory properties [6].

Similar effects of nanoparticles have been reported in
other studies. For example, selenium administration in a
chronic stress model in rats led to behavioral improvement
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FICTONONIYHI 3MIHU 3YBYACTOI 3BUBUHU MNMOKAMIMA LUYPIB 3 IHOYKOBAHOIK AQEHOKALMHOMOIO TOBCTOI
KULLKWU TA 3A YMOB KOPEKLIi HAHOMATEPIATTAMU

YebepHiHa I. O., He6ecHa 3. M., OziHcbka H. B., Femmaniok I. B., Kynb6iybka B. B.

linokamn 3atimae 3Ha4yHe Micue y ¢hopMy8aHHI piHOMaHimHuUX ¢hyHKUIl UyeHmparbHOi Hepeoegoi cucmemu, i € Oyxe 4yymnueum
00 nmamosio2idHux ernnueis, wWo 8i0mMeopeHo y YUCIeHHUX ekcriepumeHmax. [oci 3anuwaemscsi HeSICHUM 8riu8 iHOYKo8aHoI
adeHoKapUyUHOMU MOBCMOI KUWKU Ha CMPYKMYpHy opaaHisaujito 2inokamrna, momy Memor Hawo20 O0CiOKeHHS Byr10 8UBHEHHS
2icmornoeiyHux 3miH 3ybyacmoi 3eusuHu Ha ¢oHi N,N—Oumemurziopa3uH-iHOykogaHO20 paKy moecmoi KUWKU wypie ma 3a
ymMo8 Kopekuii HaHomamepianamu Au/Ag/Fe. [na nocmarosku docnidy byno sukopucmaHo 45 6inux wypie ma nodineHo ix Ha 3
epynu: | — iHmakmui 6ini wypu, Il — 6ini wypu, skum modemosanu JMI-iHdykoeaHuli oHkozeHes, Il — wypu 3 Ml -iHOykoeaHo
adeHOKapUUHOMOI0, sIKi ompuMyseanu KoMno3uuito HaHomamepiarnie Au/Ag/Fe. [ns iHOyKuii kaHUepozeHe3y sukopucmosysanu
N,N-dumemunzidopasuH (M, cepis D161608, Sigma-Aldrich Sp. z 0.0., 5lnoHisi) 1 pa3 Ha 7 dHie npomsizom 30 MuKHi8 MiOWKIPHO
y mixnonamkosy 0insHKy. Kommnosuuito HaHomamepianie Au/Ag/Fe y suansdi po3q4uHy ysodunu eHympiluHboWwyHKogo 1 pa3 Ha
006y npomsicom 21 OHsA wypam Il epynu. 3pasku 20/108H020 MO3KY 06p0brisnu 32i0HO cmaHOapmMHUX 2iCMOoroaiYHUX MemMOOUK,
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Proper modeling of dental arch form is one of the key objectives of modern
orthodontics, as it determines the stability of both functional and aesthetic treatment
outcomes. Most existing approaches are based only on odontometric parameters
or take into account facial type, which limits the accuracy of prediction. The use of
cephalometric parameters according to the Burstone method combined with computed
tomographic measurements of teeth makes it possible to integrate data from different
levels, thereby providing a more reliable basis for dental arch modeling. This approach
opens opportunities for individualized orthodontic treatment of young males and
females with physiological occlusion and for improving its effectiveness. The aim
of the study was to develop and analyze regression models of linear dimensions
required for constructing the correct dental arch form in Ukrainian young males
and females with physiological occlusion, regardless of facial type, depending on
the characteristics of cephalometric parameters according to the Burstone method
and computed tomographic tooth measurements. Based on the data bank of the
Research Center and the Department of Pediatric Dentistry of the National Pirogov
Memorial Medical University, Vinnytsya cephalograms (41 young males and 68 young
females with physiological occlusion) were analyzed to obtain linear and angular
measurements according to the Burstone method, while computed tomograms were
used for morphometric assessment of teeth and dental arches. Regression models of
the linear dimensions required for constructing the correct dental arch form, depending
on cephalometric parameters and computed tomographic measurements, were built
using the licensed software package “Statistica 6.0”. It was established that in males,
all 18 possible significant models were constructed with a determination coefficient
greater than 0.6 (R? ranging from 0.694 to 0.894, p<0.001), whereas in females
only 10 significant models were obtained (R? ranging from 0.605 to 0.775, p<0.001).
Analysis of the frequency of inclusion of computed tomographic tooth dimensions and
cephalometric parameters into the regression models showed that in males the most
frequent predictors were crown width in the mesiodistal plane (26.09 %) and in the
vestibulo-oral plane (14.49 %), cephalometric parameters (18.84 %), and tooth length
(13.04 %); while in females, cephalometric parameters (28.57 %), crown width and
length in the mesiodistal plane (21.42 % and 9.52 % respectively), and tooth length
(10.71 %) predominated. When analyzing the frequency of inclusion of individual
teeth into the regression models, it was found that in males the most frequent were
the maxillary and mandibular incisors (24.11 % and 20.53 % respectively), maxillary
and mandibular premolars (16.07 % and 14.28 % respectively), and maxillary canines
(10.71 %). In females, the most frequent were maxillary and mandibular incisors
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(43.33 % and 20.00 % respectively), mandibular canines, and mandibular premolars

(11.66 % each).

Keywords: dentistry, teleradiometry using the Burstone method, computed
tomography dimensions of teeth and dental arches, regression analysis, Ukrainian
young males and females, physiological occlusion.

Introduction

Modern dentistry and orthodontics face a high prevalence
of dentoalveolar system pathologies. The problem is further
complicated by the fact that the clinical manifestations of
these conditions vary significantly depending on age, sex,
sociocultural, and ethnic factors, which necessitates an in-
depth investigation of the morphological patterns of growth
and dental arch formation in healthy individuals.

According to numerous studies, maxillofacial injuries
are among the most common types of bodily trauma. In a
retrospective analysis conducted in Qatar, the prevalence of
maxillofacial trauma reached 10.6 % among all hospitalized
patients, with mandibular fractures (41.4 %) and dental
injuries (32.8 %) predominating [1]. Similar results were
reported in South Africa, where the share of maxillofacial
injuries was 8.4 %, with interpersonal conflicts and traffic
accidents being the leading causes [23]. In India, mandibular
fractures accounted for more than 55 % of all cases,
whereas other fracture sites were significantly less prevalent
[27]. Epidemiological studies have shown that 20-25 % of
maxillofacial fractures are accompanied by dental injuries,
further complicating the clinical course and treatment [25].

The problem of traumatic dental injuries is particularly
relevant in children and adolescents. A systematic review
and meta-analysis revealed that the prevalence of dental
trauma in this age group was 17.5 %, with falls (50-60 %) and
sports injuries (20-25 %) being the main etiological factors
[5]. A study in the United States among preschool-aged
children showed that up to 22.7 % had experienced at least
one episode of dental trauma, which was linked to a range
of socioeconomic factors and the level of physical activity [9].

Another important orthodontic issue is impacted teeth,
which often lead to secondary pathologies and require
surgical or orthodontic correction. In a study from Saudi
Arabia, the prevalence of impacted teeth was 13.4 %,
with third molars (8.6 %) and canines (2.5 %) being the
most affected [2]. Another study on an Arab population
reported a 2.1 % prevalence of impacted canines [3]. Iranian
researchers found that the prevalence of impacted teeth
among young adults reached 17.6 %, with mandibular third
molars being the most frequently affected [4].

Malocclusions remain the most widespread orthodontic
pathology in children and adolescents, regardless of ethnic
background. According to a review covering different
geographical regions, the overall prevalence of malocclusion
ranges from 39 % to 93 %, depending on age and population
characteristics [11]. In Turkey, the prevalence among
children and adolescents reached 64.4 %, with Angle Class
| accounting for 55.7 %, Class Il for 32.5 %, and Class
Il for 11.8 % [18]. Similar data were reported in China,
where 45.5 % of children aged 3-5 years were affected,
most commonly with sagittal and vertical deviations in

tooth relationships [32]. In Central Anatolia, malocclusion
prevalence in adolescents was 56.7 %, with 38 % requiring
orthodontic treatment [8]. In Saudi Arabia, prevalence rates
ranged from 62 % to 73 %, confirming the global trend of
high malocclusion frequency [28].

An important aspect in the study of orthodontic pathology
is not only the clinical but also the anthropological perspective.
For example, Kenessey D. E. et al. [13] demonstrated that
the prevalence of dental crowding is significantly influenced
by sociocultural and economic factors. The authors found
that in countries with a high level of urbanization, crowding
prevalence reached 37-40 %, whereas in traditional societies
it was considerably lower — around 20 %. This once again
confirms the multifactorial nature of dentoalveolar anomalies.

Thus, the analysis of the literature indicates a high
prevalence of both traumatic injuries and orthodontic
pathologies across different age groups and populations.
Taking these factors into account is crucial in developing
scientifically based models of a harmonious dental arch.
The use of cephalometric parameters according to Burstone,
combined with CT-based measurements of tooth dimensions,
opens up new prospects for predictive algorithms that
consider not only individual anatomical characteristics but
also general patterns of occlusal development.

The aim of the study was to develop and analyze
regression models of the linear dimensions required for
constructing the correct dental arch form in Ukrainian young
males and females with physiological occlusion, regardless
of facial type, based on the characteristics of cephalometric
parameters according to the Burstone method and computed
tomographic tooth measurements.

Materials and methods

From the data bank of the Research Center and the
Department of Pediatric Dentistry at the National Pirogov
Memorial Medical University, Vinnytsya, primary computed
tomograms and cephalograms were obtained for 41
Ukrainian young males (aged 17-21 years) and 68 Ukrainian
young females (aged 16-20 years) with physiological
occlusion. Computed tomography (using the dental cone-
beam CT scanner Planmeca ProMax 3D Mid, Finland) and
cephalometric examinations (using the dental cone-beam CT
scanner Veraviewepocs 3D Morita, Japan) were performed
on the basis of voluntary informed consent at the private
dental clinic Vininermed and at the Planmeca 3D Center for
Maxillofacial Diagnostics. The Bioethics Committee of the
National Pirogov Memorial Medical University, Vinnytsya
(Protocol No. 6 dated 07.05.2025) confirmed that the studies
conducted did not contradict the main bioethical principles of
the Declaration of Helsinki, the Council of Europe Convention
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on Human Rights and Biomedicine (1977), the relevant WHO
regulations, or the laws of Ukraine.

Measurements according to the Burstone C. J. method
[10] were performed in the OnyxCeph®*™ application, version
3DPro (Image Instruments GmbH, Germany) on standardly
obtained teleradiograms created in the 3D Slicer v5.4.0
software with points marked on 3D objects.

According to this method, the following indicators were
determined.

Skull base and horizontal skeletal indices (Fig. 1):

distance Ar-Pt — back of the skull base, distance between
points Ar and Pt, determines the length of the posterior part of
the base of the skull, parallel to the horizontal line according
to Burstone (HR Line, line drawn through point N and seven
degrees above S-N line) (mm);

distance Pt-N — front part of the skull base, distance
from the point Pt to_N, determines the length of the front
part of the base of the skull, parallel to the horizontal line by
Burstone (mm);

angle NAPog - the angle of the skeletal profile,
determines the convexity of the face, is formed by lines N-A
and A-Pog (°);

distance N-A — distance characterizing the position of
the upper jaw, distance from the perpendicular (N-Vert) to
the horizontal line according to Burstone dropped from the
point N, and point A (mm);

distance N-B — distance characterizing the position of
the lower jaw, the distance from the perpendicular to the
horizontal line according to Burstone dropped from the point
N, and point B (mm);

distance N-Pog — distance characterizing the position
of the chin, distance from the perpendicular (N-Vert) to the
horizontal line according to Burstone dropped from the point
N, and point Pog (mm).

Horisuntal Plane Bursioie

Ar

Fig. 1. Skull base parameters and horizontal skeletal parameters
determined by cephalometric methods C. J. Burstone. 1 —
distance Ar-Pt; 2 — distance Pt-N; 3 — angle NAPog; 4 —distance
N-A; 5 — distance N-B; 6 — distance N-Pog.

Vertical skeletal and dental indicators (Fig. 2):

distance N-ANS —front upper face height, determines the
length of the upper part of the front face height, the distance
from the point N to ANS (mm);

distance ANS-Gn — front lower face height, determines
the length of the lower part of the front face height from the
point ANS to Gn (mm);

distance PNS-N — back top face height, defines the length
of the top of the back face height from the point PNS to the
horizontal line by Burstone (mm);

angle MP-HP — angle of the lower jaw to the horizontal
line according to Burstone, formed by the mandibular plane
tGo-Me and a line by Burstone (°);

distance 1u-NF — distance from the cutting edge of the
most anterior upper central incisor to the palatal plane, length
of the perpendicular to the line ANS-PNS, drawn from the
point Istu (mm);

distance 11-MP — distance from the cutting edge of the
most anterior lower central incisor to the mandibular plane,
length of the perpendicular to the line t{Go-Me, dropped from
a point Is1L (mm);

distance 6u-NF — distance from the mesial buccal tip
of the upper first large canine to the palatal plane, length
of the perpendicular to the line ANS-PNS, drawn from the
point 6u (mm);

distance 61-MP — distance from the mesial buccal tip of
the lower first large canine to the mandibular plane, length
of the perpendicular to the line tGo-Me, dropped from a
point 6L (mm).

Huorisuntal Plane Bursione

Fig. 2. Vertical skeletal and dental parameters determined by
cephalometric methods C. J. Burstone. 7 — distance N-ANS;
8 — distance ANS-Gn; 9 — distance PNS-N; 10 — angle MP-HP;
11 —distance 1u-NF; 12 — distance 1I-MP; 13 — distance 6u-NF;
14 — distance 6I-MP.

Inter-jaw indices (Fig. 3):
distance ANS-PNS - length of the upper jaw, distance
from the point ANS to PNS parallel to the horizontal line by
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Burstone (mm);

distance Ar-Go — length of the mandibular branch,
distance from the point Ar to tGo (mm);

distance Go-Pog — length of the base of the lower jaw,
distance from the point Pog to tGo (mm);

distance B-Pog — distance from point Pog to point B,
parallel to the mandibular plane (line {Go-Me) (mm);

angle arGoMe/ArGoGn — gonial angle, angle formed by
lines Ar-tGo and tGo-Gn (°).

Huriswital Plane Bursivie 1

Fig. 3. Inter-jaw indicators determined by the cephalometric
method C. J. Burstone. 15 — distance ANS-PNS; 16 — distance
Ar-Go; 17 — distance Go-Pog; 18 — distance B-Pog; 19 — angle
arGoMe/ArGoGn.

