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Treatment of abdominal hernias remains one of the most urgent problems of modern
surgery. Alarge number of complications after hernia operations require the development
of new types of implants for tissue plastic surgery. The purpose of the study is to carry out
an experimental comparative assessment of tissue reaction to the implantation of the
developed polypropylene mesh implant modified with carbon nanotubes and silver
nanoparticles. Research was conducted on 105 sexually mature laboratory rats in three
series of experiments (35 rats each). In the first series, polypropylene mesh implants
were implanted in the tissues of the anterior abdominal wall, in the second - polypropylene
implants coated with an antiseptic, and in the third - polypropylene implants modified with
carbon nanotubes and silver nanoparticles. Animals were removed from the experiment
after preliminary anesthesia 3, 5, 7, 14, 21, 30 and 90 days after the operation. The
tissues of the abdominal wall were taken together with the implants, histological
preparations were made, which were stained with hematoxylin and eosin and according
to Van Gieson. We studied the composition and ratio of elements of cell infiltration in
tissues with further statistical processing of the obtained data. It was established that
during the implantation of mesh edoprostheses, regardless of their type, necrotic changes
with reactive inflammation, the presence of inflammatory cell infiltrate, tissue swelling
and microcirculation disorders were detected in the tissues 3-5 days after the operation.
Under the condition of implantation of the developed mesh, a less pronounced exudative
phase of inflammation and an earlier onset of the reparation phase were detected.
Depending on the type of implant used, the subsequent reaction differed between the
groups of experimental animals, which was evidenced by the regression of inflammatory
phenomena in the tissues and the processes of formation of the fibrous capsule around
the implants. During the implantation of nanomodified mesh implants by the 7th day of the
experiment, the exudative phase of inflammation ended and the formation of a thin
connective tissue capsule began, the formation of which was completed by the 21st day
of observation, while when the mesh was implanted with polypropylene and polypropylene
with an antimicrobial coating, the formation of the capsule lasted up to 30 days. Thus, it
was established that the exudative phase of inflammation continues in the tissues around
the implantation of classic polypropylene and polypropylene meshes with an antimicrobial
coating up to the 14th day of the experiment, and the connective tissue capsule is formed
up to the 30th day. At the same time, in the tissues around the mesh implants made of
polypropylene modified with carbon nanotubes and silver nanoparticles, the exudative
phase of inflammation ended by the 7th day of the experiment. This ensured the intensity
of reparative regeneration processes and the separation of the implant from the surrounding
tissues by a thin connective tissue capsule for up to 21 days of observation.
Keywords: polypropylene mesh implants, carbon nanotubes, silver nanoparticles,
morphological changes, biological compatibility.

Introduction

The problems of treating abdominal hernias remain one Today, polypropylene mesh implants are widely used
of the most urgent problems of modern surgery [8, 10, 15].  in hernia repair [4, 5, 18, 28]. But the results of the treatment
Copyright © 2024 Viltsaniuk O. A. et al. This is an open access article distributed under the Creative Commons Attribution License, which 5
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of this pathology and complications in the postoperative
period are not entirely satisfactory, among which purulent-
inflammatory ones remain the most severe, lead to
recurrence of hernias, require repeated surgical
interventions and significantly worsen the quality of life of
patients [17, 32]. To eliminate the shortcomings inherent
in classic implants, a number of implants with various types
of polymer coatings with antimicrobial properties,
substances that improve reparative processes and other
properties have been developed. But they do not completely
satisfy surgeons, since they are used in limited quantities
and do not always meet generally accepted requirements.

Therefore, the development of new types of mesh
implants of high strength with antimicrobial and other
properties remains an urgent problem. The solution of which
is possible only by developing implants using materials
with new properties.

A modern scientific direction that allows obtaining new
materials with given or new properties is nanotechnology,
which involves the introduction of nanoparticles into the
composition of matrix substances, which give materials
new properties [9, 21].

Today, carbon nanotubes and nanoparticles of various
metals are widely used as polymer and metal nanofillers
[20, 30, 31], which are introduced into matrix substances to
obtain new materials or give known materials new
properties [6, 7, 11]. The use of nanotechnology made it
possible to obtain fundamentally new types of materials
with new or specified properties that are widely used in
industry, but information on the use of nanocomposite or
nanomodified materials in medicine is limited.

Today, polypropylene threads have been created that
contain carbon nanotubes and silver nanoparticles, which
have high strength and antimicrobial activity and can be
used as surgical suture material. On the basis of the
obtained threads, which were used as raw materials for
the manufacture of mesh implants, we developed a new
type of nanocomposite mesh implants with antimicrobial
properties. But for the introduction of the developed
endoprostheses into clinical practice, it is necessary to
study the reaction of tissues to their implantation, which
will allow to substantiate their biocompatibility with tissues
and develop indications for use in the clinic.

The purpose of the research is to carry out an
experimental comparative evaluation of the reaction of
tissues to the implantation of the developed polypropylene
mesh implant modified with carbon nanotubes and silver
nanoparticles.

Material and methods

Experimental studies were performed in compliance
with the requirements of international law (the Helsinki
Declaration of Human Rights of 1975 and the Vancouver
Convention of 1974, 1994 on biomedical experiments), as
well as in accordance with the laws and documents on
bioethics of Ukraine (protocol of the Bioethics Committee

of the National Pirogov Memorial Medical University,
Vinnytsya No. 9 dated November 19, 2019).

The experimental part of the work was performed on
105 sexually mature laboratory rats with a body weight of
200 to 250 g in the vivarium of the National Pirogov Memorial
Medical University, Vinnytsya, which were maintained in
accordance with generally accepted norms. Rats were
divided into three series of experiments (35 animals in
each series). In the first series of experiments,
polypropylene mesh implants were implanted, in the
second - polypropylene mesh implants with antimicrobial
properties, on which the antiseptic polyhexamethylene
guanidine chloride was applied as an antimicrobial agent
by spraying. In the third series, developed polypropylene
mesh implants made of polypropylene threads were
implanted into which carbon nanotubes and silver
nanoparticles were introduced at the formation stage.

Operative interventions were performed after
premedication with diphenhydramine at the rate of
1.5 mg/kg of body weight and aminazine (0.02 mg/kg), under
ketamine anesthesia (by intramuscular injection of
ketamine at the rate of 10 mg/kg of rat body weight). After
anesthetizing the animals, they were fixed on the table, the
operating field was treated with Betadine and alcohol three
times, after which a middle laparotomy was performed.
The peritoneum, muscles, and aponeurosis of the anterior
abdominal wall were sutured, and mesh implants
measuring 1.0 x 0.5 cm were placed on the junction line
and fixed with separate nodal sutures to the anterior
abdominal wall along the junction line, in the first series of
experiments, with atraumatic suture material with
polypropylene, and in the second - polypropylene suture
material covered with an antiseptic, and in the third -
polypropylene suture material modified with carbon
nanotubes and silver nanoparticles. After that, the skin and
subcutaneous tissue were sutured with knotted sutures
with the appropriate suture material and the postoperative
wound was treated with Betadine. In the postoperative
period, the general condition of the animals and the
condition of the postoperative wound were monitored. The
animals were removed from the experiment by decapitation
after preliminary anesthesia with sodium thiopental at the
rate of 50 mg/kg of body weight 3, 5, 7, 14, 21, 30 and 90
days after the surgical intervention. In the animals removed
from the experiment, body weight was measured, visible
skin and mesh implantation sites were evaluated, and
tissues of the anterior abdominal wall were excised
together with the implants for morphological studies. The
tissues taken for the study were fixed in a 10 % solution of
neutral formalin, dehydrated, embedded in paraffin, and 3-
5 pum thick sections were prepared on a microtome. The
prepared histological preparations were stained with
hematoxylin-eosin and according to Van Gieson [22].
Microscopy of histological preparations was carried out
using an OLIMPUS BX 41 light microscope (certificate of
the Ministry of Health of Ukraine on state registration
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No. 8120/2008, code 9011800000). Image visualization
was performed using the cellSens Entry program (xv Image
Processing), morphometry was performed using the
Quickphoto micro 3.2 program (license agreement
No. 925113924). The composition and ratio of elements of
inflammatory cell infiltration was studied using immersion
microscopy. In the obtained histological preparations, the
density of the cellular infiltrate in the tissues around the
implanted meshes, its cellular composition, and the
counting of cells of the fibroplastic series (from young
fibroblasts to fibrocytes) were evaluated [3].

Identified changes in the examined tissues were
documented by micro photography and processed using
the Quick PHOTO MICRO 2.3 program.

Statistical data analysis was performed using Statistica
6.4 v12 software, Stat Soft. Inc. and Microsoft Office Excel
2016. Determination of the nature of data distribution was
carried out using the Shapiro-Wilk test. Taking into account
the assessment of the normality of the data distribution of
quantitative parameters, the comparison of groups was
carried out using the t-test. For data that had a non-normal
distribution, the calculation was performed using the Mann-
Whitney (U) test. The marginal level of error of the first kind
(a) is accepted at a level of no more than 5 % (p<0.05) [1].

Results

The study of morphological changes in the tissues three
days after the implantation of endoprostheses showed that
there was swelling and inflammatory cell infiltration in the
tissues, which was the least when the developed mesh
was implanted. In the tissues around the implanted
polypropylene mesh, moderately expressed, diffuse,
relatively uniform, inflammatory infiltration was determined,
which formed a demarcation shaft. The infiltrate was mainly
located within the subcutaneous adipose tissue, spread
between the contracted elements of the mesh, capturing
at the same time the large subcutaneous muscle, the
dermis, and the rectus abdominis muscle adjacent to the
mesh. Small areas of necrosis, signs of tissue swelling
and the formation of micro-abscesses were noted at the
level of the grid location. The vessels of the microcirculatory
channel were unevenly expanded, full of blood. Focal
diapedesis hemorrhages were determined, the destruction
of collagen fibers was observed (they were fragmented, in
some places in the form of structureless bands and deep
masses that unevenly and insufficiently perceived
picrofuchsin) and small accumulations of fibrinoid
substance were detected.

A similar microscopic picture was found in the location
of the polypropylene implant covered with an antiseptic. On
histological preparations, areas of necrosis and significant
swelling were revealed. Inflammatory cellular infiltration,
which formed a demarcation shaft, was located mainly
within the subcutaneous fat tissue, not involving the dermis,
but spread to the rectus abdominis muscle. A productive
reaction in the form of a thin (in 1-3 layers of cells) epithelioid

cell wall was observed directly around the mesh elements,
and in places, on the contrary, an exudative reaction with
the formation of microabscesses.

In the tissues around the implants, there was an
expansion of the lumen and a moderate fullness of the
vessels of the microcirculatory channel and large
accumulations of fibrinoid substance (Fig. 1).

During this period of observation, the tissues around
the polypropylene mesh modified with carbon nanotubes
and silver nanoparticles showed slight signs of edema,
dilated blood vessels, focal diapedesis hemorrhages, and
unevenly expressed cellular infiltration.

The infiltrate was mainly located around part of the mesh
threads and within the subcutaneous fat tissue, and unlike
previous series of experiments, it did not invade the dermis
and the rectus abdominis muscle to which the implant
was attached. The cellular composition of the infiltrate did
not differ from its composition in previous series of
experiments and was also represented by neutrophilic

B

. 5.

Figj. 1. Inflam

atory leukocyte infiltration in the hypodermis (1), in
the tissues and rectus abdominis muscle (2, 5), fibrinoid substance
(3) around the implanted polypropylene mesh with an antimicrobial
coating (4) on the 3rd day of the experiment. Staining with
hematoxylin and eosin. x40.

e Ry - &S
Fig. 2. Tissue swelling (1), inflammatory leukocyte infiltration (2),
dilated blood vessels (3) around the implanted polypropylene mesh
modified with silver nanoparticles and carbon nanotubes (4) on
the 3rd day of the experiment. Staining with hematoxylin and eosin.

x100.
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leukocytes, plasma cells, lymphocytes and macrophage-
monocytic elements. Small areas of fibrinoid substance
deposition were found at the level of the mesh location
(Fig. 2).

During the morphometric study of changes in cellular
composition after 3 days of the experiment, the density of
the cellular infiltrate around the implanted meshes was as
follows. The infiltrate density around the polypropylene mesh
was 812.0+66.5 cellssmm?. Around the polypropylene mesh
coated with an antiseptic, its density was 934.0+
71.0 cellsi/mm? and 622.0+60.3 cells/mm? around the
developed mesh, which was significantly less (p<0.005)
than around the meshes implanted in the first and second
series of experiments. The study of the composition of the
cellular infiltrate showed that the infiltrate in all experiments
was dominated by segmented neutrophilic leukocytes, the
number of which around the polypropylene mesh was at the
level of 714.6+58.6 cells/mm?, around the polypropylene
mesh with an antimicrobial coating - 756.5+57.6 cells/mm?
and the lowest number of neutrophils of leukocytes (p<0.05)
was in the composition of the infiltrate around the developed
meshes - 485.2+47.0 cells/mm2. The number of plasma
cells in the infiltrate was: around the polypropylene mesh -
18.71+4.03 cells/smm?, around the polypropylene mesh
covered with an antiseptic up to 74.705.69 cellssmm? and
around the designed meshes 62.20+6.05 cells/mm?;
lymphocytes - 32.48+2.60 cellssmm? around polypropylene
mesh, 56.02+4.30 cellss/mm? around mesh covered with an
antiseptic and 43.51+4.24 cells/mm? around developed
mesh. Macrophage-monocytic elements were detected
around polypropylene meshes in the amount of 16.23+
1.32 cells/mm?, around meshes covered with antiseptic
46.74+3.52 cells/mm? and 31.11+3.00 cells/mm? around
developed meshes. In the tissues, cells of the fibroblastic
series were also detected, which were represented mainly
by young fibroblasts, the number of which was significantly
higher around the elements of the developed mesh -
209.9+12.3 cells/mm?, while around the polypropylene
meshes their number was at the level of 114.0%
7.6 cellssmm? and around of polypropylene nets covered
with an antiseptic, cells of the fibroblastic series were found
in a small amount - 94.4015.20 cells/mm?2.

On the seventh day after implantation of polypropylene
endoprostheses, inflammatory cell infiltration in tissues
became more pronounced. At the same time, the infiltrate
was located not only within the subcutaneous adipose
tissue and between the structural elements of the mesh,
but also spread to the rectus abdominis muscle. Young
granulation tissue was found in the tissues in the central
parts of the implanted mesh. A granulation shaft of
epithelioid cells was located directly around part of the mesh
elements, among which there were multinucleated giant
foreign body cells of various types (Fig. 3).

At the location of the polypropylene implant covered with
an antiseptic, during this period of observation, moderate
swelling of the tissues was determined, the mesh itself

Fig. 3. T|ssue swel |ng (1), polymorp ic cellular |nflammatory
infiltration (2) in tissues (3) and rectus abdominis muscle (4) around
the implanted polypropylene mesh on the 7th day of the experiment.
Staining with hematoxylin and eosin. x40.

F|g 4, Granulaﬂon t|ssue with polymorph|c cellular mflammatory
infiltration (1) in the tissues around the implanted polypropylene
mesh covered with an antiseptic (2), scab on the surface of the
postoperative wound (3) on the 7th day of the experiment. Staining
with hematoxylin and eosin. x40.

had a slightly pronounced deformation. Inflammatory
cellular infiltration remained in the tissues, which had a
diffuse character. At the same time, its expressiveness has
significantly decreased compared to the previous period
of observation. Inflammatory infiltration persisted in the
hypodermis, in the area of connected tissues, in the area
after the surgical wound, and in the form of small foci in the
rectus abdominis muscle. Granulation tissue of various
degrees of maturity was located around the mesh itself
and its individual elements, among which cells of the
fibroplastic series and multinucleated giant foreign body
cells of various types were determined (Fig. 4).

On the seventh day, there was no tissue swelling around
the implanted mesh made of polypropylene modified with
carbon nanotubes and silver nanoparticles. Inflammatory
cell infiltration became diffuse, its density was significantly
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Fig. 5. Vessels of young granulation tissue (1), active fibroblasts
(2), eosinophilic granulocytes (3) in the tissues around the implanted
polypropylene mesh modified with silver nanoparticles and carbon
nanotubes on the 7th day of the experiment. Staining with
hematoxylin and eosin. x400.
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lower (p<0.05) than in the experiments of the comparison
groups. The inflammatory infiltrate in the form of cells
occupied only the hypodermis, it did not spread to the rectus
abdominis muscle. At the same time, abundant masses
of fibrinoid substance were deposited at the site of mesh
implantation. Granulation tissue of various degrees of
maturity with an intercellular matrix and a large number of
active fibroblasts was determined around the mesh and
its individual elements (Fig. 5).

On the 7th day of observation, the density of the cellular
infiltrate around the implanted meshes around the
polypropylene meshes increased to 1032+74 cells/mm?,
around the polypropylene mesh with an antimicrobial
coating to 810.0+40.1 cellssmm?, and around the implanted
polypropylene mesh modified with carbon nanotubes and
silver nanoparticles - 843.0+47.9 cellss/mm?. At the same
time, there was a change in the composition of the cells
that were found in the infiltrate.

The number of neutrophil leukocytes compared to the
previous period of observation decreased significantly
(p<0.05) and was 608.9+44.0 cells/mm? around
polypropylene meshes, 354.1+20.1 cells/mm? around
polypropylene meshes with an antimicrobial coating and
299.7+14.8 cells/mm? around developed nets During this
period of observation, a significant (p<0.05) increase in the
number of plasma cells was noted: around polypropylene
meshes, their number was 206.4+14.9 cellss/mm?, around
polypropylene meshes with an antimicrobial coating -
178.2+8.8 cellssfmm? and 143.3+8.1 cells/mm? around
developed grids. A similar pattern was observed with the
number of lymphocytes. Thus, the number of lymphocytes
in the cellular infiltrate around polypropylene implants was
123.8+8.9 cellss/mm?, around polypropylene meshes with
an antimicrobial coating - 129.6+6.4 cells'/mm?, and around
engineered meshes - 151.7+8.6 cellsimm?. A similar picture

was observed with macrophage-monocytic elements, the
number of which also increased significantly compared to
the previous period of observation and amounted to
92.8816.70 cells/mm? around polypropylene meshes,
around polypropylene meshes with an antimicrobial coating
- 202.5+10.0 cellssrmm?, and around developed meshes -
193.9+11.0 cells/mm?. The intensification of the phenomena
of reparative regeneration processes and the formation of a
connective tissue capsule around the implants during this
period of observation was evidenced by an increase in the
number of fibroplastic cells in the cellular infiltrate around
the implants. It should be noted that the number of these
cells was different depending on the type of implant. Thus,
the number of fibroblastic cells around polypropylene
meshes was 2411+162 cells/mm?, around polypropylene
meshes coated with an antiseptic - 2093+121 cells/mm?,
and around developed meshes - 3904+279 cells/mm?. In
addition to the cells of the regenerative row, multinucleated
giant foreign body cells were found in the infiltrate around
the meshes. The largest number of them was in the tissues
around the implanted mesh covered with an antiseptic -
14.02+1.57 cellsi/mm?, around polypropylene meshes -
6.021+2.503 cellsfmm?, and the smallest number was
found around the developed mesh - 4.011+1.053 cells/mm?,

On the 14th day of the experiment, inflammatory
changes were detected around the elements of the
polypropylene mesh in the surrounding tissues, the
granulomatous epithelioid cell mass with plasma cells,
fibroblasts and multinucleated giant foreign body cells
remained and became more pronounced. Fibrous tissue
was determined in the area of polypropylene mesh
implantation, which was represented by thin bundles and
dissociated collagen fibers. Fibrous tissue, along with
collagen fibers, contained a significant number of
differentiated fibroblasts. At the same time, in the deep
sections, between the elements of the mesh, areas of
granulation tissue were preserved. Among the collagen
fibers, separate areas of dense infiltration by plasma cells
and multinucleated giant cells of foreign bodies were
determined.

On the 14th day of the experiment, a slight deformation
of the polypropylene mesh covered with an antiseptic was
determined. Around it, instead of granulation tissue, fibrous
tissue was found, represented by thin bundles of mature
and immature collagen fibers, and cellular inflammatory
infiltration of tissues remained. An unevenly expressed,
vascularized granulomatous shaft of epithelioid cells and
neutrophilic granulocytes was located around the mesh
elements, which also contained fibroblasts, eosinophils,
and multinucleated giant cells of foreign bodies. As in the
previous series of experiments, areas of dense cellular
infiltration and areas of granulation tissue located between
mesh elements were found.

In the tissues around the developed meshes, during
this period of observation, fibrous tissue, represented by
bundles of different thicknesses and dissociated collagen
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Fig. 6. Granulomatous epithelioid cell shaft (1) with eosinophilic
granulocytes (2), microcirculatory vessels (3) in the tissues around
the implanted polypropylene mesh modified with silver nanoparticles
and carbon nanotubes (4) on the 14th day of the experiment.
Staining with hematoxylin and eosin. x400.
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Fig. 7. Mature collagen fibers (1), collagen-producing active
fibroblasts (2), granulomatous cell shaft with giant multinucleated
cells (3) in the tissues around the implanted polypropylene mesh
modified with silver nanoparticles and carbon nanotubes (4) on
the 14th day of the experiment. Van Gieson staining. x400.

fibers, was determined on the periphery of the implanted
mesh. Collagen bundles and individual fibers of fibrous
tissue were ordered, directed parallel to the plane of the
mesh, capturing and surrounding its elements. Weakly
expressed, scattered inflammatory cellular infiltration was
noted in the tissues. Directly around the mesh elements, a
thin granulomatous epithelioid cell shaft with the presence
of multinucleated giant cells of foreign bodies was
preserved (Fig. 6, 7). Inflammatory cell infiltration in the
tissues was not determined outside the mesh implantation
zone.

The calculation of the composition of cells around the
implanted meshes showed that the inflammatory
phenomena around the implanted meshes continued to
decrease. The density of the cellular infiltrate, during this

period of observation, was 413.0+43.5 cellss/mm? around
polypropylene meshes, meshes with an antimicrobial
coating - 301.0+22.2 cellsfrmm? and around the developed
mesh - 297.0+27.2 cellssmm?. A decrease in inflammation
was also evidenced by a decrease in the number of
neutrophil leukocytes in the tissues around the implanted
polypropylene mesh to 82.60+8.70 cells/mm?, around
polypropylene meshes with an antimicrobial coating to
24.08+1.82 cellssmm?, and around the developed mesh -
14.85+1.40 cells/mm?2. Regardless of the type of mesh,
during this period of observation, a change in cellular
composition was noted, which characterized the
predominance of alteration processes over exudation
processes and activation of reparative regeneration
processes with the formation of a connective tissue capsule
around the implants. Thus, the number of plasma cells in
the cellular infiltrate around the polypropylene mesh
increased to 202.4+21.3 cells/mm?, to 35.64+3.31 cells/mm?
around polypropylene meshes with an antimicrobial coating,
and to 27.09+2.00 cells/smm? around the designed mesh.
The number of lymphocytes also increased to 49.56+
5.22 cellsi/mm? around polypropylene mesh, 154.4+
14.1 cells/mm? around polypropylene mesh with
antimicrobial coating, and 90.32+6.73 cells/mm? around
designed meshes. The number of macrophage-monocytic
elements also increased to 78.47+8.26 cellss/mm? around
the polypropylene mesh, to 92.07+8.45 cellss/mm? around
the polypropylene meshes with an antimicrobial coating,
and around the designed mesh to 159.5+11.8 cells/mm?.
Also, the number of cells of the fibroblastic series increased
in the tissues around the implanted meshes, the number
of which in the infiltrate around the polypropylene meshes
was 1852+85 cells/mm?, around the meshes coated with
an antiseptic - 1608+111 cells/mm?, and around the
designed meshes - 2552+138 cellss/mm?2. The number of
multinucleated giant cells of foreign bodies also increased.

w}ﬁ Ble i et T
Fig. 8. Areas of mature (1) and immature (2) connective tissue in
the fibrous capsule with foci of inflammatory cell infiltration (3)
around the implanted polypropylene mesh (4) on the 21st day of
the experiment. Van Gieson staining. x100.
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Fig. 9. Connective tissue capsule (1) with foci of inflammatory cell
infiltration (2) in the tissues around the implanted polypropylene
mesh covered with an antiseptic (3) on the 21st day of the
experiment. Staining with hematoxylin and eosin. x100.

In the tissues around the polypropylene mesh up to
7.004+2.750 cells/mm?, around the meshes with
antimicrobial coating - 12.04+2.60 cells/fmm? and up to
9.027%3.410 cellssfmm? around the designed mesh.

On the 21st day of the experiment, fibrous tissue of
heterogeneous structure and maturity was determined in
the area of polypropylene mesh implantation. Along the
surface of the grid, the fibrous tissue was represented by a
thin layer of densely arranged collagen fibers oriented
parallel to the plane of the grid. At the same time, the latter
simultaneously penetrated between the mesh elements
and incompletely covered them. Between the mesh cells,
fibrous tissue was formed by immature thin bundles of
collagen fibers. Tissues were unevenly infiltrated with
cellular elements. The granulomatous epithelioid cell shaft
around the mesh elements, which contained fibroblasts
and single multinucleated giant cells of foreign bodies,
remained, but became less pronounced (Fig. 8).

On the 21st day of observation, in the area of
implantation of a polypropylene mesh covered with an
antiseptic, fibrous tissue of a heterogeneous degree of
maturity was determined on the surface of the mesh: mature
collagen fibers partially enveloped the mesh elements
themselves. Along with this, mainly between the mesh
elements, areas of fibrous tissue formed by loose thin
bundles of immature collagen fibers were determined. In
the fibrous tissue, unevenly expressed inflammatory cell
infiltration took place. A thin granulomatous, epithelioid-
cell shaft, which was preserved around the mesh elements,
with individual multinucleated giant cells of foreign bodies
was found along the periphery of the mesh in separate
places (Fig. 9).

Whereas in the zone of implantation of the
nanocomposite mesh, mature fibrous tissue was
determined. On the surface of the mesh and around its
threads, fibrous tissue was represented by bundles of

thickened mature, mostly compactly arranged, collagen
fibers. Inflammatory cell infiltration at the mesh implantation
site was absent. Single multinucleated giant foreign body
cells were found in the tissues directly adjacent to the
meshes. Inflammatory phenomena and structural
disorders in the tissues beyond the location of the mesh
were not detected, which indicated the completion of the
processes of formation of the connective tissue capsule
around the implanted mesh (Fig. 10).

During the morphometric examination during this period
of observation, a slight cellular infiltrate was detected around
the meshes, the density of which was 194.0+%
12.8 cells/mm? around the polypropylene meshes,
206.0£11.5 cellss/mm? around the polypropylene meshes
with an antimicrobial coating, and 173.0+£11.8 cells/mm?
around the developed mesh. Neutrophil leukocytes in the
composition of the infiltrate were in small numbers: around
the polypropylene nets, their number was 3.461%
0.240 cells/mm?, around the polypropylene nets with an
antimicrobial coating - 2.063+0.127 cells/fmm?, and around
the developed net, neutrophil leukocytes were found in the
form of single cells. The number of plasma cells also
decreased. Their number around polypropylene meshes
was 13.84+0.94 cellssfmm?, around polypropylene meshes
with an antimicrobial coating - 8.247+0.462 cells/mm?, and
plasma cells were found around the developed mesh in
the form of single cells. The number of lymphocytes in the
infiltrate remained elevated: around polypropylene meshes
up to 76.12+5.19 cells/mm?, around polypropylene meshes
with an antimicrobial coating - 76.22+4.20 cellssmm?, and
around the developed meshes their number was
significantly reduced in comparison with control
experiments and the previous observation period up to
3.882+0.265 cells/mm?2. However, the number of
macrophage-monocytic elements in the cellular infiltrate
was not significantly different from the previous period of
observation and amounted to 79.58+5.43 cells/mm? around
polypropylene meshes, 119.5+6.7 cellsfmm? around

ol

Fig. 10. Fibrous capsule with ordered bundles of collagen fibers
(1), granulomatous cellular reaction (2), around the tissues around
the implanted polypropylene mesh modified with silver nanoparticles
and carbon nanotubes (3) on the 21st day of the experiment. Van
Gieson staining. x40.
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Fig. 11. Areas of immature (1) and mature with ordered bundles of
collagen fibers (2) fibrous capsule, granulomatous cellular reaction
with an admixture of granulocytes (3) in the tissues around the
implanted (4) polypropylene mesh with an antimicrobial coating on
the 30th day of the experiment. Van Gieson staining. x100.
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Fig. 12. Implanted polypropylene mesh modified with silver
nanoparticles and carbon nanotubes (1), fibrous capsule (2),
preserved structure of skin (3), hypodermis (4) and muscles of
the anterior abdominal wall (5) on the 90th day of the experiment.
Van Gieson staining. x40.

polypropylene meshes with an antimicrobial coating and
190.1+12.6 cells/mm? around developed nets During this
period of observation, the bulk of the cells in the cellular
infiltrate consisted of fibroplastic cells. Thus, their number
was 1207+71 cells/mm? around polypropylene nets,
1593+100 cells/mm? around polypropylene nets with an
antimicrobial coating, and 943.0+68.7 cells/mm? around
developed nets. In addition, the number of foreign body
multinucleated giant cells increased: 12.05+5.42 cells/mm?
around polypropylene mesh, 8.002+3.165 cells/mm?
around polypropylene meshes with antimicrobial coating,
and 7.002+3.235 cellss/mm? around developed mesh.

On the 30th day, a well-formed capsule of fibrous tissue
was found around the implanted polypropylene mesh,
represented by uniformly densely arranged bundles of

collagen (picrinophilic) fibers oriented along the mesh,
covering its individual elements and abdominal muscles
in a sleeve-like fashion. Fibrous areas of fibrous tissue
sclerosis were determined between the mesh elements. A
small number of differentiated fibroblasts were found on
the periphery of areas of sclerosis. An uneven epithelioid-
cellular granulation shaft with the presence of
multinucleated giant cells of foreign bodies and fibroblasts
was also preserved around the mesh elements. The
structure of the intact dermis and underlying muscle was
not altered.

Around the nets with an antimicrobial coating, the
histological picture, similar to the previous term, was mostly
preserved for a day. A capsule was located around the
implanted mesh and its elements, formed by bundles of
collagen fibers of various degrees of maturity, associated with
collagen fibers of the aponeurosis of the rectus abdominis
muscle and the perimysium of the large subcutaneous
muscle. An uneven shaft of epithelioid cells with multinucleated
giant cells of foreign bodies and active fibroblasts was located
around the mesh elements (Fig. 11).

On the 30th day, the fibrous tissue around the implanted
developed mesh, the mesh modified with silver
nanoparticles and carbon nanotubes, contained bundles
of collagen fibers homogeneous in structure and maturity.
The latter were located along the plane of the grid and
around its elements, forming a clear fibrous capsule
intimately connected with the connective tissue formations
of the muscles. Inflammatory cell infiltration in the
surrounding tissues was not determined. The normal
histological structure of the surrounding tissues was also
preserved, and the restoration of the spatial structure of
the implanted mesh itself was noted.

On the 30th day, a slight cellular infiltrate was detected
around the polypropylene implants and around the
polypropylene mesh with an antimicrobial coating. The
density of the infiltrate was 97.00+£6.67 cells/mm? around
polypropylene meshes and 111.0+14.1 cells/fmm? around
polypropylene meshes with an antimicrobial coating.
Whereas no foci of infiltration were detected in the tissues
around the developed meshes.

On the 90th day, the processes of formation of the fibrous
capsule around the implants were completed and the
implants were separated from the surrounding tissues
(Fig. 12). During histological examination, foci of
inflammatory infiltration and pathological changes were
not detected. The cellular composition in the tissues around
the implants did not differ from its composition in the
tissues before the operation.

Discussion

According to the literature, morphological changes in
the tissues around mesh implants in the early days after
surgery are characterized by the presence of inflammatory
processes with alteration phenomena followed by a
transition to reparative processes aimed at delimiting the
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implants from the surrounding tissues by a fibrous capsule
[2, 13, 23, 25, 26, 29].

The analysis of the obtained data of our research made
it possible to establish that during the implantation of mesh
endoprostheses in the tissues of the anterior abdominal
wall of rats, regardless of their species, in the first days
after the operation, the same changes were detected, which
are associated with the body's reaction to traumatic
damage due to surgical trauma. Intraoperative damage to
the tissues of the abdominal wall in experimental animals
on the 3-5th day after surgery was manifested by necrotic
changes with reactive inflammation, which was evidenced
by the presence of an inflammatory infiltrate dominated by
neutrophilic leukocytes, tissue infiltration by cellular
elements, tissue swelling and marked microcirculation
disorders. At the same time, the maximum manifestations
of alteration phenomena were observed during the
implantation of a classic polypropylene mesh and a
polypropylene mesh covered with an antiseptic, and the
minimum during the implantation of a developed mesh
modified with carbon nanotubes and silver nanopatrticles,
where a less pronounced exudative phase of inflammation
and an earlier onset of the repair phase were detected. But
this reaction differed between groups of experimental
animals depending on the type of implant used, as
evidenced by the regression of inflammatory phenomena
in the tissues around the implants and the processes and
terms of the formation of the fibrous capsule around the
meshes. During the implantation of nanocomposite mesh
implants, by the 7th day of the experiment, the exudative
phase of inflammation ended and the formation of a thin
connective tissue capsule began. The connective tissue
capsule around the developed implants was fully formed
on the 21st day of the experiment, while when implanting a
classic polypropylene mesh and polypropylene with an
antimicrobial coating, the formation of the capsule around
the implants lasted until the 30th day of the experiment.

