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Abstract. Relevance. Single-cell RNA sequencing (scRNA-seq) is a modern approach to studying the diversity and
heterogeneity of RNA transcripts in individual cells, as well as to identifying the composition of different cell types and functions
in organisms, organs, and tissues. Based on NGS (next-generation sequencing), scRNA-seq provides a vast amount of information
at high cellular resolution in various fields, enabling new discoveries in understanding the composition and interaction patterns
of individual cell types in humans, animal models, and plants. Despite its rapid development, optimization, and automation
worldwide over the past 15 years, scRNA-seq remains relatively new and has only recently been used in Russia. The challenge
of mastering and successfully implementing this method is urgent and critical — it is a powerful tool for in-depth analysis and
diagnostics, as demonstrated by the results of studies in which it has been used. The aim of the review was to examine the basic
principles and steps of sScRNA-seq implementation, both in terms of technical implementation and sample preparation as an
extension of the classic NGS method, as well as in terms of the complexity and expansion of data processing, and the use of
new algorithms and databases. We examined commercially available scRNA-seq technologies and technologies described in
scientific literature that have served as prototypes and alternatives. We also examined examples and results of the use of such
technologies in various fields of science and medicine, such as oncology, senescence, diagnostics, and clinical trials. Conclusion.
Development and successful application of the scRNA-seq method in scientific and clinical practice will become the key to
a wide range of future discoveries and successful accurate personalized diagnostics and healthcare.
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Introduction

The human body is a complex system consisting
of more than 400 different cell types and more than
3x10" unique cells in its composition [1]. Despite
almost all cells in the human body sharing the same
set of genes, their transcriptome function in each type
and each individual cell exhibits a unique activity for
only a certain part of these genes, which increases the
relevance of the issue of studying their unique properties
and heterogeneity.

Sequencing technology became one of the com-
mon tools for studying cell heterogeneity, including
genomics, transcriptomics, epigenomics, proteomics
and metabolomics. Sequencing allows to establish the
primary structure of the studied linear biopolymers, for
DNA and RNA it allows to establish their nucleotide
sequence, presented in simple text form. During its
widespread use over the past 50 years, sequencing
technology has become mundane in various fields of
biology and medicine, and currently represents three
main generations of this technology [2, 3] (presented
in Table 1, [4-15]). The most frequently employed
set of methods belongs to the second generation se-
quencing, which is also called short-read sequencing
or next generation sequencing (NGS) is currently the
“gold standard” in scientific and laboratory genetic
research [3].

422

The main limitation of the basic sequencing ap-
proach is its non-specific character. In its classical imple-
mentation, the second-generation sequencing technology
provides only average data (bulk sequencing) for the to-
tal populations of the analyzed cells; data for individual
cell populations, represented in insignificant quantities,
are then “lost” against the background of the total mass
of recorded data. This limitation gave an impetus to the
development of a technology for isolating and indexing
unique cells for their subsequent mass analysis using
NGS methods. Over the past fifteen years, classical
approaches to RNA sequencing (bulk RNA-seq) based
on cell populations had a significant role in deciphering
transcriptome variations across the genome in a wide
range of areas, including oncology, cell development
and aging, and cellular homeostasis [16—-18]. However,
since bulk RN A-seq data, as described above, represent
only an “average” of gene expression in individual cells,
they may obscure transcriptional trends of individual
subpopulations with the most common cell types or
states [19].

A modification of NGS technology in the form of
single-cell RNA sequencing (scRNA-seq) overcame
this obstacle, providing a broad range of possibilities
for gene expression profiling at single-cell resolution.
With scRNA-seq, it is now possible to analyze the
transcriptome at the single-cell level for more than
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Table 1
Generations of sequencing methods
Generation and characteristics Examples of technologies Ref.
First generatlonSanger sequencing, use_d from 1975 to t_he present. Manual and automated protocols using radioactively or
Average read length: 600-1000 base pairs, analysis of single . 4,5
fluorescently labeled reagents and gel electrophoresis
samples
“lon Torrent”, Thermo Fisher Scientific, USA 6,7
Second generationNext generation sequencing (NGS) or short-read
sequencing or High-throughput sequencing, used from 2005 to the " . .
present.Short read length: 250—-800 base pairs, multiple parallel Hllumina®, lllumina, Inc., USA 8,9
analysis.
“MGI/BGI", Beijing Genomics Institute, BGI, China 10,11
“PacBio”, Pacific Biosciences, USA 12,13
Third generationLong-read sequencing, under development and
implementation since 2010.High read length: 105-107 base pairs,
single and multiple parallel analysis.
“ONT", Oxford Nanopore Technologies, UK 14,15

millions of cells in a single study. Most importantly, the
development of the method has significantly reduced
the cost while improving automation and through-
put. This has enabled various discoveries in various
fields, such as identifying new cell types [20, 21],
understanding a range of cellular dynamic processes
[22-25], revealing intracellular gene variations [26],
and RNA processing [27]. As a result, sScRNA-seq has
begun to be used as a key tool in the field of precision
medicine [28, 29].

Concept of scRNA-seq method

Since its first application in 2009 [30], scRNA-seq
technology has opened the possibility of studying the
underlying cellular heterogeneity of complex systems
[31]. However, at the time of its introduction, practical
procedures were labor-intensive and expensive, pre-
sented as “closed solutions” in the form of reagent kits
and protocols from a single manufacturer, requiring the
researcher to have a full product line of equipment from
a specific manufacturer. Currently, the application of
the technology is relatively unified and can be success-
fully applied in typical laboratories, which promotes
scRINA-seq to be used as a standard procedure in an
increasing number of tasks.

MEDICAL GENETICS

The main concept of scRNA-seq technology has not
changed since its discovery and represents approaches
for isolating individual cells, capturing and scaling
their genetic material with subsequent use of NGS
sequencing [32, 33]. Later, various modifications of
scRNA-seq technology were proposed, supported by
the development and evolution of methods for bioin-
formatics analysis of the final data. All scRNA-seq
technologies can be described in the form of five key
steps presented in Figure 1: isolation of single cells
from biomaterial and their combination with reagents,
isolation of the transcriptome from a single cell and
its capture with a reagent, individual barcoding of the
transcriptome by reverse transcription (synthesis and
amplification of cDNA), library generation and NGS
sequencing, additional bioinformatics analysis of the
data [34]. The first three steps of the technology are
the most difficult to implement, the remaining two are
true for all sequencing methods.

Single cell isolation is a mechanical process of
capturing cells after their dissociation from tissues
and combining them into separate isolated cavities
along with reagents. With classical sequencing, the
transcriptome can only be examined at a general level
and cannot distinguish individual cell variations. In
the case of scRNA-seq technology, special attention
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Fig. 1. Schematic of the scRNA-seq experiment. A mixture of beads, cells, and reagents is pumped through an orthogonal fluidic
system to form droplets via a reverse emulsion (a). The system parameters are adjusted to maximize the ratio of single cell captures
per droplet while minimizing double captures (b). Each droplet is an individual mini-reaction chamber containing all the necessary
reagents for cell lysis, reverse transcription, and amplification (c), thus generating large quantities of barcoded DNA complementary
to the cellular transcriptome, suitable for subsequent NGS sequencing (d). Each individual bead contains on its surface numerous
complex primers, including in their composition both identical regions necessary for, for example, transcription or amplification
("T/A Primer”), unique for each specific bead regions for cell barcoding (“Barcode”) and unique for each primer regions for barcoding
each specific transcriptome sample extracted from the cell ("UMI"). The terminal region of the primer contains a sequence of
oligonucleotides for complementary capture of the type of transcriptome of interest, for example, poly-dT regions for binding to
many RNA variants. After such capture, conditions are created for reverse transcription and obtaining cDNA (e) and further, cycles
of synthesis of the complete barcoded DNA variant (f).

Note: PCR — polymerase chain reaction; IVT —in vitro transcription; UMI — unigue molecular identifier; cDNA — complementary DNA.

is required to obtain the genetic material from each
cell in a unique, isolated form and preventing mixing.

Methods for isolating and capturing single cells
vary greatly depending on the organism, tissue, or cell
properties [35]. Cell isolation can be achieved for whole
cells or, for example, individual elements of cells [36].
The most common methods for isolating and capturing
single cells include microfluidic systems, Fluorescence-
Activated Cell Sorting (FACS) or Magnetic Activated
Cell Sorting (MACS), and laser microdissection [31].
The main goal of each method is to perform a single
capture into an isolated reaction mixture, which will
also contain reagents for the further process.

The process can be schematically considered using
the example of a microfluidic system shown in Figure

424

1. A suspension of dissociated cells is fed to a micro-
fluidic system with selected parameters of channel
sizes and flow rates; a reaction mixture in an aqueous
medium and oils are fed to orthogonal directions of the
chip to form spherical capsules — droplets according
to the principle of inverse emulsion (Figure 1a). With
the correct selection of system parameters, conditions
are achieved where the majority of single cells are
enclosed in emulsion spheres, which contain only
one cell and a solution of reagents for further process-
ing, a significant part of the empty spheres and only
a small part of the spheres with double inclusion of
cells (Figure 1b). Each of the spheres will represent
a separate reaction vessel, ensuring the isolated flow of
processes. In this way, unique genetic and biochemical
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information is extracted for its further transformation
and study [37].

Transcriptome isolation and capture occurs due to
the presence of a lysis buffer and special microparticles
in the reaction mixture. The lysis buffer ensures cell
lysis and the release of genetic material into the reaction
mixture, the microparticle captures genetic material from
the reaction mixture via oligonucleotide molecules grafted
onto the surface — primers (Figure 1c).

The general structure of the primer can be divided
into at least three main sections: (1) cell barcode (Cell
Label / Barcode) — a short sequence common to all
primers on one microparticle, for the precise identifi-
cation of all transcripts belonging to the same cell; (2)
unique molecular identifier (Unique Molecular Identifier,
UMI) — a molecular tag for the precise identification of
each read of each unique captured transcript and their
number before the amplification stage [38]; (3) a cap-
ture and amplification segment designed for a specific
capture target, e.g. the basic version of the capture
segment for RNA is a poly-T tail to capture the 3’ end
of the transcript (Figure 1e). In modern scRNA-seq
methods, additional sections of the primer structure may
be present, e.g. for cDNA amplification or further work
in a specific NGS sequencing system. Thus, a specific
part of the genetic material released into the reaction
mixture is captured by a microparticle designed for
this type of genetic material due to complementary
interaction.

Barcoding of the single-cell transcriptome is
a key step of the scRNA-seq technology in all avail-
able protocols and is the main difference from mass
RNA-seq. The introduction of this step allows for the
unambiguous designation of each transcriptome with
a unique cellular barcode. The transcript complemen-
tarily bound to the microparticle is subjected to sever-
al cycles of amplification using the polymerase chain
reaction (PCR) or in vitro transcription (IVT) due to
the presence of the necessary reagents and primers
in the reaction mixture. In the first amplification
cycle, DNA complementary to the transcript on the
microparticle is synthesized, forming a single chain
with a complex primer, and, as a result, the barcode
described above (Figure 1f). Then, in subsequent

MEDICAL GENETICS

amplification cycles, multiple cDNA synthesis occurs
in the reaction mixture [37].

The subsequent steps of the technology are similar
to classical NGS sequencing. Library preparation and
quality control, the sequencing process itself and com-
puter processing of the obtained data are carried out in
accordance with the protocol and using reagents from
the sequencing equipment manufacturer (Figure 1d).
Historically, the most popular sequencing platforms in
the majority of cases are various series of NGS sequenc-
ers from Illumina (Illumina, Inc., USA) due to the high
efficiency and high quality of results obtained using
this equipment. Most of the commercially available
scRNA-seq solutions presented have been developed
and adapted for Illumina equipment. A relatively new
player in this field is the MGI/BGI (Beijing Genomics
Institute, BGI, China) line of NGS sequencers, which
is competitively increasing its market share and demon-
strating equivalent sequencing results even in studies
of individual cells [39]. Besides, the growth and devel-
opment of software should not be overlooked. Recent
advances enable additional processing and visualization
of data obtained by the scRNA-seq method.

The process of data processing in the sScRNA-seq
experiment, unlike bulk analysis options, requires the
use of additional tools to solve emerging problems due
to the increase in the amount of individual data [40,
41]. Currently, more than 600 stand-alone tools in the
R and Python programming languages are available for
analyzing and exploring scRNA-seq data [42], but most
of them have a high entry threshold and will be difficult
for beginners to master [43, 44]. Furthermore, due to
the relative novelty of the method, working with differ-
ent types of cells and biological samples may require
a different approach to data processing and analysis,
which also complicates working with scRNA-seq data.

The obtained sequencing data undergo primary
processing by the algorithms of the software of the se-
quencing equipment manufacturer. Then the data under-
goes additional processing using specialized scRNA-seq
software packages. The data are presented in the form of
gene expression matrices (in the “cell — gene” format),
where the number of copies of the detected transcripts is
indicated for each gene. Such separation of cells is achieved
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by introducing additional identifiers at the barcoding
stage — Cell Label / Barcode and UMI. The presence of
the Cell Label / Barcode allows to associate all readings
with a specific cell, and the presence of unique molecular
identifiers UMI allows to count the number of readings
of specific transcripts for each gene within a single cell.
Further processing involves dividing cells into popula-
tions using normalization methods (SCT / log), and then
reducing the dimensionality using the Principal Component

Analysis (PCA) method and the nonlinear dimensionality
reduction (Uniform Manifold Approximation and Projec-
tion, UMAP) method. This allows to plot single cells on
a two-dimensional graph considering their differences in
gene expression for their most variable representatives.
After this, individual cell clusters are isolated by detecting
cells with a similar expression profile. The isolated clusters
are then identified as individual cell populations with
a specific phenotype (Figure 2).