Maxillofacial indicators (Fig. 4):

angle OP-HP - angle of inclination of the closing plane,
the angle formed by the lines apOcP-ppOcP and HR-Line (°);

distance A-B — distance from point A to the point B, on
the closing plane (apOcP-ppOcP) (mm);

angle Max1-SpP/Max1-NF — the angle of inclination
of the upper central incisors to the palatal plane, the angle
formed by the lines Ap1u-Is1u and ANS-PNS (°);

angle Mand1-MeGo/Mand1-Mp —the angle of inclination
of the lower central incisors to the mandibular plane, the
angle formed by the lines Is1L-Ap1L and tGo-Gn (°).

Morphometric study of teeth and dental arches was carried
out 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.

In previous studies, no significant differences or
tendencies were found when comparing the computed
tomographic dimensions of the corresponding teeth on the
right and left sides. Therefore, we used the 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,

(/

Hursunial Planelbu 1_\

Fig. 4. Dental and maxillofacial parameters determined by
cephalometric method C. J. Burstone. 20 — angle OP-HP; 21
— distance A-B; 22 — angle Max1-SpP/Max1-NF; 23 — angle
Mand1-MeGo/Mand1-Mp.

15 or 45 — maxillary or mandibular second premolars, 16 or
46 — maxillary or mandibular first molars.

Tooth morphometry included the determination of
the following distances (mm) [26]: crown width of the
corresponding teeth in the mesiodistal (MdK) and vestibulo-
oral (VoK) planes; cervical width of the corresponding teeth
in the mesiodistal (MdC) and vestibulo-oral (VoC) planes;
tooth length (identical) in the mesiodistal and vestibulo-oral
planes (MdLD); crown length of the corresponding teeth in
the mesiodistal (MdLK) and vestibulo-oral (VoLK) planes; root
length of the corresponding teeth in the mesiodistal (MdLR)
and vestibulo-oral (VoLR) planes.

Dental arch morphometry included the determination
of the following distances (mm) [26]: between the cusp tips
(distance 13_23Bugr) and root apices (distance 13_23Apx)
of the canines in the maxilla and between the cusp tips
(distance 33_43Bugr) and root apices (distance 33_43Apx) of
the canines in the mandible; between the palatal root apices
(distance mapex_6), mesial vestibular root apices (distance
napx_6), distal vestibular root apices (distance dapx_6), and
mesial vestibular cusps (distance VestBM) of the maxillary first
molars and the distal (distance dapx_46) and mesial (distance
mapx_46) root apices of the mandibular first molars; between
premolar (distance PonPr) and molar (distance PonM) Pont’s
points; between the crowns of the central incisors and the
lines connecting the canines (distance DL_C), first premolars
(distance DL_F), and molars (distance DL_S) of the maxilla;
as well as the distances characterizing the position of the
canine (distance GL_1), premolar (distance GL_2), and molar
(distance GL_3) lines relative to the hard palate.

By means of the stepwise regression analysis method,
using the licensed statistical package “Statistica 6.0,”
modeling of the linear dimensions required for constructing the
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correct dental arch form depending on the characteristics of
cephalometric parameters according to the Burstone method
and computed tomographic tooth dimensions was carried out.

Results

It was established that in Ukrainian young males
with physiological occlusion, regardless of facial type,
the significant regression models (with a determination
coefficient 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 Burstone method and computed tomographic tooth
measurements, are represented by the following equations:

distance PonPr (young males)= 10.43 + 1.066xMdK12
+ 1.425xMdK15 - 0.525xMdLR12 + 2.571xMdK45
+ 3.213xMdK41 - 0.345xMdLD14 + 0.293xMdLD11
- 0.315xMdLD13 - 0.760xMdK46 + 0.153xAr-Pt -
0.075xPt-N (R?=0.894, F,,, .=22.17, p<0.001, Std.Error of
estimate=0.793);

distance PonM (young males)= 31.31 + 2.184x\VoK15
+ 1.024xMdLD44 - 0.463xMdLD14 - 0.127xAr-Go_Gn +
1.914xMdK15 - 1.637xVoK42 - 0.100xAr-Pt (R?=0.722,
F 735=15.95, p<0.001, Std.Error of estimate=1.351);

distance 13_23Bugr (young males)= 8.242
+ 2.802xMdK12 + 2.025xMdK13 - 0.760xVoLR12
- 0.660xVoK14 + 1.416xMdK41 + 2.207xMdC41 -
1 .485xV0oC41 + 0.315%xVoLR42 - 0.044xPNS-N (R?=0.855,

F 041=20.37, p<0.001, Std.Error of estimate=0.867);

distance 13_23Apx (young males)=46.02 + 1.758xMdC12
-0.111xAr-Go + 1.534xMdK11 - 1.612xVoK16 + 1.587x\oK45
- 1.833xMdK13 - 1.572xVoC43 + 0.453xMdLD14 -
0.522xMdLR43 (R?=0.712, F ,, =8.23, p<0.001, Std.Error
of estimate=1.399);

distance VestBM (young males)= 31.25 + 1.390xVoK15
+ 0.820xMdLD44 - 0.160%Ar-Go_Gn - 0.571xMdLD14 +
1.868xMdK44 + 1.622xMdK15 (R?=0.805, F ., =23.33,
p<0.001, Std.Error of estimate=1.269);

distance napx_6 (young males)= 37.57 + 2.906xMdC42
- 2.669xVoK16 + 4.525xMdK12 - 0.685xVoLR13 +
0.810xMdLD45 - 0.914xVoLR11 - 0.082xN-ANS (R?=0.716,
F 725=11.90, p<0.001, Std.Error of estimate=1.873);

distance dapx_6 (young males)=-23.49 + 2.973xVoK15
+ 3.030xMdK46 - 5.057xMdC13 + 1.121xVoLK13
+ 2.296xMdK12 + 3.425xMdK15 + 2.377xVoC13 -
1.996xMdC16 (R?=0.764, F . =12.95, p<0.001, Std.Error
of estimate=2.374);

distance mapex_6 (young males)=2.105 + 2.549xMdK45
+ 3.769xMdK15 + 1.767xMdK12 + 1.943xMdC41 -
0.658xMdLR42 + 0.481xMdLD44 - 0.752xMdLK13 +
1.797xMdK41 - 0.116xAr-Go_Gn + 0.114xOP-HP (R?=0.875,
F 10.30=20.99, p<0.001, Std.Error of estimate=1.354);

d/stance 33 _43Bugr (young males)= -3.152 +
1.207xMdK12 + 2.501xMdK42 - 0.461xMdLR11 +
0.356xMdLD43 - 0.254xVoLR13 - 0.040xN-ANS +
0.224xMdLR42 + 0.638xMdK46 (R?=0.776, F ., ,=13.83,
p<0.001, Std.Error of estimate=0.781);

(11.29)

(9.30)

(6.34)

(8.32)

(8.32)

distance 33_43Apx (young males)= 21.96 +
0.894xMdLD43 - 0.104xPt-N + 4.782xVoK43 - 2.128xVoK42
- 2 628xV0oC43 - 0.449xMdLD45 - 2.010xMdK15 (R?=0.747,

F 73=13.94, p<0.001, Std.Error of estimate=1.283);
distance mapx_46 (young males)=1.572 + 1.588xMdLK12
+ 2.105xMdK45 + 2.971xVoK16 - 0.633xMdLD45
- 1.890%xVoK46 - 0.096xAr-Go + 3.025xMdK42 +
1.515xMdK15 (R?=0.806, F.,=16.11, p<0.001, Std.Error
of estimate=1.343);

distance dapx_46 (young males)=40.58 - 0.164xMand1-
MP - 0.172xPt-N + 2.143xVoK16 + 1.953xMdK45 +
2.070xMdC12 - 0.533xMdLR12 (R?=0.736, F 65=15.36,
p<0.001, Std.Error of estimate=1.584);

distance DL_C (young males)=-10.80 + 0.831xMdK11 +
0.825xVoK41 - 0.359%VoLK41 + 0.307xVoLK13 + 0.107 xA-
B + 0.081xAr-Pt + 0.853xMdK44 (R?=0.825, F,,, =22.25,
p<0.001, Std.Error of estimate=0.618);

distance DL_F (young males)= 4.159 + 1.585xMdK11
+ 0.820xVoK15 - 0.357xVoLK42 - 0.715xVoK45 +
1.117xVoC42 - 0.054xAr-Go_Gn + 0.429xVoK14 -
0.195xMdLR42 (R?=0.849, F ,,,=22.42, p<0.001, Std.Error
of estimate=0.670);

distance DL_S (young males)=-1.341 + 1.912xMdK11 +
0.766xVoK15 +0.253%xA-B + 0.595xMdLK12 - 0.163xMdLK41
+0.704xVoK11 (R?=0.860, F 634=34.93, p<0.001, Std.Error
of estimate=0.759);

distance GL_1 (young males)= 7.522 + 0.355xN-A-
Pog + 0.415x6u-NF - 0.651xVoLR12 + 0.839xMdLK13 -
0.126xPNS-N + 1.729xVoC41 - 0.526xMdLR12 (R?=0.707,
F 735=11.36, p<0.001, Std.Error of estimate=1.445);

distance GL_2 (young males)= 10.23 + 3.060xVoK12
- 1.148xMdLR12 + 0.161xN-A-Pog + 1.000xMdLD13 -
0.982xMdLD45 + 0.715xMdLK11 - 1.904xMdK41 (R?=0.694,
F(7_33)=10.68, p<0.001, Std.Error of estimate=1.604);

distance GL_3 (young males)= 30.96 + 0.198x6u-NF
- 0.085xAr-Go_Gn - 0.821xMdLD45 + 0.827xMdLD11 -
0.075xMand1-MP - 1.337xMdK16 + 2.868xMdK42 (R?=0.704,
F 73=11.20, p<0.001, Std.Error of estimate=1.250);

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

It was established that in Ukrainian young females
with physiological occlusion, regardless of facial type,
the significant regression models (with a determination
coefficient 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 Burstone method and computed tomographic tooth
measurements, are represented by the following equations:

distance 13_23Bugr (young females)= 18.61 +
1.254xMdK11 +1.666%VoC12 - 0.153xMP-HP - 0.052xMdC43
+ 0.447xB-Pog - 0.641xVoC11 + 0.271xMdLK42 +
0.584xVoLK11 - 0.568xVoLK43 - 0.084xGo-Pog +
0.108xAr-Pt (R?=0.611, F , .=7.88, p<0.001, Std.Error of
estimate=1.160);

(8.31)

(7.33)

(8.32)

(11.56)
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distance 13_23Apx (young females)= 9.787 +
3.071xMdK11 + 0.910xMdLD45 - 0.537xMdLD43 -
2.704xVoC11 +1.526xMdC41 + 0.112x1I-MP + 1.645xVVoK11
- 1.730xMdK43 - 0.386xMdLD15 (R?=0.608, F _,=9.98,
p<0.001, Std.Error of estimate=1.652);

distance mapex_6 (young females)= -0.898
+ 4.351xMdK11 + 0.540x1u-NF + 0.715xMdLK42 +
3.153xVoK12-2.567xMdC12-0.341x1I-MP + 0.454xMdLD44
- 2.461xVoC11 + 1.670xVoK16 - 1.878xMdK43 (R?=0.606,
F(10_57)=8.78, p<0.001, Std.Error of estimate=2.164);

distance mapx_46 (young females)= 36.41 +
0.697xN-Pog + 0.975xMdLK12 - 0.070xMdC43 - 0.576xN-B
+1.458xMdK41 - 1.342xVVoK44 + 1.364xMdK13 (R2=0.701,
F 754=18.12, p<0.001, Std.Error of estimate=1.595);

distance dapx_46 (young females)=47.90 + 0.562%N-Pog
+0.563%VoLR42-0.487xN-A+2.936xMdC12 - 1.875xMdK44
+ 0.718xMdLK12 - 1.475xMdC41 (R?=0.714, F, _,=19.29,
p<0.001, Std.Error of estimate=1.834);

distance DL_C (young females)=-7.488 + 0.451xMdK11
+ 0.594xMdLD11 - 0.263xMdLD14 - 0.188xB-Pog +
0.617xMdK46 - 0.612xVoLK11 + 0.438xVoLK12 +
0.674xVoK42 - 0.200xVoLR42 (R?=0.653, F,_.=12.11,
p<0.001, Std.Error of estimate=0.685);

distance DL_F (young females)=-11.27 + 1.014xMdK11
+ 0.045xMand1-MP + 0.869xVoC11 + 0.803xMdK13 -
0.175xB-Pog + 0.512xMdK16 (R?=0.656, Fesn=19.41,
p<0.001, Std.Error of estimate=0.847);

distance DL_S (young women)= -5.658 + 1.232xMdK11
+ 0.841xMdK45 + 0.293xMdLD41 + 0.066xMand1-MP
- 0.437xMdLD44 + 0.759xMdK16 + 0.239xMdLD11 +
0.618xMdK44 (R?=0.775, F ., =25.42, p<0.001, Std.Error
of estimate=0.830);

distance GL_2 (young women)= 14.73 - 0.199xMax1-
NF + 0.654xMdLK11 + 0.547x6u-NF + 1.236xMdK41 +
0.478xMdLK42 - 0.373x1u-NF + 0.331x6|-MP - 0.189xANS-
PNS + 0.733xVoK43 (R?=0.613, F ,=10.21, p<0.001, Std.
Error of estimate=1.603);

distance GL_3 (young women)=16.40 + 0.605xMdLK12
- 0.334xANS-PNS + 0.242xANS-Gn_M - 0.150xOp-HP
- 1.251xVoC11 + 0.075xAr-Go_Gn + 0.573xMdC11 -
0.166xMdLK41 (R?=0.605, F , .. =11.31, p<0.001, Std.Error
of estimate=1.393).

Coefficients of determination of reliable regression
equations of the quantity distance PonPr (R?=0.369,
p<0.001), distance PonM (R?=0.483, p<0.001), distance
VestBM (R?=0.466, p<0.001), distance napx_6 (R?=0.442,
p<0.001), distance dapx_6 (R?=0.477, p<0.001), distance
33 _43Bugr (R?=0.280, p<0.001), distance 33 _43Apx
(R?=0.334, p<0.001) Ta distance GL_1 (R?>=0.468, p<0.001)
in Ukrainian young women, without taking into account the
type of face, the values were less than 0.60 and therefore
have no significant significance for practical dentistry.

(9.58)

(7.54)

(9.58)

6.61

(8.59)

(9.58

(8.59)

Discussion
Thus, in Ukrainian young males with physiological
occlusion, all 18 possible significant regression models of

the linear parameters of dental arches depending on the
characteristics of cephalometric parameters according to
the Burstone method and computed tomographic tooth
dimensions were constructed, with a determination coefficient
greater than 0.6 (R?=0.694 to 0.894, p<0.001 in all cases).