According to many researchers [12, 19, 24, 27], surgical
trauma and the presence of an implant in the tissues lead
to the occurrence of an inflammatory process, which
prevents the delimitation of the implant, and contributes to
the occurrence of postoperative complications. Long
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cmameego3pinux nabopamopHux ulypax 8 mpbox cepisgx docnidie (no 35 wypie y koxHit). Y nepwili cepii 8 mkaHuHU nepeodHbOi
4epesHoI cmiHKu Bynu iMrnnaHmosaHi nonifnponineHosi cimyacmi imnaaHmamu, 6 Opyaill - NominponineHosi iMnnaHmamu 3 MOKpUMMSsM
aHmucenmukom, a 8 mpemit - roninponineHosi imniaHmamu, ModucgikosaHi 8yarneyesumu HaHompybkamu ma HaHoYyacmuHKamu
cpibna. TeapuH susodunu 3 docnidy nicrsi nornepedHbLo20 3HeboneHHs Yeped 3, 5, 7, 14, 21, 30 ma 90 0i6 nicns onepauji. Bunyyanu
mKaHUHU YepesHoi CmiHKU pa3oM 3 iMrnnaHmamamu, 8u20moessanu 2icmornoaiyHi npenapamu, siki 3abapeniosanu 2emMamoKCUniHoM |
€03UHOM ma 3a BaH-li30H. Bugyunu cknad i criegiOHOWeHHs enemMeHmie KiaimuHHOI iHhinbmpauii 8 mkaHuHax 3 nodasbuorn
cmamucmuy4Hor 06pobko ompumaHux daHux. BcmaHosneHo, wo npu imnnaHmauii cimyacmux eHOornpomesige He3anexHo 6i0 ix
s8udy Ha 3-5 0obu nicnsi onepauyii 8 MKaHUHaX BUSBANUCS HEKPOMUYHI 3MIHU 3 peakmueHUM 3arnasieHHsIM, HasigHicmb 3arnajibHo20
KNIMUHHO20 iHghinbmpamy, Habpsik MKaHUH ma ropyweHHs1 MIKpouupKynayii. 3a ymosu imnnaHmauii po3pobreHoi cimku eusensanu
MeHwW supaxkeHy ekcyOamueHy ¢ha3y 3anarneHHs i b6inbw paHHil no4yamok ¢hasu penapauii. B 3anexHocmi 6i0 sudy 8ukopucmaHo20
iMnnaHmamy nodarnbwia peakuyisi 8i0pi3HANachk MK epynamMu eKkcriepuMeHmarsbHUX meapuH, rpo Wo ceidyunnu peepec seull 3arnaneHHs
8 mKaHUHax ma npouyecu ¢hopmyeaHHsi hibPO3HOI Karcynu Haekosno imMnnaHmamis. lNpu iMnnaHmauii HaHomModugikosaHux cimyacmux
iMmnnaHmamie 0o 7 0obu ekcriepumeHmy ekcyOamueHa ¢hala 3ananeHHsi 3asepluyeanach i Mo4YUHanocb YOPMy8aHHs MOHKOI
CrnonyYHOMKaHUHHOI Karicynu, ¢oopmyeaHHs1 siKoi 3agepuiysaniocb 0o 21 0obu criocmepexeHHsi, moldi K npu iMnnaHmauii cimku 3
roninponineHoM ma MoJsinponifneHoM 3 aHMUMIKpOOGHUM noKpummsM opmyeaHHsi Karncynu mpusano 0o 30 0obu. Takum YUHOM,
8CcmaHo8/1eHO, WO 8 MKaHUHax HaeKoJso iMrnaHmayii KnacuyHUX Cimok 3 roninponineHy ma nosninpomnineHy 3 aHmMuMiKpobHUM
nokpummsim 9o 14 dobu ekcriepumeHmy mpueae ekcyGamueHa ¢ha3a 3arnasneHHs, a CrioslyYHomKaHuUHHa karncyna ¢opmyemscsi 00 30
0obu. B moli xe 4ac, 8 mKaHUHax HaeKoro cimyacmux iMriaHmamig 3 roninporineHy, MoougikosaHo20 8yaneyesumu HaHompybkamu
ma HaHoyYacmuHkamu cpibna, ekcydamueHa ¢hasa 3ananeHHs1 3asepuwyesanacb 00 7 0obu ekcnepumeHmy. Lle 3abe3neyvysasno
iHmeHcusHicmb npouyecie penapamugHoi pezeHepauii ma gidMexyeaHHs1 iMnnaHmamy 6i0 Ha8KOMUWHIX MKaHUH MOHKOK
Crony4YHOMKaHUHHOK Karicynoto 00 21 0obu crnocmepexeHHs .

KnrouoBi cnoBa: noninponineHosi cimyacmi imnnanmamu, gyaneuyesi HaHompybKu, HaHoYacmuHKu cpibna, MopghonozidyHi 3miHu,
bionoeiyHa cymicHicms.
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The problem of myocarditis has gained special relevance in recent years, therefore,
the search for new diagnostic and prognostic markers of the disease unfavorable
course is expedient for the timely appointment of optimal drug therapy, strengthening of
regimen measures and adequate monitoring of the patient's clinical condition. The
purpose of the study: to establish laboratory and instrumental markers of
morphofunctional heart state impairment and to develop a mathematical model for early
prediction of long-term heart failure persistence in patients with myocarditis. We included
80 patients with acute myocarditis with a severe course and reduced left ventricular
ejection fraction (LVEF) - <40 %. Assessment of laboratory and instrumental indicators
was carried out in the 1st month from the onset of symptoms, after 6 and after 12 months
of observation. All patients underwent for immunological studies, 24-hour ECG
monitoring, echocardiography with speckle-tracking and cardiac magnetic resonance
imaging. After 12 months of follow-up frequency of adverse cardiovascular events
(ACE) was assessed. Statistical processing included Student's t-test for comparison
of mean values, binary logistic regression and ROC analysis, discriminant analysis. A
set of morphofunctional instrumental indicators determined during the 1st month from
the onset of myocarditis, which can serve as predictors of cardiovascular events during
the next 12 months, was established: left ventricular ejection fraction <30 %; indicator
of longitudinal global strain <7.0 %; the presence of paroxysms of non-sustained
ventricular tachycardia; the presence of inflammatory changes in >6 segments and
delayed contrast enhancement in >5 segments of the left ventricle. A mathematical
model has been created, with the help of which it is possible to predict the adverse
course of the disease with long-term (at least 12 months) persistence of heart failure
already within the 1st month from the onset of myocarditis.

Keywords: myocarditis, diagnosis, prognosis, morphofunctional heart state, immune
state, echocardiography, cardiac magnetic resonance imaging.

Introduction

Myocarditis is an inflammatory lesion of the heart muscle
of various etiology and is characterized by a wide spectrum
of nonspecific clinical symptoms with an unpredictable
course. The disease most often has a viral etiology and
can be associated with both the direct cytotoxic effect of
viruses on the myocardium and the activation of
immunopathological reactions, that leads to autoimmune
heart damage and long-term persistence of the
inflammatory process [2, 4, 11, 29]. In recent years, the
problem of myocarditis has become especially relevant in

connection with the COVID-19 pandemic and its
consequences. By itself, the coronavirus infection can rarely
become the direct cause of inflammatory heart damage -
its specific weight in the structure of etiological factors
among other viruses is up to 5 % [6, 20]. However, it has
been proven that COVID-19 is able to stimulate the
replication of other viruses in the myocardium, or activate
immunopathological reactions from the hypersecretion of
pro-inflammatory cytokines with the development of the
well-known phenomenon called "cytokine storm" [20, 25,

16 Copyright © 2024 Cherniuk S. V., Marchenko K. S. This is an open access article distributed under the Creative Commons Attribution
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Cherniuk S. V., Marchenko K. S.

30]. Another problem, which is relevant primarily for our
country, is the active hostilities that continue on the territory
of Ukraine as a result of Russian aggression, which lead
to an increase in the incidence of myocarditis in the most
vulnerable category of people - young and middle-aged
men [3, 20]. So, to date, according to the received data,
myocarditis occurs more often in men (about 2/3 of cases)
and has a more severe course [18, 20, 31]. Moreover, the
disease is most often observed in the age range of 30-45
years [22, 31]. Factors contributing to an increase in the
likelihood of developing myocarditis in conditions of war, in
particular in military personnel, internally displaced persons
and persons injured as a result of hostilities, are the
deterioration of living conditions and the quality of food,
hypothermia, the influence of acute and chronic stress, the
need for a long-term stay in stable team, which leads to
activation of viral infections. In view of the above, the problem
of myocarditis, in particular in Ukraine, has gained special
relevance in recent years, therefore, the search for new
diagnostic and prognostic markers of the adverse course
of the disease is expedient for the timely appointment of
optimal drug therapy, strengthening of regimen measures
and adequate monitoring of the patient's clinical condition.

The purpose of the study - to establish laboratory and
instrumental markers of morphofunctional heart state
impairment and to develop a mathematical model for early
prediction of long-term heart failure persistence in patients
with myocarditis.

Material and methods

The study included 80 patients with acute myocarditis
of a severe course, who at the time of inclusion had a
reduced ejection fraction (EF) of the left ventricle - 240 %
according to the recommendations of the European Society
of Cardiology and II-IV functional class of heart failure
according to the classification of the New York Heart
Association [23]. The diagnosis of myocarditis and the
determination of the criteria for the severe course of the
disease were established on the basis of the
Recommendations for the diagnosis and treatment of
myocarditis and on the basis of the Standards for the
diagnosis and treatment of cardiovascular diseases of the
All-Ukrainian association of cardiologists of Ukraine for
the year 2021 [16].

The study was conducted in accordance with the
principles of bioethics set forth in the Helsinki Declaration
"Ethical Principles of Medical Research Involving Human
Subjects" and the "Universal Declaration of Bioethics and
Human Rights (UNESCO)", on the basis of the department
of non-coronary heart diseases, rheumatology and therapy
from June 2022 to March 2023. The research was approved
by the ethics commission of the State institution "National
Scientific Center "The M. D. Strazhesko Institute of
Cardiology, Clinical and Regenerative Medicine of the
National Academy of Medical Sciences of Ukraine" (Protocol
of the meeting No. 1-27 dated June 13, 2022). All patients

signed an informed consent to the processing of personal
data before the start of the research in accordance with the
Order of the Ministry of Health of Ukraine No. 110 dated
14.02.2012 "On the approval of forms of primary accounting
documentation and Instructions for filling them which are
used in health care institutions independently from the form
of ownership and subordination". Information processing
was carried out in accordance with the requirements of the
Law of Ukraine "On the Protection of Personal Data".

Assessment of the clinical condition of patients,
laboratory and instrumental indicators was carried out in
the 1st month from the onset of symptoms before the
appointment of optimal medical therapy, after 6 and after
12 months of observation. Dynamic monitoring during 12
months allowed us to assess the frequency of
cardiovascular events, which included: death, development
of a stroke, and the need for hospitalization due to
decompensation of heart failure.

Patients who were included in the study, during dynamic
monitoring, received optimal drug therapy for heart failure
according to the latest recommendations of the European
Society of Cardiology for 2021 year, which included:
angiotensin-converting enzyme inhibitors, beta-blockers,
mineralocorticoid receptor antagonists, sodium-glucose
cotransporter-2 inhibitors [23]. Immunosupressive therapy
with corticosteroids was administrated according to All-
Ukrainian association of cardiologists of Ukraine algorithm
[16]. If indicated, diuretics, antiarrhythmic drugs, and
anticoagulants were prescribed.

Immunological studies were carried out in peripheral
blood in the Department of Immunology and Biochemistry
of the State institution "National Scientific Center "The M. D.
Strazhesko Institute of Cardiology, Clinical and
Regenerative Medicine of the National Academy of Medical
Sciences of Ukraine", in order to determine:

- levels of pro-inflammatory cytokines - interleukin-1
(IL-1B), interleukin-6 (IL-6), tumor necrosis factor a (TNF-
a) and anti-inflammatory interleukin-10 (IL-10) in blood
serum by enzyme immunoassay;

- cardiospecific antibodies (CA) to cardiac L-myosin
(CM) and betal-adrenoceptors (B,-AR) by calculation of
optical plane units (OPU) using the ELI-Viscerotest test
system;

- expression of Toll-like receptors of the 2nd and 4th
types on the surface of monocytes by the method of flow
cytofluorimetry based on the study of the average
fluorescence intensity (AFI).

24-hour (Holter) ECG monitoring was performed on a
Philips Digitrack TM-plus 3100A device. The percentage of
ventricular extrasystoles (VE) relative to the number of
normal ventricular complexes, and the presence of
paroxysms of non-sustained ventricular tachycardia (NSVT)
were assessed. The presence of tachycardia with 3 or more
ventricular complexes lasting up to 30 seconds according
to the Standards for the diagnosis and treatment of
cardiovascular diseases of the All-Ukrainian association
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of cardiologists of Ukraine was considered as a criterion
for NSVT [16].

Transthoracic echocardiography (EchoCG) was
performed on an Aplio Artida SSH - 880 CV ultrasonic
diagnostic device, Toshiba Medical System Corporation
(Japan). In the two-dimensional mode, during systole and
diastole, the end-diastolic volume (EDV) of the left ventricle
was calculated, which was related to the body surface area
and an indexed indicator was obtained - left ventricular
EDVi. Left ventricular EF was estimated by the biplane
method of Simpson discs. With the help of the speckle-
tracking (ST) technique, the indicator of left ventricular
longitudinal global systolic strain (LGSS) was evaluated, to
determine which video loops were recorded from three
standard apical accesses: four-chamber, two-chamber and
three-chamber positions, using the sixteen segmental model
of left ventricle according to Lang R. [19]. Circumferential
global systolic strain (CGSS) and radial global systolic strain
(RGSS) were also assessed, for which determination was
made by recording video loops along the short axis of the
left ventricle at the level of the papillary muscles [24]. While
calculating the average deformation and deformation rates
of six segments were taken - one segment each of each left
ventricular wall in the middle section [15, 24]. The analysis
of deformation indicators was carried out using the Wall
Motion Tracking software package. The results of ST
Echocardiography are presented in the form of absolute
indicators.

Cardiac magnetic resonance (CMR) imaging with the
use of gadovist as a contrast agent was performed in the
department of radiodiagnostics of the State institution
"National Scientific Center "The M. D. Strazhesko Institute of
Cardiology, Clinical and Regenerative Medicine of the
National Academy of Medical Sciences of Ukraine". The
Toshiba Vantage titan HSR 1.5 Tesla device (Japan) was
used. Images were evaluated in 3 modes along the short
and long axis of the heart: before the introduction of a contrast
agent (T2 Black blood FSat mode) to detect the area of
edema in the myocardium; within 3-5 min. after
administration (T1 early contrast) to detect hyperemia in the
zone of inflammatory lesions and the mode of T1 delayed
enhancement after 10-15 min. from the introduction of a
contrast solution to detect fibrotic/necrotic changes [7, 12].
To estimate the number of segments of the left ventricle
affected by inflammatory or fibrotic/necrotic changes
contemporary model of the 17-segment structure of the left
ventricle was used [12]. Figure 1 shows an example of active
inflammatory damage of myocardium as a result of diffuse
myocarditis, which was accompanied by pronounced
morphofunctional disorders: significant dilatation, eccentric
remodeling, and severe systolic dysfunction of the heart.

Statistical processing of the received data was carried
out using the software package of SPSS Advanced Statistics
27.0 license program number L-CZAA-BT2KCD (USA). The
calculated quantitative indicators are given as the mean
value and standard deviation of the mean (M £ m), the

Fig. 1. Cardiac magnetic resonance imaging of a patient with active
diffuse myocarditis.

Note: the arrows indicate the zones of subepicardial, intra- and
transmural accumulation of gadolinium in the lateral wall of the left
ventricle and the interventricular septum, which indicates the
damage of the myocardium by an inflammatory and fibrotic/necrotic
process (Data of SI "NSC "The M. D. Strazhesko Institute of
Cardiology, Clinical and Regenerative Medicine NAMS of Ukraine").

Student's t-test was used to compare the average
indicators in all groups. For all types of analysis, the critical
level of statistical significance was p<0.05. Limit values of
indicators that served as predictors of the presence of
certain clinical characteristics and confidence intervals
were determined based on the Student's test using binary
logistic regression. ROC analysis was used to assess the
quality of binary classification. Mathematical models were
built using discriminant analysis.
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Results

The study of immune status indicators during dynamic
observation of patients with myocarditis allowed to
establish that the highest activity of immunopathological
reactions was observed in the 1st month from the onset of
the disease in the acute stage. This was confirmed by the
highest levels of pro-inflammatory cytokines, a high content
of cardiac-specific autoantibodies, in particular to cardiac
myosin and B,-adrenoceptor, which was observed on the
background of high expression activity of type 2 and 4 TLRs
(table 1). After 6 and 12 months, there was a gradual
decrease in the content of pro-inflammatory cytokines and
an increase in the concentration of anti-inflammatory IL-
10, which was combined with a decrease in the content of
cardio-specific autoantibodies and a decrease in the activity
of TLR expression.

When studying the structural and functional state of the
heart with the help of echocardiography with speckle-
tracking technique and the results of CMR with contrast, it
was established that the most pronounced violation of the
contractility of the left ventricle was noted in the first month
after the onset of myocarditis (Table 2). After 6 months of
observation, a gradual improvement of the left ventricular
contractile capacity was determined, which was evidenced
by a significant increase in the value of left ventricular EF,
longitudinal and circumferential global systolic strain.
Positive dynamics were maintained and after 12 months
of follow-up, it was also characterized by reverse
remodeling of the left ventricle, which was evidenced by a
significant decrease in the left ventricular EDVi.
Improvement of the contractile capacity and reverse
remodeling of the left ventricle was observed on the
background of a decrease in the volume of the inflammatory
lesion - according to CMR, the number of segments of the
left ventricle with the presence of inflammatory changes
significantly decreased after 6 months, and after 12 months
their number was 2.3 times less than in the first month
from the onset of the disease. After 12 months we also
observed the reduction of left ventricular segments number
in which delayed enhancement was present, that became

a sign of regression of myocardial fibrotic/necrotic changes.

According to the results of 24-hour ECG monitoring, a
decrease in the average number of ventricular extrasystoles
was established from 3.640£0.412 % in the 1st month to
2.217+ 0.312 and 1.71440.269 after 6 and 12 months,
respectively (p<0.01). The frequency of NSVT paroxysms
detection decreased from 27.50 % at the onset of the
disease to 17.50 and 12.50 %, respectively, after 6 and 12
months of observation.

After 12 months of observation, the frequency of
cardiovascular events was analyzed and it was established
that two patients died (2.50 %), one patient (1.25 %)
developed a cerebral circulation disorder due to cerebral
vessel thromboembolism of cardiac origin, and 15 patients
(18.75 %) required hospitalization due to decompensation
of heart failure. It should be noted that the cases of planned
hospitalization for routine examinations and correction of
therapy, which is provided by the Standards of the All-
Ukrainian association of cardiologists of Ukraine for
patients with myocarditis, were not classified as
cardiovascular events.

On the basis of 12-month follow-up period, we
assessed the impact of the studied indicators on the
development of cardiovascular events, which included
cases of cardiac death, development of a stroke, and the
need for hospitalization due to decompensation of heart
failure. For this purpose, a search for independent
predictors of the development of cardiovascular events in
patients with acute myocarditis was conducted based on
statistical analysis using the binary logistic regression
method. The most significant in this aspect were the
following indicators determined in the first month from the
onset of the disease: value of left ventricular EF <30 %,
value of LGSS <7.0 %, the presence of unstable ventricular
tachycardia paroxysms, inflammatory changes affecting >6
segments of the left ventricle, the presence of delayed
enhancement (fibrotic /necrotic changes) in >5 segments
of the left ventricle (Table 3).

Next, we constructed a ROC curve reflecting the
relationship between the development of cardiovascular

Table 1. Comparative characteristics of indicators of immune status at different times from the onset of myocarditis.

Value of indicator (M+m)
Indicators
1st month After 6 months After 12 months Referent values

IL-1b, pg/ml 6.213+0.432 4.201+0.408* 3.121+0.415** 0-3
IL-6, pg/ml 14.29+1.32 12.22+0.92 7.184+0.822** 0-10
TNF-a, pg/ml 17.20£1.11 9.284+0.803* 7.249+0.805* 0-6
IL-10, pg/ml 12.13+1.10 24.12+2.28** 34.25+3.08** 0-31
Antibodies to CM, OPU 5.123+0.571 3.445+0.343* 1.993+0.251* Not detected
Antibodies to b, -AR, OPU 2.071+0.212 1.828+0.174 0.834+0.142** Not detected
TLR2, AFI 9.304+1.012 7.923+0.932 6.502+0.837* 0-3
TLR4, AFI 12.92+1.43 9.730+£1.329* 5.307+0.791** 0-3

Note: difference in indicators is significant compared to those in the 1st month from myocarditis onset: * - p< 0.05; ** - p<0.01.
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Table 2. Results of echocardiography and cardiac magnetic resonance during dynamic observation of patients with myocarditis.

Value of indicator (M+m)
Indicators

1st month After 6 months After 12 months
EF of left ventricle, % 33.13+£2.24 39.60£2.33* 43.80+2.66**
EDVi of left ventricle, ml/m? 105.7+7.2 92.62+6.70 85.96+5.94**
LGSS, % 8.213+0.736 11.71+0.88* 13.12+0.84**
CGSS, % 8.993+0.754 11.74+0.87* 12.45+0.98*
RGSS, % 15.37+1.73 18,86+2,08 22.54+2 .66*
Amount of left ventricular segments with inflammatory lesions 6.641+0.630 4,24040,511* 2.88240.340**
Amount of left ventricular segments with late gadolinium enhancement 4.755+0.437 4.237+0.414 3.544+0.510*

Note: difference in indicators is significant compared to those in the 1st month from myocarditis onset: * - p< 0.05; ** - p<0.01.

Table 3. The role of pathologic changes detected in the first month from the onset of myocarditis in relation to the development of

cardiovascular events during 12 months of observation.

Pathologic changes detected in the first month from the onset of myocarditis

Odds ratio (OR)

EF of the left ventricle <30 %

2.021 (C11.710-2.322; p=0.021)

LGSS <7.0 %

1.794 (CI 1.590-2.034; p=0.032)

Presence of NSVT

2.152 (C1.851-2.602; p=0.018)

Presence of inflammatory changes affecting >6 segments of left ventricle

1.663 (C11.452-1.939; p=0.041)

Presence of delayed enhancement in >5 segments of left ventricle

1.712 (C11.401-1.993; p=0.029)

Note: CI - confidence interval.

events during the 12-month observation period and the
simultaneous presence of all the above-mentioned
pathological changes (see Table 3) at the onset of
myocarditis (Fig. 2).

Therefore, we can state that independent predictors of
the development of cardiovascular events within 12 months
from the onset of myocarditis with reduced left ventricular
EF are the simultaneous presence in the first month from
the onset of the disease of a complex of the following
pathological changes: left ventricular EF <30 %; value of
LGSS <7.0 %; presence of NSVT paroxysms; presence of
inflammatory changes in >6 segments of the left ventricle;
presence of delayed enhancement in >5 segments of the
left ventricle.

The further step was the creation of a mathematical
model for predicting the long-term persistence of heart
failure, which was based on the most informative
immunological markers and morphofunctional indicators.
The mathematical model was built using discriminant
analysis. The model included indicators with the highest
odds ratio (OR) values for persistence of Il or higher heart
failure functional class and the lowest p values, which were
obtained in the 1st month from the onset of the disease.
Discriminant function covers 92.50 % of cases; statistics
Wilks' Lambda=0.539; F=4.181 at p=0.021. This model, in
addition to immunological and echocardiographic
indicators, included the results of CMR characterizing the
number of segments of the left ventricle affected by
inflammatory and/or fibrotic/necrotic changes. The model
is based on two equations, with the help of which already
in the first month from the onset of myocarditis it is possible

to estimate the percentage probability of one or another
variant of the disease course: Y, - for the presence of Il or
higher functional class of heart failure after 12 months, Y, -
for the presence of functional class | of heart failure or its
absence after 12 months:

Y,=3.021xIL-1p +9.247xCAto CM+ 15.40x CAto B, AR
+3.105 X TLR2 + 4.653 x TLR4 - 0.422 x EF of left ventricle
-1.489 xLGSS-1.414 xCGSS + 0.170 x EDVi of left ventricle
+17.32 in presence of >6 SIL + 14.92 in presence of >5
SDE - 66.54;

Samples: Train

1,0

08

e
=

1 - Specifity

o
=~

0,2

0,0

0,0 0,2 0,4 0,6 0,8 1,0

Sensitivity

Fig. 2. ROC curve showing the relationship between the
simultaneous presence of a complex of pathologic changes and
the development of cardiovascular events in patients with acute
myocarditis during a 12-month observation period.

Note: area under the curve=0.842; confidence interval - 0.751-
0.953; p=0.022.
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Y,=2.236 XIL-1p +9.447xCAto CM+ 16.01 x CAto B, AR
+3.039 x TLR2 + 4.553 x TLR4 - 0.515 x EF of left ventricle
-1.528 xLGSS -1.322 xCGSS + 0.161 x EDVi of left ventricle
+16.53 in presence of >6 SIL + 15.94 in presence of >5
SDE - 53.20;

Note: CA - cardiospecific antibodies, SIL - segments
with inflammatory lesions, SDE - segments with delayed
enhancement.

The probability of having Il or higher functional class of
heart failure after 12 months is estimated by the formula:
Y /(Y,+Y,) x 100 %.

The probability of having functional class | of heart failure
or its absence after 12 months is estimated by the formula:
Y /(Y,+Y,) x 100 %.

The sensitivity of the model for predicting the
persistence of heart failure is 84.20 %, the specificity is
78.94 %. Positive predictive value - 82.49 %, negative
predictive value - 75.92 %. The practical significance of this
model is obvious, since with its help, already in the first
month from the debut of myocarditis with reduced EF of the
left ventricle, the further course of the disease can be
predicted with high reliability and the prospects of
regression of heart failure clinical symptoms after 12
months can be estimated on the early stage of the disease.

Discussion

According to the world's leading experts on the
problems of diagnosis and treatment of myocarditis, the
in-depth study of the morphofunctional state of the heart,
taking into account its changes in dynamics, nowadays
might be the main approach to predicting the clinical course
of the disease, preventing the development of complications
and choosing the optimal tactics of drug therapy [11, 18,
29]. The results of dynamic monitoring of patients with
severe myocarditis, obtained in our study, indicate a gradual
recovery of the contractility of the heart after 6 and 12 months
of treatment, which occurs on the background of left
ventricular dilation decrease and attenuation in the activity of
the inflammatory process. A gradual decrease in the
concentration of pro-inflammatory cytokines, the content of
cardiac-specific antibodies and the expression of type 2 and
4 TLRs after 6 and 12 months had a clear association with
a reduction of left ventricular segments number affected by
inflammatory changes according to CMR data. A decrease
in the activity of the inflammatory process and the volume of
the inflammatory lesion of the left ventricle during dynamic
observation was accompanied by an improvement in the
morphofunctional state and contractility of the left ventricle,
and the most informative indicators characterizing this
process were the values of longitudinal and circumferential
systolic strain. The high informativeness and prognostic
value of the LGSS in patients with myocarditis and its
comparability with the results of CMR was also proven in
several foreign studies [9, 15, 28]. In our study, in addition,
an associative relationship was shown between the
improvement of the contractile capacity, the reduction of left

ventricular dilatation and the reduction of the number of
segments affected by infammatory changes on CMR not
only with the value of LGSS, but also with the values of CGSS
and RGSS, although the value of the latter increased
significantly only after 12 months of observation.

In patients with non-coronary heart diseases, in particular
with myocarditis, a high prognostic value has been proven
today regarding the future development of cardiovascular
events, sudden cardiac death and long-term persistence of
heart failure in the presence of delayed contrast on CMR,
reduced EF and significant left ventricular dilatation [1, 10,
14, 17, 21]. In addition, a significant role in the development
of cardiovascular events has been proven for ventricular
rhythm disorders, in particular paroxysms of non-sustained
and sustained ventricular tachycardia, which develop in
patients with myocarditis both on the background of the
influence of stress factors and as a result of
morphofunctional changes in the myocardium of
inflammatory and fibrotic origin [8, 13, 26, 27]. In the
mathematical model created based on the results of our
research and according to the data of ROC analysis, in
addition to the above indicators, results of speckle tracking
echocardiography, in particular LGSS and CGSS, as also
immunological biomarkers - IL-138, CA to CM and B1-AR,
demonstrated a high prognostic value, as well as TLR type
2 and type 4 expression activity. Evidence of the prognostic
value of active TLR type 4 expression in patients with
myocarditis regarding the outcome of the disease and
response to immunosuppressive therapy was also obtained
by a team of ltalian authors led by Chimenti C. [5]. In our
study, using statistic analysis it was possible to combine a
complex of laboratory and instrumental indicators
characterizing the morphofunctional state of the heart, the
determination of which already at the onset of myocarditis
makes it realistic to assess the risk of cardiovascular events
development and calculate the probability of long-term
persistence of heart failure.

Nevertheless, the problem of diagnosing and predicting
the clinical course of myocarditis, as well as preventing the
development of complications remains one of the most
difficult for both Ukrainian and foreign cardiology [3, 12, 17,
23]. Currently, the issue of creating recommendations and
unified clinical guidelines for the diagnosis and treatment of
myocarditis is acute, because this disease remains almost
the only common nosology for which, given the complicacy
of the problem, no appropriate recommendations have been
created by the European Society of Cardiology and the
American Heart Association. Taking into account the
complexity of the problem, it is obvious that there is a need
for prospective investigations devoted to the study of
morphofunctional heart state in patients with myocarditis,
which should include laboratory tests, a wide range of
imaging methods and endomyocardial biopsy. A possible
way to solve this problem is to conduct multicenter
randomized clinical trials dedicated to improving approaches
to diagnosis, prognosis, and treatment of myocarditis,
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because contemporary approaches to the problem of
myocarditis are based mostly on the results of single-center
studies with a small number of patients.