Fig. 2. Data processing in an scRNA-seq experiment. Various variants of heterogeneous cell populations can be studied: a mixture
of different cell types, such as blood; a tissue with a gradient of different cells that may be associated during development; cells
transitioning from one state to another, such as differentiating cells (a). The main sources of variation in the experiment are technical
and biological. Technical noise is estimated and corrected for using approaches that relate the number of unique reads and labels.
Sources of biological variability can be variability among different subpopulations, cell-to-cell variability in gene expression and
transcription kinetics, and variability due to cell function and biological processes, such as the cell cycle, which serves as a source
of data for further analysis (b). Identification of cell populations can be performed using principal component analysis (PCA) or
hierarchical clustering. There are also various approaches to characterize subpopulations: searching for cell type markers by analyzing
differential expression between different groups of cells; frequency of occurrence of cell populations; identification of genes that
exhibit certain patterns during a process, such as development or response to stimuli: genes which expression either increases
or decreases throughout the process, but, most interestingly, genes that are expressed transiently in intermediate cell types, since
these genes may be important for the process (c).

Note: UMI — unique molecular identifier.
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A classic example of a software package for
working with scRNA-seq data regardless of the cell
types studied is the approach described in [45], which
proposes four ready-to-use software packages that
include raw count normalization, feature selection,
dimensionality reduction, and clustering, shown in
Figure 2. The proposed software packages use both R
and Python programming languages and include Seurat
(R) [46], Scanpy (Python) [47], Monocle (R) [48, 49],
and gf-icf (R) [50]. Using this approach will allow
inexperienced users to analyze scRNA-seq data without
complications and loss of information. An example
of using this approach with a description of the steps,
demonstration of graphs and command lines is available
on “github” [51].

Examples of using the scRNA-seq method

During their development and application over
the past 15 years, scRNA-seq technologies have
grown into various solutions, including commer-
cial ones (presented in Table 2, [52—68]), which can
be classified in various ways, the most relevant of
which, in our opinion, is by the cell isolation method.
Similar to what was described in the section above,
the technologies can be divided into microfluidic
options that use chips and the formation of emulsion

microdroplets for separation, options with magnetic
or fluorescent sorting, and other options that use,
for example, laser dissection or cytometry. For
example, in the field of scRNA-seq, microfluidic
technologies have recently gained popularity due
to their cost-effectiveness, high performance, and
moderate requirements for the budget and the size
of the generated data [27, 28]. Another important
parameter is the division into technologies with high
throughput but low detection limits, and, conversely,
low throughput but deep detection limits.

The most well-known commercial technologies
currently in use are Chromium® from 10X Genomics,
USA and BD Rhapsody® from BD Biosciences, USA,
which provide users with a wide range of commercial
solutions and equipment for sample preparation using
scRNA-seq technology and compatible with NSG
sequencing methods from various manufacturers.
Technologies have successfully competed for a long
time and are subject to constant comparison [69]. As
scRNA-seq technology is mastered and distributed, more
and more manufacturers are mastering the technology
and offering their commercial solutions, for example,
ddSEQ® Single-Cell from BioRad, DNBelab® C Series
from MGI/BGI, China, Quantum Scale® from Scale
Bioscience, USA and Gexscope® from Singlerion,
Germany.

Table 2
scRNA-seq technologies
Technology Isolation type Add. parameters Year / Ref. Examples of commercial technologies
Smart-seq FACS PCR, Full-length 2012 [52]
Smart-seq?2 FACS PCR, Full-length 2013 [53]
MATQ-seq FACS PCR, Full-length 2017 [54] SMART-Seq®, Takara Bio, Japan [62]
CEL-seq FACS IVT, 3" end 2012 [55]
MARS-seq FACS IVT, 3" end 2014 [56]
Fluidigm C1 Micro-fluidic PCR, Full-length 2013 [57] BD Rhapsody®, BD Biosciences, USA [63]Quantum
- — Scale ®, Scale Bioscience, USA, [64]Gexscope®,
Seqg-Well Micro-fluidic PCR, 3' end 2017 [58] Singlerion, Germany [65]
Drop-seq Microdroplets PCR, 3’ end 2015 [37]
inDrop-seq Microdroplets IVT, 3" end 2015 [59] Chromium®, Gem-X®, 10X Genomics, USA [66]
- - DNBelab® C Series, MGI/BGlI, China [67]ddSEQ®
10x Genomics Microdroplets PCR, 3' end 2016 [60] Single-Cell, BioRad, USA [68]
DNBelab C4 Microdroplets PCR, 3’ end 2019 [61]

Note: FACS — fluorescence-activated cell sorting; PCR — polymerase chain reaction; IVT — in vitro transcription.
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However, the implementation of scRNA-seq meth-
ods is still not widely available for many laboratories
due to its relatively high cost [34, 35]. At the moment,
the technology is still relatively expensive, the cost of
a reagent kit varies from several thousand to several
hundred US dollars excluding the cost of equipment
that performs operations according to the protocol.
Nevertheless, it is the presence and development of
competition between commercial scRNA-seq solutions
that has a positive effect on this gradual reduction in
the cost of using the technology. Moreover, a number
of companies have already announced the development
and imminent release of new cost-effective commercial
solutions for scRNA-seq technology. Organizations such
as Parse Biosciences, USA and Fluent BioSciences,
USA announce the development of solutions that allow
to scale up analysis multiple times and simplify the
procedure for analyzing and processing data due to
the implementation of new technologies and use of
machine learning and artificial intelligence. ArgenTAG,
Argentina, in turn, is preparing a commercial solution
for applying scRNA-seq to third-generation sequencers,
in particular Oxford Nanopore, and plans to reduce
the cost due to both more productive cell barcoding
technologies and the advantage of long reads of new
sequencers. Also, Scipio Bioscience, France, has pro-
posed an alternative approach to barcoding in hydrogel
without the use of expensive equipment and is preparing
its kits for release to the market. Such a solution will
allow scRNA-seq experiments to be carried out simply
at the lab table further reducing their cost.

Below are examples of the application of the tech-
nology and the results obtained in the fields of clinical
diagnostics, cellular aging and oncology, obtained mainly
using only commercial solutions Chromium® from 10X
Genomics, USA and BD Rhapsody® from BD Bio-
sciences, USA. The rapid development of scRNA-seq
technology inspires optimism and promises growth in
the prospects for future medical and biological research.

Oncology

Currently, scRNA-seq technology is widely
used in oncology for profiling the transcriptomes of
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individual cells. The data obtained using this method
have improved our understanding of the biological
characteristics and dynamics within cancer lesions,
including information related to malignant cell and
immune cell landscapes, tumor heterogeneity, circu-
lating tumor cells, and the underlying mechanisms of
tumor biological behavior [70]. Various scRNA-seq
technologies have been used to study cell hierarchy and
decipher clonal heterogeneity in normal bone marrow
and acute myeloid leukemia [71], and to search for new
diagnostic and prognostic biomarkers among various
tumors [72], such as bladder cancer and pancreatic
cancer [73]. Systematic accumulation of scRNA-seq
data has allowed the creation of a cancer cell atlas that
covers a spectrum of cancer types [74-84] and may
provide guidance for treatment of conditions where
basic guidelines are lacking [85].

The use of scRNA-seq has enabled the character-
ization of dynamic interactions within a single cell by
analyzing transcriptome variation over space and time.
The sequential attachment of spatial barcodes allows
the encoding and extraction of location information of
individual cells, which can effectively inform research
and diagnostics. Thus, tracking temporal and spatial
variability allows the study of the impact on tumor
heterogeneity and stress response, which in turn can
be used for cancer diagnosis, classification, and treat-
ment [86—88]. For example, a study [89] deciphered
a detailed spatial map of individual cell phenotypes and
cell systems, which the researchers used to demonstrate
the phenotypic heterogeneity of tumor cells in breast
cancer. Similar results were achieved in studies [90,
91] on pancreatic and breast cancer.

The use of scRNA-seq has enabled the identification
of gene expression changes during cancer progression.
Studies using single cell sequencing of adjacent normal
tissues and adenomas at different stages in patients
have comprehensively revealed genomic changes,
clonal architecture, and metabolic dynamics during
tumor development, which in turn has provided insight
into tumor progression inhibition [92]. For example,
a study [93] investigated the cell evolutionary pathway
in salivary gland squamous cell carcinoma, including
the stages of basal cell carcinogenesis, activation of Wnt
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signaling cascades, and subsequent cell differentiation
into luminal cells. Another example is a study [94]
describing the mechanism of transformation of familial
adenomatous polyposis to adenocarcinoma, indicating
that malignant cells retain epithelial characteristics while
undergoing rapid migration in breast cancer.

The use of scRNA-seq allows clustering of dif-
ferent cells. Clustering of tumor cell subsets helps to
identify rare subsets or a spectrum of cell states of
malignant cells [70]. For example, studies [95—99]
using scRNA-seq have identified melanoma cells in
intermediate states and malignant cell subsets with
unique characteristics in pancreatic, ovarian, and gastric
cancers. sSCRNA-seq can also be used to cluster sub-
sets of immune cells that make up the tumor immune
microenvironment, also allowing to assess the impact
on immunotherapeutic response and clinical outcomes
[70]. For example, a study [100] describes gradual
replacement of resident myeloid cells by macrophages
and monocyte-derived DCs upon T cell depletion in
metastatic lung adenocarcinoma.

Senescence

The field of studying cellular senescence is an
interesting example of the early use of sScRNA-seq
technology. Various factors can induce cellular senes-
cence, and the rate of accumulation of senescent cells
varies across organs. In addition, since heterogeneity is
due to the spatiotemporal context of senescent cells, in
vivo studies are required to improve the understanding
of senescent cells [101]. While previous attempts have
been made to find markers commonly expressed in
senescent cells, researchers have been actively using
bulk RNA-seq as a primary tool to study cells and their
relationships over time [102-105].

The use of scRNA-seq in senescence is currently
a relatively new approach to study rare senescent cells.
This is because only modern scRNA-seq technologies
achieve the minimum required throughput of ~10,000
cells per approach to work with rather rare senescent
cells in the bulk, which constitute only 2% of specific
tissues in vivo [106]. Technologies such as InDrops
and Drop-seq can easily scale up cell numbers, thereby
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increasing the ability to detect rare cells [107]. There-
fore, improving the throughput of scRNA-seq and ways
to enrich for rare senescent cells are priority areas for
development.

One of the most striking examples of the use of
scRNA-seq in this area is the creation of the Tabula
Muris Senis — atlas of mouse aging [108], where
various tissues of male and female mice were ana-
lyzed over time. The study observed the emergence
of aging-specific cell types in tissues such as the liver
and bladder, as well as immune infiltration of various
tissues. It was noted that the number of T and B cells
in gonadal adipose tissue increased with age, and
a cluster of B cells highly expressing immunoglobulin
J was found specifically in old mice. Moreover, the
use of the scRNA-seq data sets by the researchers
[108, 109] showed a certain discrepancy between the
expected results and the already established theory
about the expression of the aging marker p16. In the
study [108], it was noted that the fraction of cells
expressing p16 doubled after 24 months compared
to 3 months, and the level of p16 expression also
increased approximately 2-fold. However, according
to the study [109], the proportion of p16-expressing
cells and the average level of p16 expression did not
increase during aging. This allowed to conclude both
that p16-expressing senescent cells are quite rare and
are likely to be lost during tissue dissociation and
sequencing library creation, and that the pattern of
accumulation of p16-expressing senescent cells may
differ between subjects [101].

For ethical reasons, scRNA-seq analysis for human
tissues has been performed only in limited quantities.
Several studies [110-115] have obtained data for the
creation of aging cell atlases for muscle, pancreas, brain,
retina, and blood cells. A study [116] using scRNA-seq
on human lung tissue was able to show a relationship
between senescent cell populations and age-related
progression of pulmonary fibrosis, despite the poor
representation of classical senescent markers determined
by bulk RNA-seq. These data led to the conclusion that
in vivo human senescent cells may have a different
transcriptomic signature from senescent cells in vitro
and the use of single-cell spatial transcriptomics to study
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different tissues longitudinally may help to expand
the understanding of the systemic effects of senescent
cells [117].

Diagnostics and clinical research

The use of scRNA-seq technology paired with
machine learning is a powerful tool for creating complex
diagnostic systems for various diseases. For example, in
the study of systemic lupus erythematosus [118], a ma-
chine learning-based pipeline was presented that was
able to compare hundreds of single-cell proteome and
transcriptome data points and identify several working
combinations of biomarkers for diagnosis and further
monitoring of the disease.

A study [119] devoted to postmenopausal osteopo-
rosis also undertook solving the problem of discovering
and screening new biomarkers for the disease, as well
as attempts to identify new therapeutic targets by
combining scRNA-seq and bulk RNA-seq technolo-
gies. Three potential biomarkers were identified and
a correlation with the effectiveness of several potential
drugs for treatment was established. These data were
used for early diagnosis and targeted treatment of
0steoporosis.

Another study [120] using a combination of
scRNA-seq and bulk RNA-seq technologies aimed
at finding biomarkers and developing methods for
diagnosing sepsis. A specific biomarker has been
identified that demonstrates diagnostic and prognostic
value in sepsis and has been nominated for potential
use in the treatment of this pathology. Single-cell
sequencing is widely used to measure the clinical
efficacy and safety of new drugs in clinical trials.
Single-cell sequencing can be used to study dynamic
regulatory networks and identify heterogeneous cel-
lular behavior in response to different chemotherapy
or radiation in cell lines or tumor samples such as
esophageal squamous cell carcinoma [121]. As an
example, a study [122] described the sci-Plex method
used to decipher transcriptomic changes and their
underlying mechanisms in millions of malignant
cells in response to drug therapy.
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Conclusion

The use of the scRNA-seq method allows to obtain
sequencing data with greater accuracy, volume and
quality. This opens up a wide field to conduct a detailed
study of biological processes occurring in the central
and peripheral organs of the immune system, inflam-
matory and tumor processes, as well as cellular aging
processes, which is already confirmed by examples of
the conducted studies.