Analysis of the frequency of inclusion of cephalometric
parameters according to the Burstone method and computed
tomographic tooth dimensions into the regression equations
in Ukrainian young males with physiological occlusion
showed the following percentage of inclusion into the models:
crown width of the tooth in the mesiodistal plane (26.09 %),
cephalometric parameters according to the Burstone method
(18.84 %), crown width of the tooth in the vestibulo-oral
plane (14.49 %), tooth length (13.04 %), root length of the
tooth in the mesiodistal plane (6.52 %), cervical width of the
tooth in the mesiodistal plane (5.07 %), cervical width of the
tooth in the vestibulo-oral plane, crown length of the tooth
in the mesiodistal plane, and root length of the tooth in the
vestibulo-oral plane (4.35 % each), crown length of the tooth
in the vestibulo-oral plane (2.90 %).

Analysis of the frequency of inclusion of the corresponding
teeth into the regression equations in Ukrainian young males
with physiological occlusion showed the following percentage
of inclusion into the models: maxillary incisors (24.11 % of
all variables, including 8.93 % central incisors and 15.18 %
lateral incisors), mandibular incisors (20.53 % of all variables,
including 9.82 % central incisors and 10.71 % lateral incisors),
maxillary premolars (16.07 % of all variables, including 5.36 %
first premolars and 10.71 % second premolars), mandibular
premolars (14.28 % of all variables, including 4.46 % first
premolars and 9.82 % second premolars), maxillary canines
(10.71 %), mandibular canines (5.36 %), maxillary first molars
(5.36 %), mandibular first molars (3.57 %).

In Ukrainian young females with physiological occlusion,
only 10 of the 18 possible significant regression models of
the linear parameters of dental arches depending on the
characteristics of cephalometric parameters according to
the Burstone method and computed tomographic tooth
dimensions were constructed, with a determination coefficient
greater than 0.6 (R?=0.605 to 0.775, p<0.001 in all cases).

Analysis of the frequency of inclusion of cephalometric
parameters according to the Burstone method and computed
tomographic tooth dimensions into the regression equations
in Ukrainian young females with physiological occlusion
showed the following percentage of inclusion into the models:
cephalometric parameters according to the Burstone method
(28.57 %), crown width of the tooth in the mesiodistal plane
(21.42 %), tooth length (10.71 %), crown length of the tooth
in the mesiodistal plane (9.52 %), cervical width of the tooth
in the mesiodistal plane (8.33 %), crown width and cervical
width of the tooth in the vestibulo-oral plane (7.14 % each),
crown length of the tooth in the vestibulo-oral plane (4.76 %),
root length of the tooth in the vestibulo-oral plane (2.38 %).

Analysis of the frequency of inclusion of the corresponding
teeth into the regression equations in Ukrainian young
females with physiological occlusion showed the following
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percentage of inclusion into the models: maxillary incisors
(43.33 % of all variables, including 30.00 % central incisors
and 13.33 % lateral incisors), mandibular incisors (20.00 % of
all variables, including 10.00 % central incisors and 10.00 %
lateral incisors), mandibular canines (11.67 %), mandibular
premolars (11.66 % of all variables, including 8.33 % first
premolars and 3.33% second premolars), maxillary first molars
(5.00 %), maxillary canines (3.33 %), maxillary premolars
(3.33 % of all variables, including 1.67 % first premolars and
1.67% second premolars), mandibular first molars (1.67 %).

The results obtained in our study confirm the existence
of close correlations between the linear parameters of
the dental arches and the anthropometric features of the
craniofacial region. This is consistent with previous scientific
findings demonstrating that cranial and facial morphology
plays a key role in the formation of proper occlusion and
tooth position.

In patients with hypodontia, the severity of the defect is
directly related to changes in craniofacial morphology: with an
increasing number of missing teeth, reductions in dental arch
length and palatal depth were observed, which influenced
occlusal harmony [6]. Similar results were obtained in
a Japanese sample, where in patients with congenital
tooth absence, facial length and the relationship between
basal bones differed significantly from the control group
(p<0.05) [29]. Genetic factors have also been highlighted,
with evidence that specific gene variations associated with
tooth agenesis correlate with distinctive changes in facial
morphology [24]. This confirms the multifactorial nature of
the issue and emphasizes the need to combine odontometric
and cephalometric parameters in modeling dental arches.

Variations in craniofacial structure directly affect the timing
and patterns of permanent tooth eruption. In children with
a mesofacial type, eruption timing was closer to population
averages, whereas dolichofacial patients showed delays [7].
This is particularly important in evaluating arch length during
adolescence, since eruption time and tooth position directly
determine oral cavity morphology.

Craniofacial morphology also significantly impacts the risk
of third molar retention. An analysis of over 1,000 patients
showed that a narrow ratio between the mandibular body
and ramus increased the likelihood of impaction by 15-
20 % [14]. Similar patterns were reported, demonstrating
that the number of preserved teeth in the jaw correlates
with the length and width of craniofacial structures, further
supporting the relationship between overall morphology and
the condition of dental arches [21].

Other studies focused on the relationship between vertical
and transverse facial parameters and jaw morphology. In
dolichofacial individuals, mandibular width was 2-3 mm
smaller compared to brachyfacial patients, which is clinically
relevant for arch modeling [19]. In males with a vertical facial
type, hard palate thickness was reduced by 0.5-0.7 mm, and
maxillary width by 2 mm compared to mesofacial counterparts
(p<0.01) [20]. Comparable findings were reported among
Nigerian adolescents, where vertical facial height correlated

with the overall skeletal pattern (r=0.62), enabling prediction
of dental arch morphology from cephalometric data [31].

Cone-beam CT studies revealed correlations between
facial growth patterns and cortical bone thickness. In patients
with vertical facial types, bone thickness in the molar region
was reduced by 20-25 % compared to brachyfacial patients
(p<0.01), which is critical for orthodontic tooth movement and
treatment stability [12]. Amorphometric relationship was also
established between the palate and craniofacial morphology
in Class lll patients: in 68 % of cases, combined palatal
narrowing and decreased maxillary width were observed
(p<0.05) [22].

Special attention has been given to studies exploring
the relationship between aesthetic facial parameters and
periodontal tissue characteristics. The facial index and lip
profile significantly affect gingival morphology. In males with
a broad face, gingival thickness was 0.2-0.3 mm greater than
in females (p<0.05) [16]. Likewise, dolichofacial patients
were more prone to gingival recession in the mandibular
incisor region, while brachyfacial individuals demonstrated
more favorable periodontal stability (p<0.05) [17]. Three-
dimensional scanning confirmed associations between
gingival biotype and cephalometric parameters: a thin
biotype was more common among individuals with narrow
and elongated faces (57 % vs. 28 %, p<0.01) [30].

Facial height also directly correlates with transverse jaw
parameters. It was shown that with increasing facial height,
maxillary width decreased by an average of 1.5 mm and
mandibular width by 1.2 mm, influencing tooth alignment and
occlusal development [15]. These findings align with the results
of our study, where we also identified strong correlations
between cephalometric indicators and dental arch form.

Conclusion

1. In Ukrainian young males and females with physiological
occlusion, significant (p<0.001) regression models with a
determination coefficient greater than 0.6 were constructed
for the linear parameters of dental arches depending on the
characteristics of computed tomographic tooth dimensions
and cephalometric parameters according to the Burstone
method (in males all 18 possible models — R?=0.694 to 0.894;
in females only 10 models — R?=0.605 to 0.775).

2. When analyzing the frequency of inclusion of computed
tomographic tooth dimensions and cephalometric parameters
according to the Burstone method into the models, in males
the most frequent predictors were crown width of the tooth in
the mesiodistal plane (26.09 %), cephalometric parameters
(18.84 %), crown width of the tooth in the vestibulo-oral plane
(14.49 %), and tooth length (13.04 %); whereas in females —
cephalometric parameters (28.57 %), crown width of the tooth
in the mesiodistal plane (21.42 %), tooth length (10.71 %), and
crown length of the tooth in the mesiodistal plane (9.52 %).

3. When analyzing the frequency of inclusion of the
corresponding teeth into the regression models that
considered cephalometric parameters according to the
Burstone method, in males the most frequently included were
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maxillary incisors (24.11 %), mandibular incisors (20.53 %),
maxillary premolars (16.07 %), mandibular premolars
(14.28 %), and maxillary canines (10.71 %); whereas in
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MOJENOBAHHA NIHINHUX PO3MIPIB HEOBXIAHUX ONA NOBYAOBU KOPEKTHOT ®OPMU 3YEHOI YU B IOHAKIB

1 AIBYAT I3 ®I3I0NTOMNYHUM NPUKYCOM BE3 YPAXYBAHHA TUMY OBNNYYA B 3ANEXHOCTI Bl OCOBJ/IMBOCTEN
LE®PANOMETPUYHUX NOKA3HUKIB 3A METOOOM BURSTONE TA KOMIMIOTEPHO-TOMOTIPA®IYHUX PO3MIPIB 3YEBIB
Oprnosecbkutli I. B., Bensies E. B., Icakoea H. M., KacbsineHko [j. M., Yepkacoea J1. A., Jakoea O. B., yHac I. B.

lMpasunbHe ModerntosaHHs hopmu 3yb6HUX Oye € OOHUM i3 K/Tlo408UX 3as0aHb Cy4acHOi opmodOHMIi, OCKIIbKU 80HO 8U3HaYyae
cmabinbHicmb yHKUIOHaNbHUX | ecmemuyHUX pe3yrbmamis nikysaHHs. binbwicmb iCHyto4uUx nidxodie rpyHmyromscs auwe
Ha 000HMOMEeMPUYHUX MoKasHUKax, abo epaxosytombs murn obruyysi, ulo obMexye moyHicms rpo2Ho3yeaHHs. BukopucmaHHs
menepeHmeaeHoepagiyHUX napamempie 3a Memoodom Burstone y noedHaHHI 3 KOMT’tomepHo-momozpagidyHumMu sumipamu 3ybig
003801155€ iHMeeapysamu OaHi pi3HUX pigHig, 3abesrneyytodu binbw o0brpyHmoesaHe ghopmyasaHHs 3ybHuUX Oye. Takuli nioxio siokpusae
Moxrugocmi 015 iHOugidyarizauii opmoOOHMUYHORZO0 JliKy8aHHS oHaKig | dig4am i3 gbi3iono2iYyHUM MPUKycom ma nid8uLeHHs tio2o
egpekmusHocmi. Mema 0ocnidxeHHs1 — po3pobka ma aHari3z pezgpecitiHux modened niHilHUX po3mipie HeobxidHux 051 mobydosu
KopekmHoi gpopmu 3y6HOI Oyau 8 yKpaiHCbKUX toHakig | digdam i3 ¢hizionozaiyHumM rpukycom 6e3 ypaxysaHHs mury obnuyysi 8
3anexHocmi 8id ocobnusocmel menepeHmaeHozpaghidHuUX MokasHuKie 3a Memodom Burstone ma Komn’tomepHo-momozpaghidHux
po3awmipie 3ybie. Ha ompumaHux 3 baHKy daHUX Hayko8o-00CTiOHO20 UeHmpy ma kaghedpu cmomamornoeii OumsiHo20 8iKy BiHHUUbKO20
HayioHanbHo20 MeOu4YHo20 yHisepcumemy im. M. I. [Mupozoea menepeHmeeHoepamax (41 roHak i 68 disyam i3 pizionoziyHUM
MPUKYCOM) rMpoe8edeHo 8UMIPHO8aHHS MiHIUHUX i Kymoeux MoKa3HuKie 3a Memodom Burstone, a Ha KoM ’tomepHUX momozpamax —
MopghomempuyHe docnidxxeHHs 3ybie ma 3yb6Hux Oya. PeapeciliHi Modeni niHitiHUX po3mipie HeobxiOHUX 0151 Mob6ydo8u KOPEKMHOI
gopmu 3y6HOI Oyau 8 3anexHocmi 8i0 mesiepeHmMa2eHOMEMPUYHUX MOKa3HUKI8 | KoM romepHo-momozpachidHUX po3smipie 3ybie
nobydosaHi 3a 0ornomozoto niyeH3sitiHoeo nakemy «Statistica 6.0». BcmaHoemeHo, wo 8 toHakie nobydosaHi yci 18 moxnusux
docmosipHux modenel i3 koegiyieHmom demepmiHayii binswum 0,6 (R?= 8id 0,694 0o 0,894, p<0,001); a y disdam — nuwe 10
docmoeipHux modeneli (R?=gid 0,605 do 0,775, p<0,001). lNpu aHanisi yacmomu exodxeHHsi 00 peepeciliHux Moderneli KoM’ lomepHo-
momozpagiyHUx po3mipie 3ybie i menepeHmaeHoMempuUYHUX MOKa3HUKI8 3a Memodom Burstone ecrmaHoeneHo: 8 roHakie Halbinbuw
yacmo exo0simb WuUpUHa KOPOHKOBOI YacmuHu 3yba y me3io-OucmarbHil nnowuHi (26,09 %) ma eecmubyno-oparnbHit nnouwuHi
(14,49 %), menepeHmzeHomempuyHi nokasHuku (18,84 %) ma doexuHa 3yba (13,04 %), y disdam — menepeHmaeHoMempuyHi
roKasHUKuU (28,57 %), wupuHa ma 0oexuHa KOPOHKO80I YacmuHu 3yba y Mme3io-ducmarnbHil nnouuHi (8idrnoesioHo 21,42 % i 9,52 %)
ma dosxuHa 3yba (10,71 %). Npu aHani3i yacmomu 8x0dxeHHs 00 peapeciliHux modesieli 8i0nogidHuUX 3ybie cmaHO8/1eHo, WO
8 roHakie Halbinbw Yacmo exo0simb 8epxHi ma HUXHI pisui (8idnosidHo 24,11 % i 20,53 %), eepxHi ma HUXHI mani KymHi 3ybu
(8idrnosioHo 16,07 % i 14,28 %) ma eepxHi ikna (10,71 %), a y disdam — 8epxHi ma HUXHI pi3yi (8idrnosioHo 43,33 % i 20,00 %),
HUXHI iKna ma HUXHI Mani KymHi 3ybu (no 11,66 %).