Conclusions

1. According to the results of dynamic monitoring of
patients with myocarditis, it was established that the onset
of the disease is characterized by a pronounced activation
of immunopathological reactions with a significant increase
in the concentration of proinflammatory cytokines,
cardiospecific autoantibodies on the background of active
expression of Toll-like receptors of the 2nd and 4th types,
which causes involvement in the inflammatory process of
a significant number of segments of the left ventricle and is
accompanied by a violation of its morphofunctional state
with dilatation, significant impairment of contractility and
development of ventricular arrhythmias. After 6 and 12
months of observation, on the background of a decrease
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AIATHOCTUYHI TA NPOTHOCTUYHI MAPKEPU NMOPYLUEHHA MOP®O®YHKUIOHANBbHOIO CTAHY CEPLA TA
OOBroTPUBANOI NEPCUCTEHLIII CEPLIEBOI HEQOCTATHOCTI Y XBOPUX 3 MIOKAPAUTOM

YepHtok C. B., Map4eHko K. C.

lMpobnema miokapOumy 8 ocmaHHi poku Habyna ocobnueoi akmyasnbHOCMI, MOMYy MOWYK HO8UX OiagHOCMUYHUX | MPO2HOCMUYHUX
Mapkepig Hecripussmnueo2o repebicy 3axeoprosaHHs € douinbHUM Os1si CB0EYACHO20 MPU3HAYEHHST ONMmMuMarsbHOi MeOuKamMeHmo3HoT
mepariii, MoCUneHHs1 PEXUMHUX 3axo0ie ma adeKkeamHOo20 MOHIMOPUHaY KIliHIYHO20 cmaHy xeopoeo. Mema docnidxeHHsI: ecmaHosumu
nabopamopHi ma iHCmpymMeHmarnbHi MapKepu MopyuweHHs1 MopgOoyHKUIOHaIbHO20 CmaHy cepusi ma po3pobumu mMamemMamuyHy
modernb O paHHbO20 MPO2HO3y8aHHs ogzompusarsoi nepcucmeHuii cepyesoi HedocmamHocmi 'y xeopux 3 miokapdumom. O6cmexunu
80 xgopux Ha 2ocmpull miokapOum 3 msxXKuM repebicoM ma 3HUXEHOK ¢hpaKkuicto sukudy nigo2o wiyHouyka (<40 %). OuiHky
n1abopamopHO-IHCMpyMeHmarnbHUX oKa3HUKig npoeodurnu 8 rnepwuli Micsiub 6i0 MOMeHMmYy Mosisu cumnmomig, yepes 6 ma 12 micsuis
criocmepexxeHHs. Ycim nauieHmam 30iticHiosanu iMyHonoziyHe 0ocnioxeHHs1, 24-200uHHul moHimopuHe EKI, exokapdioepadpito 3i
creKkn-mpekiHe ma MagHImHO-pe30HaHCHY momoepadpiio cepus. Yepes 12 micsiyie criocmepexeHHs1 OyiH8anu yacmomy cepuyeego-
cyOuHHux noditd. CmamucmuyHa obpobka ekmtodana t-kpumepiti CmbodeHma Orisi MOpIiBHSIHHS CepedHiX 3HaqyeHb, biHapHYy noeicmuy4Hy
peepecito, a makox ROC ma duckpumiHaHmMHul aHanisu. Bcma+oeneHo 2pyny MopghoghyHKUIOHaNbHUX IHCMPYyMeHmMarnbHUX MoKa3HUKIg,
BU3HAYeHUX MPomsi20M rnepuio2o Micsysi 6i0 modyamky miokapoumy, Kompi MOXymb Cry2yeamu rnpedukmopamu cepuyeeo-cyOuHHUX
noditi enpodoex HacmynHux 12 micsauis: ¢pakyis sukudy nigoeo wiyHodyka <30 %; noka3Huk no3008xHboi 2nobanbHoi 0eghopmauii
<7,0 %; HasgHicmb MapoKCcu3Mie HeCMIlKoI wiyHO4YK080I maxikapdii, HasieHicmb 3ananbHUX 3MiH y >6 ceameHmax ma 6i0cmpo4YeHo20
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KOHmMpacmyeaHHs1 y >5 ceameHmax nigoeo wiyHo4ka. CmeopeHo MamemamuyHy mModerib, 3a 00rIOMO20t0 SIKOI 8rpod08X nepuio2o
micsiuss 8id debromy miokapOumy MOXHa Mpo2HOo3ysamu Hecripusmaueul repebie 3axeoprosaHHs1 3 mpuearsnol (He meHwe 12 micsuig)
rnepcucmeHuyieto cepuyesoi HedocmamHocmi.

KniouoBi cnoBa: miokapdum, diazHocmuka, npoeHo3yeaHHs1, MOpghohyHKUIOHaNbHUl cmaH cepusl, iMyHHUlU cmamyc, exokapdioepadisi,
MagHImHo-pe3oHaHCHa momozpadhisi cepusi.
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Use of narcotic drugs in clinical practice for the purpose of obtaining analgesic and
anti-inflammatory effects requires a comprehensive morphological study of the
peculiarities of structural arrangement of organs under the conditions of exposure to
opioids. The aim of our study was to establish the peculiarities of restructuring of the
structural components of the pancreas under the conditions of long-time exposure to
opioids in the experiment. The study included 24 adult laboratory white male rats. The
test animals were divided into 2 groups, the experimental and control ones. The
experimental animals were daily administered narcotic analgesic nalbuphine
intramuscularly (once a day in the same interval) for four weeks, and the control
animals were administered saline solution. The following research methods were used:
bloodstream injection followed by translucence of sections of the pancreas and their
photographing, morphometry of the vessels of the pancreatic hemomicrocirculatory
bed, histological, histochemical studies and electron microscopy of the pancreas,
blood biochemistry test; statistical processing of the study results using a software
package. After four weeks of opioid exposure, lesion of the pancreatic parenchyma
microstructure was observed, manifested by swelling and infiltration by lymphocytes
and macrophages of the pancreatic connective tissue stroma, disorganization of the
exo- and endocrine parts of the parenchyma, deep destructive changes in the excretory
ducts, as well as in the vessels of the hemo- and lympho-microcirculatory bed of the
pancreas. At the ultrastructural level, deep dystrophic changes of exo- and
endocrinocytes of the pancreas were identified, in particular, loss of regular shape,
karyopyknosis and karyorrhexis of the nuclei, swelling and clearing of cytoplasm,
development of microcystic degeneration of cells, loosening and disorganization of the
basement membrane, which can result in impairment of exocrine function of the pancreas
and complication of the process of secretory granules excretion into the lumen of the
intercalated ducts. A significant decrease, compared to the control group, in the diameter
of arterioles, density of exchange vessels network, as well as increase in the diameter
of venules, the indicator of trophic activity of the tissue, are the evidence of destructive
changes in the hemomicrocirculatory bed of the pancreas under the effects of
nalbuphine. Significant changes in blood biochemistry parameters (alanine
aminotransferase, aspartate aminotransferase) after a four-week administration of
nalbuphine are illustrative of the process of pancreatic tissue destruction. Therefore,
four-week administration of opioid leads to profound changes in the micro- and
ultrastructure of the pancreas, vessels of its hemomicrocirculatory bed, and blood
biochemistry parameters in experimental white rats.

Keywords: pancreas, structural changes, opioid, experiment.

Introduction

The problem of structural changes of organs and
systems under the influence of opioids is relevant and
important, since the use of narcotic substances is
considered in the world not only as a social problem, but

also as a general medical problem [14, 26, 30]. The
widespread use of narcotic agents in clinical practice with
the aim of obtaining analgesic and anti-inflammatory effects
requires a complex morphological study of the peculiarities

Copyright © 2024 Popyk P. M. This is an open access article distributed under the Creative Commons Attribution License, which permits 25
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



Structural changes of pancreatic components under the conditions of long-time exposure to opioid in the ...

of the structural organization of organs under the conditions
of exposure to opioids [5, 7, 9, 18, 22].

It is possible to predict the negative effect of drugs on
the pancreas, but only a few works have been devoted to
the study of the structural organization of the pancreas
under conditions of harmful effects [29]. In chronic drug
intoxication, along with damage to other vital organs and
systems [23, 24], the pancreas, which is an important part
of the digestive and endocrine systems, is also involved in
the pathological process. The pancreas plays a key role in
the body's metabolic processes and is particularly sensitive
to exo- and endopathogenic factors [6, 25].

The development of pharmacotherapy with narcotic
substances requires the development of measures to
prevent and correct side effects and complications caused
by them, including from the pancreas, which is sensitive to
drug effects due to the peculiarities of its structure and
function [10]. Morphological reconstruction of the pancreas
undoubtedly plays an important role in the pathogenesis
of a number of gastroenterological diseases [8, 21]. There
remain a number of unsolved questions regarding the
problems of structural changes of the pancreas during the
use of narcotic agents, as well as the successful selection
of the most effective methods of treatment of
gastroenterological pathology caused by the influence of
opioids. This especially concerns the macro-, micro-, and
ultrastructure of the pancreas under the influence of opioids,
there are no data on the qualitative and quantitative changes
in the angioarchitectonics of the pancreas when using
narcotic drugs.

The above-mentioned led to the conduct of a study with
the aim of establishing the peculiarities of the restructuring
of the structural components of the pancreas under the
conditions of long-term exposure to opioids in the
experiment.

Material and methods

The studies were performed on 24 sexually mature
white male rats with an initial weight of 160-180 g, aged 3
months. Experimental animals are divided into 2 groups -
experimental and control. The experimental animals were
administered intramuscularly the narcotic analgesic
nalbuphine daily (once a day at the same time interval) for
4 weeks, and the control animals were administered a
saline solution. Nalbuphine was administered
intramuscularly according to the following scheme: 1st
week - 8 mg/kg, 2nd week - 15 mg/kg, 3rd week - 20 mg/kg,
4th week - 25 mg/kg. The research material is represented
by preparations of the pancreas of white rats with an injected
vascular bed, histological preparations and
ultramicroscopic sections of the pancreas, as well as blood
samples of experimental animals. All animals were kept in
the conditions of the vivarium of the Danylo Halytsky Lviv
National Medical University. The experiments were carried
out in accordance with the provisions of the European
Convention on the Protection of Vertebrate Animals Used

for Experimental and Other Scientific Purposes
(Strasbourg, 1986), Council of Europe Directive 86/609/
EEC (1986) (protocol No. 5 of the meeting of the
commission on the ethics of scientific research,
experimental of developments and scientific works of
Danylo Halytsky Lviv National Medical University from June
22, 2020).

The following research methods were used in the
performance of the work: injection of the vascular bed of
the rat pancreas with a carcass-gelatin injection mass,
followed by illumination of the pancreas sections in glycerol
and alcohol and their photography under the MBY-1
microscope, morphometry of the blood vessels of the
hemomicrocirculatory bed of the pancreas, histological ,
histochemical and electron microscopic examination of the
pancreas, biochemical blood examination, statistical
processing of the research results.

Histological sections (5-7 pm thick) were made using
a sled microtome, the sections were stained with
hematoxylin and eosin. For the histochemical study of the
pancreas, the PAS reaction according to McManus was
used. The preparations were studied and photographed
at magnifications of the microscope: x400, x1000. The
"AverMedia" computer system was used to photograph
micropreparations.

To carry out a morphometric analysis of the
angioarchitectonics of the pancreas of a white rat,
measurements were made of the diameter of arterioles,
capillaries and venules, the density of the network of
exchange vessels (namely, capillaries), which was
determined by counting the number of vessels per unit
area (the area of the field of view of the microscope was
chosen as the unit of area), the indicator of trophic tissue
activity, or diffusion radius (the distance between two
adjacent vessels, divided in half). The preparations were
studied on a MBI-1 light microscope at magnifications of
the microscope: x120 (objective x8, eyepiece x15); x400
(objective x40, eyepiece x10) and x800 (objective x40,
eyepiece x20).

Ultrathin sections of the pancreas were prepared on a
UZHTP-3 ultramicrotome using glass knives. Ribbons of
sections of silver or delicate citrine color were selected for
the study. Sections were contrasted first in a 2% solution of
uranyl acetate, and then in lead citrate. Studying and
photographing the structures of the pancreas was carried
out with the help of a UEMV-100 K microscope at an
accelerating voltage of 75 kV and magnifications on the
microscope screen of x4000 - x8000.

Standard laboratory methods were used to conduct a
biochemical study of blood, determining: the activity of
transaminases in blood serum by the Reitman-Frankel
dinitrophenylhydrazine method; a-amylase - by the
aminoclastic method with a stable starch substrate
(Karavey's method); glucose - by the glucose oxidase
method ("Filicit"-Diagnostics Kit).

The statistical analysis of the research results was
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carried out on a computer using the "InStat" application
program package for statistical processing of data from
medical, biological and epidemiological studies.

Results

After 4 weeks of administration of nalbuphine to
experimental animals, the phenomenon of destructuring
of the angiographic topography of the pancreas was
revealed on pancreas preparations with injected vascular
beds. The clear arrangement of the vessels of the
hemomicrocirculatory channel is lost (Fig. 1).

In the duodenal part of the pancreas, obliteration of
capillaries, hemorrhages, uneven diameter of vessels,
rarefaction of the vascular network, tortuousness of
preserved vessels are observed in some places (Fig. 2).
The diameter of the detected capillaries is 6.002+0.020 ym
(control - 6.409+0.210 ym), the density of the network of
exchange vessels is 100.0+10.0 (control - 134.0+16.0), the
indicator of tissue trophic activity is 34.42+0.86 um (control -
24.21+0.64 pym).

A reliable expansion of the capillaries of the perilobular
network of the biliary part of the pancreas up to 6.230+
0.392 pym (control - 4.264+0.442 um), a decrease in the density
of the network of exchange vessels - 96.00+4.00 (control -
128.046.0), an increase in the index of trophic activity of the
tissue - 24.23+1.62 ym (control - 27.60+£0.41 ym). The venular
component of the hemomicrocirculatory channel of the
pancreas is also expanded.

In the gastro-splenic part of the pancreas, there is
expansion of venules, twisting and unevenness of the
caliber of arterioles, deformation of capillaries. The diameter
of capillaries is 6.232+0.112 ym (control - 6.410+0.211 ym),
the density of the network of exchange vessels is
96.50+4.00 (control - 120.0+8.0), the index of trophic activity
of the tissue is 23.53+£0.44 pm (control - 28.10+£0.82 um).

The capillary component of the vascular glomeruli of
the pancreatic islets is partially destroyed. The diameter of
preserved capillaries of vascular glomeruli of pancreatic
islets increases to 8.492+0.372 ym (p<0.05).

After 4 weeks of the experiment, destructive changes in
the microstructure of the pancreas were revealed. The cells
of interstitial ducts are thinned, mostly lose their shape, the
basement membrane is thickened. Capsules of pancreatic
islets are intermittent, loose, swollen, capillaries between
insulocytes are dilated, hyperemic. The epithelium of the
intralobular and interlobular ducts is thinned, protrusions of
the epithelium into the lumen of the ducts are revealed, in the
lumen there are single desquamated structures, stagnation
of secretion, the own connective tissue plate of the ducts is
thickened and swollen (Fig. 3). The shape of most of the acini
has changed, their basement membrane is swollen, loose,
sometimes stratified, there is an expansion of the
zymogenous and a narrowing of the homogeneous zones of
exocrinocytes of the pancreas (Fig. 4).

After 4 weeks of nalbuphine administration,
morphological changes characteristic of micro- and

R " ! .
Fig. 1. Violation of the clear arrangement of the links of the
hemomicrocirculatory bed of a white rat pancreas after 4 weeks
of nalbuphine administration. Photomicrograph. 1 - intralobular

arteriole; 2 - capillary. Injection of blood vessels with mascara-
gelatin mass. x160.

Fig. 2. Capillary obliteration, non-uniformity of vessel diameter in
white rat pancreas after 4 weeks of nalbuphine administration.
Photomicrograph. 1 - interlobular arteriole; 2 - intralobular arteriole;
3 - capillary. Injection of blood vessels with mascara-gelatin mass.
x160.

Fig. 3. Pancreas of a whlte rat after 4 weeks of nalbuphlne
administration. Photomicrograph. 1 - pancreatic acinus; 2 -
stagnation of secretion in the interlobular duct. Staining with
hematoxylin and eosin. x400.
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Fig. 4. Pancreas of a white rat after 4 weeks of nalbuphine

administration. Photomicrograph. 1 - narrowing of the zymogenic

zone of pancreatic exocrinocytes; 2 - expansion of the

homogeneous zone of exocrinocytes of the pancreas. Staining

with hematoxylin and eosin. x800.
e O LA
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Fig. 5. Rat pancreas after 4 weeks of nalbuphine administration.
Photomicrograph. 1 - full blood in a vein of medium diameter; 2 -
smooth muscle hyperplasia in an organ artery; 3 - lympho- and
leukostasis in the lymphatic vessel. Staining with hematoxylin and

eosin. x120.

Fig. 6. Irregularly shaped nucleus, intussusception of the nuclear
envelope, dilated tubules of the granular endoplasmic reticulum of
a white rat exocrinocyte after 4 weeks of nalbuphine administration.
Electronogram. 1 - nucleus; 2 - nuclear envelope; 3 - mitochondrion;
4 - granular endoplasmic reticulum. x8000.

macroangiopathy occur, hyalinosis of arterioles, small
inflammatory infiltrates represented by macrophages and
lymphocytes are revealed. The walls of the links of the
hemomicrocirculatory channel of the pancreas are
thickened, eosinophilic. Microaneurysms of arterioles,
hyperemia of capillaries are revealed. In medium-sized
veins there is full blood, in the wall of organ arteries smooth
muscle hyperplasia is observed, in lymphatic vessels there
is lymphostasis and leukostasis (Fig. 5). In capillaries,
erythrocytes are placed in several rows, often in the form of
a coin column, stick together (stasis). In addition to
erythrocytes, neutrophilic granulocytes and lymphocytes are
visualized in the blood vessels, and a marginal position of
neutrophilic granulocytes is observed. In the lumen of the
capillaries - segmented neutrophilic granulocytes.
Sometimes there are isolated hemorrhages in the loose
fibrous connective tissue of the interstitium or in the lumen
of the excretory ducts, which are located near the hyperemic
vessels.

After 4 weeks of administration of nalbuphine, the

>

Fig. 7. Karyopyknosis in the B-endocrinocyte of the white rat
pancreas after 4 weeks of nalbuphine administration.
Electronogram. 1 - nucleus; 2 - nuclear envelope; 3 - mitochondria;
4 - granular endoplasmic reticulum. x8000.

Fig. 8. Secretion-filled pancreatic duct of a white rat after 4 weeks
of nalbuphine administration. Electronogram. 1 - intercalated duct;
2 - secretory granule. x4000.
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Fig. 9. Disorganized subendothelial layer of white rat pancreatic
arteriole after 4 weeks of nalbuphine administration. Electronogram.
1 - lumen of an arteriole; 2 - erythrocyte; 3 - myocyte; 4 - arteriole
walls; 5 - basement membrane; 6 - pancreatic exocrinocyte; 7 -
granular endoplasmic reticulum; 8 - secretory granule. x4000.

Fig. 10. Dilated fenestrae in the capillary wall of the white rat
pancreas after 4 weeks of nalbuphine administration.
Electronogram. 1 - capillary lumen; 2 - endatheliocyte; 3 - basement
membrane; 4 - the basal part of the B-endocrinocyte of the

pancreas; 5 - mitochondrion; 6 - Golgi complex. x4000.

plasmalemma of some exocrinocytes of the pancreas of
experimental animals is destroyed, desquamation of the
cytoplasm in the interstitium is observed, vacuoles and
lipid inclusions are found in the cytoplasm of many cells,
the nuclei are enlarged, irregular in shape, the nuclear
envelope has uneven contours, forms numerous
intussusceptions, heterochromatin is located on the
periphery, many compact electron-dense small blocks of
heterochromatin (Fig. 6). Mitochondria are swollen, the

membranes of some mitochondria are destroyed,
discontinuous, cristae are destructured, the matrix is
electron transparent. Tubules of agranular and granular
endoplasmic reticulum are expanded. In some acinocytes,
the number of ribosomes concentrated on the membranes
of the endoplasmic reticulum increases, which indicates
the development of compensatory processes.

During this period of the experiment, the cytoplasm of
some endocrinocytes contains small structureless areas
with low electron density, the nuclei are in a state of
karyopyknosis (Fig. 7).

Intercalated and intralobular ducts have an uneven
lumen, filled with secretion (Fig. 8).

The lumens of arterioles are filled with irregularly shaped
erythrocytes, their walls are destructured, myocytes are
thinned, the basal membrane is loose, endothelial cells
protrude into the vessel lumen, the subendothelial layer is
disorganized (Fig. 9). Significant paravasal edema was
found around the microvessels.

Capillaries are dilated, filled with deformed erythrocytes
and erythrocytes in various stages of hemolysis, the
fenestrae are dilated (Fig. 10). The electron density of
capillary endotheliocytes is reduced, pinocytotic vesicles
are found near the basal surface of the endotheliocyte
cytolemma, some endotheliocytes protrude significantly,
and sometimes exfoliate into the lumen of the vessel, as a
result of which the basement membrane of the
hemocapillary is exposed in some places. The basement
membrane mostly retains its integrity, but in some places
it is expanded, loosened, fibrous and thickened, its outline
is unclear. In the nuclei of pericytes, chromatin is marginally
located, mitochondrial cristae are expanded and
fragmented.

On the basis of a biochemical study of the blood of a
white rat under the conditions of long-term exposure to
nalbuphine, the indicators of the activity of transaminases,
a-amylase, and glucose in the blood serum were
determined. The content of the above indicators in the blood
of a control white rat and under the experimental influence
of nalbuphine is presented in Table 1.

Discussion

Administering nalbuphine to rats for 4 weeks leads to
the development of pathological changes that are
characteristic of vascular sclerosis, transendothelial transport
disorders, disturbances in the coagulation and fibrinolytic
systems, circulatory hypoxia, the development of pericapillary
edema and the growth of connective tissue in the interstitium
of the pancreas, which is characteristic of pancreatic fibrosis.

Table 1. Indicators of activity of alanine aminotransferase (ALT), aspartate aminotransferase (AST), a-amylase, glucose in blood serum.

Indicator ALT (mol/h.l) AST (mol/h.l) a-amylase (g/h.l) glucose (mmolll)
Control 0.882+0.022 1.174+0.062 20.70+0.24 6.211+0.414
After 4 weeks of nalbuphine administration 1.922+0.040* 2.120+0.044* 20.60+0.28 6.133+0.140

Notes: * - probable difference in biochemical blood parameters of control and experimental white rats (p<0.05).
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[1]. Our results allow us to state that long-term opioid
administration leads to the development of productive
vasculitis with obliteration of the lumen of arterioles, blood
separation, leukostasis, and leukodiapedesis in the venous
component of the bloodstream, which is a sign of
inflammation. The above confirms the opinion of researchers
regarding the primary development of angiopathy in opioid
abuse, which, in turn, causes destructive changes in organs
[11, 12, 19, 27]. The pancreas is particularly sensitive to a lack
of blood supply and this leads to a deep restructuring of the
exo- and endocrine part of the pancreas [13, 17]. A four-week
exposure to an opioid lead to the loss of the correct shape of
exo- and endocrinocytes, karyopyknosis and karyorrhexis,
swelling and lightening of the cytoplasm, the development of
microcystic degeneration of cells, which can lead to a violation
of the endo- and exocrine function of the pancreas and difficulty
in the process of removing secretory granules into the lumen
of the interstitial ducts. Similar changes in the structural
components of the pancreas were observed by researchers
in other pathological conditions of this organ [2, 3, 15, 16].
The conducted statistical analysis of the indicators of the
activity of alanine aminotransferase, aspartate
aminotransferase, a-amylase and glucose in the blood
serum of a white rat makes it possible to make an objective
comparative assessment of the main studied biochemical
parameters of the blood of experimental and control groups
of animals in accordance with the research objectives.
Alanine aminotransferase is an endogenous enzyme from
the group of transferases, a subgroup of aminotransferases,
synthesized intracellularly, mainly by liver cells, but also found
in pancreatic cells. The degree of increase in alanine
aminotransferase activity indicates the severity of the cytolytic
syndrome [28]. A significant increase in the activity of alanine
aminotransferase in the blood serum of a white rat after 4
weeks of nalbuphine administration indicates the toxic effect
of this drug, which apparently damages or destroys cells,
including those of the pancreas. Aspartate aminotransferase
is found in the tissues of the pancreas. Since a significant
increase in aspartate aminotransferase was established
after a 4-week administration of nalbuphine to white rats,
damage to the pancreatic tissue can be assumed [4, 20].
The novelty of the research results obtained by us
consists in the establishment of morphological changes
in the structural components of the pancreas of laboratory
white rats under conditions of four-week exposure to the
opioid nalbuphine at the level of light and electron
microscopy. The relationship between the depth of changes
in the structural organization of the hemomicrocirculatory
bed of the pancreas under the conditions of nalbuphine
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CTPYKTYPHI 3MIH/ KOMMNOHEHTIB NIALNYHKOBOI 3ANO3U 3A YMOB TPUBAJIOIO BNMBY Onioiy B EKCNEPUMEHTI
Monuk . M.

BacmocyeaHHs HAPKOMUYHUX CEPeOHUKI8 y KITiHIYHIG npakmuyi 3 Memor ompumaHHs 3HebosroeanbHo20 ma fnpomu3ananbHO20
egbekmig sumazae KOMIIEKCHO20 MOpghosoeidHo20 docioxeHHs1 ocobnugocmel cmpyKkmypHOI opeaHisauii opaaHie 3a yMos8 ernniugy
onioidis. Memoro Hawozo docnidxeHHs1 6yrno ecmaHosneHHs1 ocobnusocmel nepebydosu CMPyKMypPHUX KOMIOHeHMI8 nidulyHKO8OI
3a5o03u 3a yMo8 mpueasioz2o ernnusy onioidy e ekcriepumeHmi. [ocnidxeHHs1 BUKOHaHO Ha 24 cmameego3pinux nabopamopHux 6inux
wypax-camysix. [iddocnioHux meapuH po3nodinunu Ha 2 epynu - eKkcriepuMeHmarbHy ma KOHmporbHy. EkcriepumeHmanbHUM meapuHam
8r1podosx 4 muxHie wjodeHHo (1 pa3 Ha 0oby 8 oOHaKkos8ul MPOMPKOK Yacy) 8800usiu 8HYMPIWHbOM'I3080 HAPKOMUYHUU aHanb2emuk
HanbyiH, a KOHMPOIbHUM meapuHam - ¢hiziono2iyHUll po34uH. 3acmocosaHi HacmynHi Memodu OOCNIOKEHHSI: iH'ekyiss CyOUHHO20
pycna 3 HacmyrnHUM M[pPOC8IMIIEeHHAM 3pi3ie nidwayHKosoi 3amo3u ma ix ¢gomoepaghysaHHsIM, Mopgomempisi CcyOuH
2eMOMIKPOUUPKYISIMOPHO20 pycra nidwiyHKO8OI 3aro3u, eicmorsoeiyHe, 2icmoxiMiyHe ma efeKkmpOHHO-MIKPOCKOMiYHe GOCITIOXKEHHS
nidwnyHkosoi 3ano3u, bioximiyHe OOCNIOXEHHSI Kpoei, cmamucmuy4He ornpautoeaHHs pe3yrnbmamie 00CiOxeHHs1 3a 00MOMO_20t0
nakema npuknadHUx Komm'tomepHux rpoepam. Yepes 4 muxHi ennusy onioidy criocmepieanu rnopyweHHs MIKpOCmpyKmypu napeHximu
nidwinyHKOB0I 3aro3u, Wo nposernsnocs HabpssikomM ma iHbinbmpauiero niMgpoyumamu i makpoghazamu CriosTyYHOMKaHUHHOI CMpoMu
nidwinnyHKo8oi 3ano3u, 0e3opaaHizauieto eKk30- ma eHOOKPUHHUX YacmuH rnapeHximu, 2nubokumu 0ecmpyKmueHUMU 3MiHaMu 8USIOHUX
POMOK, a makox cyOuH 2eMo- ma niMgOMIKPOUUPKYMSAMOPHO20 pycna nidwiyHKo8Ool 3ano3u. Ha ynbmpacmpyKkmypHOMY pigHi
susiensAnu enuboki ducmpogiyHi 3MiHU eK30- ma eHOOKpuHoyumie midwIyHKO8OI 3arno3u, 3okpema, empamy npasusibHoi ¢hopmu,
KapionikHo3 ma kapiopekcuc s10ep, Habpsik ma rpPoceimeHHs UUMmoriasmu, Po38UMOoK MIKPOKICIMOo3HOI dezeHepauii KIimuH, po3mnyuweHHs
ma de3opzaHiszauio 6asanbHoi MembpaHu, wo Moxe npu3godumu A0 MopyweHHsT €K30KPUHHOI byHKUIT nidwnyHKo8oi 3amo3u ma
3ampyOHEeHHS rpouecy 8U8e0eHHsT CEeKPemOpPHUX epaHys y npoceim ecmasHux npomok. [JocmoegipHe 3MeHWEeHHS, OpPIieHSIHO 3
KoHmposem, Oiamempa apmepiosn, winbHocmi cimku 0bMiHHUX CyOUH, a makox 36inbweHHs1 diamempa 8eHyrsn (i NnokasHuka mpogidHol
aKmueHOCmi MKaHUHU ceid4Yamb rpo 0ecmpyKmMueHi 3MiHU 2eMOMIKPOUUPKYIISIMOPHO20 pycrna niduwisiyHKo8oi 3amo3u nid eniusom
HanbygiHy. [JocmosipHi 3MiHU 6ioxiMiYHUX MOKa3HUKI8 Kpoei (anaHiHamiHompaHcghepasu, acnapmamamiHompaHcgepasu) nicns 4-
muxHeeo20 88e0eHHsI HanbyiHy nidmeepdxyromb nNpoyec pyUlHy8aHHS MKaHUHU MiOWsyHKO8OI 3ano3u. TakumM YuHOM, 4-muxHeee
88edeHHs1 onioidy npusgodumb 00 enubokux 3MiH MIKpO- ma ynbmpacmpykmypu nidwnyHKogeoi 3ano3u, cyOuH ii
2EeMOMIKPOUUPKYNIMOpHO20 pycra, BioXiMiYHUX MOKa3HUKI8 Kpoesi ekcriepuMmeHmarsnbHux 6inux wypis.

KnrouyoBi cnoBa: nidwnyHkosa 3arno3a, cmpyKmypHi 3MiHU, 0Mioid, eKkcriepumeHm.
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Homocysteine is a sulfur-containing amino acid that is an intermediate product of
methionine metabolism. Entering the body with products of animal origin, methionine
undergoes a number of biochemical transformations. Hyperhomocysteinemia has a
negative effect on the body, causing damage to all organs and systems and leading to
disruption of homeostasis. The study aims to study the characteristics of changes in
the structure and immune processes of the spleen of young rats with chronic
hyperhomocysteinemia. Experiments were performed on 22 white male rats. The animals
were divided into control and experimental groups (11 individuals in each group) during
the experiment. Chronic hyperhomocysteinemia was achieved by administering D, L-
thiolactone homocysteine hydrochloride to experimental group animals at a dose of
200 mg/kg of body weight intragastrically in a 1 % starch gel solution once a day for
eight weeks. After the end of the experimental simulation of chronic
hyperhomocysteinemia, the animals were removed from the experiment by
anaesthetising by decapitation and using thiopental anaesthesia. Histological
preparations were studied using an SEO SCAN light microscope. Experimental
modelling of chronic hyperhomocysteinemia in young rats was not accompanied by
significant morphological changes in the stroma and red pulp of the spleen. T-cell
periarterial sheaths and B-cell nodules in animals from the experimental group underwent
changes. B-cell proliferation leads to growth within the white pulp, expansion of the
marginal zones, which become more blurred and infiltration of these cells into the red
pulp. Evaluation of the red pulp in the spleen of young rats from the experimental group
showed a particular expansion in the venous sinuses, which may be a sign of reaction
to the influence of homocysteine and slight swelling of these vessels. The number of T-
cells in young animals in the periarterial cuffs is slightly reduced, which can be explained
by the increasing activity of macrophages. However, T-cells also infiltrated the red
pulp. Such penetration of white blood cells into the red pulp is accompanied by the
expansion and "washing out" of the marginal zones of lymph nodes. Thus, the increased
homocysteine level significantly potentiated proliferation and partially inhibited apoptosis
in T-lymphocytes but did not directly affect dormant T-cells.

Keywords: homocysteine, spleen, lymphocytes, macrophages, rats.

Introduction

Homocysteine is a sulfur-containing amino acid that is
an intermediate product of methionine metabolism.
Entering the body with products of animal origin, methionine
undergoes some biochemical transformations. Normally,
homocysteine is utilised in the body in remethylation,
transsulfation, and desulfation reactions [25]. The
transsulfonation pathway begins by condensing two

molecules of homocysteine and serine, forming
cystathionine. This reaction is catalysed by the pyridoxal
phosphate-dependent enzyme cystathionine--synthase
[29]. Subsequently, cysteine, ammonia and a-ketobutyrate
are formed from cystathionine under the influence of
cystathionine-y-lyase. During remethylation processes,
methionine is resynthesised from homocysteine with the
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help of cobalamin-dependent methionine synthase. There
is also another path of remethylation involving the enzyme
betaine-homocysteine-S-methyltransferase. Both enzymes
are cytosolic and characterised as zinc-dependent
methyltransferases. Methionine synthase is present in all
body tissues and uses N-5-methyltetrahydrofolate as a
metal group. Betaine-homocysteine-S-methyltransferase
uses an endogenous derivative of choline-betaine and is
present to a greater extent in the liver, adrenal cortex, brain
tissue, skeletal muscles, and placenta. When utilising
homocysteine by desulfation, it turns into hydrogen sulfide
[28].

In blood plasma, homocysteine is present in four forms:
homocysteine bound to proteins, the disulfide form of
homocysteine, free homocysteine, and the thiol form of
homocysteine [31]. According to most authors, its normal
level in the body is within 5-15 pmol/l. It has been
established that homocysteine concentration varies with
age and gender [16, 17]. Compared to children, its content
is 2 times higher in adults. During life, the level of
homocysteine in the blood increases, correlating with the
concentration of vitamin B12 and folate. Normally, it is
important for the body, as it maintains the essential amino
acid methionine content constantly [26, 27]. However, a
significant increase in its concentration has some negative
effects [12, 19]. Hyperhomocysteinemia is diagnosed when
the homocysteine content is above 15 pmol/l. Scientists
distinguish its following degrees: mild, in which
homocysteine ranges between 15-30 umol/l, moderate -
30-100 ymol/l, severe - 100 pmol/l and more [33].