In our opinion, mastering this method is one of the
current professional challenges for domestic research
teams. Tackling such a challenge will require increasing
the level of technical equipment, gaining experience
in using the current and previous versions of the tech-
nology — bulk RNA-seq / NGS, and studying modern
bioinformatics tools for processing and interpreting data,
which in turn implies the development of competencies
in the field of immunology and biology, as well as the
study and implementation of programming languages
in practice.

Based on the scientific examples presented in this
review, it can be concluded that the development and
successful application of the scRNA-seq method in
scientific and clinical practice will become the key
to a wide range of future discoveries and successful
accurate personalized diagnostics and healthcare.
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CekBeHupoBaHue PHK eAMHNYHbBIX KNETOK:
COBpeMeHHble Noaxoabl U AO0CTUXKEHUS

A.E.T'yceB ', IL.B. YepHnoB ~, H.A. [ImutpueB ~, .A. Kopuagu >

TocymapcTBeHHBIN HayuHbIH 1eHTP «VIHCTUTYT MMMYHOJIOTHI» DejiepanbHOr0 MeJUKO-010/I0THYeCKOTo areHTCTBa,
2. Mockea, Poccutickas ®edepayus
> kofiadi@mail.ru

AnHoTtanusa. AkryanbHocTb. Metog cekBeHupoBaHust PHK efuHnuHbIx KiieTok (SCRNA-seq) siB/isieTCsl COBpeMEHHBIM
TIOAXO/IOM K M3yUeHHIO Pa3Hoo0pa3vst U HeoJHOPOAHOCTH TpaHCKpUNToB PHK B OT/ie/TbHBIX K/IETKaX, a TAKXKE K BBISIBIEHUIO
COCTaBa pa3/IMYHbIX TUMOB KJIeTOK M (YHKIMM B OpraHrM3Max, opraHax u TKaHsax. OcHoBaHHbIN Ha MeTozie NGS (cekBeHU-
pOBaHHe HOBOTO MoKosieHus1) MeTos, SCRNA-seq rpeziocTaBsisieT OrpOMHbBINA 00beM UH(pOPMAaLy NPy TTyO0KOM K/IeTOUHOM
pa3pelleHrH B pa3/InuHbIX 00/1aCTSIX, TI03BOJISIS /lelaTh HOBbIE OTKPBITHS B IOHUMAaHUU COCTaBa v MaTTePHOB B3aUMO/IeHCTBYS
OTJiefIbHBIX TUIIOB K/IEeTOK B OpraHU3Me 4ejioBeKa, MO/le/IbHbIX )KUBOTHBIX U pacTeHUil. HecMOTpsl Ha akTUBHOe pa3BUTHE,
ONTHMMU3ALMI0 U aBTOMAaTH3alMI0 B TeueHue NocaeHUX 15 jieT 1o BceMy MUPY, B Halleli ctpaHe MeTof, SCRNA-seq siBiisieTcst
OTHOCHUTE/IbHO HOBBIM U TIPUMEHSIETCSI CPaBHUTE/ILHO He/laBHO. 3a/jada OCBOEHUS 1 YCIIeIIHOT0 BHe/IDEHUS B IIPAKTHKY J@HHOTO
MeTo/la aKTyaslbHa M KPUTHUUHA — METOZ, SIBJISIeTCSl MOIIHBIM UHCTPYMEHTOM /17151 IVTyOOKOTO aHau3a v IMarHOCTHKY, O YeM
CBU/IETENbCTBYIOT Pe3y/IbTaThl UCC/IeJOBAHNH, B KOTOPBIX OH NMPUMEHsUICS. B 0630pe mpesicTaBieHbl OCHOBHBIE TTPUHLUTIBI
Y 1Iary peanu3sanyu Metoga SCRNA-seq Kak B pa3pe3e TeXHUUECKOW peanr3aluy ¥ poOOToAroTOBKY B BU/Ie HA/ICTPOUKH Ha[
KaccuueckuM MetoioM NGS, Tak ¥ B YCJIOXKHEHUH U PaCIIUPeHHH Tpotiecca 06paboTKU TOyUYeHHBIX IaHHBIX, IPUMeHeHHs!
HOBBIX aJITOPUTMOB U 6a3 IaHHBIX. PacCMOTpeHBI yyKe MMeIOIIMecst Ha PhIHKE KOMMepUeCKH J0CTYITHbIe TexHosoruit SCRNA-seq
Y TEXHOJIOTUY, ONMCAHHbIe B HAyUHBIX UCTOYHUKAX, TIOCTY>KUBIIIE UM B KaueCTBe IIPOTOTUIIOB U anbTepHaTHUB. [IpefcTaBieHb
TIPUMEpBI U Pe3y/bTaThl UCIOIb30BAHUS TaKUX TEXHOJIOTWH B Pa3/IMUHBIX 00/1aCTsIX HAYKU Y MeIUIIMHBI TAKUX KaK OHKOJIOTHS,
CeHeCLIeHLVs], IMarHOCTHKA U KJIMHUYeCKHe UcciejoBaHus. BeiBogpl. Pa3paboTtka u ycrelHoe ripuMeHeHHe MeToga SCRNA-seq
B HAayYHOW U K/IMHUUECKOM MPAKTHKE CTaHeT 3a/I0r0M IIIMPOKOT0 CrieKTpa OyyIuX OTKPBITHI U OCHOBOM MepCOHATM3UPOBaHHON
JIMarHOCTHKU U 3/IpaBOOXpaHeHusl.

KinroueBble csioBa: cekBeHrpoBaHue, PHK, cekBeHrpoBaHue HoBoro rokosneHust (NGS), cekBeHUpOBaHHe eJUHUYHBIX
K/1eTok (sc-seq, SCRNA-seq), K/leTOUHasi reTeporeHHOCTh

HNudopmanus o puHaHcupoBannu. PaboTa BBITIONIHEHa TIPY TIOZIep>Kke MUHHCTepCTBa HAyKU 1 BhICIIero o6pa3oBaHust
Poccutickoli ®enepaium B pamkax PesiepasbHOM HayYHO-TeXHUYECKON TIPOrPaMMBbI Pa3BUTHSI TEHETHUE CKUX TeXHOIOTUN
Ha 2019-2030 rofs! (cornaiienue Ne 15.[T'MMY.25.3.3).

Bxnap aBropoB. COOp 1 aHa/u3 JIMTepaTypsl, Harucanve cratbd — ['yceB A.E.; aHa/mu3 uTeparypel, HarmvcaHue CTaTbu —
YepHos I1.B.; anam3 siuteparypel, pejakKTUpoBaHHe cTatb — JmutpueB H.A.; aHaiu3 nuTeparypsl, HalMCaHWe CTaTby, HAYYHOe
penaktupoBaHrie — Koduaau V. A. Bce aBTOpbI BHEC/TH CYIIleCTBEHHBIN BK/IaZ, B MOATOTOBKY CTAThH, POYWIN U Of00pUIu
(MHaIBbHYI0 BEpCHIO Tiepe] Iy O/MKaruen.

HNudopmanys o KOHQIMKTe HHTePeCcoB. ABTOPHI 3asiB/ISIFOT 00 OTCYTCTBUM KOH(IMKTA HUHTEPECOB.
JTHUYECKOe YTBep>KAeHHe — HellPUMEeHHMO.

BJiaropapHoCTH — HEMMPUMEHUMO.
HNudopMupoBaHHoe corjiacue Ha MyOIMKaLUI0 — HEPUMEHHMO.
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OPUT'MHAJIBHOE UCCJIELOBAHUNE
ORIGINAL RESEARCH

HEﬁpOI‘IpOTGKTI/IBHOG AGI?ICTBI/IG BHEKJ1IeTOYHbIX Be€3UKYyI,
MNONTYYEeHHbIX U3 INaJibHbIX NPOU3BOAHDIX YeJiIOBEeKa Ha Mo e/in
FﬂYTaMaTHOﬁ 9KCaUTOTOKCUYHOCTM

M.O. IITefenkoBa’ 8, A.A.TypoanoBa’ ~, AK.Cyabuna' =, EJIL. T'yryukun?® —,
E.A.Kapnynesuu® ~, T.X. ®arxygunos® ~, [I.B.Tonpgmreiin' —, /I.1. CannxoBa’

'®I'BHY «Meauko-reHeTHueCcKuil HayuHbii 1ieHTp uM. H.IT. BoukoBa», e. Mockea, Poccutickas @edepayus
2MIHCTUTYT CUCTEMHOTO TporpammupoBanus uM. B.I1. iBanuukoBa PAH, e. Mockea, Pocculickas ®edepayus
SHUU mopdonoruu uenoBeka nmeHH akagemuka A.I1. AenpiHa ®TBHY «PHIIX um. akaz. b.B. ITerpoBckoro», 2. Mockea,
Poccutickas @edepayus
D<) margarita.shedenkova@gmail.com

AnnoTtanus. AkmyanbHocmb. COBpeMeHHBIe UCC/Ie[JOBaHMs B 00/1aCTH OGMOMeAWIIVHLI Y/Ie/IsI0T 3HaUNTeTbHOe BHUMAaHHe
pa3paboTKe TepareBTHUeCKUX MPerapaTtoB Ha OCHOBE BHEK/TETOUHBIX Be3UKY/T, Ube Pa3HOOOpa3ue OmpesesisieTCsl Kak UCTOUHUKaMU
TIOJTyYeHWs], TAK U BO3MOXKHOCTBIO HarpaB/ieHHOW MoAUMUKALMK. B npeicTaBieHHOM paboTe BriepBbie MPOBEEHO TPAHCKPUTITOMHOE
npo¢uIMpoBaHye TIepBUUHOMN KY/bTYPbl KOPTUKA/IbHBIX HEMPOHOB NPU BO3/1eHiCTBUY BHEK/IETOUHBIX Be3UKYJI, [1I0/yUeHHbIX
OT IVIMa/bHBIX K/IETOK, NIPY IJIyTaMaTHOM 5KCAaMTOTOKCUYHOCTH C 1jeJIbl0 BbIsABIeHUs ArddepeHIMaTIbHO SKCIIPeCcCHpyeMbIxX
reHoB. Mamepuasbl u MemoObl. BHeK/ieToUHbIe Be3UKYJIbl ObUIM TIOMy4YeHbl U3 KOHAHMLIMOHWPOBAaHHOM CpeJibl IhabHbIX
KJIETOK-TIpe/IllIe CTBEHHUKOB YeJIoBeKa C ITOMOIIIbIO y/bTparieHTpryrupoBaHysi. Mogernb ImyTaMaTHON 5KCalTOTOKCHYHOCTH
TIPOBO/IM/TY Ha TIEPBUYHOM KY/IbTYPe KOPTHKaIbHBIX HeHpoHOB KpbiC (PO) mipu nobaenenvu 100 MKM ryramara. CeKBeHUpOBaHUE
MOAIrOTOBJIEHHBIX OMOIMOTeK TpoBoAu/IM Ha tuiatdhopme NextSeq 1000 (Illumina, CIITA) ¢ ncriosnb3oBaHueM Habopa NextSeq
1000/2000 P2 Reagents kit (200 Cycles) v3, gononHenHoro 2 % Phix (Illumina) B kauecTBe BHyTpeHHero KoHTposs. Kputepuem
CTaTUCTHYECKOM 3HAUMMOCTH M3MEHEHHUs1 SKCIIPeCCUU reHa Mexkay Tpyrnmiamu cuutancs FDR <0.05. Pesynbmambi u 06cysicoeHue.
TpaHCKPHUITTOMHBIN aHaIN3 TI0Ka3asl, 4To o0aB/ieHre BHEK/IETOUHBIX Be3UKY/I MPH [Ty TaMAaTHOH SKCAHTOTOKCUUHOCTY TIPUBOJMIO
K ITOBBIIIeHHOH 3Kcripeccry 190 reHoB, ¥ K MOHWKeHHOM sKcripeccru 309 reHos (p-value<0,05 u [FC|<1,5). AHanmu3 reHoB
¢ romoIIki0 6a3el JaHHbX Gene Onthology rmokasasi, uTo reHbl C MOBBIIIEHHOW SKCIIPeCCHel 0CTOBEPHO KIaCCU(ULIMPOBATUCh
1o buosiornyeckyM mporieccam. 3 Hanbosiee rpecTaBIeHHBIX OBUTH: PereHeparyisi, peopraHr3ariyisi BHEK/IETOYHOTO MaTpUKCa
Y LIUTOCKeJIeTa, MojAep;kaHie roMeocTasa, aktuBauys PI3K-Akt-yTH 1 OTBeT Ha K/IeTOUHbIN cTpecc. ['eHbl ¢ MOHWKeHHON
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JKCTpeccreli 0CTOBepHO KJ/1aCCU(PUIIMPOBAIUCE TI0 TPYIIIaM: KaJIbLieBbli TPAHCIIOPT, PeryJisLiysl OTPOCTKOB HEMPOHOB,
arornTo3, [fymMaTaTepruueckyii CUHarC. JTH JaHHble MOTY CBU/leTe/IbCTBOBATh O TOM, UTO BHEK/IETOUHbIE BEe3UKYJIbI 3aIlyCKalOT
TIpOL{eCChl BbDKMBAHUS B HEPBHBIX KJIeTKaX IIPU BO3JelCTBUM IVIyTaMaTa U MHIUOMPYIOT MyTH, CBsI3aHHbIE C TTOCTYIITIEHNEM
KaZblyis U ITIyTaMara B KJIeTKH. Bbi6oobl. BHeK/ieTouHble Be3UKY/Ibl YCUIMBAIOT SKCIIPECCHIO TeHOB, CBSI3aHHBIX C BbDKUBAHUEM,
Y UHTUOUPYIOT TeHbl, OTBeYaroI[ye 3a Ka/lbLHUeBblil TPAaHCIIOPT | aronTo3. Pe3ybTaThl KCCIeJ0BaHUsS CBUETETbCTBYHOT
0 TIepCIIeKTUBHOCTH MPUMEHEHUs] BHEK/IETOUHBIX Be3UKYJT TVTHAJIEHOTO MTPOUCXOXK/IEHHMS B KaUeCTBe OCHOBBI Jiisl pa3paboTKu
HOBBIX TeparieBTHYeCKUX MOAX0/0B K JIeYeHHIO HeBPOJIOTHYeCKUX 3a00/1eBaHUH.