KntouoBi cnoBa: cmomamornozia, menepeHmaeHomempis 3a memooom Burstone, kommn’tomepHo-momoepaivyHi po3mipu 3ybie i
3y6HuUx Qye, peepeciliHuli aHarnis, yKkpaiHCbKU toHaku ma dig4ama, ¢hizionoaidHull rnpukKyc.
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Scorpion bites are a serious threat to human health and life in almost all countries of
the world. The amount and toxicity of the poison that enters the body of the victims
depend on the interspecific variability of these animals. Scorpion venom usually causes
the development of local, cardiotoxic, neurotoxic and vegetative effects. The study
aimed to determine the differences in the structural organisation of the liver tissue of
experimental rats 1 and 3 hours after the administration of the venom of the scorpion
Leiurus macroctenus. The study was conducted on 10 male rats (200+10 g), which were
injected intramuscularly with 0.5 ml of a solution of venom (28.8 ug/mi; LD,,=0.08 mg/
kg) ofthe scorpion Leiurus macroctenus, dissolved in saline (0.9 %). The control group
(10 rats) was injected with only 0.5 ml of saline (0.9 %). For microscopic examination,
samples of liver tissue from animals of all groups were taken. The pieces were fixed
in 10 % formalin solution for 1 day. Then, the pieces were dehydrated in alcohols of
increasing concentration and embedded in paraffin blocks. Histological preparations
of rat livers were stained with hematoxylin and eosin. Histological preparations were
studied using a SEO SCAN light microscope and photodocumented using a Vision CCD
Camera video camera with an image output system from histological preparations. One
hour after the rats were administered the venom of the scorpion Leiurus macroctenus,

no pronounced changes in the structural organisation of the liver of experimental
rats were observed. Infiltration of the portal tracts and sometimes the surrounding
parenchyma of the organ with lymphocytes, histiocytes and neutrophilic leukocytes
was noted. Hepatocytes near the foci of infiltration underwent vacuolar dystrophy,

which are reactive changes in response to the action of the venom. In rats that were
withdrawn from the experiment three hours after the administration of the venom
of the scorpion Leiurus macroctenus, more pronounced changes in the structural
organisation of the liver were observed. Areas of disruption of the order of the hepatic
lamellae were noted, and the number of binucleated hepatocytes increased, as well
as their nuclear-cytoplasmic index. An increase in the number of Kupffer cells was
detected; the presence of vacuolar or fatty dystrophy characterised the vast majority
of hepatocytes. Pronounced infiltration of the portal tracts and the surrounding liver
parenchyma was observed with a predominance of lymphocytes and macrophages.

Keywords: scorpions, liver, inflammation, macrophages, lymphocytes.

Introduction

Scorpion stings are a serious threat to human health
and life in almost all countries of the world. The amount
and toxicity of the venom that enters the body of the victims
depend on the interspecific variability of these animals.
Scorpion venom usually causes the development of local,
cardiotoxic, neurotoxic and vegetative effects. Depending

on the predominance of one or another component in the
venom, a wide range of clinical signs and symptoms can be
observed from local reactions (hyperemia, pain, oedema) to
serious consequences, including respiratory, gastrointestinal,
cardiovascular or neurological complications [7, 12, 15].
The severity of poisoning depends on the size and type of
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scorpion, the amount of venom injected, the body weight of
the victim, and the victim’s sensitivity to the venom. Studies
in recent decades have reported damage to the kidneys,
liver, pancreas, heart, and hemolytic disorders as a result
of poisoning with toxins from some scorpion species [8, 11].

The evolution of scorpions is approximately 400 million
years, during which they have spread throughout the world.
To date, more than 2,700 extant species of these animals,
numbering about 20 families, have been registered. The
extraordinary resistance, adaptability to changing climate
conditions, and high survival rate of scorpions have
contributed to their colonisation in tropical, subtropical, and
temperate regions of almost all continents, except Antarctica
and several Pacific islands [1, 14, 30]. However, in recent
years, the expansion of human civilisation and the growth of
the human population have led to a sharp reduction in the
usual habitats of scorpions, but have significantly increased
the frequency of poisonings due to their bites.

The liver is one of the essential organs that provide
the body’s immune defence with a high density of myeloid
(such as Kupffer cells, neutrophils or macrophages) and
lymphoid (such as natural killer cells, T cells or B cells)
immune cells. The human liver contains about 1010 resident
lymphocytes, including B cells, T cells and natural killer
(NK) cells. Lymphocyte migration increases in response to
the activation of inflammatory processes, and intrahepatic
compartmentalisation of lymphocytes determines the
morphological variant of organ damage [9, 23, 27]. Toxic
liver damage due to exposure to poisons, including those of
animal origin, is often associated with lymphocytic infiltration,
and the nature and degree of inflammation determine the rate
of progression and severity of damage. The mechanisms by
which toxic compounds activate immune-mediated pathways
of liver damage are still being actively studied; however,
liver infiltration by effector lymphocytes is a common
phenomenon, leading to the destruction of hepatocytes and
cholangiocytes and a persistent shift in the structural and
functional characteristics of the organ [2, 19, 27].

The study aims to determine the differences in the
structural organisation of the liver tissue of experimental
rats 1 and 3 hours after the administration of Leiurus
macroctenus scorpion venom.

Materials and methods

The study used ten white male laboratory rats weighing
approximately 200+10 g (10 — control group was injected
with only 0.5 ml of 0.9 % saline; 10 — experimental group),
which were housed in the vivarium of the Educational and
Scientific Centre “Institute of Biology and Medicine” of Taras
Shevchenko National University of Kyiv. The rats were
maintained on a standard diet in an accredited vivarium,
following the “Standard Rules for the Arrangement, Equipment
and Maintenance of Experimental Biological Clinics (Vivaria)”.
The experiments were conducted in accordance with the
current regulatory standards governing research with
laboratory animals and in accordance with the principles of
the “European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific Purposes”
[16]. In addition, all procedures with animals complied with

the legislation of Ukraine, in particular the Law No. 3447-IV of
February 21, 2006 “On the Protection of Animals from Cruelty
and Ethical Norms and Rules for Working with Laboratory
Animals”, which was approved by the Bioethics Committee of
the O. O. Bogomolets National Medical University (protocol
No. 191 of 01/27/2025).

The rats used in the experiment were divided into two
groups: experimental group 1 (5 rats) — histological material
was collected 1 hour after the introduction of the poison;
and experimental group 2 (5 rats), in which the liver tissues
were collected three hours after exposure to the poison. The
venom of a scorpion from the Buthidae family, genus Leiurus,
species Leiurus macroctenus, was administered to rats once
intramuscularly (0.5 ml of venom solution previously dissolved
in saline; 28.8 pg/ml; LD_=0.08 mg/kg) [16, 17]. Rats were
euthanised by carbon dioxide inhalation, and the liver was
immediately removed at 4 °C.

Liver tissue samples from animals of all groups were taken
for microscopic examination. The pieces were fixed in 10 %
formalin solution for 1 day. Then the pieces were dehydrated
in alcohols of increasing concentration and embedded in
paraffin blocks. Histological preparations of rat livers were
stained with hematoxylin and eosin. Histological preparations
were studied using a SEO SCAN light microscope and
photographed using a Vision CCD Camera with an image
output system from histological preparations [18].

Results

Microscopic studies one hour after administration of
Leiurus macroctenus scorpion venom to rats demonstrated the
appearance of minor shifts in the normal histoarchitectonics of
the animal liver. Hepatocytes were predominantly hexagonal
in shape and contained one nucleus, but the presence of
binucleate cells was noted. The cytoplasm of hepatocytes was
oxyphilic and contained numerous inclusions. Their nuclei
had 1-2 nucleoli, and the chromatin occupied a marginal
position under the nuclear envelope. Hepatocytes formed
hepatic plates that were ordered and located radially from
the central vein (Fig. 1).
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Fig. 1. Microscopic organisation of the liver of an experimental rat
1 hour after administration of the venom of the scorpion Leiurus
macroctenus. Hepatocytes (1), hepatic laminae (2), lumen of
the central vein (3), space of Disse (4), lumen of the sinusoidal
capillary (5). Staining with hematoxylin and eosin. x100.
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Sinusoidal capillaries between hepatic beams were
somewhat dilated, and their lumen was mainly filled with
erythrocytes. Endothelial lining of capillaries — without
signs of desquamation from the basement membrane.
Their endothelial cells are somewhat flattened and contain
fenestrae in the cytoplasm. The presence of perisinusoidal
Kupffer cells in the space of Disse was observed, which had
an irregular shape and were distinguished by the presence
of processes. They were characterised by elongated
hyperchromic nuclei and weakly oxyphilic cytoplasm with
numerous inclusions and a well-developed Golgi complex
(see Fig. 1, Fig. 2).

Fig. 2. Histological structure of the liver of an experimental rat
1 hour after administration of the venom of the scorpion Leiurus
macroctenus. Hepatocytes (1), lymphobhistiocytic infiltration (2),
lumen of the sinusoidal capillary (3), space of Disse (4). Staining
with hematoxylin and eosin. x100.

The lumen of the central vein in most histological
specimens is dilated. The endothelial cells of the inner
lining of the vascular wall are elongated, and their nuclei
are hyperchromic. Stasis of formed blood elements, mainly
erythrocytes, was noted in the lumen of the central vein
(see Fig. 1).

A characteristic feature of the structural organisation of
the liver one hour after the start of the experimental study
was pronounced histiocytic and lymphocytic infiltration of the
portal tracts, sometimes with the presence of neutrophilic
leukocytes. Accumulations of lymphocytes were detected
around the portal vein and bile ducts. However, partial
infiltration of the surrounding parenchyma was also observed
in some fields of view. It should be noted that in these areas,
individual hepatocytes had signs of vacuolar dystrophy.
These structural changes can be regarded as initial reactive
changes in response to the action of scorpion venom toxins.
The walls of the bile ducts under these conditions did not
undergo pronounced changes. They were lined with one row
of cubic cells. Their nuclei occupied a central position and
contained one nucleolus. Chromatin had a marginal location,
formed clumps or was diffusely scattered. The hepatic artery

was distinguished by the presence of elongated endothelial
cells of the inner membrane with round or oval hyperchromic
nuclei. Some endothelial cells protruded into the lumen of
the vessel in the form of palisades. The lumen of the hepatic
vein was dilated, sometimes with erythrocyte stasis (Fig. 3).
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Fig. 3. Morphological organisation of the liver of an experimental
rat 1 hour after administration of the venom of the scorpion
Leiurus macroctenus. Central vein lumen (1), hepatic lamellae (2),
bile duct lumen (3), hepatic artery (4), lymphohistiocytic infiltration
(5), portal vein (6), hepatic vein (7), sinusoidal capillary lumen
(8), Disse’s space (9). Hematoxylin and eosin staining. x100.

B

Histological studies of the liver tissue of experimental
rats three hours after the start of the experiment and the
administration of the scorpion venom Leiurus macroctenus
demonstrated the presence of more pronounced changes in
the morphological structure of the organ. Hepatocytes formed
hepatic plates, which were located mainly radially from the
central vein; however, in some fields of view, disturbances in
the order of liver cells were noted. The latter had a polygonal
shape; their cytoplasm was eosinophilic with numerous signs
of vacuolar and fatty dystrophy. The nuclei of hepatocytes
were rounded, hyperchromic, and contained 1-2 nucleoli.
In the vast majority of hepatocyte nuclei, heterochromatin
prevailed, which accumulated under the karyolemma. The
karyoplasm was clear and oedematous. Compared with
the previous study group, the number of binucleated cells
increased, and the nuclear-cytoplasmic index of hepatocytes
also increased (Fig. 4).

The lumens of the sinusoidal capillaries of the liver were
significantly dilated. Endotheliocytes were characterised
by an elongated shape, weakly eosinophilic cytoplasm,
and hyperchromic nuclei. In the lumens of the sinusoidal
capillaries, accumulations of formed blood elements were
observed, in particular erythrocytes and occasionally
lymphocytes. In the spaces of Disse between the walls of
the sinusoidal hemocapillaries of the liver and hepatocytes,
accumulations of Kupffer cells were detected. Their number
also increased compared to the study group one hour after
the administration of the poison. They had an elongated
or close to oval shape, clear cytoplasm, and hyperchromic
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F|g 4 Hlstologlcal structure of the Ilver ofan experlmental rat3
hours after administration of the venom of the scorpion Leiurus
macroctenus. Liver lamellae (1), lumen of the central vein (2),
lumen of the sinusoidal capillary (3). Staining with hematoxylin
and eosin. x100.

nuclei. The presence of an insignificant number of fibroblasts
in the intercellular connective tissue, which was somewhat
edematous, was also noted (Fig. 5)

Flg 5. MICI’OSCOpIC changes in the Ilver of an experlmental rat 3
hours after administration of the venom of the scorpion Leiurus
macroctenus. Hepatocytes (1), lumens of sinusoidal capillaries
(2), inflammatory infiltrate (3). Staining with hematoxylin and
eosin. x100.

The lumens of the central veins were significantly dilated
and markedly full of blood, contained clusters of erythrocytes,
and their adhesion to the vein wall was also noted. The
endothelial cells of the inner membrane of the central vein
had a flattened shape, oxyphilic cytoplasm, and markedly
hyperchromic nuclei. Individual endothelial cells in the
form of palisades were directed into the lumen of the vein.
Moderately pronounced lymphocytic infiltration was observed
around the central vein (Fig. 6).

The portal tracts were characterised by significant
lymphocytic infiltration. The lumens of the bile ducts were

Fig. 6. Microscopic organisation of the liver of an experimental
rat 3 hours after administration of the venom of the scorpion
Leiurus macroctenus. Hepatic lamellae (1), hepatocytes (2),
lumen of the central vein (3), portal tract (4), interlobular bile
duct (5), interlobular artery (6), lumen of the sinusoidal capillary
(7). Staining with hematoxylin and eosin. x100.

dilated, and their wall was represented by one row of cubic
cells with an increased nuclear-cytoplasmic index. The
cytoplasm of these cells was weakly oxyphilic, the nuclei
contained one nucleolus, had a clear karyoplasm, and the
chromatin occupied a marginal position. The walls of the
interlobular bile ducts were slightly thickened. Thickened,
edematous walls also distinguished the interlobular arteries.
Their epithelial lining was sometimes incomplete, and areas
of desquamation of the endothelium from the basement
membrane were detected. The muscular coat of the arteries
had signs of oedema and was represented mainly by smooth
muscle cells with homogeneous eosinophilic cytoplasm
and elongated hyperchromic nuclei. The lumens of the
interlobular veins were often narrowed due to infiltration and
contained formed blood elements (F|g 7).

Flg 7. Hlstologlcal changes in the I|ver of an experlmental rat 3
hours after administration of the venom of the scorpion Leiurus
macroctenus. Inflammatory infiltrate (1), lumen of the central
vein (2). Staining with hematoxylin and eosin. x100.
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A distinctive feature of this study group was the forma-
tion of foci of pronounced lymphocytic infiltration, but not
only in the areas of the portal tracts. These infiltrates were
represented by lymphocytes, macrophages and to a lesser
extent, plasma cells and segmented neutrophils. In the
areas of infiltration, narrowing of the lumens of the sinusoidal
hemocapillaries of the liver, a significant degree of vacuolar
dystrophy of hepatocytes, and their apoptosis were detected.
The appearance of karyolysis and karyopyknosis of the nuclei
distinguished individual hepatocytes. A denser arrangement of
hepatocytes was observed around the inflammatory infiltrates.