Genetic causes of hyperhomocysteinemia are relatively
rare but cause the development of severe pathologies and
even death in childhood. Congenital defects of the
methylenetetrahydrofolate reductase, cystathionine-f3-
synthase and methionine synthase genes are studied.
Mutations of methylenetetrahydrofolate reductase are the
most studied. Those associated with replacing one
nucleotide in the gene encoding this enzyme (C677T and
A1298 C) are more common. In the first case, valine is
replaced by alanine, which leads to the synthesis of a
thermolabile enzyme characterised by a decrease in its
activity in heterozygotes and homozygotes by 35-50 % and
70 %, respectively. Another defect causes glutamate
substitution for alanine in the C-terminal regulatory domain
of methylenetetrahydrofolate reductase and is
accompanied by moderate hyperhomocysteinemia.
Mutations of cystathionine-B-synthase are characterised
by a significant increase in the concentration of
homocysteine in the blood plasma, in some cases by 80%,
and the appearance of homocysteineuria, which is a
missense mutation and deletion of alleles. A mutation of
the A2756G gene encoding methionine synthase is also
known, accompanied by decreased enzyme activity and
moderate hyperhomocysteinemia [2].

Experimental studies on animals made it possible to
establish the main causes of homocysteine toxicity in the

body [22, 28]. To date, scientists have singled out the main
ones, namely: homocysteine activation of oxidative stress
and endoplasmic reticulum stress, disruption of gene
expression, protein homocysteine, stimulation of the
production of inflammatory mediators and fibrosis [4, 11,
30].

Hyperhomocysteinemia has a negative effect on the
body, causing damage to all organs and systems and
leading to a violation of homeostasis due to the impossibility
of maintaining their functions at the proper level [21]. The
scientific community is actively studying the role of
homocysteine in the pathogenesis of numerous diseases
[14, 23, 24]. However, in the domestic literature, there is
only insignificant data on its influence on the structure and
functions of immune defence organs.

The study aims to study the characteristics of changes
in the structure and immune processes of the spleen of
young rats with chronic hyperhomocysteinemia.

Materials and methods

Modelling of chronic hyperhomocysteinemia was
carried out through experimental studies on laboratory rats
in compliance with international recommendations on the
performance of medical and biological research using
animals by the "General Principles of Work on Animals"
approved by the 1st National Congress on Bioethics (Kyiv,
Ukraine, 2001) and agreed with the provisions "European
Convention for the Protection of Vertebrate Animals Used
for Experimental and Other Scientific Purposes”
(Strasbourg, France, 1986) [7]. Bioethics Committee of
National Pirogov Memorial Medical University confirmed
that the work complied with ethical principles (protocol No.
3 from 17.10.2019).

Experiments were performed on 22 white male rats
obtained from the vivarium of the National Pirogov Memorial
Medical University, Vinnytsya. Rats were kept under normal
laboratory conditions with a 12-hour day/night regime; water
and balanced pelleted feed were received ad libitum by
established norms.

The animals were divided into control and experimental
groups (11 individuals in each group) during the experiment.
Chronic hyperhomocysteinemia was achieved by
administering D, L-thiolactone homocysteine hydrochloride
(Acros Organics, Italy) to animals of the experimental group
at a dose of 200 mg/kg of body weight intragastrically in a
1 % solution of starch gel (1 ml/200 g of rat weight) once a
day for 8 weeks. After the end of the experimental simulation
of chronic hyperhomocysteinemia, the animals were
removed from the experiment by decapitation and using
thiopental anaesthesia (thiopental sodium 100 mg/kg).

For microscopic examination, pieces of spleen were
taken from prematurely weighed animals of all groups.
The selected samples were fixed in a 10 % formalin
solution. The next stage was the dehydration of samples
in alcohols of increasing concentration and pouring them
into paraffin blocks. Sections with a thickness of 3 ym were
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made from paraffin blocks and stained with hematoxylin
and eosin [10]. Histological preparations were studied
using an SEO SCAN light microscope and photo-
documented by a Vision CCD Camera with a system of
image output from histological preparations.

Results

When assessing the state of the spleen of rats subjected
to the simulation of chronic persistent hyperhomocysteinemia,
we focused our attention primarily on the elements of the
white pulp of this hematopoietic organ because exactly
lymphocytes are most sensitive to high levels of
homocysteine. In turn, substances that fight free radicals
reduce the proliferation of lymphocytes caused by
hyperhomocysteinemia.

The stroma of the spleen of young animals from the
experimental group did not undergo significant changes -
the dense connective tissue of the capsule and trabeculae

does not show signs of stratification or morphological
changes in cells, the nuclei of single fibroblasts are spread
between wavy eosinophilic collagen fibres (Fig. 1 A). This
group's spleen's blood vessels also show no signs of
pathological changes. We can observe the nuclei of smooth
myocytes and endothelial cells without pathology (Fig. 1 B).

In the experimental groups, changes are most likely
localised within the white pulp. T-lymphocytes, located in
the sheath around the central arteries, practically do not show
changes in morphology. However, the cells do not form such
dense dark clusters, which is probably explained by the
presence of a greater number of macrophages, which, on
the one hand, destroy damaged and defective cells, reducing
the number of their populations, on the other hand, have a
lower nuclear-cytoplasmic ratio and therefore form a lighter
overall background of the periarterial sheath (see Fig. 1 B,
Fig. 1 C, D).

Elevated levels of homocysteine and related compounds

Fig. 1. Stroma and parenchyma of the spleen of young rats of the experimental group. A: nuclei of fibroblasts (black arrows), collagen
fibres of the capsule (brown arrow), venous sinus (green oval); B: nucleus of a smooth myocyte (green arrow), endotheliocyte nucleus
(yellow arrow); C: B-lymphocytes (red arrows), plasma cells (green arrows); D: marginal zone (yellow oval); B, C, D: macrophages
(black arrows). Staining with hematoxylin and eosin. x1000.
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TR ! . = / 5
Fig. 2. Red and white pulp of young rats with chronic
hyperhomocysteinemia. A: megakaryocyte (yellow arrow),
macrophages with hemosiderin (black arrows), macrophages with
lipofuscin (brown arrows); B: infiltration of plasma cells into the
red pulp (yellow arrows), lymphocytes (red arrows). Staining
with hematoxylin and eosin. x1000.

such as cysteine and glutathione significantly potentiated
proliferation and partially inhibited apoptosis in T-lymphocytes
but didn't directly affect latent T-cells.

B-lymphocytes and their derivatives (plasma cells), in
turn, increase in number, which can be judged by the density
of the location of these cells in the lymphoid nodes of the
spleen of experimental animals (see Fig. 1 C). Numerous
proliferating B-lymphoblasts are accompanied by
macrophages, which carry out antigen-dependent B-cell
differentiation before transforming into plasma cells. Plasma
cells are fairly easily differentiated by their rounded or oval
shape and a large amount of dark blue cytoplasm with a
pale perinuclear region corresponding to the Golgi
apparatus. These cells have a round, eccentrically located
nucleus with heterochromatin arranged in a dial (wheel
spokes).

The assessment of the state of red pulp in the spleen of

young experimental rats showed a certain expansion in the
venous sinuses, which may be a sign of reaction to external
influences in the slight swelling of these vessels (see Fig. 1 A).
In the red pulp of young animals, the hematopoietic processes
continue, so detecting megakaryocytes among erythrocytes is
not a deviation from the norm (Fig. 2 A). These cells, as known,
are the precursors of platelets and, reaching large sizes, later
disintegrate into single blood platelets.

Also very interesting is the presence in both white and
red pulp macrophages of not only dark brown inclusions of
hemosiderin, which is a physiological consequence of the
breakdown of erythrocytes phagocytosed by them, but also
lipofuscin (see Fig. 2 A). It is known that lipofuscin is the
pigment inclusion which characterises the intensity of lipid
oxidation processes in the spleen, which most likely leads
to an increase in the concentration of free oxygen radicals in
this organ and is typical for chronic hyperhomocysteinemia.

As already mentioned, when assessing the condition of
the spleen under the influence of chronic
hyperhomocysteinemia, it is necessary to pay attention to
the lymphocytic component, not only of the white but also of
the red pulp. It is interesting to note the infiltration of these
cells into the red pulp, which is a characteristic sign of their
proliferation in response to oxidative stress (Fig. 2 B). The
number of small cells with dark nuclei (T-lymphocytes) and
plasma cells, which can be recognised by the characteristic
pattern of heterochromatin in the nucleus, indicates an
increase in the percentage of lymphocytes in the red pulp in
response to stimulation of chronic hyperhomocysteinemia
in animals. Such penetration of white blood cells into the
red pulp is accompanied by expansion and "blurring” of the
marginal zones of lymph nodes, which are not as clearly
defined as in the control group (see Fig. 1 D).

Discussion

Thus, homocysteine can disrupt the functioning of
individual parts of the immune system through the death of
cells or their excessive hyperstimulation, which in turn leads
to exhaustion of the system as a whole. However, to this
day, there is no data on changes in the structure of
hematopoietic organs and immune protection, mainly the
spleen, under conditions of hyperhomocysteinemia.

Experiments on rats proved that lymphocytes express
NMDA receptors on their surface, capable of interacting
with homocysteine. Under its influence, the amount of ROS
and the content of Ca2+ and ATP in cells increases. In
addition, hyperhomocysteinemia stimulates the production
of IFN-y and TNF-a by lymphocytes, involving protein kinase,
NADPH-oxidase and NO-synthase. The consequence of
such exposure is the death of lymphocytes by apoptosis.
Constant stimulation of immune system cells under these
conditions leads to its exhaustion [5, 20].

According to the literature, homocysteine interacts with
inotropic glutamate receptors activated by NMDA. Activation
of these receptors leads to an increase in the entry of Ca2+
ions into the cell and an increase in the level of reactive
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oxygen species, activation of the lipid peroxidation
processes and apoptosis of lymphocytes. It should be noted
that the blockade of NMDA receptors of T cells with
homocysteine inhibits MRNA synthesis and increases the
secretion of INF-y, TNF-a, and IL-10. Its single administration
is accompanied by a pronounced decrease in T-lymphocytes
and their subpopulations [15]. According to the authors, this
is due to an increase in the expression of adhesion
molecules to both endotheliocytes and lymphocytes, which
ensures the adhesion of lymphocytes to the vascular wall
and, thereby, a reduction in the pool of circulating lymphocytes.
Some may be eliminated due to the activation of NMDA
receptors with the subsequent development of apoptosis.
However, under conditions of chronic
hyperhomocysteinemia in animals, on the contrary, an
increase in the number of T-lymphocytes at the expense of
T-cytotoxic ones was registered. When homocysteine is
administered 1 time per day for a week in animals,
apparently, adaptation mechanisms are activated, which
allows the inactivation of aminothiol as a xenobiotic. High
doses of homocysteine damage the tissue structures of the
spleen, which is accompanied by the development of
autoimmune reactions, evidenced by a sharp increase in
the concentration of all cytokines and especially IL-17A [1, 9].

Reviews of the literature show that, in many cases,
pathologies associated with the accumulation of
homocysteine are accompanied by a malfunction of the
immune system. On the other hand, intensive
immunocompetent cell proliferation can lead to
homocysteine accumulation. For example, sources report
that a Thl-type immune response promotes the development
of B cells and may be a major determinant of the progression
of disorders associated with hyperhomocysteinemia. Other
studies also demonstrate that reactive oxygen species
formed due to autooxidation of homocysteine participate in
the induction of B-lymphocyte proliferation [6].

The study of the effect of homocysteine on lymphocytes
in patients with coronary heart disease showed that Fas-
receptors of T-helpers and their ligand CD178 were activated
in the culture of peripheral blood cells during its growth. An
early marker of apoptosis was the expression of APO 2.7.
Subsequently, negatively charged phospholipids, mainly
phosphatidylserine, appeared on the cell membrane. At the
same time, the concentration of Bcl-2, which normally protects
cells from apoptosis, decreased, leading to their death [13,
32].

In the model of folate-induced hyperhomocysteinemia,
the instability of the genomic DNA of the rat spleen was
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Colon cancer is one of the leading causes of cancer-related deaths worldwide. Despite
the growing number of studies on nanoparticles of different metals, there is still a lack
of reliable information about their ability to work together as a composition and their
antitumor effects. It has been established that the regulation of genes encoding proteins
of the Bcl-2 family changes in cancer. Bcl-2 family proteins can be a potential target in
cancer diagnosis and have a prognostic value in treating cancer with chemotherapeutic
drugs. The tumor microenvironment includes myeloid suppressor cells, tumor-
associated neutrophils, and tumor-associated macrophages that promote cancer
progression and are derived from splenic hematopoietic stem cells and progenitor
cells. The work aimed to ascertain histological changes and expression of Bcl-2 family
proteins in the spleen of rats with N,N-dimethylhydrazine-induced carcinogenesis
followed by the protective administration of Au/Ag/Fe nanometal composition. The
study was conducted on 72 outbred white male rats. Colon adenocarcinomawas modelled
by N,N-dimethylhydrazine hydrochloride administration for 30 weeks. Animals received
an aqueous dispersion of Au/Ag/Fe nanoparticles intragastrically once a day for 21
days at a dose of 0.842 mg Ag/0.0526 mg Fe/1.625 ug Au per 1 kg of rat body weight.
Paraffin sections of the spleen were stained with hematoxylin and eosin. For
immunohistochemical analysis, sections were stained with rabbit monoclonal
antibodies to Bcl-2. Under conditions of 30-week exposure to N,N-dimethylhydrazine
hydrochloride, blood circulation disorders, stasis, thrombosis, reduction in the size of
white pulp lymphatic nodules and loss of their zonation were histologically proved in the
rat's spleen. The development of sclerotic processes in the organ was noted. It was
indicated that using metal nanoparticles under N,N-dimethylhydrazine hydrochloride-
induced colon carcinogenesis leads to less evidenced morphological manifestations
of structural changes in the spleen. Immunohistochemically, the expression of Bcl-2
protein in the white pulp of the spleen of animals subjected to correction was lower than
in animals without the corrective effect of the composition of nanoparticle metals.
Administration of the Au/Ag/Fe metal nanoparticle composition to intact white rats does
not cause pathological changes in the spleen morphology. The structural components
of the red and white pulp match the typical histological structure of the organ.
Keywords: spleen, colorectal cancer, N,N-dimethylhydrazine hydrochloride, Bcl-2,
histopathological changes.

Introduction

Colon cancer is one of the leading causes of cancer-
related deaths worldwide [9, 15, 19, 27]. In the United States,
this figure is 10 % of all cancer deaths annually [9], and in
Ukraine - 13.2 % among men and 15.3 % among women
[29]. According to recent studies, various mechanisms
contribute to the progression of colorectal cancer, including
mutations in the cell cycle, apoptotic pathways,
angiogenesis, invasion and metastasis, and the ability of

tumor cells to avoid the immune response [3, 15, 27, 28].

Bcl-2 family proteins perform various critical functions
during the body development and functioning [3, 14]. In
accordance with numerous studies, it has been
demonstrated that in cancer, the regulation of genes that
encode proteins of the Bcl-2 family changes [11, 21]. Their
overexpression inhibits cell death caused by various
biological stimuli, particularly if such a stimulus is an
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antitumor cytotoxic drug. In account of this Bcl-2 family
proteins can be a potential target in cancer diagnosis and
have a prognostic value in treating cancer with
chemotherapeutic drugs [3, 11, 21].

Spleen is the largest peripheral organ of hematopoiesis
and the immune system [4, 2, 16]. L. M. Sun et al. [24]
described that people with splenectomies have a higher
risk of developing cancer, especially of non-traumatic origin.
Animal studies displayed that the role of splenectomy in
the progression of non-small cell lung cancer depended
on the time of splenectomy [28]. The tumor
microenvironment includes myeloid suppressor cells,
tumor-associated neutrophils, and tumor-associated
macrophages that promote cancer progression and are
generated from splenic hematopoietic stem cells and
progenitor cells [13]. The study deVisser K. E., Eichten A. Ta
Coussens L. M. [8] showed that splenectomy can reduce
the percentage of myeloid suppressor cells and inhibit the
growth of hepatocellular carcinoma. However, there is still
no consensus on the role of the spleen in cancer
progression.

Many factors cause obstacles to the development of
effective cancer treatment. In particular, one of the main
problems is the effective delivery of drugs to the tumor and
the insufficient selectivity of chemotherapy for tumor cells
[6, 30]. Advances in nanotechnology have led to the
development of various nanomaterials for therapeutic and
diagnostic purposes [1, 6]. There are already more than
eight hundred different products made based on
nanotechnology. Among them are polymer micelles,
liposomes, inorganic nanoparticles, etc. These
nanomaterials have many unique advantages over
traditional anticancer treatments [1, 5]. One of the first
nanoparticles known for a long time are nanometals and
nanoclusters formed by them, in particular nanoparticles
of iron, gold and silver [18, 23, 26]. Despite the growing
number of studies on nanoparticles of different metals,
there is still no reliable information on their ability to work
together as a composition.

Therefore, our work aimed to investigate the histological
changes and expression of Bcl-2 family proteins in the
spleen of rats with N,N-dimethylhydrazine-induced colon
adenocarcinoma followed by protective administration of
Au/Ag/Fe nanometals.

Material and methods

Animals

The research was accomplished on 72 white outbred
male rats with a body weight 19045 g. The animals had
been retained in standard conditions of vivarium. Body
weights and survival had been supervised all through.
Experimental animals had unfastened access to drinking
water and basal food regimen ad libitum. All manipulations
with animals throughout this experiment have been
conformed according to internationally accepted
requirements and accredited by the Bioethical Committee

of Ternopil National Medical University (protocol Ne 75,
01.11.2023). All experiments were carried out in accordance
with the requirements of the "European Convention for the
Protection of Vertebrate Animals Used for Experimental and
Different Medical Functions" [7].

This investigation is a part of the research project
"Immunogenetics of malignant growth: the influence of Bcl-
2 gene expression on the state of anti-tumor immunity and
under the corrective influence of nanomaterials”, which was
funded by the Ministry of Health of Ukraine (Grant number
0119U002307), and is also a fragment of the initiative
research "Morphological and metabolic aspects of
carcinogenesis" (Ne 0123U100070).

Colorectal cancer model

N,N-dimethylhydrazine-induced (DMH-induced) colon
adenocarcinoma was modelled by introducing N,N-
dimethylhydrazine hydrochloride (Sigma-Aldrich Chemie,
Japan, series D161802) dissolved in an isotonic sodium
chloride solution. The chemical carcinogen was
administered subcutaneously into the interscapular area
once per week for a duration of 30 weeks, with a single
dose of 7.2 mg/kg of body weight (primarily based on the
active substance). Animals in the control group received
0.1 ml of physiological saline following the same frequency
and procedure. At 30 weeks of N,N-dimethylhydrazine
hydrochloride administration, colon adenocarcinoma in situ
was histologically diagnosed in all rats.

Nanoparticle's dosage and administration

In this study, the composition of spherical silver (d=30
nm), gold (d=30 nm) and iron (d=40 nm) nanopatrticles with
a concentration per 1 ml: 1.6 mg Ag; 0.1 mg Fe; 3.088 ug Au
was used. Silver nanoparticles' initial water dispersion was
synthesized by the tannin (tannic acid) reduction of silver
nitrate (AgNO,) in the presence of potassium carbonate
(K,CO,). The synthesis of gold nanoparticles was performed
via reduction of the tetra chloroauric (lll) acid (HAUCI, x 3H,0)
(>99.9 % trace metals basis, Sigma-Aldrich) by sodium citrate
tribasic dehydrate in the presence of potassium carbonate.
Iron nanoparticles were synthesized via reduction of iron (Ill)
chloride by sodium borohydride (NaBH,). The nanoparticle
Au/Ag/Fe composition for this research was acquired by the
mechanical mixing of the silver, gold and iron nanoparticle
water dispersions. Metal nanoparticles used to receive the
experimental mixture, as well as the obtained composition,
was characterized as safe according to the criteria of
cytotoxicity (MTT-test), genotoxicity (comet assay),
mutagenicity (Allium-test) and immunotoxicity under in vitro
tests [22].

Animals received nanoparticle Au/Ag/Fe water
dispersion intragastrically once a day for 21 days at a dose
of 0.842 mg Ag/0.0526 mg Fe/1.625 ug Au per 1 kg of rat
body weight. The initial nanoparticle Au/Ag/Fe mixture was
diluted with sterile distilled water at a ratio of 1:10 before
the intragastric administration.

Histological and immunohistochemical study

Splenic tissue was collected from animals and fixed
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overnight in 10 % neutral buffered formalin (Biognost,
Croatia). The tissue was processed in a histoprocessor
LOGOSone (Milestone, Italy). For histological analysis,
spleen paraffin sections (5 pm thickness) were made with
manual rotary microtome AMR 400 (Amos Scientific,
Australia), stained with Hematoxylin and Eosin (H&E)
(Biognost, Croatia), and analyzed with a light microscope
Nikon Eclipse Ci (Nikon, Japan), and fixing photos with a
digital camera Sigeta M3CMOS 14000.
Immunohistochemical analysis was performed on thin
formalin paraffin-embedded sections of the rat spleen. The
sections were stained with a rabbit monoclonal antibody
against Bcl-2 (Cat. Ne ab32124). Bcl-2 detection was
accomplished using a Mouse/Rabiit PolyVue Plus HRP/
DAB Detection System (Diagnostic Biosystems). The
sections were then counterstained with Hematoxylin M
(Biognost, Croatia) and mounted under coverslips.

Results

Histological studies of the spleen after 30 weeks of
exposure to N,N-dimethylhydrazine established destructive
and degenerative changes in it. Disorders of blood
circulation in the organ with uneven blood supply of red
and white pulp was detected. In some fields of view,
vessels were found without blood-formed elements; in
others, they were filled with erythrocytes, indicating stasis
and, in some places, thrombosis. Microscopically,
macrophages with accumulation of hemosiderin in the
cytoplasm were noted. During this observation period, the
reduction of lymphatic nodules and the loss of their zonality
are pronounced. The lumen of the central artery is narrowed,
and its wall is thickened. In the red pulp's stroma, the
thickening of trabeculae, growth of the population of
fibroblastic cells and, consenquently collagen formation
were noticed. A particularly noticeable location of the
concentration of the fibrous component was the
perivascular spaces around arteries and capillaries. These
changes indicate sclerotic processes in the organ (Fig. 1).

Immunohistochemical study of Bcl-2 expression in the
rat's spleen with DMH-induced colorectal cancer at the 30th
week of the experiment revealed an intense positive reaction
in the cytoplasm of cells of the spleen's white and red pulp.
The development of chronic neoplastic endotoxemic
syndrome and destructive-degenerative changes in
vascular beds and lymphatic nodules are accompanied by
an increase in the number of Bcl-2 cells in the red and
white spleen pulp, which indicates a malfunction of the
organ, and that can significantly affect both the progression
of the tumour process and its subsequent correction.

The use of the Ag/Au/Fe nanometals composition
showed a positive effect on the histological structure of the
spleen components and the expression of the Bcl-2 in the
organ.

At the microscopic level, it was found that the use of
nanometals Ag/Au/Fe in DMH-induced carcinogenesis lead
to the less pronounced morphological manifestations of
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Fig. 1. The structure of the red and white pulp of the spleen after
30 weeks of the experiment. Sclerosis of red pulp (1) and
delimphatization of lymphatic nodules (2) of the white pulp.

Hematoxylin and eosin staining. Ocular magnification x10, objective
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Fig. 2. Structural changes of the rats' spleen under N,N-
dimethylhydrazine hydrochloride intoxication and Ag/Au/Fe
nanometals composition administration. Lymphatic nodules with
hemosiderophages (1) and enlarged marginal zone (2). Hematoxylin
and eosin staining. Ocular magnification x10, objective x20.

structural changes in the spleen compared with the N,N-
dimethylhydrazine-only group. Lymphatic nodules of the
white pulp contained an enlarged germinal center,
represented by lymphoblasts with normochromic nuclei.
Hemosiderophages were observed in some places, which
may indicate the presence of hemorrhages in this area in
the previous stages of the experiment. Lymphocytes in the
periarterial pulp were compact and their nuclei were
hyperchromic. The number of lymphocytes and
macrophages in the marginal areas and periarteriolar
lymphoid sheaths was moderate. The mantle and marginal
areas were expanded. The latter often came into contact
with neighboring follicles. At the same time, the
manifestations of hemodynamic disorders persisted,
namely the plethora of red pulp sinusoids (Fig. 2).
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Under the conditions of nanoparticle administration, a
moderately pronounced (++) positive reaction against Bcl-
2 in the cytoplasm of cells of germinal centers and marginal
zones of lymphatic nodules of white pulp and a pronounced
(+++) cytoplasmic reaction in red pulp cells were detected
immunohistochemically (Fig. 3).

To assess the biosafety of the composition of
nanometals, we examined their effect on the histological
state of the spleen of unaffected animals. Manifestations
of the pathological changes in the organ were not detected.
The structure of the red and white pulp corresponded to
the normal histological structure of the organ (Fig. 4).

Immunohistochemical examination against Bcl-2 of the
spleens of unaffected animals injected with nanoparticles
revealed a moderately expressed (++) positive reaction in
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under N,N-dimethylhydrazine hydrochloride intoxication and Ag/
Au/Fe nanoparticles administration. Lymphatic nodules (1) with
moderate expression of Bcl-2 and red pulp (2) with strong
expression of Bcl-2. Ocular magnification x10,
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Fig. 4. The structure of the red and white pulp of the spleen, day
21 of Ag/Au/Fe nanoparticles administration. Lymphatic nodules
with a dense arrangement of cells (1). Moderately blood-filled
sinusoids of thered pulp (2). Hematoxylin and eosin staining. Ocular
magnification x10, objective x20.
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Fig. 5. Immunohistochemical staining against Bcl-2 in the spleen of
unaffected rats after Ag/Au/Fe nanoparticles administration.
Moderate Bcl-2 expression in lymphatic nodules (1) and strong
Bcl-2 expression in red pulp (2). Ocular magnification x10, objective

x20.

the cytoplasm of the cells of the germinal centers of
lymphatic nodules of the white pulp and a pronounced (+++)
cytoplasmic reaction in their marginal zones in the cells of
the red pulp (Fig. 5).

Discussion

Our research aims to elucidate histopathological
changes and detection of Bcl-2 expression in the rat's
spleen during DMH-induced oncogenesis and the
corrective effect of Ag/Au/Fe nanometal compositions. The
spleen is the largest secondary lymphoid organ that
performs essential immune functions and participates in
the formation of cells that create the tumor
microenvironment [2, 4, 16, 24]. That is why the study of
changes in the structure of this organ during carcinogenesis
can have significant prognostic and immunotherapeutic
value. The red pulp of the spleen is a depot of blood,
particularly erythrocytes and platelets, as well as a depot of
iron. Blood is filtered in the red pulp of the spleen, and in
fetal and newborn rodents, it is the site of hematopoiesis
[2, 4, 16]. It can be assumed that under the conditions of its
destruction, there will be a decrease in the elimination of
cellular debris and the ageing of erythrocytes, increasing
general intoxication. The white pulp of the spleen, which
surrounds the central arteries, includes a quarter of the
body's lymphocytes and stimulates the immune response
to antigens [4, 13, 28].

The results of microscopic studies after 30 weeks of
N,N-dimethylhydrazine hydrochloride administration proved
the presence of destructive-degenerative changes in the
spleen with the phenomena of sclerosing of the organ and
delymphatization of the white pulp. These data are
consistent with the results of research by Caprezo N. O. et
al. [12], observed the appearance of dystrophic zones in
the spleen and damage to the nuclear apparatus of its

Vol. 30, Nel, Page 40-46

43



Histopathological changes in the spleen of rats exposed to N,N-dimethylhydrazine with the following protective ...

cells when exposed to N,N-dimethylhydrazine
hydrochloride. Research by Svitina H. M. et al. [25]
demonstrated a decrease in the proliferative activity of
splenocytes under the influence of N,N-dimethylhydrazine
hydrochloride. According to the analysis conducted by Li B.
et al. [17], the spleen plays a dual role in cancer incidence
and progression.

Detection of the expression of Bcl-2 family proteins is
important in oncogenesis because anti- and pro-apoptotic
mechanisms are among the main ones in cancer
progression [11, 14, 21]. An increase in the expression of
Bcl-2 by parenchymal cells of the spleen under the influence
of N,N-dimethylhydrazine hydrochloride was established.
These data are confirmed by other researchers, who testify
to their increased expression in various types of cancer
[20]. Abnormalities in the expression of anti-apoptotic or
pro-apoptotic members of the BCL-2 protein family can
promote tumor development and make malignant cells
resistant to anticancer therapy [10].

When studying the effect of metal nanoparticles, the
main studies are devoted to changes at the cellular level,
while morphological data describing changes at the tissue
level are generally insufficient [1, 18]. An open problem of
nanotoxicology remains a large number of studies using
nanoparticles of different sizes, shapes and compositions,
the results of which are contradictory, unreliable and
unregulated. Currently, the entire aspect of the long-term
residence of nanomaterials in the human body remains
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FCTOMATOMNONYHI 3MIHU B CENE3IHL LWYPIB, AKI NIGAABANUCA Oli N,N-AUMETUNTIAPA3UHY 3 HACTYMHUM

NPOTEKTUBHUM BBEOEHHAM HAHOMETAIJIB AU/AG/FE

Kpamap C. b., Copoka F0. B., He6ecHa 3. M., Kopda M. M., JlicHu4yk H. €.

Pak moscmoi KUWKU € 0OHiel0 3 OCHOBHUX MPUYUH CMEepMHOCMI 8i0 KaHUep-acouyiliosaHUX 3axeoprosaHb 8 yCboMy ceimi. He3saxarouu
Ha 3pocmarody KinbkKicmb 00CHIOKeHb HaHOYaCcmMUHOK Pi3HUX memariig, 0oci 8idcymHsi docmoesipHa iHghopMmauisi wodo ix mMoxnaueocmi
npaytoeamu pa3oM ma ix npomunyxnuHHi enacmusocmi. BcmaHoeneHo, wo npu pakosux 3ax80pHBaHHSIX 3MIHIOEMbCS pe2ynsayis
2eHig, siki kodyromb b6inku poduHu Bcl-2. binku poduHu Bcl-2 moxyme 6ymu nomeHuitiHoK MileHHo npu OiagzHocmuyi paky i mamu
PO2HOCMUYHE 3HaYEeHHs rpu (020 fiKysaHHIi xiMiomepanesmu4yHumu rpenapamamu. MiKpoOmoYeHHs1 NyxX/auHU MiCmumb Mi€noiOHI
CyrnpecopHi KnimuHu, nyxsauHoacouyiliosaHi Heimpoginu ma nyxnuHoacouiliogaHi Makpogaau, wo crnpusiroms fnpozpecii paky, ma
YMeOpIMbCS i3 CeNe3iHKOBUX 2eMOMNOEMUYHUX Ccmoebyposux KimuH ma KiimuH-ronepedHukie. Mema pobomu - 6cmaHO8MeHHs
2icmornoeiyHux 3miH ma ekcnpecii binkie poduHu Bcl-2 e cenesiHui wypie npu N,N-Oumemuneiopa3uH-iHOyKoO8aHOMY KaHUEpPO2EeHE3i 3
HacmyrnHUM rMpomeKkmueHUM 88€0€eHHSIM KOMMo3uuii HaHoYyacmuHoKk memaiie Au/Ag/Fe. HocnidxeHHs nposedeHo Ha 72 binux
6e3rmopodHux wypax-camysix. ADeHoKapyUuHOMY moecmoi KuwKu moodesntosanu wrsixom esederHHsi N,N-OumemunzidpasuHy eidpoxnopudy
arnpodoex 30 muxHie. TeapuHu ompumyeasnu 800Hy ducriepcito HaHodYacmuHoK memanie Aul/Ag/Fe eHympiwHboWwnyHKo8o 1 pa3 Ha
006y ernpodosx 21 OHs1 8 0o3i 0,842 me Ag/0,0526 me Fe/l,625 mkz Au Ha 1 k2 macu mina wypa. [lapagiHosi 3pisu cenesiHku
3abaperosanu 2eMamoKCcuniHoM ma eo3uHoM. [ns imyHo2icmoximidHo20 aHaniy 3pisu 6ynu 3abaperieHi i3 3acmocy8aHHsIM KPOIsiHUX
MOHOKIOHannbHux aHmumin 0o Bcl-2. BcmaHoeneHo, wo es8edeHHs1 KoMo3uuji HaHoYacmuHoK memarnie Au/Ag/Fe iHmakmHum 6inum
wypam He 3yMO8IIOE NopyweHHs Mopghboroaii cenesiHku. CmpyKkmypHi KOMIOHEHMU Y4ep8oHOi ma binoi nynbnu eidrnosidanu HopmMarbHil
2icmoroaiyHiti 6ydosi opaaHy. 3a ymos 30-muxHesozo ennugy N,N-OumemurneidpasuHy 2i0poxnopudy y cenesiHui wypie 2icmornoziyHo
8cmaHosneHo posnadu Kposoobizy, cmasu, mpomMbo3u, 3MEeHWEeHHS po3mipie niMghamuyHUX 8y3nukie 6inoi nynbnu ma empama ix
30HanbHOCMI. BiOMiYyeHO po38UMOK CKIIepoOmMuUYHUX rnpouyecie 8 opaaHi. MikpockoniyHO 3'aco8aHo, W0 3acmocy8aHHsI HaHO4YacmMUHOK
memanie Au/Ag/Fe npu N,N-OumemunziOpa3uHy eidpoxsopudy iHOyKo8aHOMY KaHuepozeHe3i npu3eodums 00 MEHW 8UPaXeHUX
MOPhOI02IYHUX POSsI8I8 CMPYKMYPHUX 3MiH Cerle3iHKU MOpi8HSIHO 3 epyrol, sika ompumyeana nuwe N,N-Oumemunziopa3uH
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2idpoxsopud. IMyHo2icmoxiMi4HO 8UsI8NIEHO MEHW supaxeHy ekcrpecio Bcl-2 y 6init nynbni cenesiHku meapuH, SKUM rpoeodunu
iH'eKyito HaHoyacmuHok memarnie Au/Ag/Fe nicns 30-muxHesozo sunnusy N,N-dumemunzidpa3uHy 2idpoxnopudy, nopieHSIHO 3
meapuHamu 6e3 Kopeayo4o2o 8rnnugy KoMro3uuii HaHoMemarnis.