KnioueBble c/10Ba: BHEK/IETOUHbIE BE3UKY/IbI, [JyTaMaTHas 5KCAUTOTOKCUYHOCTb, TPAHCKPUIITOMHBII aHa/Iu3, [MIMa/bHble
KJIeTKU-TIpeiiecTBeHHUKH, UIICK

HNudopmanus o punancupoBanuu. PaboTa BBINOHeHa MPYU GUHAHCOBOM Mojiep>kke MUHKMCTepCTBa 00pa30BaHus U HayKu
Poccuiickoit ®epepauyu KBK: 0750110 47 2 U870440621. Kox HayuHoi Tembl: FSSF-2025-0004.

Bxnap aBropoB. KoHulens u Av3aiid uccnefoBanus — [I.U. Canvxosa, T.X. @arxyauHos, [.B. ['onbAmITeiiH; sKkcriepuMeHT —
M.O. Ilepenkosa, A.K. CyabrHa; ananu3 gaHHbix — M.O. IllegenkoBa, A.A. I'ypbsiHoBa, E.II. I'yryukuH, E.A. Kapnynesuy,
noArotoBka tekcra crate — M.O, IlleieHKOBa; HayuHOe pefakTrupoBaHue Tekcta — [I.M. CanuxoBa. Bce aBTOpEBI BHEC/IU
CylLlleCTBEHHBIHN BK/IaJ B pa3paboTKy KOHLIETIINHY, TIPOBe/ieHre UCC/IeJOBaHUs U MOATOTOBKY CTaThH, MPOUIHA U OF00pHIN
(bUHaMBHY0 BEPCHIO Tiepef Ty b/MKaryei.

HNudopmanys o KOHQIUKTe HHTEPeCoB. ABTOPHI 3asIB/ISTFOT 00 OTCYTCTBUM KOH(IMKTA MHTEPECOB.

JTHuecKoe yTBepkaeHue. Vccienoanue of00peHo NHCTUTYLIMOHAIBHBIM 3THUECKAM KOMUTETOM MeUKO-TeHeTHUeCKOTo
HayyHoro uentpa (IIporokon Ne 2019-2/3 ot 13 okTsa6pst 2020 T.). IKCIIepUMEHTHI Ha KUBOTHBIX ITPOBOAWIIICE B COOTBETCTBHU
C 3TUYeCKUMH TIPUHLIMIIAMUA ¥ HOPMaTHBHBIMH JOKYMeHTaMH, peKOMeH/10BaHHbIMU EBporeiickiM HayuHbIM doHAoM (ESF)
u [lexnaparyieii 0 ryMaHHOM 0OpalljeHHH C )KMBOTHBIMY, a TaKXe B COOTBeTCTBUU ¢ [Iprka3zom Mun3zpascoripa3surtust Poccru
ot 23 aBrycra 2010 1. Ne 708H «O6 yTBepk/1eHUH J1ab0paTOPHOM MPAKTUKM». YX0/] 3a >KUBOTHBIMH, UX Pa3BeZieHHe U JKCIepH-
MeHTaJ/IbHble TIPoLieZlypbl IPOBOAWIICE B COOTBETCTBUH C TpeOOBAaHMAMH DTHUECKOr0 KoMuTeTa HayuHo-HMcciej0BaTeIbCKoro
WHCTUTYTa Mopdosoruy yenoBeka nMeHu akajemuka A.I1. AsipiHa @TBHY «Poccuiickuii HayuHBIN [IeHTP XUPYPrUuy UMeH!
akazemrka b.B. [TerpoBckoro». ITpotokon Ne 38(14) ot 31.05.2022.

BarogapHoCcTH — HENPUMEHKMO.

HudopmuporanHoe coryiacue Ha My0auKauuio. Kak/piit yuacTHUK HCC/IeJOBAaHUS MTPeICTaBII I06POBO/IbHOE MUChMEHHOEe
r“H()OPMHUPOBAHHOE COTVIACKe Ha yYacTHe B MCC/Ie[OBAHNH M Iy O/IMKALINEO, TOAMMCAHHOE TI0C/Ie Pa3bsCHEeHNS TTOTeHI[HATIbHBIX
PHMCKOB U MPEUMYIIIECTB, a TAK)XKE XapaKTepa Mpe/ICTOSIIero UCC/Ie0BaHus. Y MalueHTa ObIo 1MoyueHo 100poBoIbHOE
MH(OPMUPOBaHHOE COT/IaCHe Ha yYacTHe B UCC/IeJOBAHUM COTIAaCHO Xe/TbCUHKCKOH JieKapauyi BceMUpHOW MeAULIMHCKOU
accormanuu (WMA Declaration of Helsinki — Ethical Principles for Medical Research Involving Human Subjects, 2013),
00paboTKy TiepCOHa/TbHBIX JIaHHBIX ¥ COTVIACHe Ha MyO/IMKaLIUIo.

[Tocrynuna 22.09.2025. ITpunsra 16.10.2025.
Jnsa qurupoBanus: [Ilederikosa M.O., I'ypbsHoga A.A., CyobuHa A.K., I'yeyukuH E.I1., Kapnyneeuu E.A., @amxyouHos T.X.,
T'onbowmelin [1.B., Canuxoga /]. M. HeliporipOTeKTUBHOE [IeMCTBHE BHEKIETOUHBIX Be3UKYJT, TIOMyUeHHBIX U3 [TANbHBIX MPO-

W3BOZIHBIX YeI0BeKa Ha MO/Ie/A TIyTaMaTHOW 9KCAUTOTOKCUYHOCTH // BecTHUK Poccuiickoro yHUBepCUTeTa APY>KObI HAPOJ[OB.
Cepusi: MeguupHa. 2025. T. 29. Ne 4. C. 436-453. doi: 10.22363/2313-0245-2025-29-4-436-453. EDN: AAGDLC

MEDICAL GENETICS 437



Illedenxosa M.O. u 0p. Bectuuk PYITH. Cepust: Megyuunna. 2025. T. 29. Ne 4

Neuroprotective effect of extracellular vesicles obtained from human
glial derivatives on the model of glutamate excitotoxicity
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Abstract. Relevance. Modern research in the field of biomedicine leads to the development of therapeutic drugs based
on extracellular vesicles, which are defined as sources of production, as well as targeted modification. In the presented work,
for the first time, transcriptome profiling of primary culture of cortical neurons under the influence of extracellular vesicles
obtained from glial cells during glutamate excitotoxicity was carried out in order to determine differentially expressed genes.
Materials and Methods. Extracellular vesicles were obtained from the conditioned medium of human glial progenitor cells
using ultracentrifugation. Model of glutamate excitotoxicity, distributed on the first cultured cortical neurons of cells (P0) with
the addition of 100 pM glutamate. Sequencing of prepared libraries of electronic technologies on the NextSeq 1000 platform
(Illumina, USA) using the NextSeq 1000/2000 P2 (200 cycles) v3 reagent kit supplemented with 2 % Phix (Illumina) as an internal
control. The criterion for statistical innovation of gene expression change between officially recognized FDR < 0.05. Results and
Discussion. Transcriptome analysis showed that the addition of extracellular vesicles during glutamate excitotoxicity leads to
increased expression of 190 genes and decreased expression of 309 genes (p value < 0.05 and |[FC| < 1.5). Gene analysis using the
Gene Onthology database showed that genes with increased expression are consistently classified by biological processes. The
most represented were: regeneration, reorganization of the extracellular matrix and cytoskeleton, maintenance of homeostasis,
activation of the PI3K-Akt pathway and response to cellular stress. Genes with reduced expression were consistently classified
into groups: calcium transport, regulation of neuronal processes, apoptosis, glutathergic synapse. These data can indicate that.
Extracellular vesicles trigger survival processes in nerve cells when exposed to glutamate and inhibit pathways associated with
the entry of substances and glutamate into the cell. Conclusions. Extracellular vesicles enhance the expression of genes with
survival and inhibit genes, resulting in calcium transport and apoptosis. The results of the study show the promise of using
extracellular vesicles of glial origin as a basis for developing new therapeutic approaches to individual neurological diseases.

Keywords: extracellular vesicles, glutamate excitotoxicity, transcriptome analysis, glial progenitor cells, iPSCs
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BesepneHue

HeBposoriyeckyie pacCTpOCTBa OTHOCATCS K UACTY
K/TFOUEBbIX ()aKTOPOB, CHIKAIOLLIMX MPOZIO/DKUTENBHOCTh
¥ KaueCTBO »KM3HH NaLMeHToB. VX 3THosorys, narodusu-
0JIOTMYeCKUe MeXaHU3MbI U K/TMHUUEeCKUe MOC/IeCTBUS
KpaiiHe pa3HooOpa3Hbl. MHOTHe U3 3THX T1aToJIOTHiA CBSI-
3aHbI C HapylleHWeM roMeoCTas3a [JIyTamara — OZHOTO
13 OCHOBHBIX BO30y>kzaromux Helipomeauaropos [THC,
WTrparoIlero LieHTpaabHYI0 POJib B MpoLieccax Hek-
porpaHcmuccuy [1]. TTomrMo yyacTust B CUHaNTU4eCKoi
repefaye IyTamar BOB/IeUeH B MeXaHW3Mbl CHUHAMNTH-
YyeCKoM MJIaCTUYHOCTH, YTO OMpe/iesisieT ero 3HaueHue
B KOTHUTHBHBIX (PYHKLMSIX, BK/TFOUasi 0OyueHvie 1 TIaMsITh.
BaskHyt0 posb B 1o [IefiCTBUM UTPAroT MeTaboTPOITHbIe
[JIyTaMaTHbIe PeLeTITOPbI, PACTIONIoKeHHbIe Ha MeMOpaHax
HePOHOB U CTI0COOHbIE aKTBUPOBATh BHY TPHK/IETOUHbIE
CUrHa/IbHBIE Kackazipl. Uepe3 5TH MexaHU3MbI IJTyTamaT
pery/ivpyeT poCcT akCOHOB, CHHAITTHUeCKYO 1/71aCTHY-
HOCTb, a TaKXKe MPOLIECChI, 3aBUCHMBbIE OT Ka/IbLIUEBOrO
CWTHAJIMHTA, TaKWe Kak ariorTo3 [2]. Hapyiienue 6ananca
[JAHHOTO HelipoMeiriaTopa NMPUBOAUT K KOTHUTUBHBIM
paccTpoiicTBaM U CTPYKTYPHBIM ITOBPeXX/eHUSIM HePBHOM
TKaHH, BIVIOTH /I0 JIOKQ/ILHOTO HeKpo3a [3]. Jlucperysnsiiust
IJIyTaMaTeprudeckol cucTeMbl Hab/rO@eTcst pH psifie
3abosneBanmii [THC, Bkmouast 6osie3Hb AmbIireiimepa,
WILIeMUYEeCKHI UHCY/BT U OOKOBOM aMHUOTPO(dHUUEeCKHIA
cknepos [4].

MEDICAL GENETICS

HecmoTps Ha cylijecTBOBaHMe IMPOKOTO CIIeKTpa
(hapmakosIoruuecKux rperapaToB 1 TepaneBTHUe CKHX
TIOZIXOJ|0B, HarlpaB/IEHHBIX Ha MPeA0TBpalLeHre Helpo-
TOKCHUECKOTO /1eHCTBUS M30bITOUHBIX KOHLIEHTPAL[Ui
ryTamarta, pa3paboTka HOBbIX 3eKTUBHBIX HeHpo-
TIPOTEKTOPHBIX CPeJCTB OCTAeTCsl BaKHOM HayuyHO-
NpaKTU4eCKo! 3a7iaueil. BHekieTouHble Be3rKysibl (BB)
B HaCTosill{ee BpeMsl PaCCMaTpUBAlOTCS KaK IepCriek-
TUBHBIA UHCTPYMEHT pereHepaTUBHON MeULMHBI,
TIpe/ICTaB/ISIFOLIMI HOBBIM K/1aCC MYJIbTUTapPreTHbIX
TeparneBTUYECKUX areHToB [5]. VIx nmonuBaneHTHOE
JleliCTBUe peann3yeTcs 3a CUeT TPaHCIopTa crieludu-
YeCKOro MOJIEKY/ISIPHOTO KOMILieKca (Kapro), BK/IHO-
yarorero 6eKu, HyKJIeMHOBbIe KHUCJIOTHI, TTeNTHbI
u MeTtabosuTel. KitoueBbiMU npenmyiiectBaMu BB
SIBJISIIOTCS: CTaOMIbHOCTB B OHO/IOTMUe CKUX XKUJKOCTSIX
(kpoBb, uM(pa, TKaHeBast )KUJKOCTb), 0becrieurBaeMast
OUMUIUAHONM MeMOpaHo; CIIOCOOHOCTE K Crieruduye-
CKOMY B3aMMO/IEMCTBHIO C K/IeTKaMU-MHULIEeHSIMU yepe3
MeMOpaHHBbIe pPeLieNTOPbl; BO3MOKHOCTE ITPe0/0eHHs
reMaTosHLedaueckoro 6aprepa. ITH YHUKa/IbHbIE
CBOWCTBA OTpe/ie/IstOT 3HAUUTe bHbIN TeparieBTHUeCKUi
noteHuuan BB /11 naToreHeTH4eCcKoi Tepanuu Hel-
pojiereHepaTUBHbBIX 3a00/1eBaHU ¥ BOCCTAHOBJIEHUSI
(yHKLMI HEPBHOW CUCTeMBI [6].