Discussion

Thus, one hour after the administration of the venom of
the scorpion Leiurus macroctenus to rats, infiltration of the
portal tracts and the organ parenchyma with various types of
leukocytes was noted. Hepatocytes near the foci of infiltration
underwent vacuolar dystrophy. In rats that were withdrawn
from the experiment three hours after the administration of the
venom, areas of disruption of the order of the hepatic lamellae
were noted, an increase in the number of Kupffer cells was
detected, and the presence of vacuolar or fatty dystrophy
characterised the majority of hepatocytes. H. A. Fetaih et
al. [13] studied histopathological changes in the structure
of the liver under the influence of the venom of the scorpion
Androctonus amoreuxi in experiments on mice. 6 hours after
the administration of % LD, significant blood stasis was
detected in the vessels of the organ. On the 4th day, hydropic
degeneration of hepatocytes, karyolysis and karyorrhexis of
nuclei were noted. An increase in the concentration of the
poison, namely 2 LD, after 9 hours of observation showed
the appearance of extramedullary hematopoiesis islands in
the liver and dilation of sinusoidal capillaries. Already on the
4th day of the study, at the indicated dose of poison, dilation
of blood vessels, fibrinoid degeneration, and deposition of
weakly basophilic homogeneous material in the portal zones
of the organ were detected.

The bites of scorpions, Leurus quinquestriatus, have been
proven to cause changes in the morphological organisation
of the rat liver. Histological examination of the organ after
injection of the poison to animals at a dose of 0.03 mg/kg
revealed pronounced oedema of hepatocytes, which led to
a change in the shape of the cells and the “disappearance”
of most sinusoidal capillaries. The cytoplasm of hepatocytes
underwent vacuolization and the appearance of areas that
were not stained with hematoxylin and eosin. Hypochromia
of the nuclei and their pyknotic changes were noted.
Degenerative changes of individual nuclei and chromatin
margination were also observed. In some fields of view,
hepatocyte necrosis and congestion in the portal vein branch
were present [5, 26].

Studies by Khemili D. [20] showed that the venom of
scorpions Androctonus australis hector at a dose of 0.5 mg/
kg caused the development of pronounced pathological
changes in the liver parenchyma, including necrosis of
hepatocytes, destruction of hepatic architectonics and

massive immigration of inflammatory cells into the sinusoids.

Clinical observations of patients after scorpion bites
and experimental studies demonstrate cases of toxic
hepatitis and coagulopathy. In biochemical studies under
these conditions, an increase in ALT, AST, LDH, and,
rarely, hyperbilirubinemia is recorded. The mechanisms
of involvement of liver damage caused by scorpion bites
remain unclear, although the hypothesis of direct hemolytic
and cytotoxic effects of the venom prevails. In addition,
stimulation of neurotransmitters, catecholamines and
the release of cytokines and inflammatory mediators are
usually associated with hepatotoxicity and haematological
disorders. In addition, intravascular hemolysis, coagulopathy,
and thrombocytopenia are characteristic, which may act as
indirect factors of liver damage [3, 6, 22]. The development
of oxidative stress almost always characterises liver damage
due to factors of various origins. Recent studies have
demonstrated that there are specific patterns of protein
expression in the liver that are induced in mammalian cells
in response to hydroperoxide stress. This modulation occurs
due to the activation of redox transcription factors, such as
Egr-1, NF-kappaB, and AP-1, as well as G proteins [21].
Cellular kinases, especially the mitogen-activated protein
kinase family, also play an essential role. Protein expression
disorders emphasise the importance of signalling pathways
dependent on the balance of redox processes. Excessive
production of ROS exposes the liver to oxidative stress and
leads to hepatocyte apoptosis [4, 10]. Currently, the study of
cellular mechanisms that protect against oxidative stress is
highly relevant. Despite the minimal amount of data, only a
few specific genes are known that are crucial for the control of
cellular function in cases of oxidative liver damage. Apurinic/
apyrimidinic endonuclease (APE)/redox factor (Ref)-1 is a
prime example of this mechanism. The APE/Ref1 enzyme
is a key driver of excision repair, which exhibits properties
of repair and redox control.

Activation of inflammatory processes and oxidative
stress underlie the pathogenesis of organ damage caused
by scorpion venom. However, the relationship between them
is not fully understood. Toll-like receptors play a crucial role
in stimulating the inflammatory response, and evidence is
accumulating that TLRs, in particular TLR4, may be involved
in both redox imbalance and inflammation induction. Recent
studies have demonstrated that blocking TLR4 attenuates
the inflammatory response mediated by neutrophils, as
evidenced by a decrease in the number of these cells in
the blood, as well as inhibition of their degranulation and
sequestration in lung, liver, and kidney tissues [29]. In
addition, TAK-242 (a small-molecule inhibitor of Toll-like
receptors) caused a significant decrease in the content of
nitrites, malondialdehyde and carbonyl groups of proteins,
associated with an improvement in the functioning of the
antioxidant defence system in all organs studied, except
the heart [20]. It has been proven that the TLR family of
receptors is involved in warning the immune system about
the possible negative impact of factors of various origins, and
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the receptors themselves can be activated by DAMPs, which
are released under the influence of stress factors, including
scorpion stings, as previously noted [24, 30].

Conclusions

1. One hour after the administration of Leiurus macro-
ctenus scorpion venom to rats, no pronounced changes
in the structural organisation of the liver of experimental
rats were observed. Infiltration of the portal tracts and
sometimes the surrounding parenchyma of the organ with
lymphocytes, histiocytes and neutrophil leukocytes was
noted. Hepatocytes near the foci of infiltration underwent
vacuolar dystrophy, which are reactive changes in response
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BIAMIHHOCTI CTPYKTYPHOI OPrAHI3ALUII TKAHUHU NEYIHKW Y EKCMEPUMEHTANBHUX LWYPIB YEPE3 1 TA 3
roguHu nicna BBEQEHHA OTPYTU CKOPIMIOHA LEIURUS MACROCTENUS

laudat O. C., lsesynbcbka l. B., Cambopcebka l. A., Llleazep O. B.

YKycu ckoprioHig € ceplio3HO 3agp0o30to 011 300p08’s ma xummsi fnodel malixe 8 ycix KpaiHax ceimy. Kinbkicmb i moKcu4Hicmb
ompymu, sika nomparisisie o opaaHiamy nocmpaxoanux 3anexums 8id Mixxeudosoi MmiHnueocmi yux meapuH. Ompyma ckoprioHa
3a3euyal CrpUYUHSIE PO3BUMOK Micueaux, KapOiomOKCUYHUX, HEUPOMOKCUYHUX | seezemamusHux egpekmis. Mema 0ocnioxeHHs —
8uU3Ha4uUmMu 8iOMIHHOCMI cMpyKMYypPHOI opeaHi3auii mKkaHUHU NeYiHKU ekcriepumeHmarnbHux wypie yepes 1 ma 3 eoduHu nicns
88e0eHHs1 ompymu ckopnioHie Leiurus macroctenus. [JocnioxeHHs nposodunu Ha 10 wypax-camysx wypie (20010 &), akum
8HympiwHboM’s13080 88odunu 0,5 mn po3duHy ompymu (28,8 mke/mn; LD50=0,08 me/ke) ckopnioHa Leiurus macroctenus,
pO34uHeHoeo y hizionoziyHomy po3duHi (0,9 %). KonmponbHit epyni (10 wypis) esodunu nuwe 0,5 M1 hi3ionociyHo2o po34yuHy
(0,9 %). Ona mikpockomnidyHo2o OOCiOXeHHs uryyqanu 3pa3ku mKaHUHU MediHKu meapuH ecix 2pyn. Llimamoyku cbikcyeanu e
10 % pos4uHi ghopmaniHy npomszom 1 0obu. ani nposodusnu dezidpamayito Wmamoykie 8 criupmax 3pocmaro4oi KoHueHmpau,ii
ma 3anuearnu 8 napagiHosi 6roku. 3abapeneHHs 2icmoroeiyHuUX npenapamis neyiHku wypie 30ilicHo8anu eemamoKcuniHoMm ma
eo3uHoMm. icmornoaiyHi npenapamu susdyanu 3a 00romMoeoto ceimmnoeozo mikpockorna SEO SCAN ma ¢gpomodokymeHmysanu 3a
doromoeoro sideokamepu Vision CCD Camera 3 cucmemoto 8ugody 306paxkeHHs 3 2icmoroaiyHuUX npenapamis. Yepes 00Hy 200UHy
nicnsi 8ee0eHHSI WypaM ompymu CKOPIiOHig Leiurus macroctenus He criocmepizaanu 8UpaXeHux 3pyLweHb CmpyKmypHOI opaaHisauyi
neyiHKU eKcriepuMeHmarnbHUX wypis. Bidmidanu iHgbinsmpauito mopmansHux mpakmie ma rnodekyou omouyyro4oi napeHximu opeaHy
nimgpoyumamu, 2icmioyumamu ma HelmpoinsHumu netikoyumamu. Fenamoyumu nobnu3dy eoeHUW, iHbinbmpauii 3asHasanu
8aKyorbHoI ducmpoii, Wo € peakmusHUMU 3MiHamu y 8i0noeidb Ha Oito ompymu. Y wypie, KUx eu8oousnIu 3 ekcriepumeHmy
Yepe3 mpu 200uUHU ricrisi 88e0eHHs1 0mpymu cKoprioHig Leiurus macroctenus criocmepizanu 6inbw supaxeHi 3MiHU CmpyKmypHOI
opeaHi3auii nediHku. Bidmiyanu OinissHKU ropyweHHsT 8rnopsiOKo8aHOCMI MeYiHKO8UX MIacmuHOK, 36ifbuysanuck YucenbHiCmb
080s10epHUX 2eramouyumis, a makox ix s0epHoO-yumonnasmamuyHull iHoekc. Busensnu 3pocmarHs Kinbkocmi knimuH Kynghepa,
nepesaxHa binbwicmb 2enamoyumis xapakmepu3sysanacb Hasi8HICMIO 8aKyOrbHOI Yu xupoeoi ducmpogii. Cnocmepizanu
suUpaxkeHy IHinbmpayito mopmarsnbHUX mpakmig ma omoyyro4oi napeHXiMu nediHKuU 3 nepesaxkaHHsam fniMgboyumis i Makpoghaeis.
KnrouoBi cnoBa: ckoprioHu, rneyviHka, 3ananeHHs, Makpoghaau, nimgpouyumu.
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Environmental pollution with heavy metals poses a great threat to living organisms
and constitutes one of the major problems of modern society. The pineal gland
controls the endocrine, nervous, and immune systems, integrates the systemic
response to adverse factors affecting the body’s resistance. The aim of the study is
to investigate the correlation relationships between the dimensions of the pineal gland
in sexually mature rats and its other morphometric parameters under conditions of
prolonged exposure to a complex of heavy metal salts. Animals from 3 experimental
groups were subjected for 30, 60, and 90 days to simulated microelementosis by
adding to their drinking water a mixture of heavy metal salts: zinc (ZnSO,x7H,0O) —
5 mg/L, copper (CuSO,x5H,0) — 1 mg/L, iron (FeSO,) — 10 mg/L, manganese
(MnSO,*x5H,0) — 0.1 mg/L, lead (Pb(NO,),) — 0.1 mg/L, and chromium (K,Cr,O.,) —
0.1 mg/L. Morphological, morphometric, and statistical research methods were used.
In the pineal gland of experimental animals, as a result of exposure to heavy metal
salts, adaptive-compensatory processes developed and rearrangements occurred
in the correlation relationships between the parameters of pineal dimensions and
other morphometric indicators of the gland. A decrease in organometric parameters
of the gland was observed on the 30th and 90th days of the experiment, with their
increase on the 60th day of the study. The strongest correlation between the length
of the pineal gland and the glial cell-neuronal index was observed on the 30th day
of the experiment; between the length and width of the pineal gland, the length and
the average diameter of the karyon/optical density of nuclei on the 60th day; and
between the width of the gland and the average diameter of the karyon on the 90th
day of the experiment. Adaptive rearrangements in the pineal gland at different stages
of pollutant exposure had a wave-like pattern and were determined by the tension of
adaptive-compensatory processes at the early stages of the study (30th day), which
were replaced by compensatory hypertrophy of the organ on the 60th day of the
experiment and by the gradual exhaustion of the functional adaptive capacities of
the pineal gland in response to long-term exposure to heavy metal salts (90th day).
Keywords: pineal gland sizes, heavy metals, correlations.

Introduction

In recent years, interest in the pineal gland has been
increasing, which is explained not only by its ability to
produce melatonin, considered one of the factors regulating

biorhythms, but also by its neuroendocrine mediation with
hormonal and neurotransmitter activity [5]. The pineal gland
is a small neuroendocrine organ, its main function being the
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regulation of sleep through the synthesis and secretion of
melatonin [23, 26]. In humans, approximately 80 % of the
pineal gland consists of pinealocytes that produce melatonin
[26], and the volume of the pineal gland is proportional to
the endogenous melatonin level [15, 20]. The volume of
the pineal gland may vary under different physiological or
pathological conditions, which may alter melatonin production
[21, 22]. Some authors indicate that melatonin secretion is
associated with the volume of the pineal gland, particularly
with the volume of the pineal parenchyma [15, 20, 31]. To
date, the influence of pineal gland size changes on the
development of several diseases and pathological conditions
of the body has been established.

In patients with Alzheimer’s disease, reduced endogenous
melatonin levels [23, 32] and smaller pineal gland size
compared with healthy individuals of the control group were
observed [17, 23]. T. Matsuoka et al. [18] believe that a
reduction in pineal parenchymal volume is one of the factors
contributing to the development of Alzheimer’s disease.
Therefore, pineal parenchymal volume can be used as a
predictor of Alzheimer’s disease development in clinical
practice. A number of other authors state that pineal gland
volume, particularly its parenchymal (i.e., non-cystic) volume,
likely reflects melatonin levels or melatonin secretion both
in healthy subjects [15, 20] and in patients with affective
disorders [9]. A large number of studies have been devoted
to investigating the impact of pineal gland size changes
on mental disorders. A significant decrease in pineal gland
volume was observed in certain subtypes of depression, and
these changes correlated with specific depressive symptoms,
indicating a relationship between pineal disorders and the
clinical subtype and/or symptomatology of major depression
[28, 31].

Melatonin secretion disturbances in patients
with schizophrenia [4] confirm its involvement in the
pathophysiology of this mental disorder. Magnetic resonance
imaging (MRI) studies have shown smaller pineal gland
volumes in patients with schizophrenia regardless of the
disease stage, attention deficit hyperactivity disorder [6, 7, 12,
29]. In addition, MRI studies indicate the role of pineal gland
atrophy as a stable marker of vulnerability in psychosis [27].
In healthy individuals, smaller pineal gland volume correlates
with greater sleep rhythm disturbances [15, 31]. Pineal gland
volume changes may be associated with various clinical
conditions, including primary insomnia [8, 31]. Apart from
pineal atrophy, hypertrophy of the pineal gland also deserves
attention, as it leads to insulin resistance, early tooth eruption
and malformation, dry skin, thick nails, hirsutism, and
enlargement of the external genitalia in children [16].