KnrouyoBi cnoBa: cenesiHka, konopekmanbHul pak, N,N-Oumemunziopa3duHy 2idpoxnopud, Bcl-2, szicmonamonoaiyHi 3miHu.
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Chronic pancreatitis is a common recurrent pathology of the pancreas. The long course
of the inflammatory process, accompanied by chronicity, is often attributed to the
causes that lead to the development of pancreatic cancer. The aim of the work is to
study the morphological changes of the pancreas in rats and the level of of matrix
metalloproteinases and tissue inhibitor of metalloproteinases in patients with
complicated forms of chronic pancreatitis and a high risk of developing pancreatic
cancer in order to optimize the selection of the volume of surgical intervention. A
histological study of the pancreas of rats with chronic pancreatitis and chronic
pancreatitis on the background of diabetes was carried out. 27 patients operated on
during 2020-2022 were examined. In 15 of them, we were unable to clearly and
convincingly differentiate of chronic pancreatitis from pancreatic cancer, since quite
often the clinical symptoms and diagnostic picture of these diseases are similar. In the
remaining 12 patients it was confirmed with all the inherent clinical signs of chronic
pancreatitis and ductal hypertension. Matrix metalloproteinases (MMP-1, -2, -3, -8, -9,
-10) and tissue inhibitor of metalloproteinases were studied. The obtained results were
processed statistically. Morphological changes of the pancreas in rats correspond to
high and moderate ductal dysplasia of the PanIN 2 and PanIN 3 class, which are direct
predictors of pancreatic adenocarcinoma. In 22 patients moderate and severe exocrine
insufficiency was observed, confirmed by a significant decrease in fecal elastase. An
intraoperative biopsy of the changed tissue of the pancreas was performed. Among the
15 operated patients of the main group, 9 were diagnosed with diabetes mellitus and
changes in MMTs and a peptide pool inherent in malignant tissue. Intraoperatively, after
performing a punch biopsy, acinar metaplasia was detected in 3 patients, tissue changes
characteristic of PanIN2-PanIN3 in 4 patients, and pancreatic cancer in the head area
was confirmed in 3 patients. Changes in the protein profile of the plasma, clinical
manifestations, as well as characteristic changes in the pancreas tissue, gave us
grounds for performing extended resection interventions. Studying the morphological
structure of the pancreas, using as many methods as possible for differential diagnosis
between chronic pancreatitis and pancreatic cancer, as well as a comprehensive
approach to the patient will allow for the most correct and effective intervention.
Keywords: pancreas, morphological changes, chronic pancreatitis, fibrosis,
pancreatic ductal adenocarcinoma.

Introduction

Chronic pancreatitis is a common recurrent pathology
of the pancreas. The long course of the inflammatory

process, accompanied by chronicity, is often attributed to
the causes that lead to the development of a pathology with
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an extremely unfavorable prognosis - pancreatic cancer. That
is why the search for diagnostic criteria that would allow
predicting the transition of inflammatory processes in the tissue
of the pancreas to hyperproliferative processes and the risk of
developing pancreatic cancer is gaining relevance [13].

According to the study results, in pancreatic injury due to
KRAS hyperactivity and increased inflammatory signaling
with loss of cell-cell and cell-matrix contacts, loss of polarity
can induce acinar cells to transdifferentiate to a duct-like
phenotype with acinar-ductal metaplasia and initiate further
progression to low-grade degree of precancerous lesions
[1, 10, 30]. Chronic stimulation and proliferation of the
pancreatic duct in response to islets of Langerhans
inflammation in type 2 diabetes is associated with an
increased risk of pancreatic cancer with concomitant type 2
diabetes [9, 14]. Ductal adenocarcinoma of the pancreas is
a type of exocrine cancer and accounts for 95 % of all
pancreatic cancers. It is an aggressive malignant tumor,
and surgical removal of the tumor is the only possible radical
treatment. However, up to 90 % of patients, at the time of
clinical manifestation of the disease, have a neglected
condition and are surgically incurable [2]. TNF-a expression
is increased during the initiation of pancreatic ductal
adenocarcinoma, and anti-TNF-a antibodies have shown
promising effects in ductal adenocarcinoma in preclinical
models by Kkilling tumor cells and reducing desmoplasia
and inflammation in the tumor stroma of pancreatic ductal
adenocarcinoma [28].

Pancreatic stellate cells (PSCs) can synthesize and
secrete acetylcholine and play a role in mediating exocrine
secretion from acinar cells. PSCs transform into activated
myofibroblast-like cells in response to inflammation. These
cells play an important role in the progression of chronic
pancreatitis to pancreatic cancer. PSCs respond to
proinflammatory cytokines in acute pancreatitis and may
progress to chronic pancreatitis with pancreatic damage,
fibrosis, diabetes, and metaplasia [22, 31].

Because both diabetes mellitus and chronic pancreatitis
are risk factors for pancreatic ductal adenocarcinoma, their
combination may particularly raise concerns about
progression and malignancy to pancreatic ductal
adenocarcinoma. [26]. In a population-based cohort study
in Taiwan, the risk of malignancy and development of
pancreatic ductal adenocarcinoma was significantly
increased in participants with existing diabetes and chronic
pancreatitis (hazard ratio 33.5) [19]. Separate research
databases also showed an increased, but slightly more
modest, hazard ratio (4.7-12.1) for pancreatic ductal
adenocarcinoma in individuals with unclassified diabetes
and a history of chronic pancreatitis [21].

In other studies, subgroups of participants with newly
diagnosed diabetes showed an even higher prevalence of
pancreatic ductal adenocarcinoma (5.2-13.6 %). Thus, while
long-standing diabetes moderately increases the risk of
pancreatic ductal adenocarcinoma, adult-onset diabetes is
a marker of possible pre-existing, but preclinical, pancreatic

ductal adenocarcinoma. [11, 24].

The aim of the work is to study the morphological changes
of the pancreas in rats and the level of of matrix
metalloproteinases and tissue inhibitor of metalloproteinases
in patients with complicated forms of chronic pancreatitis and
a high risk of developing pancreatic cancer in order to optimize
the selection of the volume of surgical intervention.

Materials and methods

The study included 27 patients, the average age of which
was 56 years (39-77 years). In 15 of them (55 %), despite a
thorough preoperative examination, it was impossible to
clearly and convincingly differentiate chronic pancreatitis from
pancreatic cancer, because the clinical symptoms and
diagnostic picture of these diseases are similar. In the
remaining 12 (45 %) patients, the diagnosis of chronic
pancreatitis was confirmed by all inherent clinical signs and
existing ductal hypertension.

The patients who were included in the study cohort had
a complicated medical history at the time of the beginning of
the diagnostic and treatment process. They were repeatedly
treated for acute and exacerbation of chronic pancreatitis
after dieting, as well as alcohol abuse and smoking. In 22
(83 %) patients (13 men - 60 %, 9 women - 40 %) moderate
and severe exocrine insufficiency was observed, confirmed
by a significant decrease in fecal elastase, manifested by
indigestion, weight loss, and weakness. In some cases,
we observed sarcopenia, which did not allow patients to live
without external assistance.

First-onset diabetes in adulthood was diagnosed in 9
(33.5 %) of 27 patients. In medical literature, it is interpreted
as type 3 diabetes. This means, the majority of the group
has endo- and exocrine insufficiency, which is a
characteristic of a decompensated, fibrotic pancreas.
According to the results of research by various authors [4,
11, 24], diabetes that occurs suddenly in adulthood in
patients with pancreatic pathology is one of the predictors of
the development of cancer of this organ.

According to the decision of the bioethical commission
of the National Pirogov Memorial Medical University,
Vinnytsia, Ukraine (protocol No. 15 dated 26.09.2021), the
conducted research fully met the ethical and moral and legal
requirements of the current provisions of the Ministry of Health
of Ukraine and the Helsinki Declaration of the World Medical
Association on the principles of conducting scientific medical
research with human participation.

We conducted studies of matrix metalloproteinases
(MMP-1, -2, -3, -8, -9, -10) and tissue inhibitor of
metalloproteinases (TIMP) in the plasma of patients and
obtained changes that directly correlate with the results of
our experimental study, which we presented in our previous
works.

An experimental study was conducted, in which 50 non-
linear white adult male rats weighing 200.0+10.0 g were
used. When working with laboratory animals, international
recommendations on conducting medical and biological
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research using animals were followed in accordance with
the "General principles of work on animals”, approved by
the 1st National Congress on Bioethics (Kyiv, Ukraine, 2001)
and agreed with the provisions of the "European Convention
for the Protection of Vertebrates" animals used for
experimental and other scientific purposes” (Strasbourg,
France, 1986). Experimental work with rats was carried out
in the vivarium of Taras Shevchenko Kyiv National University.
Work with animals was regulated by the rules for conducting
experimental work with experimental animals, which were
approved by the bioethical commission of Educational and
Scientific Centre "Institute of Biology and Medicine" at Taras
Shevchenko National University of Kyiv.

Chronic pancreatitis was induced by intraperitoneal
injection of cerulein (Sigma, St. Louis, MO, USA) diluted in
saline (5.0 pg/kg) five times a day at one-hour intervals.
Control rats received equal volumes of 0.9 % NaCl
administered intraperitoneally. Injections were carried out
for five consecutive days. After the last day of cerulein injection,
the rats were kept under standard conditions, without
restriction in access to water, for the next 9 days. The
development of pancreatitis was confirmed by a high level
of amylase in blood serum, as well as by the study of
pathogistological changes in the pancreas’ parenchyma of
the rats under experiment. On the 14th day from the
beginning of the experiment, half of the animals from the
chronic pancreatitis group were randomly selected and
diabetes was induced in them. Diabetes mellitus was
induced in rats after a 16-hour fast with a single
intraperitoneal injection of streptozotocin (STZ; Sigma, USA)
at a dose (65.0 mg/kg) dissolved in 0.5 ml of freshly prepared
0.01 M citrate buffer (pH 4.5). Other animals from the chronic
pancreatitis group and all control rats received an equal
volume of placebo. The diagnosis of diabetes was confirmed
on the basis of a high blood glucose concentration (above
15 mmol/l). Animals were removed from the experiment on
the 134th day after the beginning of cerulein administration.

Statistical processing of the obtained results was carried
out using the methods of variational statistics using the
computer program Excel (Microsoft corporation, USA).

Results

Histological examination of the changed tissue of the
pancreas of experimental groups of animals established
pathological changes in the group of chronic pancreatitis
(Fig. 1) and chronic pancreatitist+diabetes (Fig. 2). In the
group of chronic pancreatitis, changes in the pancreas are
characterized by the presence of fibrosis in all animals of
this group. In most cases, growth of fibrous tissue with
polymorphic cellular inflammatory infiltration was observed.
In half of the animals with experimental chronic pancreatitis,
the interlobular excretory duct wall fibrosis with the
formation of glands in the fibrous tissue of the duct was
detected. Proliferation of the glandular epithelium with
dysplasia also developed. The changes described are
classified as PanIN 1.

The pancreas of rats in the chronic pancreatitis +
diabetes group had more pronounced changes (Fig. 3).
Adherence to ductal dysplasia (see Fig. 3, Fig. 4) was also
observed with pronounced acinar metaplasia (Fig. 5). The
formation of glands in the fibrous tissue of the duct, the
proliferation of glandular epithelium with pronounced
dysplasia, the appearance of papillary and cribriform
structures corresponding to high and moderate ductal
dysplasia of the PanIN 2 and PanIN 3 class - these changes
are direct predictors of pancreatic adenocarcinoma. The
development of PanIN is a route to pancreatic cancer and
directly to ductal adenocarcinoma.

Significant differences in the content of individual forms
of MMP in the blood plasma and in the pancreatic tissue of
patients with chronic pancreatitis compared to the control
group were established. The greatest changes were found
in the pathologically changed tissue of the pancreas. The

. *?Ji'l?:. ZEs :‘u.d b £
Fig. 1. Morphologlcal changes of pancreatic tlssue in condltlons of
chronic pancreatitis. Growth of fibrous tissue (1) with polymorphic
cellular inflammatory infiltration (2, 3). Hematoxylin-eosin staining,
x100.

Fig. 2 Morphologlcal changes of pancreatlc tlssue in condltlons of
chronic pancreatitis in combination with diabetes. Fibrous tissue
growth (1) associated with ductal dysplasia. Hematoxylin-eosin
staining, x100.
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Fig. 3. Morphological changes of pancreatic tissue in conditions of
chronic pancreatitis in combination with diabetes. The formation of
glands in the fibrous tissue of the duct, the proliferation of the
epithelium with its dysplasia and the formation of papillary structures.
PanIN 2-3 (1). Staining with hematoxylin-eosin x100.

é
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Fig. 4. Morphological changes of pancreatic tissue in conditions of
chronic pancreatitis in combination with diabetes. Proliferation of
glandular epithelium with severe dysplasia (1), formation of papillary
(2), cribrose structures. PanIN 3. Hematoxylin-eosin staining, x400.

increase in the concentration of MMP in the blood plasma of
patients with chronic pancreatitis was maximal for the
collagenases MMP-1 and MMP-8 and amounted to 80 %,
p<0.05, further decreasing in the following series: MMP-2
(50 %, p<0.05), MMP-3 (42 %, p<0.05), MMP-10 (40 %,
p<0.05). A compensatory increase in the content of TIMP in
the systemic circulation was established under conditions
of chronic pancreatitis (by 67 %, p<0.05). In contrast to chronic
pancreatitis, in the presence of pancreatic cancer, the
plasma levels of all studied parameters did not reliably differ
from those of the control group, probably due to the local
involvement of the studied enzymes in the processes of
tumorigenesis - precisely at the tissue level, in the place of
their secretion, and not in the systemic circulation

These assumptions are consistent with the results
obtained by us, when studying the content of MMP and TIMP
in pancreatic tissue, according to which the levels of all
investigated indicators of patients with both chronic
pancreatitis and pancreatic cancer were significantly higher
than those in the control group. In chronic pancreatitis, the
maximum increase in content was also found for MMP-1
collagenase (3.2 times, p<0.05); the levels of other MMPs
increased as follows (MMP-8 - by 2.7 times, p<0.05; MMP-9
and MMP-10 - by 2.3 times, p<0.05; MMP-3 - by 83 %, p<0.05;
MMP-2 - by 66 % p<0.05), and the content of TIMP increased
2.6 times (p<0.05). The content of MMP in pancreatic tissue
under cancer conditions exceeded the corresponding levels
of the control group: gelatinase MMP-9 - 3.3 times (p<0.05),
stromelysin MMP-10 - 3.1 times (p<0.05) and collagenase
MMP-8 and MMP-1 - 2.9 times (p<0.05), MMP-3 - 2.7 times
(p<0.05) and MMP-2 - 2.3 times (p<0.05). The content of
TIMR exceeded the similar indicator of the control group by
3.1 times. At the same time, the levels of MMP-2, -3, -9, -10
and TIMP in the pancreatic tissue of patients with pancreatic
cancer were higher than the levels of the corresponding
indicators for the group of patients with chronic pancreatitis
- by 39 %, 48 %, 43 %, 34 %, 19 %, respectively, p<0.05.

The data we obtained regarding the increase in the levels
of MMP in the pancreatic tissue of patients with chronic
pancreatitis and pancreatic cancer is consistent with the
currently available literature data, which indicate the active
role of these enzymes in the remodeling of the extracellular
matrix, which in the case of chronic pancreatitis contributes
to the development of pancreatic fibrosis. and in the
presence of pancreatic cancer, it facilitates invasion,
angiogenesis and metastasis.

Taking into account the changes in the protein profile of
the plasma and pancreatic tissue, total proteolytic activity,

e
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Fig. 5. Morphological changes of pancreatic tissue in conditions of
chronic pancreatitis in combination with diabetes. Pronounced
acinar metaplasia (1). The appearance of papillary and cribriform
structures corresponding to high and moderate ductal dysplasia
of the PanIN 2 and PanIN 3 class (2). Hematoxylin-eosin staining.
x400.
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Fig. 6. Multiple pun biopsy of the pancreas. A - intraoperative removal of the pancreas, B - scheme of puncture biopsy.

MMP and serine proteinase activity in the pancreas in the
experiment, as well as studying the changes in the blood
plasma in the preoperative period of patients at risk, we
focused on intraoperative biopsy and diagnosis.

Usually, the surgeon performs the biopsy in the most
convenient place for the doctor and the safest place for the
patient to ensure the prevention of possible complications
(bleeding, acute postoperative pancreatitis, pancreatic
fistula). Therefore, from the diagnostic point of view of, the
effectiveness of this biopsy and its result are often
questionable and ineffective. The possibility of performing a
draining operation and forming an anastomosis on already
malignantly regenerated tissue is not excluded. Therefore,
we improved this method, and the uniqueness and novelty
were confirmed by obtaining a certificate of copyright
registration. In the case of complicated chronic pancreatitis
during surgery, a biopsy is taken with a punch pen along the
entire length of the Wirsung duct along its upper and lower
edges of the dissection in a chequerwise manner along the
entire length of the gland. Thus, during the study, a safe and
complete collection of material takes place (Fig. 6).

In the same patients, we implemented scraping from
the duct in the proximal and distal directions, which is
effective, considering that 95 % of malignant tumors of the
pancreas are ductal adenocarcinoma (Figs. 7, 8).

There were no complications of punch biopsy. Patients
with fibrotic tissue were included in the study; accordingly, it
was safe to obtain a biopsy with a diameter of 2 mm, and the
development of postoperative pancreatitis was not
established.

Among 15 (55 %) operated patients of the main group,
9 (60 %) were diagnosed with diabetes with changes in
MMP and peptide pool, which was characteristic of
malignant tissue. Intraoperatively, after performing a punch
biopsy, 3 (33 %) were diagnosed with acinar metaplasia, 4
(44 %) had tissue changes characteristic of PanIN 2-PanIN
3, and 2 (23 %) were intraoperatively confirmed to have

pancreatic cancer localized in its head. Changes in the
protein profile of the plasma, which we determined at the
preoperative stage, as well as characteristic changes in
the tissue of the pancreas, provided the basis for performing
extended resection interventions. Therefore, 5 (30 %)

Fig. 7. Schematic representation of the scraping site of the altered
pancreatic duct.

\ —
Fig. 8. Cytological express study.
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Whipple operations and 6 (40 %) left-sided distal resections
were performed. In the remaining four (30 %) patients with
complicated chronic pancreatitis, ductal hypertension, pain
syndrome, but without suspicion of malignancy, drainage
surgery was performed.

Discussion

According to the latest and most up-to-date data from
Global Cancer Statistics 2020, pancreatic cancer is a fatal
disease characterized by a poor response to treatment and
a poor prognosis. A more than 2.5-fold increase in the global
annual number of cases has been reported over the past
three decades. There were approximately 495,773 and
441,000 newly identified cases of pancreatic cancer
worldwide in 2020 and 2017, respectively, compared with
196,000 subjects in 1990. Worldwide, pancreatic cancer
has been identified as the leading cause of cancer-related
deaths [3, 17, 29]. Therefore, taking into account the social
aspects, the relatively low 5-year survival of patients, the
study of this problem becomes more relevant every year [7,
20, 25, 27].

In our studies, we obtained similar results to Gao L. with
co-authors [8] and Hart P. A. with co-authors [9] confirming
the dependence and relationship between chronic
pancreatitis and diabetes in an experiment, which where is
manifested by more active inflammation and contributes to
tumor development.

In a meta-analysis, Ben Q. and co-authors [4] reported a
relative risk of pancreatic cancer of 5.4 (95 % CI 3.5-8.3),
which is associated with a duration of diabetes of less than
1 year and a moderate risk of its occurrence in about 1.5
times after 5 years of its course. A population-based study
conducted in Rochester, Minnesota, USA, found that
approximately 1 % of participants with new-onset diabetes
aged 50 years or older had diabetes secondary to pancreatic
cancer. It is early and comprehensive diagnosis, according
to Caban M. and Malecka-W ojciesko E., as well as screening
of the disease in the general population and directly in high-
risk groups with the use of various biomarkers of pancreatic
cancer, that will allow to diagnose the pathology before the
appearance of distant metastases and apply radical surgical
intervention [5].

Y. Miyashita and co-authors in a long-term cohort study in
Japan state that the metabolic syndrome is closely related
to the incidence of pancreatic cancer. In 2005, they recruited
approximately 4.6 million Japanese subjects and followed
these subjects for over 10 years. Metabolic syndrome has
been confirmed to be associated with pancreatic cancer.
They also demonstrated an association between pre-
metabolic syndrome and pancreatic cancer [23].

Patients with chronic fibrotic changes of the pancreas in
the background or in combination with diabetes have a
significantly higher risk of malignancy of the process and
the development of accompanying complications inherent
in this disease. The main focus of our research was to
concentrate on the intraoperative diagnosis of complicated

chronic pancreatitis and to confirm or deny the development
of pancreatic cancer. To do this, we performed an
intraoperative multiple poly-punch biopsy and scraping of
the Wirsung duct with express (intraoperative) diagnosis
and determination of further tactics of surgical intervention.
We received a certificate of copyright registration for these
methods: "Methodology of intraoperative biopsy of the
pancreas" No. 115178 and "Methodology of intraoperative
multiple biopsies of the pancreas" No. 114856, respectively.
The methods are simple, affordable and were the reason
for the change in the surgical correction of pancreatic
pathology in the direction of increasing the resection volume,
which ensured and guaranteed receiving a more radical
treatment.

The patients included in the study had pronounced fibrotic
changes in the tissue, which were provoked by the activation
of pancreatic stellate cells in the early stages of the disease.
Pronounced pain syndrome was characteristic of patients
with ductal hypertension, which develops under conditions
of progression of chronic pancreatitis. According to the latest
International consensus recommendations on surgical
treatment and timing of intervention in complicated chronic
pancreatitis [15] for 2020, there is drainage or combined
(drainage + resection) surgery to eliminate ductal
hypertension, as well as altered parenchyma, which is the
pacemaker of pain, and in suspicion of malignancy of the
process. In order to achieve the maximum effect, today we
lean towards early surgical interventions. Such operations
include Puestow-Gillesby procedure, Frey procedure, Beger
procedure, left-distal resection of the pancreas. These
operations have long been known and are effective as
palliative and symptomatic care for patients with chronic
pancreatitis and ductal hypertension. Whipple surgery is
indicated for patients with an enlarged head of the pancreas
and existing Groove pancreatitis [6, 12, 16, 18].

Thus, thanks to a careful morphological study, the
application of as many methods of differential diagnosis
between chronic pancreatitis and pancreatic cancer as
possible, it is possible to perform the most correct and
effective surgical intervention.

Conclusion

1. It has been confirmed that the morphological changes
of the pancreatic tissue in rats with chronic pancreatitis in
combination with diabetes, corresponding to the
development of PanIN, are direct predictors of pancreatic
adenocarcinoma. The effectiveness of multiple
intraoperative biopsies of the pancreas for the verification
of malignant tissue of the pancreas, as well as the high
risk of developing pancreatic cancer in complicated and
clinically manifest forms of chronic pancreatitis, has been
proven.

2. The effectiveness of multiple intraoperative biopsies
of the pancreas for the verification of malignant tissue of
the pancreas, as well as the high risk of developing
pancreatic cancer in complicated and clinically manifest
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forms of chronic pancreatitis, has been proven.

3. Using all the described methods of pre- and
intraoperative diagnostics, it was possible to optimize the
choice of the volume of surgical intervention in complicated
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ONTUMI3ALIA BUBOPY OB'EMY ONMEPATUBHOIO BTPYYAHHA NMPU BUPAXXEHUX MOP®ONOIIYHUX TA CTPYKTYPHUX
3MIHAX NMAPEHXIMW Y NALIEHTIB 3 BUCOKMM PU3UKOM PO3BUTKY PAKY MIALITYHKOBOI 3ANO3U

Ycenko O. 10., MempyweHko B. B., Cyxodonsi C. A., Cyxodons A. I, Caeuyk O. M., Padboza 5. B., Caeuyk |I. |.

XPpOHiYHULU naHKpeamum € rMowupeHo pPeyuduBHOK namorogicto nMidwiyHKoe8oi 3anosu. Tpueanul nepebiz 3ananbHO20 fnpouecy, wo
CyrnposodxXyembCsi XpoHizaujieto, npuzgodums 00 po38UMKY paky nidwsnyHKoeoi 3ano3u. Mema pobomu - saugdumu mMopghonozidyHi
3MiHU Mi0WIyHKOBOI 3a5103u y Wypie ma pieeHb MampuKCHUX MemajsonpomeiHas i mKkaHuHHO20 iHeibimopa memanonpomeiHas y
nauieHmie 3 ycknadHeHUMU ¢hopMaMu XPOHIHHO20 naHKpeamumy ma 6UCOKUM PU3UKOM PO38UMKY paky nidw1yHKoeol 3ano3u 05s
onmumi3ayii eubopy o06'emy onepamugHo2o empy4aHHs. [IposedeHo zicmoroeiyHe OoCcniOxeHHs MiduwiyHKO8OI 3anno3u wypig i3
XPOHIYHUM raHKpeamumoM ma XPOHIYHUM raHKpeamumom Ha OoHi uykpogozo diabemy. O6cmexeHo 27 nauieHmis, rnpooreposaHux
arnpodoex 2020-2022 pp. 3 Hux y 15 yimko ma nepekoHnueo eidduchepeHuyirngamu XpOHIYHULU rnaHKpeamum 6i0 paky niou1yHKO8OoI
3a503u MU He 3Mo2/u, moMmy w0 documb Hacmo KhiHiYHI cumMnmomu ma OiaeHOCMuUYHa KapmuHa UuX 3axeopro8aHb MpaKmu4yHo
00Hakosa. Y pewmu 12 nauyieHmig xpoHid4HUl naHkpeamum 6ye nidmeepdxeHul yciMa npumamaHHUMU KiiHIHHUMU O3Hakamu ma
HasiBHOI MMPOMOKO0BOK einepmeHsicto. [NposedeHo docnidxeHHss MampukcHUX memamnonpomeidas (MMP-1, -2, -3, -8, -9, -10) ma
MKaHUHHO20 iHe2ibimopa memanonpomeiHas. OmpumaHi pe3ynbmamu 6ynu obpobneHi cmamucmuyHo. MopghonoaiyHi 3mMiHuU
nidwnyHKosol 3ano3u y wypie eidnosidaroms sucokili i nomipHit Aucnnasii npomoku knacy PanIN 2 i PanIN 3, wo € npamumu
npedukmopamu adeHoKapUUHOMU MiduwinyHKO80I 3ano3u. Y 22 nauieHmie 8cmaHosneHa eK30KpuHHa HedocmamHicmb cepeOHbo20 ma
8aXkKo2o cmyreHig, nidmeepdxeHa 3HaYHUM 3HUXEHHSIM ¢bekarnbHOi enacmasu. byna npoeedeHa iHmpaonepauitiHa bioncisi 3miHeHol
mkaHuHuU nidwnyHkoeoi 3ano3u. Ceped 15 npooneposaHux naujieHmiga 0CHOBHOI epynu y 9 OiaeHocmysanu uykposul diabem, 3MiHy
MMTs ma nenmudHo20 nyny, Wo npumamMaHHO MarigHi308aHill mKaHUHi. IHmpaonepauyitiHo nicsisi NpoeedeHHs1 naHy-biorcii y 3 naujieHmig
8USIBIIEHO ayuHapHy Memarnnasito, y 4 - 3miHu y mkaHuHi, xapakmepHi 011 PanIN2-PanIN3, y 3 - iHmpaonepauitiHo nidmeepdxeHutli pak
nidwinyHKosoi 3ano3su y OinsiHUi 20108KU. 3MiHU y 6inkogomy npoini nna3mu, KiiHidHi Mposisu, @ makoX XapakmepHi 3MiHU Yy MmKaHUHI
nidwiyHKoeol 3ano3u daeanu nidcmasu O BUKOHAHHST PO3WUPEHUX PE3eKUilIHUX empydaHb. BuedeHHs1 MOpghonoeidHoi cmpykmypu
nidwinyHKOBOI 3a/103uU, 3acmocye8aHHs1 sikomoza binbwe memodie 0n1s dughepeHUiliHOT diaeHOCMUKU MK XPOHIYHUM raHKpeamumom
ma pakoMm nidwyHKO80I 3a103U, a MakoxXx KommaekcHul nidxid 0o nayieHma Ao380numb 8UKOHamu Halbinbw npasusibHe ma
eghekmusHe empyyvaHHs.

Knio4yoBi cnoBa: nidwrnyHkoea 3ano3a, MopgoroeiyHi 3MiHU, XpPOHIYHUU naHkpeamum, ibpos, npomokosa adeHokapyuHoma
nidwinyHKo8oI 3ano3u.
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Mild blast-induced traumatic brain injury is common among the military, resulting in
cognitive impairment, reduced socialization, which leads to disability and, as a result,
a deterioration in the quality of life. It is considered that blood-brain barrier disruption
and microvascular dysfunction are the key to this type of injury. The purpose of study
was to study changes in brain vessels after air shock wave exposure. The study was
carried out on 48 mature male Wistar rats, which were randomly divided into 2 groups:
an experimental group, in which animals were subjected to inhalation anesthesia using
halothane and exposed to a shock wave with an overpressure of 26.4+3.6 kPa, and a
Sham group. After simulation of injury on days 1st, 3rd, 7th, 14th, and 21st, the rats were
euthanized and the brain was removed and after all subjected to standard histological
procedures and stained with hematoxylin and eosin. For immunohistochemical studies,
as primary antibodies were used eNOS. The finished preparations were examined by
light microscopy and photographed. Disorders of the cerebral vessels in experimental
rats were detected from day 1st of the posttraumatic period. It was found that the blast
wave led to vascular rupture, as well as increased vascular permeability with diapedesis
of red blood cells and cerebral edema for up to 21st days. Focal violations of the
vascular wall integrity in cortical and hippocampal hemocapillaries, venular link of the
submembrane vessels; changes in the morphology of the metabolic vessels
endothelium; uneven blood filling of the brain vessels were of major importance. These
changes indicate that increased eNOS expression leads to dilation of cerebral vessels,
which is a compensatory mechanism in response to injury to improve cerebral blood
circulation. However, eNOS is not involved in vasodilation, which we observed up to
21stday post-trauma.

Key words: blood-brain barrier, explosion, trauma, brain, blood vessels.

Introduction

In the context of military operations, terrorist attacks or
man-made disasters, the number of injuries caused by
explosions is increasing [18, 22]. Depending on many
factors, including the body position and distance from the
explosion, different organs injuries occur with varying
degrees of severity. The most sensitive to the blast wave
are lungs, eardrum and brain [7]. Mild blast-induced
traumatic brain injury is a common phenomenon among
military, leading to cognitive impairment, reduced
socialization and disability, as well as a deterioration in
quality of life [9]. Therefore, in order to improve medical and
social assistance to the victims of the explosion, it is
necessary to find out the mechanisms of brain damage.