Ha ocHOBaHMY 3THX JAHHBIX 1{e/IbI0 pab0ThI OBII0
MpOaHaIM3MpOBaTh OCHOBHBIE CUTHA/bHbIE (DaKTOPbI
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U TIyTH, CIIOCOOCTBYIOLIMX HEMPOPOTEKIN BHEK/TETOU-
HBIX BE3UKYJI, IOJTyUYEHHbIX U3 [JTMA/JIbHbIX MPOU3BOLHbBIX
VH/yLIMPOBaHHbIX [/IFOPUIOTEHTHBIX CTBOIOBBIX K/IETOK
(uI1CK) uenoBeka, Ha MOJ|e/I1 T/TyTaMaTHOM KCanuTO-
TOKCHYHOCTH C [TOMOLL[bI0 TPAHCKPUIITOMHOIO aHa/13a.

MaTepMan bl U METOADbI

ITosryueHHre BHEK/IETOUHBIX Be3HKYJI [JIHA/IBHBIX
KJ/IeTOK-TIpe/illIeCTBEeHHUKOB

KyneTypsl [MabHbIX K/I€TOK-TIpe/lleCTBeHHUKOB
(T'KTI), ncrionb30BaHHble /17151 NOMy4yeHys rpernapara BB,
OBLTM MOTy4eHbI paHee OT 340POBOTO JOHOPA My TeM [ud-
tepentmpoBku ullCK B muasbHOM HaripaBieHuu [7].
I'KII kysTHBUpOBaM [0 JOCTHXKeHus 15—-17 nmaccaxka
1 MoHocs1os1 B cpeie DMEM/F12 (ITan3ko, Poccust)
c nobasnenueM: 1% mobasku N2 (TTan3ko, Poccus), 1%
(etanbHOI ObIubeit ceiBopoTKH (Gibco, CIIIA), 1 MM
rnytamuyHa (ITan3ko, Poccust), 50 en/Mi1 meHULATAH-
crpentomutivHa (I[Tandko, Poccus), 20 ur/mn EGF
(Peprotech, CIIIA), 20 ur/mMn CNTF (Peprotech, CIIIA),
TIOCJIe Yero JJaHHYH0 Cpefly OTOMpasy ¥ TIPOBOAMIIH JJa/Tb-
Hellllee Ky/IbTUBUPOBaHNe B CpeJie Bblllle yKa3aHHOI0
cocTaBa, HO 6e3 J00aBeHUsT CBIBOPOTKU B TeUEHHE
24 yacog. Jlanee cobpaHHYIO Cpefly LieHTPU(hyTHpOBa/IA
ripu 10.000g, 30 MUHYT 1/151 OCaK[|eHHSI alTONTTOTUUECKUX
TeJiel], a 3areM ripu 108.000g 1,5 vaca geaxkzpl. ITosny-
YeHHBI 0Ca/I0K aHA/IM3UPOBAJIU C TIOMOLLbIO METOUKH,
orrcaHHOM paHee [8]. T'oToBble npernaparbl BB xpanumm
ripu Temrieparype —80°C.

[TosyueHue HelpOIIMa/ILHOW KY/IBTYPBI U [I0CTa-
HOBKa IVyTaMaTHOW 9KCaWTOTOKCAYHOCTH in Vitro.

[TocTaHOBKY MOZie/ IJlyTaMaTHOW 3KCaUTOTOK-
CUYHOCTH MPOU3BOAW/IA Ha HEHPOI/IMaIbHbIX [epBUY-
HBIX KYJIbTypax KOpbl TOJIOBHOTO MO3ra U3 HOBOPO-
»KaeHHbIX KpbIcAT (P0), kak yka3zaHo B MeToAuKe [9].
Kparko, Ky/IbTUBUpOBaHUe TIPOU3BOAWIOCH B Cpefie
cneayroiiero cocrasa: Neurobasal (Gibco, CIITA)
¢ nobapnenvem 1 MM raytamus (ITaHOko, Poccus),
50 en/mn1 meHMUWIIUH-CcTpenToMuLiuHa ([Tan3Oko,
Poccusi) u B27-supplement (Gibco, CIIIA). Ha 10-e
CYTKH TIpOM3BOAWIU A00aBKy npernapatoB BB-I'KIT
B Kakou KoHLeHTpauu 10 Mxr/mi. Ha crnegyroiuia
JleHb OCYILIeCTB/ISU/TA TOCTAaHOBKY MOZe/H [TyTaMaTHOW
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9KCAUTOTOKCUYHOCTH. [17151 TOCTaHOBKU MOJie/iu Obln
WUCTIONMB30BaHbI CJie/lytoire pacTBophl: ¢ocdarHo-
cosneBoii Oydep 6e3 Ca** u Mg?* (ITanOxko, Poccus),
KOTOPBIN HUCTI0/Ib30BajIU /Jisl IPOMBIBKH KY/BTYD,
rayTaMartHbiv pactBop (100 MkM myTtamara, 140 MM
NaCl, 5 MM KCl, 10 MM mmnuH, 2 MM CaCl,, 5 MM
rtoko3a, 20 MM HEPES) u kanblLieBbId pacTBOP
(140 mM NaCl, 5 mM KCI, 10 MM rauius, 2 MM
MgCl,, 2 MM CaCl,, 5 MM moko3a, 20 MM HEPES).
JTarbl TOCTaHOBKYU MO/e/TU: TI0C/Ie TIPOMBIBKH KJle-
TOK OT CpeJibl Ky/JIbTUBUPOBaHUs NPOU3BO/UIACH
CMeHa pacTBOpa Ha KajbLMeBbId pacTBOp, B C/ly4yae
KOHTPOJ/IbHOM T'PYMNIIbl, U Ha IJIyTaMaTHbII PacTBOP
B 9KCIIEPUMEHTAJIbHBIX IPYIINaX, B KOTOPBIX KIeTKH
KyJIbTUBUPOBaMUCh 1 yac. 3aTeM Ky/abTypbl ABaXK/ bl
rpombIBauch GocdarHo-coneBoit Oydep 6e3 Ca**
1 Mg*, mocse uero Bo3Bpalljajiach UCXOAHAs cpesia
Ky/IbTUBUPOBAHUS, 0TOOpaHHas paHee.

TpaHcKpunToMHbIi aHaau3. Coop u ouncTKa
ToTanibHOM MPHK

C uenbio UCCIe0BaHNsl BHYTPUK/IETOUHBIX My TeH,
aKTUBUPYIOLIUXCS B IPUCYTCTBUM BHEK/IETOUHBIX Be3U-
Ky/1 JIMa/IbHBIX K/1eTOK-NpeiecTBeHHUKOB (BB-I'KIT)
Ha MO/le/I1 IVTyTaMaTHOW 3KCaUTOTOKCUYHOCTH, IPO3-
BozW/CS aHanu3 TotaabHoM PHK ¢ momonisio TpaHc-
KPUITTOMHOI'O aHaiu3a. [IJist 3Toro Ky/asTypaM 3a CyTKU
JI0 TIOCTAaHOBKU MO/ieNH 100aB/IsuIMCh Tiperniaparsl BB-
['KII. Ha cienyomuii eHb KyJIbTypam 100aBIIsiics
IJTyTamar, Kak paHee ObUIO yKa3aHO B MeToauke. [Tocre
MHKyO0AaLlMH C ITyTaMaToM Ky/IbTypbl UHKYOHpOBamu 4
yaca B Ky/IbTYpajIbHOMW CpeJie, I0C/Ie Uero Mpor3BOAMIN
cbop ToraneHOM PHK c momoripto Habopa RNeasy Plus
Mini Kit (Qiagen, ['epManus1) COrnacHO UHCTPYKLUSM
TIPOM3BOAMTeIS. XpaHeHHe U TPaHCIIOPTHUPOBKY 00pa3-
1ioB npousBoauan Ha —80°C.

[TonyueHHble o6pa3iiel ToTanmbHOM PHK cHauana
obpabareiBasu ¢ romorrpio Habopa Turbo DNA-Free
Kit (Thermo Fisher Scientific) B 06beme 50 MK,
a 3arem ouuiaau c nomouisro Agencourt RNAClean
XP (Beckman Coulter, CIIIA) B COOTBETCTBUHU C HH-
CTpyKuUusiMu ipou3sBozauTesis. Obiee komiuectBo PHK
W3MepsTH ¢ TIoMoIIbIo0 Habopa Quant-iT Ribogreen
RNA assay kit (ThermoFisher Scientific), a kauecTBo
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BbIJesieHHOM PHK ripoBepsiiv ¢ MOMOIIbI0 OHuoaHa/ -
3atopa Agilent Ha unnax Agilent RNA 6000 Pico Chips
(Agilent Technologies, CIIIA).

IToaroToBKa TPaHCKPUNITOMHBIX OHO/IHOTEK
u cekBenuposanue PHK

J171si IpUTOTOB/IEHUSI TPAHCKPUIITOMHBIX OHOHO-
TeK B KaueCTBe MCXOIHOTro MaTepuasa 6pamu 250 Hr
totaneHOM PHK. bubmoreku PHK roroBumu c momo-
L[bI0 MOAY/S1 MarHUTHOM u3onsuuu nonr(A) MPHK
NEBNext u Habopa KAPA RNA Hyper Kit (Roche,
[IIBeiiiiapusi) B COOTBETCTBUM C TIPOTOKO/IOM TIPOM3BO-
ouresis. 3ateM niposoguar ounctky PHK ¢ nmomorsro
Habopa RNA Clean XP (Beckman Coulter, Brea, CIIIA)
Y OKOHUATeJIbHYIO0 OUHCTKY OMOIMOTEK C TIOMOIIBI0
MarHuTHBIX OycuH Agencourt AMPure XP (Beckman
Coulter, Brea, CIITA). PacripegeneHue 6ub110TEK
10 pa3MepaM U UX KaueCTBO OLIeHWBA/IM C IOMOLLBIO
Habopa Agilent High Sensitivity DNA kit (Agilent
Technologies, CIITA), a KoHIIeHTpaIuo 6ubaruoTex
oTipe/iesisiiv C roMolIbio Habopa Quant-iT DNA Assay
Kit, High Sensitivity (Thermo Fisher Scientific, CLIIA).
[Tocsie 3Toro 6UGMOTEKU FIKBUMOJISIPHO 00beAUHSIN
Y pa3BOJIWIM 10 KOHEeUHOU KoHIeHTpaIruu 750 mM.
CexBeHMpPOBaHMe MO/ITOTOB/IEHHbIX OUOMHOTEK ITPOBO-
numu Ha ninargopme NextSeq 1000 (Illumina, CIITA)
C ucronb3oBaHueM Habopa NextSeq 1000/2000 P2
Reagents kit (200 Cycles) v3, goronHenHoro 2 % Phix
(Illumina) B KauecTBe BHyTPeHHEr0 KOHTPOJISI.

BuonHpopmarnyeckas o06padoTKa JJaHHBIX
CeKBeHUPOBaHHA

KoHTpo/b KauecTBa U 3KCIpeCCHOHHBIN aHaIu3

[TepBUUHBIA KOHTPO/Ib KaueCTBa MPOUTEHUN
TIPOM3BOAMIICS C moMolbio yTuuTkl FastQC [10].
YnaneHue yuacTKOB HU3KOKAueCTBEHHOTO UTEHUSI
Y TeXHUUYEeCKUX aJjanTepoB MPOU3BOANU/IOCH C UCIIOJb-
30BaHMeM yTWIUThl Trimmomatic [11]; mpouTeHus
JOTIONTHUTETBHO 0OpabarteiBanuch yruauToit Cutadapt
C mapaMmeTpoM nextseq-trim 20.

J17151 KO/TMUeCTBEHHOM OLIeHKH YPOBHS 9KCIIPeCCrUu
reHOB MCIMO/b30Banack yTunuTa Salmon (mapping-
based mode) [12]. B kauecTBe pecdepeHCHOT0O TpaHC-
kpunroma R. norvegicus ucrionb30Basicst HabOp MOJHBIN

MEDICAL GENETICS

TPAHCKPUIITOB /1711 BEPCUM TeHOMa M6 110 IaHHBIM 6a3bl
ENSEMBL Bepcuu 106. IIpu nmocTpoeHnM HHAEKCA
pedepeHCHOT0 TPAaHCKPUIITOMAa HYK/IEOTH/IHAs TTOCIe-
JI0BaTe/IbHOCTh TeHOMa ObI/la UCTI0/Th30BaHa B KaueCTBe
decoy-Tiocie1oBaTeTIbHOCTH /1715 TOTO, UTOOBLI M30eKaThb
O1IMO0YHOTO TIPUTTUCHIBAHUS TTPOUTEHNI TPAaHCKPUII-
TaM. YPOBHM 3KCIIPeCCUU T'eHOB PaCcCUYUTHIBAIUCh
Ha OCHOBAHWM 3HAUEHM SKCTPECCUU OT/eMbHbIX TPaHC-
KPHIITOB 3TUX T'eHOB C MOMOIIbI0 R-TlakeTa tximport
[13]. Ons ouenku auddepeHMaNbHON 3KCIIPeCCUU
TeHOB MeXKy IpynramMu ObUT UCITO/Ib30BaH R-makeT
edgeR, B KaueCTBe CTaTUCTUYECKOTO TeCTa ObUT BLIOpaH
glmLRT [14]. Kputepuem cTaTucTUueCKOM 3HAYUUMO-
CTH M3MeHEeHHs SKCIIPeCCHUU reHa MeXXy IpyIiamMu
cuutasncsi FDR < 0,05.