Environmental pollution with heavy metals poses a
great threat to living organisms and constitutes one of the
major problems of modern society [1, 2]. The rate of heavy
metal spread in the environment and their generation has
significantly increased compared to the past century [19].

Currently, the impact of xenobiotics on central nervous
system dysfunction has been proven, including effects on

the development of dementia, amyotrophic lateral sclerosis,
delayed neural development, Parkinson’s disease, and
Alzheimer’s disease [3, 11, 14]. The pineal gland, through
melatonin, controls the endocrine, nervous, and immune
systems, integrates the systemic response to adverse
factors [10], optimizes brain activity, and at the same time
counteracts pathological processes that cause its disruption.
It has now been established that disturbances in the
melatonin-producing function of the pineal gland may be both
congenital and acquired during life, as a result of various
negative external and internal environmental factors [13].

The aim of the study is to investigate the correlation
relationships between the dimensions of the pineal gland in
sexually mature rats and its other morphometric parameters
under conditions of prolonged exposure to a complex of
heavy metal salts.

Materials and methods

Animals

The experiment was conducted on 36 white sexually
mature male rats weighing 200-250 g, aged 7-8 months,
which were divided into 6 groups (3 control groups and 3
experimental groups). Animals of all groups were kept under
standard vivarium conditions, where identical conditions of
housing, feeding, proper care, and natural lighting (day/night)
were maintained, with a constant ambient temperature (20-
22 °C). Animals had free access to drinking water. The study
was carried out during the autumn-winter period.

Model of experimental microelementosis

The experimental groups included rats that for 30,
60, and 90 days received, together with drinking water, a
mixture of heavy metal salts: zinc (ZnSO4x7H20) — 5 mg/L,
copper (CuS04x5H20) — 1 mg/L, iron (FeSO4) — 10 mg/L,
manganese (MnSO4x5H20) - 0.1 mg/L, lead (Pb(NO3)2) —
0.1 mg/L, and chromium (K2Cr207) — 0.1 mg/L. The chosen
concentration of salts in the mixture was determined by the
presence of such concentrations of these salts in the soil
and drinking water of some regions of Ukraine according to
literature sources (Report on the state of the environment in
Sumy region in 2000).

Withdrawal of animals from the experiment

Groups of experimental and control animals were
withdrawn from the experiment after prior thiopental
anesthesia (at a dose of 30-40 mg/10 g of body weight)
on the 30th, 60th, and 90th days from the beginning of the
experiment, in accordance with national and international
bioethics standards. All animal studies were conducted in
compliance with the provisions of the European Convention
for the Protection of Vertebrate Animals used for Experimental
and Other Scientific Purposes (Strasbourg, 1986) and the
“General Ethical Principles of Animal Experiments,” approved
by the First National Congress on Bioethics (Kyiv, 2001,
Ukraine), Protocol No. 4 of 06.03.2020 of the Bioethics
Commission of Sumy State University. The subject of the
study was the pineal gland of experimental and control
animals.
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Extraction technique and histological studies

To assess the morphological and morphometric
parameters of the pineal gland, generally accepted procedures
of the microanatomical (histological) research method were
used with hematoxylin-eosin staining. The morphofunctional
state of the pineal gland was assessed according to a
number of microscopic indicators: length and width of the
pineal gland (mm), vascular area (um?), cross-sectional area
of pinealocyte nuclei (um?), mean diameter of the karyon
(a.u.), optical density of nuclei (a.u.), glial cell-neuronal index
(a.u.). General morphological and morphometric analysis
was performed using a light optical microscope “Leica DM
500" with objectives x4, x10, x40, eyepieces — 7 and 10.
Photodocumentation of the obtained results was carried out
using a digital video camera “Leica DM IC C50 HD Camera”.
The software “Leica Application Suite LAS EZ version 20.0
[Build: 292] Copyright @ 2010” was used.

Statistics

Statistical processing of the obtained data was performed
using methods of variation statistics with the STATISTIKA
software package, version 10 (“StatSoft Inc.,” USA). Data
were presented as mean value (X) + standard deviation
(SD). Normality of data distribution was verified using the
Kruskal-Wallis test and Wilcoxon test. For comparison of
two independent samples, in the case of normal distribution
of data, Student’s t-test was used; in the case of data
distribution differing from normal, the Mann-Whitney U-test
was used. Differences in indicators were considered
significant at p<0.05. Correlation analysis was performed
using Spearman’s correlation coefficient (rs). Interpretation
of the correlation analysis results was carried out according
to Sheddock’s scale. At r<0.3 the correlation was considered
weak, at 0.4<r<0.7 — moderate. At r=0.7 the relationship was
considered strong. A positive value of the coefficient indicated
a direct relationship between the values (direct, positive
correlation), when an increase in one characteristic led to
an increase in another. A negative value of the coefficient
indicated an inverse (inverse, negative) relationship
between the studied parameters, when an increase in one
characteristic led to a decrease in another.

Results

After a 30-day period of exposure to the complex of heavy
metal salts, the pineal gland of rats in the experimental group
macroscopically preserved its anatomical structure and
remained in close connection with the extra-organ vascular
plexus located beneath the roof and on the walls of the third
ventricle of the brain. The pineal gland had an oval shape,
but its linear parameters underwent changes. The length of
the gland decreased by 4.3 % (p>0.05, t=1.99), and the width
significantly decreased by 21.8 % (p<0.001, t=5.26) compared
with the indicators of the control animals (Fig. 1, Table 1).

The vascular lumen areaincreased 1.5 times (p<0.0001)
relative to the indicators of the control animals. A vivid
confirmation of the morphological rearrangements in the pineal
gland is provided by the general morphometric indicators of

Fig. 1. Rat pineal gland after 30 days of exposure to heavy
metal salts. 1 — connective tissue capsule of the pineal gland,
2 — parenchyma. Hematoxylin-eosin, x40.

Table 1. Results of a morphometric study of the structural
components of the pineal gland of sexually mature rats exposed
to heavy metal salts (XxCD).

Indicator Groups of laboratory animals

Control rats Experimental rats

30 60 90 |30 60 90

Epiphysis length,|1.186%|1.123+{1.192+(1.135+ |1.186+|1.021+
mm 0.024 |0.071 |0.033 [0.009* |0.061 [0.942
Epiphysis width, |0.912+|0.816+|{0.911£(0.713+ |0.838+|0.871%
mm 0.031 [0.096 |0.032 [0.021***|0.072 |0.061

Vascular area, [58.58+(61.27%(62.85+(90.27+ |137.8+|108.7t

um? 0.42 |0.67 |6.89 |39.65"**|1.6*** |26.4
Cross-sectional |4.451+|7.272+(50.24+(27.02+ |25.22+ (45.61%
area of 0.133 |1.242 |4.53 |8.10*** |3.09***|4.42
pinealocyte

nuclei, um?

Average 1.841+(3.231£|2.141£|5.383+ [4.333+|1.841%
diameter of 0.112 |0.372 |0.893 |0.212***|0.711 |0.521
carion, a.u.

Optical density  |[114.1£(110.1%|{101.6%|149.4+ (83.21+|96.12+

of nuclei, a.u. 1.2 1.1 4.2 14.8* |5.41***|1.44
Gliocyte- 0.342+|0.371£(0.336+|0.585+ [1.231+|0.997+
neuronal index, |0.443 [0.122 |0.441 [0.839 |0.583 |(1.822
a.u.

Notes: * — p<0.05, ** — p<0.01; *** — p<0.001.

pinealocyte nuclei. The nuclear cross-sectional area of
pinealocytes and their optical density increased 6.0 times
(p<0.0001) and by 31 % (p<0.05), respectively. The mean
diameter of the karyon increased 2.9 times relative to the
control animals (p<0.001, t=15.83). In the peripheral regions
of the gland, especially subcapsularly, slightly increased
activity of the glial response was observed. The glial cell-
neuronal index increased and exceeded the indicators of the
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control animals by 74 % (p>0.05) (see Table 1).

On the 60th day of the experiment, the pineal gland
retained its oval shape, and its size slightly increased
compared with the control animals: length by 5.6 % (p>0.05)
and width by 2.7 % (p>0.05). The vascular lumen area
increased 2.25 times (p<0.001, t=43.65) relative to the
indicators of the control animals. The nuclear area and the
mean diameter of the pinealocyte karyon showed dynamic
increases compared with the control animals, 3.5 times
(p<0.001, t=5.38) and by 34 %, respectively. At the same time,
the optical density of pinealocyte nuclei decreased by 24.4 %
(p<0.001, t=4.90). Afurther increase in the glial cell-neuronal
index was revealed, which exceeded the indicators of the
control animals by 3.3 times (p>0.05) (Fig. 2, see Table 1).

Fig. 2. Rat pineal gland after 60 days of exposure to heavy
metal salts. 1 — connective tissue capsule of the pineal gland,
2 — parenchyma. Hematoxylin-eosin, x40.

An increase in the experimental period to 90 days led
to further organometric rearrangements in the pineal gland.
The length of the gland decreased by 13.7 % (p>0.05) and
the width by 4.7 % (p>0.05) compared with the indicators
of the control animals. The length of the pineal gland in rats
at the 30-day term of the study exceeded that of rats at the
90-day term of the experiment by 9.8 % (p>0.05). The width
of the pineal gland in rats at the 30-day term, on the contrary,
significantly decreased by 21.9 % relative to the width of the
pineal gland in rats at the 90-day term of the experiment
(p<0.05, t=2.38). The vascular lumen area increased by 73 %
(p>0.05) relative to the control animals and decreased by
21 % (p>0.05) relative to the 60-day experimental animals.
The nuclear cross-sectional area of pinealocytes and the
mean diameter of the karyon decreased by 9.2 % (p>0.05)
and 14 % (p>0.05), respectively, compared with the control
animals. The optical density of pinealocyte nuclei also
continued to decrease, by 5.4 % (p>0.05) relative to the
control animals, but increased by 15.5 % (p<0.05, t=2.31)
compared with the 60-day experimental animals. The glial
cell-neuronal index in the pineal gland of experimental
animals increased 2.96 times (p>0.05) compared with the
indicators of the control animals (Fig. 3, see Table 1).

Fig. 3. Rat pineal gland after 90-day exposure to heavy metal
salts. 1 — connective tissue capsule of the pineal gland, 2 —
parenchyma. Hematoxylin-eosin, x40.

After conducting morphometric studies, correlations
were established between the size of the gland and other
morphometric indicators of the structural components of the
pineal gland of sexually mature rats under the influence of
heavy metal salts (Table 2).

Table 2. Correlations between morphometric indicators of
structural components of the pineal gland of sexually mature
rats under conditions of exposure to heavy metal salts.

Indicators Groups of laboratory animals

30 60 90

Experi-
ment

Experi-
ment

Experi-

Control ment

Control Control

Length and width
of the epiphysis

-0.208 |0.051 (0.255 [0.064 |0.874** (-0.203

Epiphyseal length [0.593
and nuclear opti-
cal density

0.350 [0.274 |0.452 [0.697 |-0.163

Epiphysis length  |0.361 |0.036 (0.333 [0.722 |0.552 |-0.203

and average
carion diameter

Epiphysis length  (0.045 |0.746* |0.852***|0 0.693 [0.042

and gliocyte-
neuronal index

Epiphysis length 0 -0.343 |0.250
and cross-sec-
tional area of the

nuclei

-0.080 |-0.080 (-0.020

Epiphyseal width |0.361 |-0.059 (0.936***(-0.074 |0.227 |1.000***

and average
carion diameter

Epiphyseal width |0.662 |0.291 |-0.341 |(-0.336 |0.0821 |-0.076

and cross-
sectional area of
nuclei

Epiphyseal width |0.637 |0 0.495 |0.462 |0.691 |0.032

and gliocyte-
neuronal index

Epiphyseal width |0.495 |0.453 |0.652 |(-0.080 |0.338 [0.305

and nuclear optical

density

Notes: * — p<0.05, ** — p<0.01; *** — p<0.001.
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Discussion

The presented study aimed to fill the gap in the
investigation of the morphofunctional state of the pineal
gland through the use of the morphometric method with
the application of correlation analysis. According to modern
literature sources, it is known that to date there are still no
clearly defined criteria for assessing the morphofunctional
state of the pineal gland. Some authors indicate that this
criterion may be the size of pinealocyte nuclei, others-the
total number and ratio of pools of light and dark pineal cells,
as well as the growth pattern of the connective tissue stroma.
Morphometry, applied at different structural levels of the
morphological organization of the body, allows objectification
of the obtained results and meets the requirements of modern
evidence-based medicine [30].

Analyzing the set of morphological and morphometric
rearrangements in the pineal gland of experimental animals
that received heavy metal salts, and taking into account the
data of the same indicators in control animals, the results
of Pearson’s correlation analysis make it possible to note
the following:

In the pineal gland of experimental animals, as a result of
long-term (90-day) exposure to heavy metal salts, adaptive-
compensatory processes developed, and rearrangements
occurred in the correlation relationships between the
parameters of pineal dimensions and its other morphometric
indicators.

Thus, on the 30th day of the experiment, a significant
decrease in pineal size parameters was revealed: by 4.3 %
for length and by 21.8 % for width compared with the
indicators of control animals. Correlation between length
and width changed from a negative weak non-significant
correlation in controls to a weak positive non-significant
correlation in the pineal glands of experimental animals.
The vascular lumen area significantly increased 1.5 times,
the nuclear cross-sectional area of pinealocytes and their
optical density increased 6.0 times and by 31 %, respectively.
The mean diameter of the pinealocyte karyon increased 2.9
times relative to the indicators of control animals. These
morphometric rearrangements led to a weakening of the
correlations between pineal size and nuclear area, optical
density, and mean karyon diameter compared with control
indicators. According to the literature [25], the identified
correlations allowed determination of the degree of process
interrelation. The fewer and weaker the connections,
the more flexible the system became in responding to
pathological environmental changes. The obtained results
indicated significant tension of adaptive-compensatory
processes in the organ in response to the action of heavy
metal salts.

At the same time, new correlations arose. Adaptive
processes in the pineal gland to the influence of heavy
metal salts were vividly manifested in the increased activity
of astrocytic glia.

As is known, astrocytes perform a variety of functions in
the central nervous system and are the main regulators of

homeostasis. In response to the effect of heavy metal salts on
the pineal gland, a protective astroglial reaction developed,
which correlates with the findings of other authors [24].
The glial cell-neuronal index increased and exceeded the
indicators of control animals by 74 %; the correlation between
pineal length and the glial cell-neuronal index significantly
increased and acquired a strong positive significant value.