Despite the fact that the exact pathophysiological
mechanisms of blast injuries are not yet fully understood,
it is known that the blast wave is the main pathogenic factor
in such injuries [11]. Numerous studies show that when a

blast wave hits the head, part of the energy is reflected
from the skull bones, and the part that passes through the
tissues extremely excites the phonon continuum, which
leads to brain cells damage at the subcellular level [24].
After the primary injury, a wide range of pathobiochemical
reactions of secondary alteration are triggered, including
the release of pro- and inflammatory mediators, the
development of oxidative stress, etc. [19, 32]. Many
histopathological studies clearly indicate a blood-brain
barrier disorder [14]. Is considered that blood-brain barrier
disruption and microvascular dysfunction are key factors
in the course of blast-induced traumatic brain injury and
further development of neurodegeneration [5, 30]. However,
studies of these changes pathogenesis are
multidirectional, which does not provide a holistic picture
and requires further research on this issue. A well-known
factor in the regulation of cerebral blood vessels is eNOS,
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the increase or decrease of which lead to vascular tone and
permeability changes [10]. Lots of studies on eNOS in
cerebrovascular disorders have shown that eNOS deficiency
leads to dysregulation of systemic blood pressure and a
decrease of the blood-brain barrier protective function
[6, 25]. While the increase in eNOS content performs a
protective function by improving the removal of
toxic substances and excess fluid from the brain [1].

The purpose of the study is to investigate changes in
brain vessels after exposure by an air shock wave.

Materials and methods

The work was carried out as the framework of the
planned initiative research topic of the Pathological
Anatomy, Forensic Medicine and Pathological Physiology
Department of Dnipro State Medical University
"Mechanisms of changes formation in the central nervous
system after exposure to extreme factors", state registration
number 0120U105394.

The study was carried out on 48 sexually mature male
Wistar rats weighing 220-270 g, aged 6-7 months. The
animals were kept in standard conditions and on a standard
diet at the vivarium of the Dnipro State Medical University.
All studies were conducted in accordance with modern
international requirements and standards for the humane
treatment of animals (Council of Europe Convention of
18.03.1986 (Strasbourg), the 1975 Helsinki Declaration,
revised and supplemented in 2000, Law of Ukraine,
February 21, 2006 No. 3447-1V), as evidenced by an extract
from the meeting of the Biomedical Ethics Commission of
Dnipro State Medical University minutes No. 3, November
2, 2021.

The selected rats were randomly divided into two groups:
group | - experimental (n=24), animals of which were
subjected to inhalation anesthesia with halothane (Halothan
Hoechst AG, Germany), fixed in a horizontal position on the
abdomen with the head to the muzzle cut at a distance of 5
cm and simulated blast brain injury by generating a shock
wave with an overpressure of 26.4%
3.6 kPa on a self-made device (Ukraine patent Ne 146858).
The overpressure was measured using an electronic
manometer BITO2B-10B (AEP transducers, Italy). And group
Il - sham (n=24). After simulation of mild blast-induced
traumatic brain injury on 1st, 3rd, 7th, 14th, and 21st days,
rats were euthanized with a lethal dose of halothane, and
then brains were removed. Subsequently, the material was
fixed in a 10 % formalin solution (pH 7.4) for at least 24
hours at room temperature [27]. The infiltration process was
performed on a Microm STP-120 histoprocessor (Thermo
Fisher Scientific, Germany). The samples were dehydrated
in increasing concentrations of isopropanol (70 %, 80 %,
95 %, and in three steps in 100 % for 90 min per step 1). After
that, the tissues were embedded in paraffin blocks using a
HistoStar embedding station (Thermo Fisher Scientific,
USA). Serial sections of no more than 4 uym thickness were
obtained from the blocks using a Thermo HM 355S

microtome (Thermo Fisher Scientific, Germany). Sections
of each tissue sample were used for general histological
tissues staining with hematoxylin and eosin [27].

For immunohistochemical study, 4 uym thick sections
were applied to Superfrost adhesive slides (Thermo,
Germany), then they were deparaffinized with xylene and
dehydrated. The activity of endogenous peroxidase was
blocked with a 3 % solution of hydrogen peroxide in 70 %
methanol for 20 min at room temperature.

Then the sections were washed in three steps with
sodium phosphate buffer followed by heat-induced antigen
retrieval (HIAR) by heating in a water bath in citrate buffer
with pH 6.0 or tris-EDTA buffer with pH 9.0 (20 minutes after
reaching a temperature of 98°C) with symmetrical
arrangement of slides in the cuvette with the addition of 2
ml of Triton-X100 detergent (Sigma, Germany) per 200 ml
of buffer [27].

After washing in three steps with sodium phosphate
buffer, the slides were placed on a moistened plate and
incubated with a 1 % blocking serum solution (normal goat
serum) in 1 % BSA (bovine serum albumin) for 20 minutes.
Antibodies to endothelial NO synthase, eNOS (clone M221,
dilution 1:400, Abcam, UK) were used as primary
antibodies.

Sections were incubated with primary antibodies in a
humid chamber at 40 OC overnight. Visualization was
performed using the Master Polymer Plus Detection
System reagent kit (Master Diagnostica, Spain), which was
completed by the reaction of DAB chromogen with hydrogen
peroxide in the presence of horseradish peroxidase with
the formation of a brown color at the sites of binding of
diagnostic antibodies to test markers [27]. For the nuclei
background staining, sections were additionally stained
with Gill's hematoxylin for 30 seconds. Then they were
dehydrated in increasing concentrations of alcohol, cleared
in xylene, and placed in the final medium under a coverslip.

Microscopy of histological specimens was performed
using an Axio Imager 2 microscope (Zeiss, Germany) at
x100 and x200 magnification.

Results

Brain cells have a high level of metabolic processes
[17], which requires adequate arterial blood supply and
venous outflow (Fig. 1).

The cerebral vessels network is strictly regulate the
penetration of substances from the vessels into the brain
and ensures the outflow of metabolic products [9].
Disorders of cerebral vessels, the wall of which is a
component of the blood-brain barrier, were observed in
experimental rats throughout the study period starting from
1st day (Fig. 2).

Among the changes that occurred in the brain vessels
after exposure to an air shock wave during the posttraumatic
period, the leading role was played by focal violations of
the vascular wall integrity in cortical and hippocampal
hemocapillaries, the venular link of the subcortical vessels;

56

ISSN 1818-1295 elSSN 2616-6194 Reports of Morphology



Kozlova Yu. V., Kozlov S. V., Maslak H. S., Bondarenko O. O., Dunaev O. V., Oberemok M. H.
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Fig. 1. Cross histological section of the subclavian subpial artery
of the sham rat brain. The arrow points to the cerebral vessel.

Fig. 2. Subpial vessels of the experimental rat brain (1st day). The
arrow points to the cerebral vessels that underwent changes due
to the blast wave. Venule wall rupture. Staining: hematoxylin and
eosin, magnification x200.
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Fig. 3. Expression of eNOS in brain vessels of sham rats. The
arrow indicates a brain vessel with low eNOS expression.
Magpnification x200.

changes in the morphology of the metabolic vessels
endothelium; and uneven blood filling of the brain vessels.
Violation of the vessel wall integrity was accompanied by
the appearance of diapedesis and small-focal
hemorrhages, neutrophil release and formation of
perivascular infiltrates of polymorphonuclear cells on 1st
day (see Fig. 2) and persisted up to 7th day in the group of
experimental animals. By the end of the third week of the
experiment, we recorded uneven blood filling of the
microcirculatory system vessels on histological
preparations of the brain, which was due to impaired
hemocapillary patency due to endothelial cell edema and
impaired rheological properties of blood with the formation
of stasis and aggregation of blood cells. Also, the patency
of the hemocapillary bed was affected by perivascular
edema, which increased in the first week of the
posttraumatic period.

Due to the observed impairment of blood-brain barrier
permeability, vascular wall integrity, and regional blood

Fig. 4. Expression of eNOS in the brain vessels of the experimental
group rats on 1st day of the posttraumatic period. Arrow indicates
brain vessels with moderate eNOS expression. Magnification x200.
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Fig. 5. Expression of eNOS in the brain vessels of the experimental
group rats on 3rd day of the posttraumatic period. The arrow
indicates the brain vessels with eNOS expression. Magnification
x200.
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supply in rats with mild blast-induced traumatic brain injury,
it was decided to investigate the degree of eNOS
expression as the hypoxia and ischemia marker.

A slight expression of eNOS was detected in the
samples of the sham group rats (Fig. 3).

Comparison of the results of immunohistochemical
detection of eNOS in the brain vessels showed the
presence of this enzyme expression in the endothelium of
the brain vessels of experimental rats on 1st day (Fig. 4)
and 3rd day (Fig. 5).

The shape of the vessels, in the endothelial cells of
which we noted the expression of eNOS, was corrugated,
and some vessels were paretic dilated or collapsed (see
Figs. 4, 5).

In the dynamics of the further course of the posttraumatic
period, the degree of eNOS expression in the brain vessels
of the experimental group rats did not differ from that of the
sham group.

Discussion

The studied and established consequences of mild
blast-induced traumatic brain injury in the acute period are
disruption of the blood-brain barrier, which leads to energy
and metabolic changes, as well as cerebral edema [3].
Most scientists thought that these changes underlie the
cognitive functions of the brain and the subsequent
development of neurodegeneration [18]. In the case of mild
blast-induced traumatic brain injury, which was simulated
using our own device, we found vascular wall disorders
with diapedesis hemorrhages, the nonruptured vessels
wall edema, and cerebral edema resulting from blood-
brain barrier dysfunction. Such changes in blood-brain
barrier vessels are associated with direct compressive
shock wave loading and indirect cavitation, which together
lead to overstretching and detachment of endothelial cell
membranes [30].

We also found the brain itself diffuse damage, which
causes an inflammatory process involving neutrophils.
Comparing our results with previous studies which are
showing an existing systemic cytokine response to mild
blast-induced traumatic brain injury, we think that an active
inflammatory response is unfolding [21, 23, 27]. All of these
changes, both individually and in combination, require the
launch of compensatory mechanisms to maintain the brain
functional activity [13]. However, the mechanisms of both
blood-brain barrier dysfunction and recovery have not been
thoroughly investigated. Thus, there is a need for their in-
depth study.

Vascular tone ensures adequate blood supply of the
brain, the regulation of which is complex and clearly
controlled by the nervous and humoral systems. Among
the numerous regulatory systems, it is important to
understand the function of the endothelium, which affects
the tone of the brain vessels both chemically and through
interaction with neurons. This complex allows not only to
regulate vascular tone, but also to control the permeability

of the blood-brain barrier [2, 16].

Among the chemical factors involved in the regulation
of cerebral vascular tone, eNOS is known to be involved in
brain protection during various acute cerebrovascular
disorders, including traumatic brain injuries of various
genesis [8]. Endothelial nitric oxide synthase is a
membrane-binding enzyme and the main source of NO,
which is a secondary messenger of guanylyl cyclase-related
receptor activation in the central nervous system and is
involved in autoregulation of cerebral blood flow and
regulation of neuronal plasticity [15].

Many literature sources have shown that increased
eNOS activity is a protective mechanism that is realized in
response to, at least, the synthesis of pro- and inflammatory
cytokines, the development of oxidative stress [24, 26, 30].
After all, NO, which is an autocrine and paracrine signaling
factor, leads to dilatation of the brain arterial vessels and
also has antithrombotic effects. These properties help to
improve the brain blood supply [28, 31]. However, there is
evidence to suggest a negative effect of increased eNOS
activity. Nevertheless, eNOS promotes vasodilation and
increased permeability, which leads to the entry of pro- and
inflammatory mediators into the brain, which increases
inflammation itself [20].

We consider that eNOS activation occurs when blood-
brain barrier vessels are disrupted and it is one of the
compensatory mechanisms in response to primary and
secondary damage, in particular, to the development of
oxidative stress. It is known that mild blast-induced
traumatic brain injury leads to mitochondria primary
damage and, as a result, free radicals are formed.
Subsequently, due to blood-brain barrier damage, hypoxia
occurs, which also contributes to free radicals formation.
Taken together, oxidative stress itself leads to endothelial
dysfunction and eNOS activation [20]. After all, NO is known
to have antioxidant properties due to its ability to reduce the
formation of superoxide anion by activating superoxide
dismutase [12]. However, as our study showed, this occurs
only on 1st and 3rd days after simulation of mild blast-
induced traumatic brain injury. Next, obviously, in the
pathogenesis of vascular wall dilation involve other
mechanisms that need to be further investigated.

Conclusions

1. As a result of the blast wave exposure disorders of
the cerebral vessels were detected.

2. An increase in eNOS expression in the cerebral
vessels of rats with mild blast-induced traumatic brain injury
on 1st and 3rd days of the posttraumatic period was found
in comparison with sham rats.

3. These changes indicate that increased eNOS
expression leads to cerebral vasodilation, which is a
compensatory mechanism in trauma response to improve
cerebral circulation. However, eNOS is not involved in
vasodilation, which we observed up to 21st days post-
trauma.
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3MIHM CYAMH FONOBHOIO MO3KY LWYPIB MIcnA Ali NOBITPAHOI YOAPHOI XBUII

Kosnoea KO. B., Koznoe C. B., Macnak I'. C., bBoHOapeHko O. O., flynaee O. B., O6epemok M. I.

lMowupeHoto ceped silicbkosux € rezka 8ubyxo-iHOykogaHa mpasma 20/108H020 MO3KY, HacsiOKaMu SIKOi € KO2HImueHI nopyweHHs ma
3HWXeHHs coyianizauii moduHu, wo npusgodume 00 empamu npaye3ddamHocmi i, 8 pe3ynbmami, 00 Mo2ipWeHHs1 IKOCMI Xummsi.
Beaxxaembcsi, Wo came ropyweHHs1 eemamoeHyeghaniyHo2o 6ap'epy ma mikpocyOuHHa OUChyHKUis € Kriroyosumu y rnepebigy OaHo20
8udy mpasmu. Memor pobomu cmaro 8us4eHHsI 3MiH 8 CyOUHax 20/108HO20 MO3KY licIIs1 8rusy nosimpsiHoi yoapHoi xeuri. [JocnidxeHHs
rnposedeHo Ha 48 cmameegospinux wypax camysx niHii Wistar, siki eunadkosum YuHoM 6yriu po3dineHi Ha 2 epynu: eKcriepuMeHmarsibHy
(meapuH niddasanu iHeansauitHIt aHecmesii i3 3acmocysaHHsIM 2ariomaHy ma ernusy y0apHoi xeuni 3 HadnuwkosuM muckom 26,4+3,6
kla) i koHmpornbHy. [licnsi eidmeopeHHss mpasmu Ha 1, 3, 7, 14 ma 21 doby wypie niddasanu esmaHasii 3 HacCmyrnHUM 8UITyYEHHSM
20/108H020 MO3KY, Kompul y nodanbwoMy niddasanu cmaHOapmHuUM 2icmorsioeidyHum rpouyedypam. [icmonoaiyHi 3pisu 3abapentosanu
2emMamoKcurniHoM ma eo3uHom. [ns iMyHo2icmoximiyHo20 OOCIOXKEHHST y IKOCmI Nep8uUHHUX sukopucmosysanu aHmumina do eNOS.
lomosi npenapamu 0ocnidxyeanu 3a 00rNOMO20K €c8immnos8oi Mikpockonii ma ¢ikcysanu ¢pomoanapamom. BusieneHo nopyweHHs
CyOUH 20108HO20 MO3KY y Wiypie ekcriepumeHmarnbHoi epynu 3 1 dobu nocmmpasmamuyHo2o nepiody. BcmaHoeneHo, wo subyxoea
xeurns npuseena 0o po3pusy CyOUH, a MaKoxXx Mid8uUU,eHHs1 CyOUHHOI MPOHUKHOCMI 3 Oianede3HOK eKcmpagasauieto epumpouyumis i
HabpsiKoM 201108H020 MO3KY 00 21 00bu. [NpogidHe 3HaYeHHs1 Manu oKaslbHi MOPYWEHHS UiicHOCMi CyOUHHOI CMIHKU 8 KOpmuKarbHUX
ma einokamnanbHUX 2eMoKaninsapax, y 8eHynspHil naHui nidob6onoHKosux cyOuH; 3MiHU mMopgonoaii eHdomenito 06MIiHHUX CyOuH;
HepieHOMIipHe KpOBOHaro8HEHHsI CyOuH MO3KY. [lopieHSIHHA ompuMaHux pe3ynbmamig iMyHozicmoximiyHo2o eu3HadyeHHsi eNOS e
cyOuHax 20/108HO20 MO3KY M0Ka3asio Hasi8Hicmb eKCrpecii Ub020 eH3uma 8 eHoomertii cyOUH 20/108HO20 MO3KY E€KCrepUuMEeHmanbHUX
wypie y 1 ma 3 8oby. Takum YUHOM, 8CMAaHOB/EHI HaMu 3MiHU cei04amb rpo me, wo nidsuweHHss ekcrpecii eNOS npussodums 0o
PO3WUPEHHST CyOUH 20/108H020 MO3KY, WO € KOMMEHCamopHUM MexaHi3MoM y 8idnogidb Ha mpaemy Osisi OKpauwjeHHs1 Kpogoobicy
20m08Ho20 Mo3ky. lpome eNOS He 6epe yyacmb y po3wupeHHi cyOuH, sike mu criocmepieanu 0o 21 dobu nocmmpasmamu4yHoO20
repiody.
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Vertebral spinal osteophytes remain an urgent problem for clinicians of various
specialties due to the fact that they can cause problems with food consumption, breathing,
and sometimes cause compression of blood vessels and spinal cord. Clinical
presentations encompass pain, often radiating, reduced function, stiffness, tenderness
in the joints, limited movement, nerve compression, and bone pressing against tissues.
Vertebral osteophytes are frequently observed in cadaveric anatomy and skeletal
remains. Many instances go untreated or undetected. Several cross-sectional and
prospective studies have been conducted and published concerning the cervical and
lumbar spine. The current study was carried out to observe the incidence of osteophytes
in the thoracic vertebrae and to document their frequency of distribution and prevalence.
To study the frequency of distribution of thoracic osteophytes was reviewed in 25
cadavers (over a period of 5 years) & 188 dry thoracic vertebras (T1-T12) of south
Indian population of unknown age & sex at the Department of Anatomy, MVJ MC& RH,
Bangalore. The study meticulously enumerates the positions of osteophytes across
different thoracic levels, aiming to investigate and understand their recurrence patterns.
Incidence was expressed in terms of frequency and percentage. Incidence of
osteophytes was documented in 6 cadavers and 33 dry bones which accounts for 24 %
and 17.6 % respectively. Out of these, majority of them were recognized on to right side
than on left side of the vertebras. The frequency of osteophytes was most commonly
seen at mid thoracic level (T4-T8) followed by T9, T10 and T2. The data we received
allow us to form an idea not only about the prevalence of vertebral spinal osteophytes
in general, but also about the specific features of their location. Knowledge regarding
the thoracic osteophytes is further required for detailed study along with dry bones. A
comparative analysis of the prevalence of vertebral spinal osteophytes among people
of different specialties, different ethnicities and age groups is important in further
research, which will complement the obtained results.

Key words: osteophytes, thoracic vertebrae, degeneration of disc, dry bones, cadaveric
study.

Introduction

Osteophytes are the lumps that are formed on bones
either in spine or around joint, developed by the
degeneration of the bony surfaces and are also called as
bone spurs or bone lumps. Osteoarthritis-induced joint
damage is the primary cause of bone spurs further includes
vertebral stenosis, degenerative disc changes [14].
Osteophytes are developed where excessive pressure is
produced [4, 28]. Presence of osteophytes are mostly seen
in places such as: Foot, especially the heel (calcaneal
spurs) [1], Hand or finger [6], Hip & Knee [11], Shoulder [9],
Neck, and Spine [2]. According to research, the occurrence
of osteophytes increases with age [23] and are common

along the right lateral side of thoracic vertebral levels T4-
T10 [15, 25]. Vertebral osteophytes are thought to be a
common finding in cadaveric anatomy and dry bones.
However, they are also frequently reported as common
radiological findings [17]. A large number of cases are
neither cured nor identified. Clinical manifestations include
pain (radiating pain), loss of function, stiffness, joint
tenderness, movement restriction, nerve compression,
bone crushing against the tissues.

An extensive review of literature on osteophytes has
yielded limited findings. It was observed that there is a
scarcity of cadaveric studies on osteophytes, and the
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majority of previous clinical investigations have primarily
concentrated on the cervical [7, 8] and lumbar vertebrae [3].
We examined thoracic vertebrae in order to analyse
osteophytes on both wet (cadaveric) and dry (osteological)
specimens. Aim of the current study was to determine the
frequency of occurrence and distribution of osteophytes
along the thoracic vertebrae, as well as potential side effects
affecting the surrounding structures of the posterior
mediastinum.

The aim - to observe the incidence of osteophytes in
the thoracic vertebrae and to document their frequency of
distribution and prevalence.

Materials and methods

Protocol of the Ethics Commission

This study was approved by the Institutional ethics
committee of MVIMC & RH (dated December 7, 2023).
This study was based on the National Ethical guidelines
for biomedical and health research complied by ICMR
Bioethics unit, Bangalore, India.

The study was conducted in Department of Anatomy of
MVJ MC& RH, Bangalore. 25 cadaveric vertebral columns
and 188 dry thoracic vertebrae were used to study the
incidence of osteophytes.

Cadaveric analysis

Following the removal of lung and heart, posterior
mediastinum structures were dissected and the posterior
thoracic vertebral column was exposed. Osteophytes were

studied for their position and vertebrate levels. Cadavers
with all deformities such Kyphosis, Scoliosis were excluded.

Osteological analysis

188 dry thoracic vertebras (T1-T12) of south Indian
population of unknown age & sex from the Department of
Anatomy, MVJ MC& RH were procured. The location
(vertebral levels) and the position (anterior/lateral) of
osteophytes were observed. Vertebras with sign of trauma
were excluded from the study.

Statistical analysis

The data observed from this morphometric study was
entered and analyzed using Microsoft excel version 2019.
Incidence was expressed in terms of frequency and
percentage.

Results

Cadaveric Findings. In the present study, we found
osteophytes in six thoracic vertebra (24 %) out of 25
Cadaveric vertebral columns analyzed. Osteophytes were
identified at anterior and lateral aspect of vertebral column.
It was noted that majority of the osteophytes occurred mostly
on right side of vertebral bodies than on to the left. Also
observed that osteophytes were most commonly seen in
mid thoracic level (T4-T8), followed by T9, T10 and T2 (Fig.
1, 2). Table 1 shows the frequency of position of osteophytes
with vertebral levels.

Osteological Findings. Out of 188 thoracic vertebrae
studied, 33 (17.5 %) of them showed the presence of

%

Fig. 1. osition df-osteophytes in different vertebral Ievls (marked ih réd circles).
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L : ™
" R
Fig. 2. Position of osteophytes in different vertebral levels (marked with red circles).

Table 1. Distribution of osteophytes in the cadaveric thoracic vertebra.

Specimen Total no. of Osteophytes Position Vertebral level

1 P Left, Lateral side of the vertebral body T2
Right, Lateral side of the vertebral body T5
2 2 Right, Lateral side of the vertebral body T8
Right, Lateral side of the vertebral body T9
3 2 Anterior side of the vertebral body T6
Anterior side of the vertebral body T7

4 6 Right, Lateral side of vertical body T4-T8
Right, Lateral side of vertical body T10
5 2 Right, Lateral side of vertical body T6
Right, Lateral side of vertical body T8

6 5 Right, Lateral side of vertical body T4-T8

Fig. 3. Incidence of different position of osteophytes (marked with black circles and arrows). A-D: Anterior; E, F: Anterior Upper border;
G, H: Anterior Lower border.
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Fig. 4. Incidence of different position of osteophytes (marked with black circles and arrws). A: Right Lateral Upper border; B: Right

Lateral lower border; C: Left Lateral Lower border; D: Left Lateral Upper border; E: Anterior & Right Lateral; F: Anterior &Left Lateral.

Table 2. Incidence of different position of osteophytes in dry
vertebra.

Total number of
Position osteophytes Incidence
(n=188)
) Upper Border 15 79 %
Anterior
Lower Border 12 6.3 %
Right 2 1.06 %
Lateral
Left 2 1.06 %
Anterior & Right Lateral 1 0.53 %
Combined -
Anterior & Left Lateral 1 0.53 %

osteophytes. Osteophytes were observed at anterior and
lateral aspect of the thoracic vertebrate. High incidence of
osteophytes were observed along the upper border
followed by lower border of vertebra, combination of anterior
and right / left laterality osteophytes were also observed
(Fig. 3, 4).

Discussion

Osteophytes are bone spurs formed due to
degeneration of bone surfaces. Vertebral column is more
prone for occurrence of osteophytes. In the current study,
cadaveric vertebral columns were examined alongside dry
bones to determine the frequency and prevalence of
osteophytes in relation to position, whereas previous

studies have used Magnetic resonance imaging (MRI),
computerized tomography (CT) and X-rays to estimate the
prevalence of osteophytes. Vertebral stenosis, degenerative
disc changes, and arthritis are the etiological factors
predisposing to the occurrence of osteophytes [24, 25].
Few studies indicate that increase in age is also a
predisposing factor [23].

N. Kumar et al. [14] used 50 cadaveric vertebral columns
and recorded the highest incidence of osteophytes in lower
thoracic levels T10-T11. Z. Klaasen et al. [13], observed
maximum osteophytes at T9-T10 level. H. Nathan [15] also
quoted highest incidence around T10 in the right side and
T11 & T12 on the left side. Anterior osteophytes were more
commonly observed. He further proposed an anatomical
classification to grade the osteophytes which can be used
for all levels of vertebral column. Grade 0 signifies absence
of osteophytes, Gradel-points of isolated hyperostosis,
Grade 2-Horizontal protrusion of osteophytes from body of
vertebra, Grade 3 end of osteophytes curving to
intervertebral disc, grade 4 signifying real bony bridge
between two vertebra. T. Valasek et al. [25] also observed
commonest location of osteophytes at T7-9 segments. He
also studied the correlation between the grade of
osteophyte with age and BMI and observed no correlation
between the two.

A study conducted by Kim D. K. et al. [12] on 87 Joseon
skeletons involving cervical, thoracic and Lumbar
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vertebras. They documented that the higher incidence of
osteophtyes were observed in the C5, T9, T10, and L4.
They also added that mean osteophytic value was found
significantly higher in thoracic vertebra when compared to
cervical and lumbar osteophytes. In present study, we found
out the highest frequency at T4-T8 levels along the right
lateral side of vertebral body.

S. R. Pye et al. [19] postulated that decreased disc space
could be a causative factor resulting in formation of
osteophyte. Degeneration of intervertebral disc or pressure
on vertebral end plates can also lead to formation of
osteophytes [19, 21]. Macnab's theory indicates that
osteophytes are formed as a result of instability between
adjacent vertebral bodies [27]. Clinical features such as
decreased flexibility of joint, stiffness and numbness, pain
are usually associated with presence of osteophytes.

J. Jankowsky et al. [10] reported a case of 39 year old
man presenting with history of chronic pain in the lower
ribs on the right side initially, later involving thoracic spine
and upper abdomen. CT scan revealed the presence of
massive osteophyte on the anterolateral aspect of T8-9
vertebra compressing the greater splanchnic nerve.
Surgical removal of osteophyte was done to relieve
symptoms.

A. A. Padur et al. [17] observed that osteophytes may
compress the aorta or inferior vena cava causing ischemia
or perforation. The current study found out the incidence of
anterior and right lateral osteophytes in great numbers than
posterior osteophytes. Anterior osteophytes can present
as dysphagia [20], focal pulmonary fibrosis, and obstructive
pneumonia due to pressure effects on bronchus [5, 18,
29]. Osteophyte-induced nerve root compression may
present as back and leg pain [17]. It may co exist with
abdominal aortic calcification. The least frequency of
osteophyte presence was seen on left lateral and posterior
aspect of thoracic vertebrae. Posterior lumbar osteophytes
may present as lumbar stenosis

N. Kumar et al. [14] studied the microscopic anatomy of
osteophytes encountered in routine dissection and found
a layer of hyaline cartilage capping the trabecular bone
indicating endochondral ossification and concluded that
osteophytes develop through the process of endochondral
ossification.

The pathogenesis of osteophytes starts with
degeneration of disc, nucleus pulposus. As the disc loses
height there's redistribution of stress which increases
stress to surrounding structures causing capsular synovitis
and cartilage thinning. Further facet degeneration occurs
eventually resulting in formation of osteophytes. Due to
this there is less room for nerve, causing compression

References

[1] Afroze, M. K. H., Bharat, S., Jayagopal, C., & Ramesh, P. (2018).
Radiological classification and prevalence of plantar spur and
their relationship with plantar fasciitis. International Journal
of Orthopaedics, 4(2), 147-150. doi: 10.22271/
ortho.2018.v4.i2c.21

[16]. Synovial mesenchymal stem cells were considered
as the cellular source of osteophyte precursors, developed
osteophytes consists of fibroblasts, mesenchymal pre-
chondrocytes, maturing chondrocytes, hypertrophic
chondrocytes and osteoblasts. TGF?and Fibroblast growth
factor play a major role to initiate chondrogenesis in
osteophytes [26].

Even a normal vertebrate may develop osteophytes by
excessive pressure as in labor work or strenuous exercise.
With respect to age, the intervertebral disc is intact in young
age, able to distribute load uniformly along the vertebral
end plates and absorbs shocks effectively. Therefore,
osteophytes develop when degeneration of disc starts as
age progress [15]. Vertebral osteophytes are formed as
compensatory mechanism for lack of nucleus pulposus to
maintain the stability and flexibility to bear the load [28].
The size and position of thoracic osteophytes varies from
each other at each level. Occurrence of thoracic osteophytes
increases along with the age [12, 23].

MRI scan is used to find out any pathology associated
which causes osteophyte formation, CT is used to diagnose
any bone tumors, or muscle disorders. By presence of
osteophyte on CT, size and location can be determined for
further study. Simonovich et al. based on CT readings as
observed the number of osteophytes on each side of the
thoracic vertebrae [22].

Study of osteophyte is important to radiologists as they
may be confused with anterior mediastinal mass in X Ray
Anthropologists use them to estimate for age at death. The
clinical importance must be known by the anatomist,
radiologist, clinicians so as to cure with efficient treatment.

By and large further research needs to be carried out to
explore the developmental basis and pathophysiology and
molecular mechanisms involved in the formation of
osteophytes.

Conclusion

1. In the present study, the highest frequency and
prevalence were observed at thoracic vertebrae T4-T8 levels
which was 24 % of cadaveric findings and 17.6 % of
osteological findings irrespective of age and sex. Therefore,
occurrence of osteophytes is due to degenerative disc
changes of vertebral column.

2. Clinical features depend on the site where
osteophytes are located.

Acknowledgement:

We sincerely acknowledge the generous contributions
of body donors to the Department's teaching and research
resource material.

[2] Al-Jafari, M., Tapanjeh, S. A., Al-Azzawi, H., Eid, S. A., Baidoun,
H. J., Abu-Jeyyab, M., ... & Sarhan, M. (2023). Cervical Spine
Osteophyte: A Case Report of an Unusual Presentation.
Cureus, 15(9), e44762. doi: 10.7759/cureus.44762

[3] Al-Rawahi, M., Luo, J., Pallintine, P., Dolan, P., & Adams, M. A.

Vol. 30, Nel, Page 61-67

65



Localized osteophytic changes in the thoracic vertebra: an osteological and cadaveric study

(2011). Mechanical function of vertebral body osteophytes,
as revealed by experiments on cadaveric spines. Spine,
36(10), 770-777. doi: 10.1097/BRS.0b013e3181df1a70

[4] Amabile, A. H., Shea, J. R., Desai, V., Hoglund, L. T., Elcock, J.
N., Lombardo, A., & Schiffino, M. C. (2020). A Case of Thoracic
Spondylosis Deformans and Multilevel Instrumented Spinal
Fusion in an 84-Year-Old Male. Case Reports in Orthopedics,
2020, 8435816. doi: 10.1155/2020/8435816

[5] Balbay, E. G. (2015). Bronchiolectasis due to giant thoracic
vertebral osteophytes. The Spine Journal, 15, €29. doi:
10.1016/j.spinee.2015.07.430

[6] Crisco, J. J., Morton, A. M., Moore, D. C., Kahan, L. G., Ladd, A.
L., & Weiss, A. P. (2019). Osteophyte growth in early thumb
carpometacarpal osteoarthritis. Osteoarthritis and cartilage,
27(9), 1315-1323. doi: 10.1016/j.joca.2019.05.008

[7] Ezra, D., Hershkovitz, I., Salame, K., Alperovitch-Najenson, D.,
& Slon, V. (2019). Osteophytes in the cervical vertebral bodies
(C3-C7) - demographical perspectives. The Anatomical
Record, 302(2), 226-231. doi: 10.1002/ar.23901

[8] Guvencer, M., Naderi, S., Men, S., Sayhan, S., & Tetik, S. (2016).
Morphometric evaluation of the uncinate process and its
importance in surgical approaches to the cervical spine: a
cadaveric study. Singapore medical journal, 57(10), 570. doi:
10.11622/smedj.2015193

[9] Hirose, T., Nakagawa, S., Sato, S., Tachibana, Y., & Mae, T.
(2019). Computed Tomography Features of Glenoid
Osteophytes in Traumatic Anterior Shoulder Instability:
Comparison Between Younger and Older Patients.
Orthopaedic Journal of Sports Medicine, 7(5),
2325967119846908. doi: 10.1177/2325967119846908

[10] Jankowski, J., Pawelczyk, A., & Radek, M. (2022). Thoracic
osteophyte as a cause of symptomatic greater splanchnic
nerve compression. Case report. Neurochirurgie, 68(2), 232-
234. doi: 10.1016/j.neuchi.2021.02.017

[11] Katz, J. N., Arant, K. R., & Loeser, R. F. (2021). Diagnosis and
treatment of hip and knee osteoarthritis: a review. Jama,
325(6), 568-578. doi: 10.1001/jama.2020.22171

[12] Kim, D. K., Kim, M. J., Kim, Y. S., Oh, C. S., & Shin, D. H. (2012).
Vertebral osteophyte of pre-modern Korean skeletons from
Joseon tombs. Anatomy & Cell Biology, 45(4), 274-281. doi:
10.5115/acb.2012.45.4.274

[13] Klaassen, Z., Tubbs, R. S., Apaydin, N., Hage, R., Jordan, R.,
& Loukas, M. (2011). Vertebral spinal osteophytes. Anatomical
science international, 86, 1-9. doi: 10.1007/s12565-010-0080-
8

[14] Kumar, N., Aithal, A., Bishnu, A., Nayak, S., & KG, M. R. (2017).
Morphometric and Histological Analysis of 'Spondylosis
Deformans' of Thoracic Region in South-Indian Cadaveric
Spines. Journal of Krishna Institute of Medical Sciences
(JKIMSU), 6(3), 94-102.