Pe3ynbraTtbl M 06CyXAEHME

TpaHCKPUNITOMHBIN aHA/IM3 HEUPOITHATbHBIX
KYyJIbTYP Ha MOJie/I1 IJTyTaMaTHOH
KCANTOTOKCMYHOCTH

[obaBneHue riyTamMaTa K Ky/IbTypaM KOPTHKa/Ib-
HBbIX HEMPOHOB MPUBOAWIO K M3MeHeHMto auddepeH-
L[Ma/IbHOM 3Kcrpeccuu y 1269 reHoB, 13 KOTOPBIX y 969
reHOB Obl/la MOBBIIIeHA YKCTIPEeCCHsT B KOHTPOIbHBIX
Ky/bTypax, a y 300 reHoB Obljia TIOBBIIIEHHAs! IKC-
ripeccusi B Ky/ibTypax ¢ gobaBieHreM TiyTamara
(p-value <0,05 u |[FC|<1,5). [Jasiee poBogu/IN aHa-
s3 auddepeHIMaIbHO SKCIIPeCCUPOBAHHBIX TEHOB,
C TIOMOIIIBIO UX KJlacCU(UKALMU TT0 O1osIorHue CKUM
TIpoL[eccaM M 10 CUTHAIbHBIM My TSIM.

AHasu3 reHOB C NOBBILLIEHHOW 3KCIIpeccrei B KOH-
TPOJILHOM TpyTre ¢ oMolbio 6a3bl JaHHbIX Gene
Onthology nokasasn, 4yTo reHbl JOCTOBEPHO I'PyMIU-
POBa/IMCh MO Kareropusim brosiornyeckux npoweccos.

13 Haubostee oboraitieHHbIX, ObITH BbJe/IeHbl Ka-
Teropyuu OMOIOrMYeCcKUX MyTel, CBsi3aHHbIe C paboToi
CHHAIICA, Y/IMHEHUIO aKCOHOB Y Pa3BUTHEM [ieH/IPUTHO-
ro JipeBa: akcoHoreHe3 (94 reHa, cpe/ivi KOTOPbIX MOXXHO
BoIe/uTh: Trpv2, Nell2 — nanHbie Gesikyu 0OHapY>KU-
BalOTCS B aKCOHA/IbHOM KOHYCe M OTBEYaroT 3a HaBU-
ralyro pocTa akcoHa, Rtndrl1 — akTHUBHBIN yUyaCTHUK
pereHepanuu akCOHOB, Ptpro — yyiiHeHHe akCOHOB
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Y pa3BeTBJIeHHe OTPOCTKOB B oTBeT Ha BDNF, Robo2 —
6enok Robo-curHanvira, OTBeUaromyx 3a yAanHeHe
aKCOHOB, a TaKXke reHbl cemeiicTBa ephrins Epb4113,
Epha4, Ephb6, Ephx4 [16-20]); perynsLysi CTPyKTypbl
WM aKTUBHOCTU CHHAricoB (82 reHa: Snap25 — 6esiok
cuHanToBe3ukys; Dlg4, Arhgap33 — oTBeuaror 3a ria-
CTUYHOCTb CHATICOB U KOHTPOJIb CTPYKTYPHI [21-23]);
pa3zsutue JeHaputos (59 renos: Kidins220, Celsr2,
Bcllla— rensl ¢hopmMupoBaHus JeHAPUTOB [24—-26])
Y TPAHCTIOPT HelipomeanaTopos (63 reHa: Nos1 — cuH-
TeTasa okcuga azota (NO), KOTOpBIM AelCTByeT Kak
CUTHA/TbHBIM MeCCeH/Kep B Pa3/IMUHbIX HEMPOHHBIX TIPO-
teccax; Slc17a6, Slc17a7 — riyTamaTHbIA TpaHCTIOpTeD;
Slc2a3, Slc2a6 — TpaHcnopTep mIoKo3bI, Stxbp5 — pe-
TY/ISITOP 9K30L[UT03a HelpoTpaHCMUTepoB [27, 28]), uto

MOKeT FOBOPUTS O MO/ /iepKaH!Y HelpOTPaHCMUTePHON
repeJjau B HEMPOIIMAIbHOM KYJ/IBTYDE, a TAKXKe O POCTe
Y Pa3BUTUU HEMPUTOB (PUCYHOK 1).

Takke Hauboee aKTUBUPYeMble OHOJIOrUYe-
CKHe MPOoLeCChl MOXKHO pas/ie/iuTh Ha HeCKOJIBKO
TPYNIl: perynasitus HelpoHaJAbHOW CUHANTHUeCKOU
MJIaCTUYHOCTHU (27 TeHOB: Syp — MOJY/IupyeT
paboTy cuHarca, KOTOpPbI KOHTPOJIUPYeT C/IHs-
HUe Be3UKY/ U 3K30LUTO3 HeMPOTPaHCMUTTEPOB,
Rasgrfl — 6enok curHanbHOTO IMyTH Ras, KOTOPBIi
OTBeyYaeT 3a peakL{UI0 Ha [PUTOK Ka/blys Ha MOCT-
cUHanThueckoid meMmbpasne [29, 30]); curHa/bHBIN
NnyTh pelentopa rayramara (19 renos: Gria4,
Grial — cyObeIMHULIBI TTyTaMaTHOTO PeIerTopa;
Grinl, Grin2d — rensl cyobeauau NMDA-perienitopa,

Puc. 1. PesynbtaThbl knaccubukaLlmm reHoB ¢ NOBbILIEHHOW 3KCNPECCHER B KOHTPOIbHOM rpymre ¢ MOMOLLbHO 6a3bl AaHHbIX
Gene Onthology. Mo ocu X ykazaHo NpoLieHT reHoB, Mo ocu Y BblGpaHHble B1ONIOrMYecKye npoLiecehbl

Fig. 1. Results of classification of genes with increased expression in the control group using the Gene Onthology database.
The x-axis shows the percentage of genes, and the y-axis shows the selected biological processes
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pearupytoliye Ha riayTamar [31, 32]), u peryasius fe-
nossipu3anyu Membpansl (9 renos: Camklg, Camk2a,
Camk2b, Camk2d, Camkk1 — renb Ca?*/kanbMOLy/TUH
3aBUCHMBbIE MTPOTENH KMHA3bl, KOTOPbIe OTBEYaroT 3a OT-
BeTHYIO peakLUIo fernossipu3anuyd MeMOpaHsl [33,
34]); noaep>kaHre TOMeoCTa3a v perysisiivs KOHI|eH-
TpaL¥y UOHOB KaJIbL{1si — TPaHCIIOPT MOHOB KaJlbL{Us
(54 renoB: Atp2b2, Atp2b3, Atp2b4 — ATdas3a mna3z-
MaThueckoii MeMOpaHsbl, TpaHcrnopTupytoimast Ca**
(PMCA2), urpaet pemarouiyto pojb B HelipoHax,
perynupys KOHLIeHTPaL10 UOHOB KalbLiysl), TO3UTHB-
Hasl peryJsiLysl pa3BUTHUs HEPBHOW TKaHU — (52 reHa:
Foxgl, Bcllla — y4acCTByIOT B pa3BUTHUU Helpo-
HOB [35]) ¥ yTH CBsi3aHHbIE C POCTOM U pa3BUTHEM
aKCOHOB U JIeH/PUTOB — pacllipeHre JeHAPUTHOIO
ZpeBa (38 reHOB) ¥ pa3BUTHE JAEHAPUTHBIX IIUITUKOB
(24 renoB) (pucyHok 1).

Taxoke [JOI" 6b11H K1accu(ULIMPOBAHBI TI0 CHUT-
Ha/IbHBIM Iy TSM C TIOMOIIIbI0 0a3bl aHHbIX KEGG.

Bbii 00HapY>KeHBI C/IeAYIOIHe CUTHAIbHbBIE TTYTH:
HaripaB/ieHHe pocTa akCOHOB (40 reHOB, cpefi KOTO-
pbix, Neol, Pak6, Dpysl5), kKanblieBblii CUTHaTbHbBIN
nyTh (32 rena: Cacnalb, Camklg, Camk2d, Camkl1d,
Camk2a), cAMP curHanbHbii nyTh (36 reHoB),
curHanabHbi yTe MAPK (33 rena: Mapkl0, Ptprr,
Rasgrfl, Map3k12), rnyramarepruiyeCcKdii CHUHarC
(30 renos, nanpumep, Grik2, Grik5, Grin2d), do-
KanbHas azaresusi (14 reHos, Haripumep, Itga3, Lambl,
Prkcg), nonroBpemeHHas noteHyuauus (13 reHos,
Haripumep, Itprl, Grin2b, Mapk3, Prkcg, Adcy1) v ane-
JINHOBBIY cUTHaMbHBIN NyTh (10 reHOB) (PUCYHOK 2).

[Tocne aHanmM3a U KnacCuUKAL[UU T€HOB, Ubs
JKCTipeccusi Obijia TIOBBIIIIeHa B KOHTPOJIbHOM TPyTI-
e, ObUIM Hal/IeHbI ¥ TPOAHATU3UPOBAHBI F'eHbI, UbsI
SKcrpeccHs Obljia TIOBBIIIIeHA B TPyTITie ¢ AobaBe-
HueM riytamaTta. O6HapyxeHHbie 300 TeHOB ObLIH
K/IaCCU(ULIMPOBAHBI TI0 KaTeropusiM OMOI0rue CKUx
MPOLIECCOB U CUTHATbHBIX MYTeu.

Puc. 2. PesynbTaThl KnaccudukaLumm reHoB, Ybs SKCNpeccus 6bina NoBblLeHa B KOHTPObHOM rpynne ¢ NoMOoLLbio 6a3bl
naHHbIx KEGG database. Mo ocn X ykazaHo NpoLEeHT reHoB, Mo ock Y BblGpaHHble CUrHanbHble NyTK

Fig. 2. Results of classification of genes whose expression was increased in the control group using the KEGG database.
The X-axis shows the percentage of genes, and the Y-axis shows the selected signaling pathways
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[Tpu k1accrUKay reHoB 10 610JIorue CKUM
TIporieccam ¢ IoMoIIbio 0a3bl JaHHbBIX Gene Onthology
ObUTM 0OHApY KeHBI KaTeropyH, KOTOphble OTBeYasIH 3a ak-
TUBALMIO MyTeM, CBSI3aHHBIX C 3aLLUTHBIMHU MPOLieCCaMu
K/IeTKM Ha TOKCUYeCKoe JleliCTBYe IJIyTaMara, TakKue Kak:
OTBeT Ha TUToKCHio (28 reHoB: Hmox 1 — 6esok, akTu-
BUPYIOLLUICS B OTBET Ha TUMOKCHIO; Pmaip1 — npoa-
TIOTITO3HBIN Oe/T0K, MHMMOUPYIOIIMI aHTUATIONTO3HbIH
6enok Mlc-1 [36]); K/1eTouHbIl OTBET Ha XUMHUYe CKUH
ctpecc (24 rena: LIF — akTrBaTop myTeil BbDKMBaHUS
KJIeTOK, FOs — siBnsieTcsl MapkepoM peakLiiy K/IeTOK
Ha ctpecc, Hsp90b1 — Genok TerioBoro Iioka, pea-
TUPYHOLLMIK Ha HaKOIUIeHVe HelpaBU/IbHO CBEPHYTBIX
6enkoB [37-39]); K/IeTOUHBIM OTBET Ha OKUCTUTE/TbHBIN
crpecc (16 reHoB: Gadd45b, Gadd45g — reHbl, akTh-
BUPYIOLIMECS] HAa pa3Hble TUIIbI CTPecca, TakKue Kak Io-
Bpexenre JIHK aktuBHbIMU (hopmamu Kuciopoga [40,
41]); K1eTOUHbI OTBET HAa AKTUBHBIE (DOPMBI KUCIOPOZa
(14 reHoB: Nfe2l2 — reH 6enka, KOTOPbIN HEHTpaIU3yeT
aKkTHBHbIe ()OPMBI KHC/IOPO/Zia, TEM CaMbIM 3alljuIliast
KJIeTKU [42]); oTBeT Ha CTpeccC 3H/011/1a3MaTUueCKOro
petukynayma (11 renos: Dnajc3, Pdia4 — akTuBUpyeTcs
Ha ctpecc JOI1P [43, 44]). Bce 3Ty nyTH CBUjleTe/b-
CTBYIOT 00 aKTHBaI[1 BHYTPU HEHPOHOB MEXaHU3MOB,
OTBevarolMX 38 BHYTPUK/IETOUHbIA OTBET Ha CTPecc
Y Ha HapyllleHre roMeocTa3a HelpoHOB. Takke ObLH
06Hapy>keHbI MyTH MTPOrPAMMHUPOBAHHOMN K/I€TOUHOMN
ruben — perysifys aronTOTHYeCKOTO CUTHATbHO-
ro myTtu (20 reHoB: Anxal, Ano6 — ux 3Kcripeccus
yCH/IMBaeTCsl BO BpeMs arionto3a [45, 46]). Kpome
TOrO, OBUTH BbIZle/IeHbl KaTeropUH, CBsI3aHHBIE C pe-
reHepaneil U BOCCTaHOB/IEHMEM — 3a)KUBJIEHUE paH
(36 renoB: Cdknla, Csrpl — reH, akTUBUDYIOLUICS
B OTBET Ha MOBPEeX/eHUe KIeTKU U CTUMY/IUPYIOLLUI
ee BOCCTaHOBJIeHHWe, Nrgl — aKTUBHO y4yaCTBYeT
B Pa3BUTUU HEMPOHOB U B BOCCTAHOB/IEHUH PabOThI
cuHaricoB [47-49]). Hanuuue 3TUX MPOL[eCCOB CBU-
JleTe/IbCTBYeT O TOM, YTO K/JI€TKH MIPU TOKCHYEeCKOM
BO3/|eMCTBUHU [VIyTamara 3aryCKaroT [IPOLIeCChbl, CBSI3aH-
HbIe C BOCCTAHOB/IEHHEM U BbDKMBaHUeM. Tak Kak ObL1
oOHapy>kKeH MpoL{eCC 3aKUB/IeHNEe PaH BMeCTe C HUM
ObUTM UAEHTU(PULIMPOBAHBI TIPOLECCHI, OTBEYAOIIIHe
3a K/IeTOYHYO a/ire3uio, a TakKe peopraHusaryio
MEXKKJIETOYHOTO MPOCTPAHCTBA HEMPOITMATbHOM Ky/Tb-
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TYPbl — PeryJsiLiyisi MeXXK/IeTOUHOU azre3nu (23 reHa:
Sdc4 — reH, OTBevarOIIMii 3a MEYKKIETOUHYIO a/Ire3ut0
u murpauuto [50]); opraHr3saiysi BHEK/IETOUHOM CTPYyK-
Typsl (21 reH: Has2 — cuHTe3 TajypOHOBBIX HUTEM,
Piezol — reH MexaHOTpaHCAYKLUU, aKTUBUPYOLLIUICS
TIpU aJre3uu HelpoHOB [51, 52]) (pucyHok 3).