An extension of the experimental period to 60 days
led to a non-significant increase in the linear dimensions
of the pineal gland compared with control indicators by
5.6 % (for length) and by 2.7 % (for width). Unlike the 30-
day term of the experiment, a weakening of the correlation
between length and width of the pineal gland was observed
compared with controls, to a weak positive non-significant
correlation. There was a significant increase in vascular
lumen area (2.25 times), nuclear cross-sectional area of
pinealocytes (3.5 times), and mean karyon diameter (34 %).
At the same time, the optical density of pinealocyte nuclei,
on the contrary, decreased by 24.4 %. Unlike the previous
term, there was a strengthening of the correlation between
pineal length and mean karyon diameter to a strong positive
significant correlation compared with controls. At the same
time, the correlation between pineal width and mean karyon
diameter, on the contrary, underwent a significant weakening
from a strong positive significant correlation in controls to a
weak negative non-significant correlation in the object. The
correlation between pineal size and nuclear area in both
controls and objects had a weak negative non-significant
correlation. Strengthening of the correlation between pineal
length and the optical density of pinealocyte nuclei was
observed, reaching a moderate positive non-significant
correlation, while at the same time weakening of the
correlation to a weak negative non-significant correlation
(for gland width) was noted compared with control indicators.

The correlation between the linear parameters of the
organ and the vascular lumen area can be considered a
stable value both for controls and for objects at the level of
a weak positive non-significant correlation (for length) and
a moderate positive non-significant correlation (for width).

Further increase in the glial cell-neuronal index, which
exceeded the indicators of control animals by 3.3 times,
indicated further protective action of astrocytic glia in
response to the action of heavy metal salts on the pineal
gland and the development of reactive astrogliosis in the
organ. At the same time, with relative stability of correlations
for this index and pineal width (moderate positive non-
significant), there was a complete absence of correlation for
pineal length and the glial cell-neuronal index in the object
compared with controls.

Thus, hypertrophy of the organ, significant hypertrophy
of pinealocyte nuclei, an increase in mean karyon diameter,
and at the same time a decrease in nuclear optical density
indicated significant enhanced functional activity of the pineal
gland in response to the action of heavy metal salts at the
60-day term of the experiment.

On the 90th day of heavy metal exposure to the organism
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of experimental animals, a decrease in linear parameters of
the pineal gland was noted: by 13.7 % (for length) and by
4.7 % (for width) compared with control animals. Analyzing
the changes in correlations in the pineal gland at this term
of the study, it should be noted that there was a significant
weakening of the correlation between length and width (from
a strong positive significant correlation in controls to a weak
negative non-significant correlation in the object), as well as
between size and other morphometric indicators. The organ
showed somewhat reduced vascular congestion compared
with the previous experimental term, but it was still present.
This was evidenced by an increase in vascular lumen area
by 73 % relative to control animals, but a decrease of 21 %
compared with 60-day animals. At the same time, there was
significant strengthening of correlations between pineal size
and vascular area, from a moderate negative non-significant
correlation to a moderate positive non-significant correlation
(for width) and a weak positive non-significant correlation
(for length). Morphometric indicators of pinealocyte nuclear
area and mean karyon diameter decreased relative to
control animals by 9.2 % and 14 %, respectively. Although
pinealocyte nuclear optical density decreased by 5.4 %
compared with controls, it still increased by 15.5 % relative
to 60-day animals. The correlation between pineal length
(width) and pinealocyte nuclear area weakened to a weak
negative non-significant correlation. At the same time, if
the relationship between pineal length and nuclear optical
density/mean karyon diameter in the object acquired a weak
negative non-significant correlation, the correlation between
pineal width and nuclear optical density was more stable
and had the indicators of a moderate positive non-significant
correlation both in controls and in the object. The correlation
between pineal width and mean karyon diameter in the group
of experimental animals was significantly strengthened
compared with controls and acquired the value r=1, which
indicated a perfect positive linear relationship between
variables. That is, at the 90-day term of the experiment, the
functional activity of pinealocyte nuclei depended more on
organ width than on its length.

The glial cell-neuronal index continued to increase, being
2.96 times higher than in control animals. Astrocytic glial
cells continued to perform their protective role in the gland
in neutralizing the negative effects of heavy metal salts on
the organ. At the same time, the correlation between pineal
size significantly weakened from a moderate positive non-
significant correlation in controls to a weak positive non-
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L0OBrOTPUBATUNA BMJIUB CONEN BAXKUX METATIB HA MOP®OMETPUYHI MOKA3HUKU TA ®YHKLIOHANbHUNA
CTAH ENI®I3A CTATEBO3PINUX LLYPIB

puHyoea H. b., PomaHrok A. M.

B3abpyOHeHHs1 HaBKONMUWHBO20 cepedosula 8aXKUMU MemanamMu Hece 8erluKy 3a2posy Ofsl XKUueUX Oop2aHismie ma ghopmye
O00HY 3 207108HUX rPObrIeM cyyacHo20 cycrinbcmea. Enighia KOHMPoe eHOOKPUHHY, Hep8osy ma iMyHHy cucmemu, iHmezpye
cucmeMHy peakuito Ha Hecripusimiuei ¢hakmopu, Wo erniuearkms Ha OnipHicmb opeaaHiamy. Memoto pobomu € AocniOKeHHs
KopensyitiHUX 83aeM038's3Kie MiXX po3mipamu erighiza crmameeso3pinux wypie ma (oo iHuWuUMu MopgboMempuYHUMU MOKa3HUKamu
3a yMOo8U mpuearioeo 6ruey Ha opaaHiamM KoMrekcy conel 8axkux memarnie. TeapuHam 3-x 0ocniOHux epyn npodoex 30-mu,
60-mu ma 90-ma 0i6 modentosarnu MikpoenemeHmMo3 wiisixom dodasaHHs1 00 MUMHOI 800U CyMilui conel 8aXKUx Memartia: UUHKY
(ZnS04x7H20) — 5 me/n, midi (CuSO4x5H20) — 1 me/n, 3anisa (FeSO4) — 10 me/n, mapaaHuto (MnSO4x5H20) — 0,1 me/n, ceuHuo
(Pb(NO3)2) — 0,1 me/n i xpomy (K2Cr207) — 0,1 me/n. Bukopucmosysanu mMopghonoaiyHi, MoOpgboMempuyHi ma cmamucmuyHi
memodu docnidxxeHHs. Y enighidi niddocrniOHUX meapuH y pe3yribmami 8riusy conel 8axKux Memarnie po3susanucs adanmueHo-
KoMeHcamopHi npoyecu ma gidbysarnucsi nepebydosu 8 KOpenayiliHuX 38’a3Kax M rnokasHukamu po3mipie enighiza ma iHwumu
MOPGHOMEMPUYHUMU MTOKa3HUKamu 3anosu. Crocmepieanocs 3MeHWeHHsI op2aHOMempUYHUX MOKa3HUKI8 3ano3u Ha 30-my ma
90-my doby ekcrniepumeHma ma ix 36inbweHHs1 Ha 60-my doby docnidy. Halibinbwa cuna KopesnsayitHo20 38’93Ky Mix 008XUHOHK
enighisa ma anioyumo-HelipoHanbHUM iHOekcoM criocmepieanacs Ha 30-my 006y ekcriepumeHma; Mix OO8XKUHOK ma WUPUHOH
enighiza, 008XUHOK ma cepedHim diamempoM KapioHa/onmuyHor wWinbHicmio ss0ep Ha 60-my doby ma Mix WUPUHOK 3aro3u ma
cepedHim diamempom kapioHa Ha 90-my 006y ekcrniepumeHma. AdanmauiliHi nepebydosu y eniidi Ha pi3HUX CMpPOoKax ernnugy
rioftomanmie Masu xeunernodibHUll xapakmep ma 8u3Haqasnucs HarnpyXeHHsM adarnmueHO-KOMIeHCamopPHUX MPOUECie Ha paHHIX
mepwmiHax docnidy (30-ma 0oba), wo 3miH8anucs KOMIEeHcCamopHOLo 2inepmpogieto opeaHy Ha 60-my 006y ekcriepumeHmy ma
rnocmyrnosuM suyeprnaHHaM hyHKUIOHanIbHUX adanmueHuUx Moxnaueocmel enighiza y 8idnoegiob Ha doezompusanuli ennug conel
saxKux memannis (90-ma doba).

KnouoBi cnoBa: po3mipu enighiza, 8axxki Memaru, KopensuyiltiHi 38'a3Ku.
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In our studies, we assumed that the lacrimal gland of the laboratory rat, like its human
counterparts, is a polymeric organ that has its own specifics. This primarily concerns
the syntopic relationships in the three-dimensional space of the glands themselves
and their microstructures. Therefore, when studying the lacrimal glands of the rat
(extraorbital, infraorbital and Garder’s), as well as when studying human glands, we
needed to identify the level of structural organization of diverse tissues that would
correspond to the concept of a structural-functional unit. The purpose of the study:
to characterize morphometrically and histologically the terminal departments and the
system of excretory ducts of the extraorbital, intraorbital and Garder’s lacrimal glands
of the rat and to determine their general biological and species-specific features. A
morphometric and histological analysis of the extraorbital, intraorbital and Garder’s
lacrimal glands of the laboratory rat was carried out. The results obtained were
processed in Microsoft Excel. It was found that the terminal sections have a larger
outer diameter and wall thickness compared to the interstitial ducts. The intralobular
ducts are characterized by larger luminal lumens, which contributes to the effective
accumulation and evacuation of secretion. In the Garder gland, the terminal sections
often have an irregular shape and narrow lumens, and the interstitial ducts are
almost identical in diameter to the terminal ones. Myoepithelial cells participate in
the reduction and modulation of secretion, creating a “milking” effect that ensures
secretion. Comparison of the obtained data with the morphometry of the human
lacrimal gland allows us to identify general biological patterns of the organization of
the excretory system and species-specific adaptations to the type of secretion and
functional needs. The results of the study are important for a deeper understanding
of the morphofunctional organization of the lacrimal glands and can serve as a basis
for further physiological and pathological studies of exocrine glands.

Keywods: rat lacrimal glands, extraorbital gland, intraorbital gland, Harderian gland,
terminal portions, morphometry.

Introduction

The lacrimal glands are important components of
the exocrine system, responsible for synthesizing and
secreting a substance that provides lubrication, protection,
and homeostasis for the eye’s surface. A detailed study of
the morphology of the terminal parts and efferent ducts of
these glands is of great importance for understanding the
functional organization of the excretory system, as well as for
evaluating adaptive mechanisms in different animal species
and humans [3, 7, 13, 17].

Despite numerous studies of the lacrimal glands anatomy
and histology in humans and laboratory animals, there is still

a lack of information about the morphometric parameters of
the duct system, the relationship between their structural
components, and the functional significance of different types
of ducts. It's particularly important to study the epithelial and
myoepithelial components, the nature of duct branching, and
the interrelations of diameters between the terminal and
intercalated parts, as well as the intralobular and lobular
ducts [8, 14, 19].

The importance of the study is also due to the need for
a comparative analysis of the morphology of rat lacrimal
glands with analogous human structures. This allows for the
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identification of general biological patterns in the structure
of the excretory system, as well as specific adaptations that
reflect species-specific characteristics of the glands, the type
of secretion and the functional needs of the organism. Special
attention should be paid to the Harderian gland, which has
structural features compared to the intra- and extraorbital
lacrimal glands of rats, requiring detailed morphometric and
histological analysis [15, 16, 18, 22].

Thus, a systematic study of the morphology of the
terminal parts and efferent ducts of rat lacrimal glands is
highly relevant. It provides a basis for further functional-
comparative studies, the creation of models of the
morphofunctional organization of exocrine glands and the
development of methods for the diagnosis and treatment of
lacrimal gland pathologies in humans [9, 12, 20, 29].

Aim of the study: to morphometrically and histologically
characterize the terminal parts and duct system of the
extraorbital, intraorbital, and Harderian lacrimal glands of
the rat and to determine their general biological and species-
specific features.

Materials and Methods

This scientific article is a part of the research work of the
Department of Human Anatomy: “Morpho-functional study of
internal organs of humans and laboratory animals in various
aspects of experimental medicine”, state registration number
0121U108258, years of execution 2021-2025.

For the study, we used 30 lacrimal glands (intraorbital,
extraorbital, and Harderian) from 10 male laboratory rats. The
glands were obtained by dissection using our own method,
after euthanasia with thiopental sodium anesthesia at a dose
of 75 mg/kg of the animal’s body weight intramuscularly in
the upper third of the hind leg’s thigh.

After removal, the glands were fixed in a 10 % neutral
formalin solution and then processed using a standard
paraffin method. Series of thin histological sections, 4-5 pm
thick, were obtained from the paraffin blocks and stained
with hematoxylin and eosin for subsequent morphological
analysis.

A preliminary sequential analysis of histological
sections allowed us to evaluate the morphological features
of the glands and prepare the material for morphometric
measurements. Morphometric studies were conducted using
a Levenhuk D740T digital microscope with the corresponding
software for photography and analysis, and the obtained
data were systematized in Microsoft Excel tables [1, 23, 27].

All laboratory animals were kept in standard conditions
at the experimental-biological clinic (vivarium) of Poltava
State Medical University, in accordance with the rules for
keeping experimental animals established by the Directive
of the European Parliament and of the Council (2010/63/
EU), the order of the Ministry of Education and Science,
Youth and Sports of Ukraine dated 01.03.2012 Ne 249 “On
the approval of the procedure for conducting experiments
and experiments on animals by scientific institutions,” and
the “General Ethical Principles for Experiments on Animals,”

adopted by the Fifth National Congress on Bioethics (Kyiv,
2013), (Protocol Ne 240 from 20.06.2025 of the meeting
of the Commission on Biomedical Ethics of Poltava State
Medical University).

Results

Sequential analysis of histological sections from the
extraorbital, intraorbital, and Harderian lacrimal glands of rats
allowed us to trace the course and branching of the efferent
ducts, the cellular composition of their walls, and changes
in their diameters at different levels using the morphometric
method. Based on the data obtained, we identified several
gradations of duct diameters.

A morphometric study of the epithelial components of the
rat glands was performed, specifically the terminal parts and
efferent ducts that are part of the structural and functional
unit — the lobule. Within the lobule, the intercalated ducts
(intercalated segments or terminal ducts) constitute the initial
segment of the branched efferent duct system and end with a
widening that forms the terminal part of the gland. According
to our data, the intercalated duct of the extraorbital gland
has an outer diameter of 23.79+0.23 ym, a luminal opening
(inner diameter) of 9.700+0.160 um, and a wall thickness of
7.040+0.290 pm.

The intercalated duct in the extraorbital gland typically
integrates with a single spherical terminal part, which has
an outer diameter of 40.16£0.23 ym, an inner diameter of
6.560+0.090 uym, and a wall thickness of 16.80+£0.21 um
(Table 1).

Table 1. Basic metric indicators of the epithelial components of
the rat lacrimal gland lobules (M£m, pm).