[15] Nathan, H. (1962). Osteophytes of the vertebral column: an
anatomical study of their development according to age, race,
and sex with considerations as to their etiology and
significance. JBJS, 44(2), 243-268. doi: 10.2106/00004623-
196244020-00003

[16] Ogrenci, A. (2018). Bone Protrusion That We Should be Aware
of: Foraminal Osteophytes; Classification and Surgical Results.
Haseki Tip Bulteni, 56(4), 299. doi: 10.4274/haseki.4310

[17] Padur, A. A., Kumar, N., Shanthakumar, S. R., & Bishnu, A.
(2017). Morphometric and Histological Study of Osteophytes
in Human Cadaveric Lumbar Vertebrae. J Clin of Diagn Res.
11(10), ACO5-ACO7. doi: 10.7860/JCDR/2017/29594/10734

[18] Psathakis, K., Skouras, V., Chatzivassiloglou, F.,, & Tsintiris, K.
(2013). Osteophytes may be a rare cause of recurrent pleural
effusions. Monaldi Archives for Chest Disease, 79(2), 87-89.
doi: 10.4081/monaldi.2013.97

[19] Pye, S. R., Reid, D. M., Lunt, M., Adams, J. E., Silman, A. J., &
O'Neill, T. W. (2007). Lumbar disc degeneration: association
between osteophytes, end-plate sclerosis and disc space
narrowing. Annals of the rheumatic diseases, 66(3), 330-
333. doi: 10.1136/ard.2006.052522

[20]Rana, S. S., Bhasin, D. K., Rao, C., Gupta, R., Nagi, B., & Singh,
K. (2012). Thoracic spine osteophyte causing dysphagia.
Endoscopy, 44(S 02), E19-E20. doi: 10.1055/s-0031-1291501

[21] Rustenburg, C. M., Emanuel, K. S., Peeters, M., Lems, W. F.,
Vergroesen, P. P. A., & Smit, T. H. (2018). Osteoarthritis and
intervertebral disc degeneration: Quite different, quite similar.
JOR spine, 1(4), €1033. doi: 10.1002/jsp2.1033

[22] Simonovich, A., Naveh, Y., & Kalichman, L. (2021). Pattern of
thoracic osteophytes development and the association
between calcification of the aorta and thoracic osteophytes:
CT study. Clinical Anatomy, 34(7), 1009-1015. doi: 10.1002/
ca.23699

[23] Snodgrass, J. J. (2004). Sex differences and aging of the
vertebral column. Journal of forensic sciences, 49(3), 458-
463. doi: 10.1520/JFS2003198

[24] Steinmetz, M. P, Berven, S. H., & Benzel, E. C. (Eds.). (2021).
Benzel's Spine Surgery: Techniques, Complication
Avoidance, and Management. Elsevier Health Sciences.

[25] Valasek, T., Vago, E., Danielisz, Z. S., Babka, M., & Kovacs, E.
(2020). Anatomical changes of the thoracic vertebrae in
asymptomatic individuals-A cross-sectional study.
Developments in Health Sciences, 3(2), 33-38. doi: 10.1556/
2066.2020.00007

[26] Van Der Kraan, P. M., & Van Den Berg, W. B. (2007).
Osteophytes: relevance and biology. Osteoarthritis and
cartilage, 15(3), 237-244. doi: 10.1016/j.joca.2006.11.006

[27] Wagnac, E., Aubin, C. E., Chaumoitre, K., Mac-Thiong, J. M.,
Menard, A. L., Petit, Y., ... & Arnoux, P. J. (2017). Substantial
vertebral body osteophytes protect against severe vertebral
fractures in compression. Plos one, 12(10), e0186779. doi:
10.1371/journal.pone.0186779

[28] Wong, S. H. J., Chiu, K. Y., & Yan, C. H. (2016). Osteophytes.
Journal of orthopaedic surgery, 24(3), 403-410. doi: 10.1177/
1602400327

[29] Yoshida, R., Katsube, T., Yoshizako, T., & Kitagaki, H. (2015).
Focal pulmonary interstitial opacities adjacent to the thoracic
spine osteophytes among the cases with right-sided aortic
arch. SpringerPlus, 4, 1-4. doi: 10.1186/s40064-015-1212-3

JIOKANI3OBAHI OCTEO®ITHI 3MIHM rPYOHOIO XPEBLIA: OCTEONONIYHE TA TPYNMHE AOCNIOXEHHA

Afroze Mookane K. H., Sangeeta M., Varalakshmi K. L., Anusha R., Jesima Preethi A.

Ocmeogimu xpebma 3anuwaombcsi akmyarnbHo npobnemoro 01 KiHiyucmie pisHux cneuianbHocmed y 38'A3Ky 3 mMuM, WO 80HU
MOXYymb 8UK/IUKamu rpobnemu 3 nputioMom ixi, duxaHHsIM, a, iHOOi, U CrIpUYUHAMU KOMIIPECI0 KPOBOHOCHUX CYOUH | CIUHHO20 MO3KY.
KniHiyHi nposisu ekntoyatrome 6inb, Yacmo ippaditoroyuli, 3HUXEHHS1 (OyHKUIOHaIbHUX MOoXueocmedl, cKymicmb, 6omnrodicms y cyanobax,
O0b6MEXEHHSI pyxi8, CMUCHEHHS1 HEPBI8 ma MUCK KICmKU Ha omoyytodi mkaHuHU. Ocmeoghimu xpebuie yacmo criocmepieatombcsi io
qyac 00crnidxeHHs mpyrnHo20 Mamepiany ma cKenemosaHux 3anuuwkige. bazamo eunadkie daHoi namornoeii He susiensiembcss abo He
nikyembcsi. byno nposedeHo ma onybiikogaHo Oekifibka MornepeyHuUx ma npocrnekmusHux AocnidxeHb wWodo WulHo20 ma rnornepekosozo
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8i0dinis xpebma. NomoyHe docnidxeHHs1 6yno npoeedeHO 3 MEemOK CNOCMEPEXEHHSI 3a MoWuUpeHicmio ocmeogimis y 2pyOHUX
xpebusix i dokymeHmyeaHHs ix Yacmomu rowupeHHsi. Ha kaghedpi aHamowmii, MVJ MC& RH, baHeanop 3 MEMO 8UBYEHHSI Yacmomu
rnowupeHHs1 2pyOHUX ocmeocgpimie b6yno oansiHymo 25 mpynie (npomsizom 5 pokig) i 188 epydHux xpebuie 6e3 m'akux mkaHuH (T1-T12)
JKumenie rig0eHHOI IHOIi Hegidomoz0 8iky ma cmami. ¥ pobomi pemesnbHO 8U84UIIU MOMIOXEHHSI ocmeogimig Ha PIi3HUX PigHSIX 2pyOHOI
Kimku 3 memoto 0ocnidxeHHsT ma po3ymiHHsI modernel ix peyudusig. 3axeoprogaHicme supaxanu y euensdi yacmomu ma 8i0ComKig.
3adokymeHmosaHo HasisHicmb ocmeoghimie y 6 mpynie i 33 npenapamax Kicmok, wo cmaHosumb 24 % i 17,6 % eidnoegidHo.
Ocmeogpimu yacmiwe susiensinucs 3 npasoz2o boky xpebuis, Hix 3 nigoeo. Ocmeoghimu Halivacmiwe criocmepieanucsi Ha pigHi
cepeduHu epy0dHoi knimku (T4-T8), 3a sikoro cnidyromb T9, T10 j T2. Ompumani 0aHi 00380/90Mb CKIIAacmMu ysi8/1€HHSI HE MiNbKU Mpo
nowupeHicmb ocmeogimie xpebma 8 uinomy, a U npo ocobnusocmi ix podmawyeaHHs. [na demarsibHO20 8UBYEHHSI Mpernapamis
KicmoK HeobXiOHi 3HaHHS npo 2pyOHi ocmeogbimu. lNopieHsNbHUL aHai3 nowupeHocmi ocmeogimie xpebma ceped nodel pizHUX
crieyjanbHocmel, Pi3HUX €MHIYHUX ma 6iKOo8UX 2pyrl € 8aXIUBUM y nodanbuiux OOCiOXeHHSIX, siKi O0MOBHAMb ompuMaHi pe3yrnbmamu.
KnrouyoBi cnoBa: ocmeogimu, epydHi xpebui, deeeHepauis Aucka, cyxi Kicmku, 00CMiOKeHHs mpyna.
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Quercetin is a flavonoid with potential health benefits and it may help prevent
cardiovascular diseases, reduce the risk of degenerative brain processes and cancer,
and has antioxidant properties that neutralise free radicals. Substances in this group
also have antioxidant properties, which help the body protect itself from the harmful
effects of free radicals by neutralising these unstable molecules. Research indicates
that the impact of free radicals on cell structure is associated with the development of
chronic diseases such as diabetes, cancer, and cardiovascular pathologies. The aim
of the study was to investigate the effect of quercetin administration on electron
microscopic changes in the interstitial endocrinocytes of the testes under long-term
central blockade of the synthesis of luteinising hormone by tryptorelin. The experiment
involved 35 sexually mature male white rats. They were divided into two groups: the
control group (1) received saline, while group Il received subcutaneous injections of
tryptorelin at a dose of 0.3 mg of active ingredient per kg of rat body weight to induce
experimental central deprivation of luteinising hormone synthesis and additionally,
quercetin was administered three times a day by gastric tube in terms of body weight.
The study has demonstrated that the administration of tryptorelin results in structural
and functional changes in the connective tissue components of rat testes. Specifically,
there are quantitative and qualitative disorders in the population of interstitial endocrine
cells, as well as electron microscopic changes at the subcellular level. Various
pathological changes and abnormalities in the functional activity of the internal
components of the cell were detected on days 270 and 365 of the experiment. The
frequency, number, and size of Reinke crystals in relation to the cell volume correlated
with changes in cells and increased at later stages of the study. A similar correlation
with testosterone levels has not been found in the literature, which leads us to classify
Reinke crystals as the result of degenerative processes in the cell. Thus, additional
administration of quercetin reduces the adverse effect of tryptorelin and delays the
onset of changes in the structure of interstitial endocrinocytes from day 180 to later
observation periods.

Keywords: testes, electron microscopy, rats, interstitial endocrinocytes, luteinising
hormone, quercetin, tryptorelin.

Introduction

Quercetin is a flavonoid commonly found in fruits,

shown that the destructive effects of free radicals are linked

vegetables, and seeds [25]. Flavonoids can help prevent
cardiovascular diseases, reduce the risk of degenerative
brain processes and cancer [4, 38]. These substances
have antioxidant properties that help the body protect itself
from the damaging effects of free radicals by binding and
neutralising these unstable molecules [20]. Research has

to the development of several chronic diseases, such as
diabetes, cancer and cardiovascular disease [13].

The distribution of quercetin was investigated in rats
and pigs, revealing that it is primarily concentrated in the
lungs, colon, kidneys, and liver. Metabolites of this
substance were also detected in lower levels in the brain.
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If the flavonoid is only obtained from the diet, it is found in
the nanomolar range in the plasma, but the concentration
can be increased to the low micromolar range by
supplementation with aglycones or glycosides [25].

Tryptorelin is a synthetic analogue of gonadotropin-
releasing hormone (GnRH) [3, 19, 22, 26-28]. It suppresses
receptor expression in the pituitary gland without affecting
the functioning of the pituitary-testicular complex as a
whole. Deprivation of luteinising hormone synthesis in rats
leads to the development of oxidative stress in their internal
organs [5, 7, 31, 32]. Nitric oxide production during central
inhibition of luteinising hormone synthesis undergoes
complex changes. Initially, there is a decrease in NO
synthase-dependent nitric oxide production [1, 34] on days
30 and 90, but later there is hyperproduction of nitric oxide
from NO synthases in the heart [13, 17].

Quercetin, a flavonoid, serves as a substrate for the
synthesis of NO. It reduces the activation and adhesion of
white blood cells and thrombocytes to the vascular
endothelium, inhibits the synthesis of the adhesion proteins
VCAM-1 and MCP-1, and prevents the formation and
development of atherosclerotic plaque. Quercetin inhibits
the synthesis of endothelin-1, a potent vasoconstrictor that
stimulates the proliferation and migration of smooth muscle
cells in the vascular wall [20]. According to reference [20],
the substance exhibits antioxidant, antiplatelet, antiradical,
and membrane-stabilising properties. It also prevents an
increase in calcium levels in cells, has an angioprotective
effect, inhibits protein kinase, and has a pronounced
cytoprotective (endothelioprotective) activity. Quercetin can
directly affect the pathophysiological processes associated
with endothelial dysfunction as an endothelial protective
agent. This is evidenced by a decrease in individual
markers, leading to improved vasomotor reactions, better
control of major blood pressure parameters, and an overall
improved prognosis for patients [38].

Quercetin is a modulator of several enzymes involved
in phospholipid degradation, such as phospholipases,
phosphogenases and cyclooxygenase. These enzymes
affect free radical processes and are responsible for the
biosynthesis of nitric oxide and proteinases in cells. The
inhibitory effect of quercetin on membranotropic enzymes,
especially on 5-lipoxygenase, affects the inhibition of the
synthesis of leukotrienes LTC4 and LTB4 [20]. In addition,
guercetin increases the level of nitric oxide in endothelial
cells in a dose-dependent manner, which explains its
cardioprotective effect in ischemic and reperfusion
myocardial damage [13]. Quercetin has antioxidant and
immunomodulatory properties. It reduces the production
of cytotoxic superoxide anion, normalises the activation of
lymphocyte subpopulations, and reduces the level of their
activation. By inhibiting the production of anti-inflammatory
cytokines IL-1B and IL-8, it helps to reduce the volume of
necrotic myocardium and enhance reparative processes
[6]. The protective action mechanism is also linked to
preventing an increase in platelet intracellular calcium

concentration and aggregation activation, while
simultaneously inhibiting thrombogenesis. The drug
restores regional blood circulation and microcirculation
without significantly altering vascular tone, thereby
increasing microvessel reactivity. Quercetin normalises
cerebral haemodynamics in ischaemic lesions and
reduces the cerebral blood flow asymmetry ratio in
ischaemic stroke [38]. The mechanisms of action of
guercetin can be used experimentally to correct the
pathological effects on testicular interstitial endocrinocytes.
This has been demonstrated in our study.

The aim of the study was to investigate the effect of
guercetin administration on electron microscopic changes
in the interstitial endocrinocytes of the testes under long-
term central blockade of the synthesis of luteinising
hormone by tryptorelin.

Materials and methods

The study was carried out on 35 sexually mature male
white rats, which were randomly divided into two groups:
control (10 animals) and experimental (25 animals). The
control rats were injected with saline. The experiment lasted
for 365 days. To model central withdrawal of luteinising
hormone synthesis, animals in the experimental group
were administered a solution of tryptorelin at a rate of 0.3
mg active ingredient per kg animal weight [12, 21]. In
addition, quercetin was administered orally three times a
day using a gastric tube, taking into account the body weight
of the animals.

The animals were kept under standard conditions at
the vivarium of Poltava State Medical University. The
investigation is a part of the research project "Experimental
and morphological study of the effect of cryopreserved
preparations of cord blood and embryofetoplacental
complex (EFPC), dipherelin, ethanol and 1 % methacrylic
acid ester on the morphological and functional state of a
number of internal organs" (state registration number
0119U102925). The animals were euthanised in
accordance with the provisions of the European Convention
for the Protection of Vertebrate Animals Used for
Experimental and Other Scientific Purposes (Strasbourg,
1986), as well as the General Ethical Principles for Animal
Experiments adopted by the First National Congress on
Bioethics (Kyiv, 2001). The animals were withdrawn from
the experiment on days 30, 90, 180, 270 and 365 by an
overdose of ether anaesthesia. The study was approved
and confirmed by the Bioethics Committee of Poltava State
Medical University (protocol No. 195 - 24.06.2021).

For electron microscopic studies [11], the organ
fragments were fixed in a 2.5 % glutaraldehyde solution,
fixed in a 1 % osmium tetraoxide solution in phosphate
buffer (pH 7.2-7.4), dehydrated in alcohols and propylene
oxide, and poured into a mixture of epoxy resins with araldite.
Ultrathin sections were prepared on a ZKB-3
ultramicrotome (Sweden) and grids were made. The
sections were contrasted first in a 1 % uranyl acetate
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solution in methanol and then with lead citrate according
to Reynolds. The preparations were examined on a PEM-
125 K electron microscope (serial number 38-76, TU 25-
07-871-70), accelerating voltage 50-75 kW.
Morphometric quantitative analysis was conducted
using Microsoft Office Excel and its Real Statistics 2019
extension, following generally accepted statistical methods.

Results

At the 1-month follow-up, electron microscopic
photographs were studied in the experimental group. It
was observed that the testicular connective tissue reacted
asynchronously and underwent various changes in the
structure of interstitial endocrinocytes at the cellular and
subcellular levels. The population of interstitial
endocrinocytes in the studied animals showed significant
quantitative changes, with a variety of cell shapes ranging
from round to polygonal. A few spinous and spindle-shaped
cells were also observed (Fig. 1).

The cell size was 16.33+2.34 pm. In addition, cells up
to 18 um in diameter were observed due to the number
and size of intracellular lipid granules. The cell nuclei were
round or ellipsoidal, with euchromatin evenly distributed
throughout the entire area. The content of parietal
heterochromatin varied. The analysis of the entire
population of endocrinocytes on day 30 revealed three
distinct cell types based on their degree of development
and differentiation, as determined by chromatin distribution
and the number and quality of lipophilic granules in the
cytoplasm. A functionally active state was observed in the
majority of cells (65-70 % of the population). The cells were
arranged in groups of 3-5, primarily located near capillaries.
Single macrophages and stromal cells (fibroblastic cells)
were found in close proximity.

The nuclei reflected the shape of the cell and were either
rounded or elliptical, with 1-2 nucleoli. Depending on the
cell activity, the amount of hetero- and euchromatin varied,
with a predominance of heterochromatin. The nuclear
envelope appeared clear and contained a large number of
pores. The cytoplasm revealed the endoplasmic reticulum,
formed by numerous branching tubes filled with a thin
fibrous substance; many ribosomes were present on the
membranes, and individual ribosomes were also found in
the cytoplasm of the cells.

The mitochondria were clearly visible, numerous and
varied in shape. The matrix was dense, with tubular and
mixed-type cristae rarely visible. Various cytolemma
protrusions were observed on the cell surface, and contacts
between cell processes and blood and lymphatic
capillaries were frequently detected. The endocrinocytes
were found to be connected to each other by desmosomes
and gap junctions. Additionally, curvatures of the biological
membrane were detected in some areas. The lipophilic
granules in the cytoplasm varied in size, shape, and density.

On the 90th day, the experimental group exhibited
connective tissue membrane swelling and an increase in

macrophage count, with parietal macrophages
predominating over paravascular ones. The number of
endocrinocytes decreased. Cell nuclei remained normal
in size and shape (Fig. 2).

Minor destructive changes in the ultrastructural
organization of the lamellar cytoplasmic Golgi complex were
detected in the structure of interstitial endocrinocytes. The
content of lysosomes in the cytoplasm of endocrinocytes
was low, and lipid granules were large in size and present
in each cell. Cells with a large number of lipid inclusions
and small electron-dense hormonal granules in the
cytoplasm are observed in some cases. A characteristic
feature of these cells is the presence of numerous
mitochondria with cristae immersed in a matrix of moderate
electron density. The mitochondria of interstitial cells were
of medium size, with an osmiophilic matrix and a small
number of cristae. The cytoplasm of the cells was cleared,
contained very few free ribosomes and polysomes,

Fig. 1. Interstitial endocrinocytes of the testicular connective tissue
on the 30th day of observation. 1 - endocrinocyte nucleus, 2 -
endocrinocyte cytoplasm, 3 - inclusions. Magnification x12 000.

Fig. 2. Interstitial endocrinocytes of the testicular stroma on the
90th day of observation. 1 - endocrinocyte nucleus, 2 - Golgi
complex, 3 - mitochondria, 4 - inclusions, 5 - endoplasmic reticulum.

Magpnification x12 000.
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compared to the control group of animals and the previous
observation period. The cytoplasmic membrane matched
the structure of the elementary membrane.

On the 180th day of observation, there are signs of
connective tissue edema, the number of macrophages is
increased, and fibroblasts are sporadic. The number of
endocrinocytes is reduced. Cell groups are still being
determined, but the number of such groups is significantly
reduced compared to the previous observation periods. In
the interstitial space, there are cells in both the stages of
destruction and dystrophy. Some cells appear unchanged.
The nuclei of the cells vary in shape and size, with reduced
density due to euchromatin. Heterochromatin is adjacent
to the inner membrane of the nucleolemma in small depths.
Most cells do not have nuclei. The cytoplasm is clear with a
small amount of lipid inclusions. The endoplasmic
reticulum shows signs of disruption. Lysosomes are
single, clear and small. Single, few mitochondria are
present in the cytoplasm. They are variable in size and
shape, but mostly rounded, the matrix is not seen, cristae
are not visualised. The outer membrane is blurred and
loose. Intercellular contacts are mostly absent. Cell
remnants are found in the interstitial space (Fig. 3).

When we examined the electron micrographs of the
experimental group of animals on day 270, the interstitial
space between the convoluted tubules was enlarged and
the number of hormone-producing cells was significantly
reduced. The cells were mostly solitary. The number of
blood vessels is increased, and macrophages are
observed in large numbers near them. The endocrinocytes
are small, elongated, with acidophilic cytoplasm,
vacuolated at the periphery, and no smooth endoplasmic
reticulum is seen. The nuclei are elongated and occupy
most of the cell. Nuclei are present in some of the cells but
not in all of them. The caryolemma is indistinct, and the
number of pores is small. Fragmented nuclei with dense
chromatin are sometimes observed. Mitochondria are
single and rounded. In certain cells, the smooth membranes
of the Golgi complex were randomly oriented and
surrounded by large, electron-transparent vacuoles, lipid
inclusions, and secretory granules. The cytoplasmic
membrane was indistinct. A significant number of cells had
a fragmented smooth endoplasmic reticulum (Fig. 4).

On Day 360, there was an increase in connective tissue
layers due to fibroblastic cells. The number and quality of
blood vessels increased several times compared to
previous periods of the experiment. In addition, the
interstitial endocrinocytes were observed to be small in
size and to be solitary. In certain locations, there were
regions where these cells were entirely absent. If there
were pairs of cells, they were not connected to each other.
The cell membrane lacked clear boundaries, and there
were no cell junctions. Isolated lipid granules were seen
in the cytoplasm, and the endoplasmic reticulum and Golgi
complex were poorly developed. The nuclei show light-
optical alterations, and may be absent or in the process of

S~ iy i A % o # i J
Fig. 3. Lipid inclusions of the endocrinocyte in the testicular stroma
on the 180th day of observation. 1 - endocrinocyte nucleus, 2 -
inclusions. Magnification x12 000.

gD - e .

o e

Fig. 4. Testicular stromal endocrinocyte on the 270th day of
observation. 1 - endocrinocyte nucleus, 2 - part of the cytoplasm

outside the cell, 3 - lipid inclusions.
x12 000.

Magnifications

Fig. 5. Testicular stromal endocrinocyte on day 360 of observation.
1 - intracellular Reinke crystals, 2 - inclusions. Magnification
x12 000.
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destruction. Nucleoli are not present. Mitochondria are
single and rounded, with no detected cristae. Reinke's
crystals are present in the cytoplasm. The cell membrane
is unclear (see Fig. 5).

Discussion

The article discusses the structural characteristics of
testicular interstitial endocrinocytes under long-term (365
days) blockade of luteinising hormone synthesis by
tryptorelin, as a result of the effect on the hypothalamic-
pituitary-testicular system. The presented results of the study
of the structure, differentiation and regulation of interstitial
endocrinocytes in the rat testis prove that in rats, as in
humans, we have recognised two different populations of
these cells, namely, fetal and functional interstitial
endocrinocytes, which were actually detected only at the early
stages of the experiment. The ultrastructure, lifespan, ability
to synthesise androgens, and regulatory mechanisms of
these two populations' cells are quite different [15, 29].

The observed differences in the morphological
parameters of endocrine cells under tryptorelin
administration at different follow-up periods clearly confirm
that tryptorelin is capable of inducing oxidative stress [8, 30,
34], which is manifested by increasing destructive alterations
in the ultrastructural organisation of these cells. Various
pathological changes and abnormalities were observed in
the functional activity of the internal components of the cell.
The analysis of the structure of interstitial endocrinocytes
revealed that the population of these cells consists of round,
oval or polygonal cells of medium size with well-developed
cytoplasm and average, sometimes large nuclei. These are
mature, specialised cells that have acquired the ability to
synthesise androgens through determination and
differentiation. The younger, less differentiated cells are
small and spindle-shaped, sharing some structural features
with fibroblasts. They are likely to maintain the constancy of
cell composition in this population. Literature data [9, 29, 36]
and our results confirm that no mitotic activity is detected in
the pubertal population of endocrinocytes [10, 35]. Changes
in mitochondrial structure and a decrease in cell cytoplasm
volume, observed in the early stages of the tryptorelin
experiment, suggest that steroid hormone synthesis, initiated
at the endoplasmic reticulum, is completed in these
organelles. Mitochondria in close contact with elements of
the endoplasmic reticulum is a common cellular pattern.
The diverse range of lipid inclusions found in the cytoplasm
of interstitial endocrinocytes in various mammals can be
attributed to several factors. It has been reported [37] that
animals with non-seasonal reproduction typically have fewer
lipid inclusions in the cytoplasm of endocrinocytes. In
animals with seasonal reproduction, the cytoplasm of such
cells almost always contains many lipid droplets of different
electron densities surrounded by a membrane. This
information is confirmed by our data [19]. A large amount of
secretory product in a cell can indicate either a delay in the
secretory process at the stage of secretion or high functional

activity. The presence of well-developed agranular
endoplasmic reticulum, numerous mitochondria, and
frequent contact between mitochondria and smooth
endoplasmic reticulum vesicles and lipid droplets are
indicative of the latter. Counting the number of mitochondria
and considering the peculiarities of their structure can
significantly contribute to the analysis of morphological
equivalents of steroidogenesis. Steroid-producing cells are
identified by the presence of tubulovesicular cristae in their
mitochondria. This feature is one of the indicators of active
steroidogenesis. Additionally, pigment inclusions may be
present in the cytoplasm of interstitial testicular
endocrinocytes. A high content of pigment inclusions in the
cytoplasm of interstitial endocrinocytes was not detected in
the rats we studied at all stages of the experiment. The
abundance of Reinke crystals, their number and the size of
the crystals in relation to the cell volume correlate with
changes in the cells and increase at later stages of the
experiment [14, 31], which is confirmed by information from
the literature. A similar correlation with testosterone levels
has not been found in the literature, which allows us to
consider Reinke crystals as a product of degenerative
processes in the cell [16], which may also be indirectly
evidenced by an increase in their number in testicular
biopsies of men with cryptorchidism [19]. Therefore, the
presence of these crystals in the interstitial cells and in the
pericellular space after tryptorelin administration in our
experiment is an indication of the cessation of androgen
synthesis in these cells and of degenerative changes in the
cells.

The population of rat endocrinocytes is a stable type of
cell population. This is evidenced by the fact that no mitoses
were detected in the interstitial endocrinocytes of the testes
in any of the mature rats studied. Resident macrophages
are important for the differentiation and function of interstitial
endocrinocytes [22, 23]. The apoptosis of these cells in the
late stages of the experiment contributes to the regulation of
the number and quality of these cells, which can be induced
by cytotoxins [2]. The characteristics of the ageing of these
cells in rats are likely to be species specific. It is known [32]
that 11-beta-hydroxysteroid dehydrogenase protects
testosterone synthesis in interstitial endocrinocytes of
stressed rats. In the cytoplasm of endocrinocytes of
experimental animals on the 365th day of observation,
hexagonal prisms with clearly defined edges and corners,
formations in the form of a "wasp's nest" - Reinke crystals
(layers arising from the disintegration of smooth
endoplasmic reticulum membranes) are sometimes
detected. The stability of the population is therefore ensured
by a dynamic equilibrium between the processes taking
place in these structures. In our experiment, we used
guercetin as a drug to correct the oxidative stress of the
testicular interstitial space caused by tryptorelin, which has
both antioxidant and immunomodulatory properties,
reducing the production of cytotoxic superoxide anion, which
we believe normalises the structure of the endoplasmic
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reticulum and mitochondria of a subpopulation of these
cells.

Our results provide a theoretical basis for the
development of methods to correct disorders of the
generative and endocrine function of the testes in the
pathological effects of a central dyshormonal state on the
body: in the case of disorders of the hypothalamic-pituitary-
testicular system. The data on the functional morphology of
the testes during the stages of adaptation to changes in
endocrine and immune function of the testes extend the
existing knowledge of the causes of spermatogenesis and
its regulation.
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BMNNUB BBEOEHHA KBEPLEETUHY HA ENEKTPOHHO-MIKPOCKOMIYHI 3MIHU IHTEPCTULIMHUX EHOOKPUHOLIMTIB AEYOK
MPU OOBrOTPUBAINIOMY LIEHTPANIbHOMY BITOKYBAHHI NIOTEIHI3YIOYOIrO FOPMOHY VY LLYPIB

Cmeuyk €. B., lllenimbko B. I., lpoHiHa O. M., 3anopoxeub T. M., Bopyma H. B., Binbxoea O. B., JlucayeHko O. .,
lMenunexko J1. b., BonowuHa O. B., Jleg4eHnko O. A.