Amnanu3 reHos ¢ nomoiibio KEGG database moka-
3a/1 aKTUBALIMIO CUTHA/IbHBIX MyTel, CBSI3aHHbBIX C Kle-
TOYHO THbesbi0 — ATiornTo3 (9 reHoB, Cpeji KOTOPBIX:
Fos, Ripkl, Pmaipl), BbDKUBaHHE€M — CUTHAJ/IbHBIN
nyTb PI3K-Akt (12 reHos, Takue Kak, Cdknla, Nr4al,
Atf4), curnaneubii myTh NF-kappa B (7 reHoB, Takue
Kak, Ripkl, Nfkb2) u curHaneHbiii myTh JAK-STAT (8
reHoB, Haripumep, Lif, I14r, Stat3), oTBeT Ha pa3Hble
TUMBI cTpecca — curHaabHbid yTe TINF (8 reHos),
curHanbHbl yTh HIF-1 (8 reHos, Hanpumep, Hmox1,
Stat3) u curHanbHbIM TyTh p53 (5 reHoB: Cdknla,
Serpinel, Pmaip1) (pyUCyHOK 4).

Ananu3 auddepeHIMaTbHON SKCIIPeCCUN TeHOB
ripu fo0aB/IeHUH KY/IbTYPaM BHEK/IETOUHBIX Be3UKY/T
Ha (poHe JeliCcTBUS IIyTamara

NHKy6a1si C BHEK/IETOUHBIMU Be3UKY/IaMU TPUBO-
JWiia K U3MeHeHUIo JuddepeHLaabHOM 3KCIpeCcCcuu
499 reHoB, 13 KOTOpbIX 190 reHOB OBbI/IM C TIOBBIIIIEHHON
3Kcrpeccueit B rpytre ¢ gobasnienrem BB-T'KIT u 309
reHOB — C TIOHM)KeHHOM 3Kcripeccueit (p-value<0,05
u [FC|<1,5).

AHanu3 ¢ nmomombio 6a3bl JaHHBIX Gene
Onthology nokasas, uTo reHsl C MOBBILIIEHHOW KCIIpec-
cueii B rpymre c gobasneariem BB-I'KIIT goctoBepHO
KJ1accuuLpoBaauch no rpymnmnamM bronoruueckux
riporieccoB. 13 Haubosee mpeAcTaBieHHbIX ObUIH
BbIZle/IeHbl CeyIolHe KaTeropuu O1omoruue CcKux
TMyTeid: pereHepaLys, peopraHu3arsi BHEKJIeTOYHOTO
MaTpHKCa U LUTOCKeseTa, IojepkaHue roMeocrasa
Y OTBeT Ha KJIeTOYHbIN cTpecc. Tak K pereHepanuu
MOXXHO OTHECTHU: 3a)kuBiieHue paH (18 renos: Timpl,
Anxa2, w ipyrue), iepefiaua curHana gocdarugunm-
HO3UTOJ-3-KHMHa30W/mpoTerHKHa30u B (10 reHos:
Fgr — tupo3uH KuHa3a, kotopas aktusupyetr NF-
kB and ERK1/2 pathways, Txn1 — THopeao0KCUH,
KOTOpBIN paboTaeT Kak aHTHOKCUAHT, TEM CaMbIM
3aluIlaeT OT OKUCIUTeNBHOTO cTpecca [53]); pere-
Heparljus (8 reHoB: Anxal — aHHEKCHH 1, KOTOPBIH,

MEOAVUNHCKAA TEHETNKA



Shedenkova MO et al. RUDN Journal of Medicine. 2025;29(4)

Puc. 3. PesynbTatbl knaccudumkaumm reHoB C NOBbLILLEHHOM SKCNPECCHeEl B rpynne ¢ Ao6aBneHreM rnytamaTa C NOMOLLbIO
6a3bl AaHHbIX Gene Onthology Biological processes. Mo ock X ykazaHo NPOLEHT reHoB, Mo ocu Y BbibpaHHble Biological
processes
Fig. 3. Results of classification of genes with increased expression in the glutamate-added group using the Gene Onthology

Biological Processes database. The x-axis shows the percentage of genes, and the y-axis shows the selected Biological
Processes genes

CBSI3bIBasICb CO CBOUMHU peLleNTOpaMu, aKTUBUPYeT
MyTH 3alUThI [54]) 1 peryssiius akcoHoreHe3a (5 re-
HOB: Metrn, 0TBeYarol[1ii 3a y/IMHEeHHe akCOHOB [55]).
B kaTeropuy BHeK/JIeTOUHBINA MaTPUKC U LIUTOCKe-
JIeT MOXKHO BbIJIe/IUTh CJ/IelyIOL1e MoJKaTeropuHu:
opraHu3saLisl BHeK/JIeTOUHOI0 MaTpukca (14 reHos:
Adamts7 — meTannonpoTenHasa, KOTOpasi MOXeT
paspyliaTtb KOMIIOHEeHTHI BHEK/IETOUHOTO MaTPHKCa,
Vwal — aKTUBHO 3KCIPeCccUpyeTcsi Ha KOHLaX Hek-
PUTOB Y B3aUMO/IeHICTBYeT C BHEK/IETOUHBIM MaTpHK-
coM [56, 57]); opraHu3aiiysi akTHBHOBOT'O 1[UTOCKe/ieTa
(9 reHoB, Hanpumep Arpclb — 6Genok, OTBeUaroIIUiA

MEDICAL GENETICS

3a pa3BeTB/IEHHOCTb aKTUHOBOTO LUTOCKE/IeTa U TeM
caMbIM 3a pa3BeTBIEHHOCTb HEUpPUTOB [58]).

Tak>ke B KaTeropuy OTBET Ha CTPeCC MOXKHO
BbIJIe/TUTh: OTBET Ha aKTHUBHbIe (POPMBI KMCIOpPOa
(10 reHoB, Takue Kak Nptxr — neHTpaKCHH, KOTOPbIi
KOHTPO/IMpYyeT (OpMUpOBaHKe CHHAIICa U MOCTYI/IeHHe
VIOHOB BHYTPb HEeIIPOHOB; Pex5 — reH, y4acTByOLUI
B (hpopmupoBaHuY Tiepokcrcomax [59]); oTBeT Ha rie-
peKuch BoAopoza (7 reHOB) U OTBET Ha MOBPeX/eHre
akcoHa (5 reHoB, Haripumep Sppl, KOTOpbI CBsi3aH
C BbDKMBaHWEM KJIeTOK Y peopraHu3aliieli akCcoHa Mpu
noBpexxaenuu [60]).
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Puc. 4. Pe3ynbTaThl kKnaccudmKaumm reHoB, Ybst SKCMpPeccus Bbille B rpynne ¢ Ao6aBAeHWEM rlyTaMmaTa C MoMOLLbIO 6a3bl
naHHbix KEGG database. Mo ock X ykazaHo MPOLEHT reHoB, M0 0cK Y BblBpaHHble CUrHabHbIE MyTH

Fig. 4. Results of classification of genes whose expression is higher in the glutamate-supplemented group using the KEGG
database. The percentage of genes is shown on the X-axis, and the selected signaling pathways are shown on the Y-axis

[TocnepHel kareropuel NpoLeccoB, KOTOPbIe
y[aa0Ch UAeHTU(UIIMPOBATh, OBL/IO TIO//IepyKaHKe
BHYTPHUKJ/IETOUHOI'O TOME0CTa3a, K KOTOPOH y[anoch
OTHeCTH CJIeIyIOLe IIPOLIECCHI: Pery/IsLys TPaHCIIopTa
MOHOB MeTasoB (12 reHoB: Tesc — KOHTpoOUpyeT
MOCTYNJ/IEHWEe NOHOB MeTa/lJIoB BHYTPb HEMPOHOB,
0cobeHHO MOHOB Ka/blHsl, CBS3bIBAsCh C HUM,
Kcnip2 — noreH1uan-3aBUCUMBIN KaHasl [/is1 MOHOM
Kanst, Fxyd5 — perynupyet paboty Na+/K+-ATPase
[61-63]); monokuTebHAS PErY/ISIMS CeKPeIUr KJIeTKON
(8 reHoB); cekpeLusi MeNTUHBIX TOPMOHOB (7 T€HOB:
Rbp4 — yuacTByeT B TpaHCIIOPTe PETHHOEBOW KUC/IOTHI,
Npy — HeliponienTi/i, HeOOXOAUMBIH /151 BBDKUBAHHS
HelipoHOB [64, 65]) u perynsiuys fierospu3au Mem-
Opanbl (3 reHa) (pUCyHOK 5A).

OpHako, aHaM3Mpys MyTH, B KOTOPbIE TPYIIIIMPO-
BaJIMCh TeHbI, Ubs 3KCIIpeccHst Obljia HIKe B IPyTIIe
¢ pobasnenriem BB-I'KII, MO>KHO yBUZIETh MPOLIECCHI,
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CBsi3aHHbIe C (U3M0I0THell HeHPOHOB: aKCOHOTeHe3
(24 rena: Ttc3, Vangl2, Nfib —uurubrpoBaHue TosiB-
JIeHUs] HEUPUTOB U YJ/IMHeHWe akCOHOB, Mapt — rex
Oenka, OTBeUAroIIlero 3a TPAHCIIOPT B aKCOHAX U JIeH-
nputax [66—69]); peryasiusi KJIeTOYHOrO OTBeTa
Ha ctpecc (20 reHoB: Tmem33 — 3T0 UHAYLIUpyeMasi
ctpeccoM JITP MoneKyra, KoTopast MOLY/IUpYeT KacKaz,
CUTHAJIOB OTBETA Ha Pa3BePHYTHIN 010K, MPUBO/SLILHIA
K ariornto3y, Nfe2l1 — el1ie ojuH reH, aKTUBUPYHOLLIUNACS
crpeccom IIIP, Foxol — ofyH U3 K/IFOUEBBIX T€HOB
OTBeTa Ha OKUC/IUTebHBIN cTpecc [70-72]); pa3Buture
neHaputoB (19 reHoB: Mef2c — reH Geska, KOTODbIi
perynupyet (popMHUpOBaHUe [IeHPUTHBIX IIUIHKOB, KO-
TOPbIN CTUMY/IUPYET TUMHUHALIMIO LIUITHMKOB BO BPeMsI
5KCAUTOTOKCUYHOCTHU [73]); peryssiusi opraHu3auu
cunaricoB (18 renos: Tnik, Zfp804a, Tanc2 — reHsl,
OTBevarolUM 3a PerysiLiuio CTPYKTYPbl U (QyHKLIUU
CHHarCcoB [74—76]); TpaHCOPT MOHOB KasbLys (18 re-
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HOB: Cacnalc, Cacnald, Cacna2dl, Ryr2 — reHbl
WOHHBIX TPAHCTIOPTEPOB, KOHTPOIUPYIOIINX TPAHCIIOPT
WOHOB KaJIbIIMsl BHYTPb LIUTOT/Ia3Mbl HEDOHOB); aKTHH-
0T10Cpe/IoBaHHOe COKpaltieHue KieTok (8 renos: Limchl,
Pde4d [77]); HeraTtuBHasi pery/siLiysi SKCIIPeCCUU TeHOB

(10 reHoB); opranuzanus geHApUTHOTO ApeBa (11 re-
HOB); TPAHCTIOPT MOHOB Ka/bLMsl B LIUTO30/b (5 TeHOB);
perysnsiiys BICBOOOXKeHHSI MOHOB KaslbLIMs B [JUTO-
30/1b CapKOM/Ia3MaTUYeCKUM PETUKY/IyMOM (4 reHa)
(pucyHok 5B).

Puc. 5. PesynbtaThl knaccudukaLlmm reHoB, Ybsa aKCrnpeccus 6biia noBbileHa (A) 1 noHmwkeHa (B) B rpynne ¢ go6asneHnem
BB-T'KIT ¢ nomMolLbto 6a3bl AaHHbIX Gene Onthology. Mo ockn X ykadaHo YMco reHoB, no ocu Y BblBpaHHble CUrHabHble MyTw

Fig. 5. Results of classification of genes whose expression was increased (A) and decreased (B) in the group with the addition
of BB-GKP using the Gene Onthology database. The number of genes is indicated on the X-axis, and the selected signaling
pathways are shown on the Y-axis
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[ns 6oee TmyboKoro aHaaM3a MPOLeCCOB, KaK
Y B TIpeJbIAyILEeM 3KcriepuMeHTe Mbl ¢ momoiipo KEGG
database knaccruLpoBaIy reHoB M0 CUTHa/IbHBIM
MyTsM. ['eHbI € OBBILLIEHHOW SKCIPeCccrelt J0CTOBEPHO
KJ/1IaCCU(PULIMPOBAJIKCh T10 caeAyoluM nytsam: Po-
KasbHas azresusi (7 reHoB, Haripumep, Myl9, Sppl,
Thbs4), Curnanbhbii myTh PI3K-Akt (7 reHoB, Takue
Kak, Pck2, Fnl), ®arocoma (5 reHoB, Haripmep: Sec61b)
1 Perynsinyis akTHHOBOTO LIUTOCKeseTa (5 reHoB, Takue
Kak: Arpclb, Rras) (pucyHok 6A). I'eHbI C TOHWKEH-
HOW 3KCIIpeccrel ToKe J0CTOBEPHO IPYTIUPOBAIUCh
10 KaTeropusiM CUrHa/IbHBIX MyTel, TaKuxX Kak: Cur-
HasbHbIN TTyTh MAPK (13 renos: Map4k4, Ppp3ca,
Cacnald, Cacna2d1), KanbLiyieBblii CUTHA/IbHBIN My Th
(11 renoB: Atp2b4, Atp2bl1, Plcbl, Ryr2, Camk4),
Krnetounoe crapenue (8 reroB: RT1-S3, Tgfb2, Rbl1,
Hipk2), HaBepienve akcoHoB (7 reHoB: Srgapl, Pak3,
Ephbl, Ppp3ca, Sema5a, Cxcl12), JonroBpeMeHHast
noTeHuuaLys (6 reHoB) ¥ ['myTamaTepryuueckuii CMHarC
(5 renos: Plcbl1, Prkach, Ppp3ca) (pucyHok 6B).