Extraorbital lacrimal gland of a laboratory rat

Cross- Ducts

sectional | Terminal

profile portion | Intercalated | Intralobular | Lobular

diameter

Outer 40.16+£0.23 | 23.79+0.23 | 31.92+0.19 | 55.40+0.36
Inner 6.560+0.090| 9.700+0.160 | 14.14+0.18 | 27.54+0.22
Wall

thickness 16.80+0.91 | 7.040+0.290 | 8.890+0.160 | 13.93+0.24
Intraorbital lacrimal gland of a laboratory rat

Cross- Ducts

sectional |Terminal

profile  |portion Intercalated | Intralobular Lobular

diameter

Outer 53.3610.45 | 24.54+0.44 | 65.89+0.80 | 95.76+0.45
Inner 8.150+0.140| 6.160£0.090 | 35.49+0.31 | 78.46+0.27
Wall 22.60+0.29 | 9.1904£0.250 | 15.20+0.32 |8.650+0.120
thickness

Harderian gland of a laboratory rat

Cross- Ducts

sectional |Terminal

profile  |portion Intercalated | Intralobular Lobular

diameter

Outer 48.99+0.32 | 25.88+0.20 | 55.09+0.21 |72.91+0.38
Inner 9.920+0.170( 9.490+0.120 | 32.28+0.18 |48.48+0.79
Wall

thickness 19.534+0.18 | 8.200+0.200 | 11.404+0.28 | 12.22+0.17
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The terminal parts have a thick wall, with their inner lumen
accounting for almost one-third of their volume. The wall of
the terminal part consists of two layers of highly specialized
epithelial cells: one type has transformed into secretory
epitheliocytes, while the other has gained contractile abilities
during morphological differentiation. The myoepithelial
cells, in this case, have taken a basal location relative to
the secretory cells. The nuclei of the myoepithelial cells, in
comparison to their cytoplasm, stain well and are therefore
quite well-visualized, thus indicating their presence (Fig. 1).
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Fig. 1. Extraorbital lacrimal gland of a laboratory rat. 1 —terminal
parts; 2 — myoepithelial cell nuclei; 3 — interlobular connective
tissue layer. Paraffin section. Hematoxylin-eosin. x400.

A noticeable finding is that the outer diameter of the
terminal part is almost two times larger compared to the
terminal (intercalated) part. The wall thickness of these parts
also differs by a factor of two, which is related to the different
size of the secretory epithelial cells, the number of cell layers,
and their shape within the wall.

Numerous intralobular ducts of the rat’s extraorbital
lacrimal gland have an outer diameter of 31.92+0.19 pym,
a lumen of 14.14+£0.18 ym, and a wall thickness of
8.890+0.160 pym. This indicates a gradual increase in the
diameter of the excretory ducts along the direction of the
laminar flow of the secret.

Based on the morphometric data of the extraorbital gland
ducts and the study of 2D and 3D reconstructions, it can be
argued that the most capacious chain for the accumulation
and storage of the secret in the excretory system of the
studied glands is the large number of intralobular ducts within
the lobule. The terminal (intercalated) ducts, with their narrow
luminal openings, act as chains for the retention of the secret.

The intercalated duct of the intraorbital lacrimal gland
has an outer diameter of 24.54+0.44 ym, a luminal opening
(inner diameter) of 6.160+£0.090 um, and a wall thickness of
9.190+0.254 ym (Fig. 2, 3). This duct typically also integrates
a single terminal part, which has an outer diameter of
53.36+0.45 ym, an inner diameter of 8.150+0.140 ym, and
a wall thickness of 22.60+0.29 pym (see Table 1).

b

Fig. 2. Intraorbital lacrimal gland of a laboratory rat. A — Serial
histological section, on which a wax plastic reconstruction was
based. Paraffin section. Hematoxylin-eosin. x400. B — Plastic
reconstruction of the microanatomical structures of the gland
lobule. 1 — intercalated duct; 2 — intralobular duct; 3 — terminal
part. x400.

laboratory rat. 1 — lumen of the lobular duct; 2 — point where
the intralobular duct drains into the lobular duct; 3 — precapillary
arteriole; 4 — secret in the duct lumen; 5 — myoepithelial cell
nuclei (indicated by arrows); 6 — lymphoplasmacytic infiltration
of connective tissue. Paraffin section. Hematoxylin-eosin. x400.

Just like in the rat’s extraorbital gland, the outer diameter
of the terminal part in the intraorbital gland is also more than
twice as large as that of the terminal (intercalated) part. The
wall thickness of these parts also differs by almost two times,
which may be related to the different size of the secretory
epithelial cells, the number of cell layers, and their shape
within the wall. Numerous intralobular ducts have an outer
diameter of 65.89+0.80 um, a lumen of 35.49+0.31 ym, and
a wall thickness of 15.20+0.32 pm. This similarly indicates

Vol. 31, Ne3, Page 77-83
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a gradual increase in the diameter of the excretory ducts
in the direction of the laminar flow of the secret. This trend
continues for the lobular duct, which has the largest outer
and inner diameters.

Itis important to note that sections of the Harderian gland
sometimes show a slightly different picture within the lobule
compared to the other lacrimal glands of the laboratory rat.
Specifically, there are terminal parts with poorly defined
lumens, as they do not have a spherical shape. Additionally,
the lumens of some ducts within the lobule are narrow or
not visible at all in the sections. This is especially true for
the lumens of the ducts that are directly adjacent to the
terminal parts. In cases where the lumens of the terminal
parts are well-visualized, they may have an irregular shape,
which complicates their identification and the acquisition of
morphometric data (Fig. 4, 5). In our opinion, this is also
related to the plane of the section that captured the epithelial
components of this particular histological series.

—

Fig. 4. Garder’s gland of a Iaboratry rat. 1 — lumen of the
intralobular duct; 2 — finger-like terminal part; 3 — intercalated
(excretory) duct. Paraffin section. Hematoxylin-eosin. x400.

Fig. 5. Fragment of a Harderian gland lobule with partially
removed secretory elements. 1 —dense connective tissue layers
between the ducts and terminal parts; 2 — terminal parts; 3 —
intercalated duct; 4 —intralobular duct. Wax reconstruction. x100.

As a rule, a lobule of the Harderian gland consists of
aggregates that contain lacrimal ducts of the smallest inner
diameter and their corresponding saccular and regular
spherical terminal parts, which form clusters. The intercalated

ducts have an outer diameter of 25.88+0.20 ym, a lumen of
9.490+0.120 ym, and a wall thickness of 8.200+0.210 pm.
The lumen of the terminal part of the Harderian gland
measures 9.920+0.170 ym and is connected to the lumen
of only one lacrimal tubule, the dimensions of which are
practically the same at 9.490+0.120 ym. The smallest
lacrimal ducts merge to form larger-diameter ducts located
within the volume occupied by the lobule. As a rule, there are
no more than three orders of branching for the intralobular
ducts, which corresponds to the division of analogous efferent
ducts in the studied rat lacrimal glands. They are also located
collaterally relative to the axial intralobular duct and can
integrate a certain number of alveolar-tubular aggregates.
Their morphometric parameters are presented in Table 1.
The longest and largest ducts of the Harderian gland are
located outside the lobules.

In the Harderian gland, the morphometric values for the
lumens (inner diameters) of the terminal and intercalated
parts are almost identical, averaging 9.920+0.170 ym
and 9.490£0.120 pm, respectively. The inner diameter of
the lobular duct is only 1.3 times larger than that of the
intralobular ducts, which represents an insignificant change
in this parameter. The wall thickness of the ducts in all the
studied glands does not differ significantly.

Discussion

A sequential morphological and morphometric analysis
of histological sections from the extraorbital, intraorbital,
and Harderian lacrimal glands of rats allowed for a detailed
characterization of the structure and functional features of
the efferent ducts and terminal parts within the lobule as a
structural-functional unit. Within the studied glands, a gradual
increase in duct diameters was found in the direction of the
laminar flow of the secret. This is consistent with the principle
of optimizing flow and accumulating secret in the axial parts
of the excretory system [24, 26]. The intralobular ducts were
found to be the most capacious for the accumulation and
storage of the secret, while the narrow terminal (intercalated)
ducts serve a function of secret retention.

Morphometric data on the terminal parts and intercalated
ducts showed that the outer diameter of the terminal part
in all studied glands exceeds the corresponding diameter
of the intercalated duct by almost a factor of two. This
indicates the morphological differentiation of the epithelial
components, which ensures the effectiveness of secretion.
The wall thickness of the terminal part was also significantly
greater than that of the intercalated ducts, which is due to a
larger number of layers of secretory cells and the presence
of myoepithelial cells with basal nucleus location. The
presence of myoepithelium is crucial for the active release
of secretion, especially thick protein-based secretions. It
provides a so-called “milking” effect, which is mechanical
assistance in evacuating the secret from the acini into the
duct system [6, 11]. This is consistent with known data on the
role of myoepithelial cells in modulating secretory function
and maintaining the mechanical integrity of the gland [25].
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Unlike human lacrimal glands, the walls of the efferent
ducts at all levels in rats did not show cells of the diffuse
endocrine system (APUD-system), which are typical
companions of glandulocytes in the efferent ducts of many
human exocrine glands [5]. This points to species-specific
features in the morphofunctional organization of rat glands.
At the same time, a characteristic feature of all studied rat
glands is the pronounced lymphocytic infiltration of the
interstitium, which is especially noticeable along the course
of the efferent ducts and in their immediate vicinity. This
phenomenon likely reflects constant immunological control
within the gland tissues and may be related to maintaining the
homeostasis of the secret. This aligns with the understanding
of the important role of local inflammatory-oxidative
mechanisms in maintaining tissue balance [4, 10, 28].

The rat’s Harderian gland demonstrates some
morphological differences compared to the extra- and
intraorbital lacrimal glands. In particular, the terminal parts
often have poorly defined lumens or an irregular shape, which
complicates their identification and precise morphometry.
These features may be explained by the section plane of
the histological series and the specific organization of the
lobules, where the terminal parts and minimal efferent ducts
form compact clusters.

A comparison of the morphometric indicators of the
efferent ducts and terminal parts of rat glands with literature
data on the lacrimal gland of mature humans reveals
both general biological patterns and significant structural
differences [2, 21]. For example, the principle of a gradual
increase in duct diameters is maintained in both species.
However, differences in the presence of cells of the diffuse
endocrine system and the distribution of myoepithelial cells
reflect species-specific adaptations to the nature of the secret
and the functional needs of the glands. This data allows us
to conclude that the morphological organization of the rat
lacrimal gland lobule ensures the effective evacuation of the
secret while maintaining a local immune defense function. It
also optimizes the ratio between the volume of the luminal
opening and the wall thickness of the ducts for different
segments of the excretory system.

Thus, our own research confirms that the efferent ducts
of rat lacrimal glands form a complex, branched system of
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MOP®OJIOrIsA TA MOP®OMETPISA CACTEMU BUBIAHUX MPOTOK CNIbO30BUX 3AN03 LLYPA: NOPIBHANBbHUN
AHATNI3 EKCTPAOPBITAJBHOI, IHTPAOPEITANIbHOI TA TAPOEPOBOI 3ANO3

Kauerko A. J1., llepcmrok O. O., NpuHb B. I'., CeiHyuybka H. /1., Binaw B. 1., YcmeHko P. J1., Mintozin A. B.

Y ce80ix docnidxeHHsX Mu 8UX00UIU 3 Moo, W0 C/1b0308a 3a1o3a 1abopamopHo20 Wypa, K i if aHarnoau y noOuUHU, € NoniMepHUM
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opaaHoM, sKul mae ceoro crieyudpiky. Lle 8 nepwy yepay cmocyembCsi CUHMOIMIYHUX 83aEMUH 8 MPUBUMIPHOMY MPOCmopi
camux 3ar03 ma ix Mikpocmpykmyp. Tomy rpu OOCiOXeHHIi Crb0308UX 3an03 wypa (ekcmpaopbimarbHoi, iHgbpaopbimanbHol
ma [ap0epoe.oi), K i npu eus4eHHi 3ano3 moduHu, Ham 6yrno HeobxidHO eusseumu mol pieeHb CMPYKMYpPHOI opeaaHisauyii
pi3HoxapakmepHUX mkaHuH, skul 6u eidnogidas MOHAMMIK CMPYKMYPHO-QPYHKUiOHanbHOi 00uHuUyi. Mema OocrnidOXeHHSs:
oxapakmepu3ysamu MOpghOMEMPUYHO ma 2icmoriozivHo KiHuesi 8iddinu ma cucmemy 8usiOHUX MPOMOK ekcmpaopbimarnbsHoi,
iHmpaopbimarnbHoi ma ap0epoe8oi c/1b0308UX 3a/103 Wypa ma 8u3Ha4umu ix 3azanbHo-bionoziyHi ma sudocneyughiyHi ocobrusocmi.
lMposedeHuli MopghomempuyHUL ma 2icmornoaidyHull aHania ekcmpaopbimarnbHoi, iHmpaopbimanbHoi ma apdeposol cribo3o8uUx
3an03 nabopamopHozo wypa. OmpumaHi pe3ynbmamu obpobrieHi 8 npozpami Microsoft Excel. BcmaHoeneHo, wo KiHuesi
8i00inu matomp binbwul 308HiWHIL diamemp | MOBWUHY CMIHKU MOPIBHSIHO 3i 8CMagHUMU Npomokamu. BHympiwHbo4acmo4kosi
MPOMOKU Xapakmepu3yrombcsi BirbWuMu fIIoMiHanmbHUMU pocsimamu, Wo cripusie eheKmueHOMY HaKOMUYeHHI0 ma esakyauii
cekpemy. Y [apdeposili 3an03i KiHuesi 8i00inu Y4acmo Marme HernpasusibHy popMy ma 8y3bKi Npoceimu, a cmaeHi rnpomoku
malixxe i0eHmMuUYHi KiHyesum 3a diamempom. MioenimenianbHi KnimuHU 6epymbs y4acmb y CKOPOYEHHIi ma MoOymo8aHHI cekpeuil,
cmeoprorodu «milking» — egpbekm, wjo 3abesrneyye sudineHHs cekpemy. [1opigHsHHS ompumMaHux 0aHux 3 Mopghomempieto Cr1b030801
3as103u to0UHU 003801159€ 8UOINUMU 3a2aribHO-6i002i4HI 3aKOHOMIPHOCMI OpaaHi3auii eKCKkpemopHoi cucmemu ma sudocrneyugbiyHi
adanmaujii do muny cekpemy ( oyHKUjioHanbHUX nompe6. Pe3ynbmamu 00CrnidxeHHS Maromb 3Ha4eHHS Oris 2rubuio2o po3yMiHHS
MOpPghOopyHKUiOHaIbHOI Op2aHi3auii Crib0308UX 3a5103 ma MOXYMmb Crly2ysamu 6a30to 05151 modanbuwiux ¢hidionoaiyHUX i nramonoaiqyHux
0ocnidxeHb eK30KPUHHUX 3aIo3.

KntouyoBi cnoBa: c¢/150308i 3an103u wypa, ekcmpaopbimanbHa 3ano3a, iHmpaopbimarnsHa 3ano3a, [apdeposa 3ano3a, KiHuesi
8iddinu, mopghomempis.
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