KeepuemuH - ye nmowupeHuli ¢prniagoHoid, sikuli doromazae yHUKHymuU po3sumky xeopob cepyego-cyOUHHOI cucmemu, 3HUXYE PUu3uK
BUHUKHEHHSI 0e2eHepamugHUX Mpouecie y 20/1086HOMY MO3KYy ma OHKOJ/I02iYHUX 3axeoproeaHb. PeyosuHu uiel epynu maromb
aHmuokcudaHmHi enacmueocmi, AoroMazalompe Op2aHi3My 3axXUCmuUMmMuUCs 8i0 azpecusHO20 8rIuU8Yy 8iflbHUX padukarig, Helmparnisyryu
ui HecmabinbHi monekynu. [1posedeHi OOCMiOKEeHHST MOKa3yomb, WO IHMeHCUBHUL 6rnue e8inbHUX padukarsie Ha CmpPyKmypy KiimuH
KOpesnoe 3 po38UMKOM HU3KU XPOHIYHUX 3axeoptosaHb, ceped sIKux uykposul diabem, pak ma cepueso-cyOuHHi namonoeii. Mema
docnidxeHHs1 - 3'sicysamu ennue 88e0eHHS K8EPUEMUHY Ha e51eKmMPOHHO-MIKPOCKOMIYHI 3MiHU iHMepcmuuyitlHUX eHOOKpUHouumis
se4oK npu dogzompusasnioMy UeHmparnbHOMy 6110Ky8aHHI CUHME3y /1IomeiHi3yr4020 20pMOHY mpunmopesiHoM. ExcriepumeHm
nposedeHuli Ha 35 cmameego3pinux camysix 6inux wypie. Llypu 6ynu po3nodineHi Ha 2 epynu: KoHmponbHa 2pyna (I) - esodunu
gpisionoaiyHull posdyuH, Il epyna - meapuHu 3 ekcriepuMeHmarnbHOK UeHmpanbHO Oernpusauiero CUHMmMesy MomeiHiayroyo2o 20pMOHY
(midwkipHo esodunu mpunmoperiiH y 003i 0,3 me ditoyoi pedosuHU Ha 1 K2 Macu mina wypa) ma napanesbHO 8800uNU K8EPUEMUH mpu
pasu Ha 0oby 3a OoromMozor 2acmpasnibHo20 30HOy y nepepaxyHKy Ha ea2y mina meapuH. [lpoeedeHe docnidxeHHsI nokasasno, wo
8ge0eHHA mpunmoperiHy npu3godumes 00 CMPyKMypHO-YHKUIOHaIbHUX 3MiH y 6y008i cromyYHOMKaHUHHUX KOMIIOHEHMI8 SE40K
wypie. Le nposiendembcs KinbKiCHO-SIKICHUMU MOPYWEeHHAMU 8 nonynsauii iHmepcmuuyitiHux eHOOKPUHHUX KITIMUH ma es1eKmpOHHO-
MIKPOCKOMYHUMU 3MiHamu Ha pigHi cybknimuHHux cmpykmyp. Ha 270 ma 365 OeHb ekcriepumeHmy 8usierieHi namoroziyHi 3MiHU 8
cmpykmypi iHmepcmuuitiHux eHOOKPUHOUUMI8 S€40K ma (hyHKUiOHaIbHOI akmugHOCMIi 8HYMPIWHIX KOMIOHEHMI8 KIimuH.
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BcmatosneHo, wo yacmoma 3Haxo0XeHHs1 Kpucmarig PeliHke, iX KibKicmb i po3mip o 8i0HOWeHH0 00 06'eMy KrimuHU Kopene 3i
3MmiHamu 8 KnimuHax i 36inbwyembcs Ha binbw nisHix mepmiHax docnidxeHHsi. Bidomocmel w000 aHamnozidHoi kopensuii 3 pisHem
mecmocmepoHy 8 niimepamypi gusienieHo He 6yr1o0, wo 003801151€ No3Ha4uUmMu Kpucmanu PelHke, sk npodykm de2eHepamusHUX npouecie
y KnimuHi. Takum YuHoM, 0odamkoge 88€0EHHSI K8EPUEMUHY 3MEHWYE He2amugHUl 8riiue mpunmopesiHy i 6idmepmMiHO8yE BUHUKHEHHS
3MiH y cmpykmypi iHmepcmuuitiHux eHOokpuHoyumig 3i 180-i 0obu Ha b6inbw Mi3Hi Yacoesi MPOMIKKU CrOCMEPEXEHHS.

KnioyoBi cnoBa: sfeuyka, eflekmpoHHa MIKPOCKOMIs, wypu, iHmepcmuuyitHi eHOOKpUHoOuUmu, romeiHi3yro4uti 20pMOH, K8epuemuH,
mpunmoperniH.
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Snakebite envenoming is a common but neglected public health problem worldwide,
especially in tropical countries. Annual mortality as a result of snakebites exceeds
138,000. It is believed that this problem is underestimated, and in many countries,
individual cases of bites are not subject to proper fixation. The purpose of the study is
the analytical and quantitative assessment of the structural components of the rats'
adrenal glands under exposure to the venom of Vipers Vipera berus berus and Vipera
berus nikolskii. Experimental studies were carried out on white, non-linear male rats.
Vipera berus berus and Vipera berus nikolskii viper venom were obtained from V. N.
Karazin Kharkiv National University. The freeze-dried native venom was stored at
-20 °C and dissolved in saline immediately before the experiment. The animals were
divided into three groups (control and 2 experimental groups) of 10 individuals each.
Experimental rats were injected intraperitoneally in a physiological solution with a
semi-lethal dose (LD50) (1.576 mg/g?) of Vipera berus berus and Vipera berus nikolskii
venoms. Animals of the control group were injected intraperitoneally with only a
physiological solution. Rats were removed from the experiment 24 hours after exposure
to the poison and anesthetised by cervical dislocation. Statistical analysis of the area
of the microcirculatory channel and the nuclear-cytoplasmic index was performed
using Fiji: ImageJ program and processed in Excel. Administration of the venom of the
vipers Vipera berus berus and Vipera berus nikolskii to rats was accompanied by a
significant increase in the area of the microcirculatory bed relative to the control group (2.9
times for Vipera berus berus and 6.5 times for Vipera berus nikolskii). Exposure to Vipera
berus berus viper venom was associated with a significant decrease in the nuclear-
cytoplasmic index in rats of the experimental group compared to the control group (13 %
and 42 %, respectively), which is evidence of a decrease in the area of the nuclei of
endocrinocytes of the adrenal cortex. This indicator in rats under the administration of
Vipera berus nikolskii venom was even lower and amounted to 12 %. According to the
statistical analysis of the quantitative assessment of the state of the cortical substance of
the adrenal glands, itis worth noting the similar effect of the poisons of both types of snakes
at the cellular level. At the same time, at the tissue level, the effect of Vipera berus nikolskii
venom is more pronounced than that of Vipera berus berus - this is evidenced by the higher
degree of disruption of the structure of the hemomicrocirculatory channel in the adrenal
cortex of animals from the group that was affected by this venom. Itled to an increase in the
area of vessels due to their expansion and ruptures of their walls and haemorrhages into
the surrounding parenchyma and stroma.

Keywords: vipers, poison, nuclear-cytoplasmic index, microcirculatory channel, rats.
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Introduction

Envenomation from the bites of snakes and other
venomous animals, including scorpions, is a common but
neglected public health problem worldwide, especially in
tropical countries [23, 29]. Annual mortality from snake bites
exceeds 138,000, and mortality from scorpion bites reaches
1.5 million cases [9, 12, 13]. It is believed that this problem
is underestimated, and in many countries, individual cases
of bites are not subject to proper fixation [15, 39]. In India,
about 58,000 people die each year from complications
caused by snake and in particular viper venom [33].

It is known that the toxins of snakes and vipers are a
complex mixture of proteins, peptides, low molecular weight
substances, and salts in the water environment [10, 19].
Usually, venom causes a neurotoxic effect, local destruction
of soft tissues in the places of its inoculation, or a
vasohemotoxic effect [24, 31]. These data correlate with the
mechanism of action of scorpion venoms, in which the
severity of envenomation is closely related to the neurotoxic
effects of the venom (excitation of neurons and release of
catecholamines). However, developing severe systemic
disorders may be associated with increased enzymatic
activity in tissues, which also activates the inflammatory
response [11]. Clinical manifestations are diverse and
include local (oedema, tissue necrosis) and systemic [14,
34]. The latter is manifested in the form of neuromuscular
paralysis, rhabdomyolysis, hypotension, collapse, and DIC
syndrome [37, 38].

In recent years, scientists have reported the development
of endocrine and metabolic disorders as a result of pituitary
dysfunction, adrenal gland damage, dysglycemia, electrolyte
disturbances, and renal tubular acidosis [21, 26, 36].

The endocrine system, which has a wide range of
hormonal influences on various organs and systems, plays
an extremely important role in the emergence of body
reactions to stimuli [5, 8]. At the same time, not individual
hormones but the overall endocrine balance, which is
formed in a state of stress and tension, determines the
nature and strength of compensatory-adaptive and protective
processes for adaptation and resistance of the organism
[28, 27].

Adrenal glands occupy an important place in the
endocrine regulation of the human body's vital processes in
a changing environment. It is a well-known fact that the
adrenal glands participate in the mechanisms of adaptation
of an individual to stress of exo- or endogenous origin [18,
35]. Their role has also been established in regulating water-
mineral balance and the synthesis of biomolecules
(proteins, fats, carbohydrates). It should be noted that in
response to the action of a stressor, the adrenal glands
ensure adaptation and the development of compensatory
and adaptive changes in organs and systems [20, 30]. The
formation of these mechanisms is possible mainly due to
the influence of epinephrine and glucocorticoids, the level of
which is a determining factor for the degree of
expressiveness of the body's reaction and the development

of morphological changes in organs [7, 16].

Considering the above facts, studying the qualitative and
guantitative composition of the adrenal glands and cellular
components of rats under Vipera berus berus and Vipera
berus nikolskii venom is an urgent task.

The research aims to analyse and quantitatively assess
the structural components of the adrenal glands of rats under
exposure to the venom of Vipera berus berus and Vipera
berus nikolskii.

Materials and methods

Experimental studies were carried out on white, non-
linear male rats. For preliminary acclimatisation, the animals
were kept for 7 days in the animal facility of Taras Shevchenko
National University of Kyiv, and later - in laboratory conditions
with compliance with temperature and light regimes [3]. Rats
received standard chow and water ad libitum. All experiments
were conducted in accordance with the National Institutes
of Health Guidelines for the care and use of laboratory
animals and the European Council Directive of 24 November
1986 for the Care and Use of Laboratory Animals (86/609/
EEC). The research was approved and confirmed by the
Bioethics Commission of the NSC "Institute of Biology and
Medicine" of the Taras Shevchenko National University of
Kyiv (protocol No. 2, dated August 19, 2021).

Vipera berus berus and Vipera berus nikolskii venom
were obtained from the V. N. Karazin Kharkiv National
University. The lyophilised crude venom was stored at
- 20 °C and dissolved in a saline solution immediately before
the experiment.

The animals were divided into a control and 2
experimental groups of 10 individuals each. Experimental
rats were injected intraperitoneally with a semi-lethal dose
(LD50) (1.576 mg/g™?) of Vipera berus berus and Vipera berus
nikolskii venom in saline solution. Animals in the control
group were injected intraperitoneally with only a saline
solution. Rats were removed from the experiment 24 hours
after exposure to the venom and anesthetised by cervical
dislocation.

The statistical analysis of rat adrenal gland parameters
evaluated two continuous variables: the microcirculatory
bed's area in these glands' stroma and the nuclear-
cytoplasmic index of hormone-producing cells in their
parenchyma. These parameters were determined for one
control group and two experimental groups, in which rats
were exposed to the venom of two vipers - Vipera berus
berus and Vipera berus nikolskii. All measurements were
made using the Fiji: ImageJ program and processed in Excel.

In order to estimate the share of the adrenal glands
occupied on the sections by elements of the microcirculatory
channel, we measured the area of the corresponding
vessels in 8 sections of the adrenal glands of animals from
the control and two experimental groups (four animals from
each group). Next, we calculated the sum of these areas
for each slice. Digital images obtained under a light
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microscope at a magnification of x1000 were used for
measurements. The section area within which vessels
were measured for all groups is 23803 pm?.

In order to quantitatively assess the general condition
of adrenal parenchyma cells, we calculated the nuclear-
cytoplasmic ratio in the endocrine cells of the zona
glomerulosa and zona fasciculata of the cortex.

The nuclear-cytoplasmic index was calculated in 40
cells on 4 sections from four animals from each group.
Measurements were performed on digital images obtained
from a light microscope at x1000 magnification.

Since when checking the measurements of the control
and both experimental groups for normality of distribution,
the graphs did not correspond to the Gaussian curve, the
non-parametric Mann-Whitney test was used to determine
the reliability of the differences between the groups [17].

Results

When analysing the total area of the microcirculatory
channel of the cortex, which is occupied by small vessels on
the sections of the adrenal glands, a significant increase of
this index was found in the group with the injection of Vipera
berus berus venom compared to the control group
(Table 1). If in the control group, this index is 445.3 pm? (first
quartile 318 pm?; third quartile 512 ym?), then for the
corresponding experimental group, it is 1298 um? (first
quartile 915 ym?; third quartile 1615 um?).

This expansion of the microcirculatory bed is quite logical
and is related to several factors. First, venom damages the
walls of blood vessels as it is transported with the blood.
Formal blood elements are affected, particularly erythrocytes,
which aggregate and clog vessels. Snake venom primarily
affects proteins, including blood plasma proteins,
coagulating them and thus disrupting the structure and
viscosity of blood. In addition, the arrival of a foreign factor to
the tissues and its spread there provokes the development
of inflammatory reactions, accompanied by swelling of the
tissues, expansion of blood vessels and increased
permeability.

It is worth noting the insignificant standard deviation for
both groups, which indicates the regularity of the processes
of vessel expansion, which is equally inherent to all elements
of the microcirculatory channel (Fig. 1). It can be assumed
that the venom of Vipera berus berus damages the
microcirculatory processes in the adrenal gland, which leads
to a violation of its morphology and functioning and, ultimately,
to necrosis. Because we assessed the adrenal glands 24
hours after venom administration, the tissue changes are
not radical, and the vascular damage will likely worsen over
time.

The assessment of the condition of the vessels of the
microcirculatory bed in the group with the introduction of
Vipera berus nikolskii venom showed a significant increase
in the area of the microcirculatory bed of the animals
compared to the control group (Fig. 1). Here, this indicator is
2916 um? (first quartile 1533 um?; third quartile 3884 um2).

Table 1. The average value of the microcirculatory channel area
of the adrenal glands in the control and experimental groups (M+0).

The average The presence of a
Group value of the | reliable difference with
area, mm? the control group
Control group 445.3+226.5 -
Group with an injection of 12984608 Present*
Vipera berus berus venom
Group with an injection of 2916+1655 Present*
Vipera berus nikolskii venom
10000
8000
o 6000
=
=
« 4000
w
5 2000
0
-2000

Single measurement in each of the groups
Fig. 1. Individual indexes of the area of the microcirculatory bed of
animals of the control and experimental groups with standard
deviation. Green colour - control group; red colour - the group with
the injection of Vipera berus berus venom; blue colour - the group
with the introduction of Vipera berus nikolskii venom; | - standard
deviation.

0,6
0.42

05

0,4 [

0,3 l
0.13*

02 0.11* 0.15*  0.12*

) i i
0
2 3

1

Fig. 2. The average value of the nuclear-cytoplasmic index in the
adrenal cortex cells in the control group, the group with the injection
of Vipera berus berus venom and Vipera berus nikolskii venom.
1 - control group; 2 - a group with an injection of Vipera berus
berus venom; 3 - a group with an injection of Vipera berus nikolskii
venom; blue columns - zona glomerulosa; orange columns - zona
fasciculata; * - the difference from the control group is significant
at p<0.05.

The vessels of the adrenal cortex increase in size due to
swelling and disruption of their content. The lumens of
capillaries and venules expand due to the accumulation of
aggregated erythrocytes and blood plasma clots in them.
Similar processes are observed under the action of Vipera
berus berus venom. Although we did not find a reliable
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Table 2. Nuclear-cytoplasmic index of endocrinocytes of the adrenal cortex in control and experimental groups.

Group Control group The group Witgg?iesc\t/igrr:o?.; Vipera berus | The group Wi]tikll((i)rlljsekcﬁisgnoofn}/ipera berus
Zone Glomerulosa Fasciculata Glomerulosa Fasciculata Glomerulosa Fasciculata

1 0.23 0.48 0.12 0.21 0.14 0.08
2 0.33 0.27 021 0.23 0.23 0.14
3 0.56 0.43 0.09 0.23 0.15 0.11
4 0.68 0.28 0.15 0.23 0.09 0.07
5 0.50 0.43 0.08 0.18 0.13 0.11
6 0.36 0.37 0.10 0.16 0.09 0.08
7 0.34 0.48 0.18 0.10 0.15 0.14
8 0.47 0.37 0.16 0.10 0.14 0.15
9 0.34 0.42 0.17 0.19 0.12 0.16
10 0.31 0.42 0.11 0.21 0.09 0.18
11 0.35 0.23 0.26 0.10 0.07 0.14
12 0.42 0.28 0.09 0.13 0.09 0.15
13 0.63 0.29 0.19 0.07 0.10 0.15
14 0.26 0.21 0.20 0.11 0.06 0.14
15 0.46 0.28 0.11 0.08 0.08 0.11
16 0.55 0.21 0.19 0.05 0.03 0.14
17 0.43 0.22 0.17 0.07 0.10 0.13
18 041 0.50 0.10 0.06 0.07 0.12
19 0.39 0.42 0.22 0.08 0.13 0.08
20 0.49 0.21 0.24 0.06 0.13 0.18
21 0.53 0.42 0.12 0.07 0.11 0.14
22 0.23 0.29 0.09 0.12 0.17 0.12
23 0.39 0.33 0.05 0.07 0.14 0.12
24 0.34 0.30 0.07 0.08 0.10 0.12
25 0.38 0.27 0.10 0.09 0.09 0.11
26 0.27 0.23 0.09 0.09 0.08 0.19
27 0.48 0.24 0.15 0.12 0.06 0.15
28 0.56 0.43 0.12 0.07 0.11 0.13
29 0.31 0.36 0.09 0.09 0.11 0.07
30 041 0.32 0.043 0.12 0.09 0.16
31 0.43 0.26 0.20 0.05 0.08 0.14
32 0.44 0.25 0.12 0.07 0.07 0.10
33 0.38 0.33 0.12 0.05 0.12 0.14
34 0.48 0.38 0.08 0.10 0.13 0.13
35 043 0.51 0.13 0.08 0.11 0.08
36 0.52 0.32 0.14 0.09 0.22 0.08
37 0.58 0.29 0.04 0.05 0.10 0.11
38 0.45 0.35 0.09 0.06 0.12 0.09
39 0.44 0.53 0.17 0.06 0.26 0.08
40 0.35 0.34 0.08 0.08 0.20 0.05
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difference between the two experimental groups, the larger
value of the average area of blood vessels in the group
exposed to the Vipera berus nikolskii venom is worth noting.
In addition to the pathological processes that develop as a
result of the action of both venoms, the impressive action of
the toxins causes the rupture of the wall of small vessels
and the release of formal elements and blood plasma from
them into the surrounding interstitium and parenchyma.

The value of the nuclear-cytoplasmic index conveniently
assesses the influence of toxic substances on the
morphology and functioning of cells since this parameter
reflects the state of the nucleus, as a participant in protein
synthesis, and the cytoplasm, in which most of the
processes important for the functioning of the entire tissue
and organ take place. In the case of an endocrine gland,
the main process in the cytoplasm of parenchyma cells is
the synthesis of hormones. Since we focused our attention
precisely on the zona glomerulosa and zona fasciculata of
the adrenal cortex, we are talking about the synthesis of
steroid hormones, so the main part of the cytoplasm is
occupied by a smooth endoplasmic reticulum and lipid
droplets, which are the source of hormone synthesis.

Indexes of the nuclear-cytoplasmic ratio of zona
glomerulosa cells of the adrenal cortex from the control
group form a series with a slight standard deviation,
indicating the homogeneity of differentiated endocrinocytes
morphology (Table 2). This index averages 42 % for the
control group (first quartile 35 %; third quartile 49 %), which
is explained by the active functioning of these cells - their
nuclei are large and bright, the cytoplasm is quite compact
(Fig. 2).

In zona glomerulosa of the adrenal cortex of the group
injected with Vipera berus berus venom, the nuclear-
cytoplasmic index deviates significantly from the average
value (Table 2) and is significantly lower than this index in
the control group (see Fig. 2). The average value of the
index in this group is 13 % (first quartile 9 %; third quartile
17 %). Such a low index indicates a decrease in the area of
the nucleus, which is probably caused by its pyknosis
because karyopyknosis accompanies the early stages of
cell necrosis due to the action of external toxic factors. At
the same time, the expansion of endoplasmic reticulum
cisternae in the cytoplasm of cells leads to its vacuolisation.
The expansion of the cisternae is related to the detoxification
function of the endoplasmic reticulum in the cell, and the
vacuoles increase the total area of the cytoplasm.

Let's talk about the group with the introduction of Vipera
berus nikolskii venom. The pathological effect of this venom
is manifested in a decrease in the nuclear-cytoplasmic
index in zona glomerulosa cells (see Table 2). The average
value of this index here is 12 % (first quartile 8 %; third
quartile 14 %), which is significantly less than such index
in the control group.

The decrease in the nuclear-cytoplasmic index in both
experimental groups is proportional (Table 2), indicating
that 24 hours after venom injection, their effect on this

parameter is equally negative. Vacuolisation of the
cytoplasm and condensation of the nucleus leads to a
decrease in the functionality of the cells of zona
glomerulosa of the adrenal cortex and a violation of normal
metabolism.

A comparison of the nuclear-cytoplasmic index of the
endocrinocytes of zona fasciculata of the adrenal cortex
demonstrates a significant decrease of this index in both
experimental groups relative to the control group (see
Fig. 2). For the control group, the average value of this index
is 34 % (first quartile 28 %; third quartile 42 %). The third of
the cell, occupied by the nucleus, indicates the active work
of these endocrinocytes in the production of cortisol and
other glucocorticoids - the nucleus has a predominance of
euchromatin and is quite large, the cytoplasm is enriched
with lipid inclusions, which are a source of steroids for the
synthesis of these hormones.

In the group with the introduction of Vipera berus berus
viper venom, a number of indexes of nuclear-cytoplasmic
ratio demonstrate its decrease (see Table 2). The average
value of this index is 10 % (first quartile 7 %; third quartile
12 %), which is 3 times less than the index of the control
group. Such a difference shows not only the vacuolisation
of the cytoplasm but also the development of oedema in it,
which is a manifestation of necrotic processes in
endocrinocytes.

A decrease in the nuclear-cytoplasmic index in the group
with the introduction of Vipera berus nikolskii venom is
similar (see Table 2). Here, this index averages 12 % (first
quartile 10 %; third quartile 14 %) and is also significantly
different from the control group (see Fig. 2). Such a similarity
in this index between the venoms of both vipers indicates
that at the cellular level, their action is equally manifested
already 24 hours after their entry into the body - probably
the energy exchange in the cell is disturbed, which leads to
the disorganisation of the work of ion pumps and the
subsequent influx water into the cell, due to which its
cytoplasm swells. Quantitatively, this is reflected in the
nuclear-cytoplasmic index, and functionally, it results in a
decrease in the ability of these cells to produce
glucocorticoids.

Discussion

Measurement of the microcirculatory bed area was chosen
to analyse the effect of viper venom on the adrenal glands
because the bloodstream carries toxic substances and,
obviously, harms the vessel walls and intravascular elements,
such as plasma and formal blood elements. The total area of
arterioles, capillaries and venules present in the sections of
these endocrine organs can quantitatively characterise such
pathological processes as oedema, haemorrhages, dilation
of blood vessels during inflammation, etc. To assess the
state of the circulatory system in the stroma of the adrenal
glands, we chose the adrenal cortex since the predominant
type of vessels in the medulla are veins that do not belong to
the microcirculatory channel. In addition, studies show that
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the main negative effect of venom toxins is on the cortex, not
the medulla, so it is more appropriate to analyse the
microcirculation there [2].

In order to quantitatively assess the general condition of
the adrenal parenchyma cells, we chose to calculate the
nuclear-cytoplasmic ratio in the endocrine cells of zona
glomerulosa and zona fasciculata because, according to
the literature, these two zones are the most vulnerable to the
influence of venom toxins. The action of venomous
substances on the cell is characterised, on the one hand, by
the pyknosis of the nucleus as an early element of the
manifestation of necrosis [6]. On the other hand, the
cytoplasm is subject to swelling associated with the
disruption of the functional activity of mitochondria, which
are affected by external factors, in this case, Vipera venom.
Karyopyknosis and cytoplasm swelling lead to a decrease
in the nuclear-cytoplasmic index.

The results of experimental studies on mice under the
administration of Bothrops venezuelensis viper venom
showed changes in the qualitative and quantitative
composition of the structural components of the adrenal
glands. 3 hours after the venom injections, such
ultrastructural changes were noted in the animals as the
loss of integrity of the endothelial lining of the walls of blood
vessels, swelling of mitochondria and disorganisation of
their cristae. In the endocrinocytes of the adrenal cortex, the
nuclei had indistinct contours with a large amount of
heterochromatin and expanded perinuclear spaces [1, 4].

According to Sanchez E. E. and co-authors [22], when the
crotamine-like peptide of snake venom of the Crotalidae
family affects the cortex of the adrenal glands, zona
fasciculata and zona reticularis experience the greatest
damage. In the cells of the indicated areas of the adrenal
cortex, the expansion of smooth and granular ER was
detected during morphological studies, which, according to
the researchers, led to a violation of steroid hormone
synthesis processes. Vacuolar degeneration,
haemorrhages and foci of necrosis were characteristic. In
some places, with prolonged exposure to venom toxins,
atrophy, nodular hyperplasia and fibroproliferative changes
in the cortical substance of the adrenal glands were detected.

The functional activity of the adrenal glands depends on
the influence of the central endocrine glands, particularly
the pituitary gland. According to the literature, the action of
adverse factors, including the viper and snake venom toxins,
leads to a violation of the coordinated activity of the pituitary-
adrenal system. Experimental studies and data from clinical
cases prove the fact that envenomation due to viper bites
causes massive haemorrhages in the adrenal and pituitary
glands in 36 % and 43 % of cases, respectively.
Pathophysiologists are actively studying hemorrhagic
necrosis of the pituitary and adrenal glands, but its reliable
mechanisms have not yet been elucidated. It was
established that the peculiarities of the blood supply of these
organs are the cause of the probable extravasation of blood
caused by viper toxins. S. Senthilkumaran et al. [27] note

that Daboia russelii viper venom contains protein
components that have vasculotoxic, hemorrhagic, and
proteolytic properties, cause the development of
thrombocytopenia, and activate blood coagulation and
fibrinolysis factors [21]. The consequence of this is the
appearance of consumption coagulopathy and DIC-
syndrome. In addition, scientists found a decrease in the
blood levels of cortisol, testosterone, ACTH, TTH, and
prolactin in the patient's blood, which indicated primary and
secondary adrenal insufficiency and damage to the pituitary
gland. Attention should be paid to hypotension and circulatory
shock, which are the consequences of snake bites and are
also associated with disorders of blood supply to vital organs,
including the pituitary gland. As a result of a series of
autopsies of patients who became victims of snakebites, it
was investigated that DIC syndrome is a precursor of
haemorrhage or organ necrosis. Some scientists also
suggest that dysfunction of the anterior lobe of the pituitary
gland may be associated with the formation of
autoantibodies. It has been established that acute pituitary
insufficiency develops within two weeks with snake and viper
bites and is characterised by hypoglycemia and refractory
hypotension. Chronic failure can be asymptomatic and
characterised by fatigue and weight loss. The researchers
note that somatotropocytes (83 %) and gonadotropocytes
(50 %) undergo the greatest changes. In the case of the
vasotoxic effect of the venom, corticotropocytes are subject
to morphological changes (39 %) [25].

Conclusions

1. Administration of Vipera berus berus and Vipera berus
nikolskii venom to rats was accompanied by a significant
increase in the area of the microcirculatory bed compared to
the control group (in 2.9 times for Vipera berus berus and in
6.5 times for Vipera berus nikolskii).

2. Exposure to Vipera berus berus venom was
associated with a significant decrease in the nuclear-
cytoplasmic index in rats of the experimental group compared
to the control group (13 % and 42 %, respectively), which is
evidence of a decrease in the area of the nuclei of
endocrinocytes of the adrenal cortex. This index in rats under
the conditions of Vipera berus nikolskii venom injection was
even lower and amounted to 12 %.

3. According to the statistical analysis of the quantitative
assessment of the adrenal cortex's state, the similar effect
of the venom of both species of vipers at the cellular level is
worth noting. At the same time, at the tissue level, the effect
of Vipera berus nikolskii venom is more pronounced than
that of Vipera berus berus - this is evidenced by the higher
degree of disruption of the structure of the
hemomicrocirculatory channel in the adrenal cortex of
animals from the group that was affected by this venom. It
led not only to an increase in the area of vessels due to
their expansion but also to ruptures of their walls and
haemorrhages into the surrounding parenchyma and
stroma.
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AHANITUYHA | KINbKICHA OLIIHKA CTPYKTYPHUX KOMMOHEHTIB HAOHUPKOBUX 3AJI03 LLYPIB 3A YMOB BMNNnUBY
OTPYTUTALIOK VIPERA BERUS BERUS TA VIPERA BERUS NIKOLSKII

Hisszamemoe T. C., Cambopcbka I. A., Byubka J1. B., KacbsiHeHko []. M., Oyepemna O. J1., ManazaH 10. B., ®ik B. b.
OmpyeHHs1 8HacniooK yKycie 3mili € 4acmoro, ane 3aHe0baHo PobremMor 0XOPOHU 300p08's 8 YCbOMY c8imi ma 0cobnueo 8 mpomidHUX
KpaiHax. LLjopiyHa cmMepmHicmb, siK Hacmiook 3miiHuUx ykycis, nepesuwjye 138 000. Beaxaromb, wo OaHa npobrnema € HeOOOUHEHOK i 8
bazambox KpaiHax okpemi sunadku yKycie He midnszaromb HanexHil cikcauii. Memoro 0ocnidxeHHs1 € aHanimuy4Ha i KinbKicHa ouiHka
CMpYKmMypHUX KOMIOHEHMIi8 HaOHUPKOBUX 3a/103 wypie 3a ymoes ernugy ompymu eadiok Vipera berus berus ma Vipera berus nikolskii.
EkcnepumernmarnbHi 0ocnidxeHHs1 npoeodunu Ha binux HemHilHUX wypax camysx. Ompymy 2adiok Vipera berus berus ma Vipera berus
nikolskii ompumysanu 3 Xapkiecbko20 HauioHannbHO20 yHigepcumemy imeHi B. H. KapasiHa. JlioginisogsaHy HamueHy ompymy 36epieanu
npu -20 °C, a nomim po34uHsinu y chisionoaiyHoMy po3dyuHi 6e3rnocepedHbo neped ekcriepumeHmom. TeapuH po3nodinsnu Ha mpu epynu
(koHmporbHy | 2 docnidHux) no 10 0cobuH y KOxHil. [ocridHum wypam 6HympiliHbOO4YepesuHHO 8800usnu HarnigrnemarsHy 003y (LD50)
(1,576 me/et) ompymu Vipera berus berus abo Vipera berus nikolskii Ha ¢bizionoziyHomy posyuHi. TeapuHam KOHMPObLHOI epynu
8800uU 8HYMPIWHBLOOYEPEBUHHO uwe bisionoaiyHull po34yuH. Bueodunu wypie 3 ekcriepumeHmy 4Yepe3 24 200uHu nicns ennugy
ompymu, 3HEXUBITIYU WIISIXOM UepsikanbHOI duciokayii. CmamucmuyHul aHania niowi MikpouuKpyasimopHo20 pycna ma si0epHo-
yumonnasmamu4Ho20 iHoekcy nposodusu 3a dornomoeoto rpoepamu Fiji: Imaged ma obpobnsinu 8 Excel. BeedeHHsi wjypam ompymu
2adiok Vipera berus berus ma Vipera berus nikolskii cynpogodxysanocb 0ocmogipHUM 36ifbUWEHHAM oW, MiKpOUUPKYISIMOpPHO20
pycna eidHocHo epynu koHmposto (8 2,9 pa3u dnsi Vipera berus berus ma e 6,5 pasie dns Vipera berus nikolskil). Brinue ompymu eadrok
Vipera berus berus acouitogagcsi 3i 3Ha4HUM 3HUXEHHSM S10epHO-UUmorniasMamu4yHo20 iHOeKcy y wypie 0CniOHOI epynu rMopieHsHO 3
epynoto koHmporio (13 % ma 42 % 6i0nosidHO), WO € CIOYEHHSIM 3MEHWEHHST oWy si0ep eHOOKPUHOUUMI8 KOPU HaOHUPKOBUX 3as03.
3a ymosu ssedeHHsi wypam ompymu 2adwk Vipera berus nikolski yel nokasHuk 6ye we Hwxyum ma cmaHosue 12 %. Pesynbmamu
Cmamucmu4yHO20 aHarnidy KirbKiCHOI OUiHKU cmaHy KipKO8OI pedosuHU HaOHUPKOBUX 3ar103 rokasasnu nodibHul ennue ompym obox eudie
3Mill Ha KrimuHHOMY pigHi. [1pu ubomy Ha mkaHuHHOMY pigHi Oii ompymu Vipera berus nikolskii nposiensinace 6inbw eupaxeHo, HxX
Vipera berus berus: npo uye ceid4ue suwuli cmyniHb MOPYWeHHs CMPYKMypu 2eMOMIKPOUUPKYSIMOPHO20 pycra y Kopi HaGHUPHUKIg
meapuH y epyni, 8 kompil sukopucmosysanu yto ompymy. Ais ompymu Vipera berus nikolskii npuseoduna He nuwe 00 nidsuweHHs
nowyi cyQuH Yepes ix po3wupeHHsi, ane U 60 po3pusy iXx CMIHOK ma Kpo8ogusiugie 8 OmMOouYyrYi napeHximy i cmpomy.

Knio4oBi cnoBa: 2adwku, ompyma, s10epHO-yumonnasmamuyHull iHOeKc, MIKpOUUPKYISMOPHEe pycrio, Wypu.
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