OKCaHTOTOKCUUHOCTH TPeZCTaB/IsieT CoO0i KiTto-
YyeBOU MaToreHeTUYeCKHU MeXaHU3M MOBpPeXJeHUs
HepPBHOI TKaHU MPU pa3/IUuHbIX HEBPOJOTHYECKUX
narosiorusix. MiccieoBaHue myTaMar-0rnocpejOBaHHON
5KCaWTOTOKCUYHOCTU MMeeT MPUHLUINHAIbHOe 3Haue-
HUe JjisI TOHUMaHUsI TaToreHe3a 3TUX 3aboeBaHMM

Y pa3pabOTKKU HOBBIX TeparieBTUUeCKUX CTPaTerui.
['myTamar Kak OCHOBHOM BO30Y>K/JaroIuii Herpome-
matop [THC nipy u306bITOUHOM HAaKOTUIEHUH BbI3BIBAET
HeoOpaTUMBbIe TTIOBPEXXK/IeHUsT HeHPOHOB. B mporiecce
CUHANTUYeCKOMW MepeJjaud TTyTaMaT BEICBOOOXKAAeTCst
B CUHAITHUUECKYIO 11|eJTb U CBSI3bIBAETCS CO CrieLuduye-
CKUMH PerienTopaMH TOCTCUHANTHYECKON MeMOpaHBbI.
AKTHBaLMs1 3TUX PELIeNTOPOB MPUBOJUT K: YCU/IEHUIO
MOCTYIJIEHHUS] MOHOB KasbLUsl U HATPUs B LIUTO30J1b,
JieTosisipu3aliiy MeMOpaHbI U Tiepejaue 3/IeKTPUYeCKOro
CWTrHa/a. JTHU NMPOLeCChl CTUMYJIMPYIOT: aKTUBALUIO
BHYTPHKJ/IETOUHbIX CUTHA/IbHBIX KaCKaZl0B, KOTOpPbIE
B/IUSIIOT Ha M3MEeHEeHUs1 BHYTPUK/IETOYHOTO TOMeoCTasa.
[TaTosiornueckoe HakOM/IeHUE I/TyTaMaTa BbI3bIBaeT
TUTIEPCTUMYJISILIMIO peLienTopoB ((heHOMeH KCalTOTOK-
CUYHOCTH), UTO MPUBOJUT K: KDUTUUECKOMY TOBBILLIe-
HUIO BHYTpUK/IeTouHOro Ca?’, AuCHyHKI[UM MUTOXOH-
JpYid, OKUC/IUTETbHOMY CTPECCY, aKkTUBAaL[MM CTpecca
9H/I0TJIa3MaTUUeCKOTO PeTUKYJIFOMa, UTO TIPUBOJUT
K 3aIlyCKy arornTo3a. JTH HapyLleH!sl B UTOTe MPUBOJSAT
K HeoOpaTumoii rubesii HeHPOHOB, UTO OTpeZesiseT
LEHTPAJIbHYIO0 POJIb 9KCAUTOTOKCUYHOCTU B NaTOreHe3e
Helipo/iereHepaTUBHbBIX 3a00/IeBaHUNA. JTO COT/IACyeTCs
C MO/TyYeHHbIMH JJAHHBIMY TPaHCKPUITTOMHOIO aHa/IN3a,
KOTOpbIe MoKa3aJiu, UTo TIyTaMar 3alyckaeT BHYTPU
HEeMPOHOB MyTH, CBSI3aHHbBIE C aKTUBAlWel 1 peryssiyei

Puc. 6. Pe3ynbTaTbl KnaccuduKkaLmm reHoB, Ybsi akecrnpeccus 6bina nosblweHa (A) 1 MoHukeHa (B) B rpynne ¢ Ao6aBnieHnem
BB-I'KI1 ¢ nomoLpbto 6a3bl gaHHbIx KEGG database. Mo ock X ykazaHo 4ncio reHoB, no ocn Y BbiBpaHHble CUrHabHble MyTy

Fig. 6. Results of classification of genes whose expression was increased (A) and decreased (B) in the group with the addition
of BB-GKP using the KEGG database. The number of genes is indicated on the X-axis, and the selected signaling pathways are
indicated on the Y-axis
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ariorro3a, a TakKe peakL{1io Ha K/IeTOUHbIN CTPecC, Bbl-
3BaHHBIN aKTUBHBIMU (JOPMaMU KUC/IOPO/ia U Hapyliie-
HUeM paboThI SH/OTIA3MaTUIeCKOT0 PETHUKY/TIOMa, UTO
coriacyeTcs ¢ 00Ien3BeCTHBIMU JTaHHBIMU [ 78]. Tarxoke
rIyTamar 3arnyckaeT [JIMOreHe3, TaK KaK aCTPOLIUTHI
CMOCOOCTBYIOT 3all[UTe HEUPOHOB TIPU ITTyTaMaTHOM
9KCAUTOTOKCUYHOCTH, aKTUBHO I10TJI0IIast U30bITOK
rIyTamaTra U3 BHEK/IeTOUHOTO MpoCTpaHcTBa [79].
Takke eCcTb aKTHUBaLMsl TaKUX IyTel, KaK CUTHa/lb-
HbIii myTh PI3K-Akt, curnanshbeiii nyTe NF-kappa B
u curHanbHbid yTh JAK-STAT, uTo cBUzeTeNbCTByeT
0 CTUMY/IMPOBaHUH 3alLUTHBIX MEXaHU3MOB B HEPBHBIX
KJIeTKax.

['MuianbHbIe KIeTKU, COCTABISOIIYEe OO/TBIIMHCTBO
KJIeTOK L|eHTpa/IbHOU HePBHOW CHUCTeMbl UesI0BeKa,
WIparoT KJIIOUEBYIO POJIb B MO/EepP>KaHUU ee HopMaJlb-
HOTO (PyHKIIMOHUPOBaHUsL. DTH KIeTKU 00eCreunBaroT
KOMILJIEKCHOe perynupoBanue aesarenbHocTy [THC
Yepe3 BBINIO/THEHE MeTaboIMueCKUX, CTPYKTYPHBIX
Y TOMeOCTaTUUeCKUX (PyHKLMM, BKIHOUasi KOHTPOJ/Ib
CUHAITTUYeCKOU Tepefiau, IoAJepykaHue HepOHaIbHO-
r0 rOMeOCTasa U Peryssiuio reMaTosHLiedaauuecKkoro
bapbepa. BaxkHetfi1ieii 0cO6eHHOCTBIO TTIMU SIBJISIETCS
WX CIIOCOOHOCTH OCYIIeCTB/ISITh HEHPOPOTEKTOPHOE
[eUCTBHe KaK I0CPeJCTBOM IIPSIMOI0 MeKK/IeTOUHOI'O
B3aMMO/EMCTBUS, TaK U Uepe3 NapakpyUHHbIE MeXaHW3-
MBI, peaju3yeMsble IyTeM CeKpeLiuy BHeK/1eTOUHbIX
BE3UKYJI, [UTOKUHOB U APYTUX CUTHATbHBIX MOJIe-
Ky/1. JJaHHBIe MexaHU3MbI 00eCTIeurBalOT Pery/IsiLyio
HeNpOHa/IbHOW aKTUBHOCTH U 3allJUTy HEPBHOM TKaHU
OT MOBPEXAAIOIINX BO3[eHCTBUM.

Yike NOBOBHO [JaBHO BeAYTCS UCCIe[0BaHUS
HeWpOIPOTEKTOPHOI0 CBOWCTBA BHEK/IETOUHBIX Be-
3UKYJI, IOJTyUeHHbIX U3 pa3HbIX UCTOYHHUKOB, B TOM
YyuC/le OT Helipa/lbHbIX CTBOJIOBBIX KJ/IETOK YeJIOBeKa,
Helpa/bHbIX KJIeTOK-Mpe/lleCTBeHHUKOB Ue/ioBeKa,
acCTpOLUTOB, oyMrofieHAporToB. Ocoboe BHUMaHKe
TIPUB/IEKAIOT BHEK/IETOYHbIE BE3UKYJIbI, [10/TyYeHHbIe
u3 acTpouuToB (ABB), Tak Kak eCTh 60JIbIIIOe KOH-
YeCTBO MUCCIe0BaHNM 00 WX BJIUSTHUM Ha TOMEOCTa3
HepBHOM TKaHW. Tak B HUX 0OHapYy>KHUBarOTCs OesTKn
FGF-2 u VEGF, ctumynupyrolue: pereHepaLjuio TKa-
Held, BbDKMBaHYe U JuddepeHIIPOBKY K/IeTOK, 3a CueT
akTuBaLuu curHaabHbid myTH PI3K-Akt [80]. Takke
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eCTb JJaHHbIE O Cofiep)KaHuu B ABB 6e/koB TerioBoro
I110Ka, KOTOPbIe BJIUSIFOT HAa KOPPEKTHOE CBOPaYMBaHUe
Ge/lKoB ¥ MHI'MOMPOBaHMe BHYTPHUK/IETOYHOTO CTpecca
[81]. Ectb ucciieqoBanusi, COTIaCHO KOTOPLIM acTpo-
LuTapHble BB CTUMY/NIMpPYIOT aKTHBALIMIO CUTHA/IBHBIX
nyTeit NF-xB 1 HIF-1alpha B keTkax HepBHOM TKaH! in
Viv0o, KOTOpbIe OTBEYaroT 3a peakLjui0 HePBHBIX K/IeTOK
Ha OKUC/IUTEJIbHBINA CTPeCC, TUMOKCUIO U PeaKTUBHbIe
¢hopmni kuciopopa [82]. Ectb uccnenoBanusi, uto ABB
B/IUSIIOT HA POCT OTPOCTKOB HEMPOHOB U HarlpaB/ieHHe
pOCTa aKCOHOB, a TaK)Ke Ha HeMPOHHYIO aKTUBHOCTh
Y CHHANTHUYeCcKyto repeaauy [83-84].

B Xozle TPaHCKPUIITOMHOTO aHa/13a C IIOMOLLBIO
6a3b1 fanHbIX KEGG npu cpaBHeHHH FeHOB B MOYKHO
yBUZleTh, uTo BB B npucyTcTBUY ITyTaMara MOBBILIAI0T
I depeHLIMaTBHYIO SKCIIPECCUI0 TeHOB, CBSI3aHHBIX
c akruBaiueit PI3K-Akt curHa/sibHOrO MyTH, KOTOPBIM
aKTHMBHPYET HEMPONPOTEKTOPHbIE U pereHepaThBHbIe
niporiecchl. [ToaToMy cpeay rpymm, MOy4YeHHbIX [1PU
K/1accuUKaIiy TeHOB C TIOBBIIIIEHHOW SKCTIpeccreit
B rpymnrie ¢ gobaenenrem BB-TI'KTI, ¢ moMoipio 6a3sl
nanHeix Gene Onthology, BbIZiesItOTCS ClieyIolIye
OronoruuecKye MpoLeCChl: 3a)KUBJIEHHE PaHbl, OTBET
Ha MOBpPeX/JeHre aKCOHOB, peakLys Ha KJIeTOYHbIN
CTpecc, BbI3BaHHBIM aKTHBHBIMU (hopMaMu KHC/IOpO-
[la ¥ TUTIOKCHEH, a TakKyKe KOHTPOJIb JIeNosipu3aLun
MeMOpaHbI ¥ TPAHCIIOPTa UOHOB MeTasiIoB. OfHaKO
rnpu 3ToM BB B IpUCYTCTBUM IVyTamMaTa CHUXKAKOT
I depeHIMaNbHYH0 SKCIIPECCHI0 TeHOB, OTBEUAROLIMX
3a pa3BUTHE JIeHAPUTHOTO JpeBa, Y/IMHEeHNe aKCOHOB,
OpraHMU3al|I0 CUHAIICOB, YTO MOKET ObITh CBSI3aHO
CO CTUMYJISILIEN MyTel BbDKUBAHUS HEUPOHOB. EcTh
JlaHHbIe, YTO TP OTIPeZie/IeHHBIX YC/IOBUSIX, 0COOEHHO
B MpOL{eCCax, CBSI3aHHBIX C BBDKUBAHWEM, HEUPOHBI
MOT'YT T0/|aB/IATh (pOpMHUpPOBaHUE OTPOCTKOB. DTO
TIo/laB/IeHre He SIB/IsSIeTCsT 001UM TI0/laB/ieHHeM pas3-
BUTHS [IeHPUTOB U aKCOHOB, a TIpe/iCTaB/isieT co0oi
crieriirueCcKiil MexaHu3M, OTpe/iesIsIFOLI TPUOPUTET
BbDKUBAHUS B YCJIOBUSIX OTPAHUYEHHBIX PeCypCOB WU
ctpecca [85]. Kpome Toro, BB cHIKaroT 3KCIIpeccuio
reHOB, OTBEYaroI1X 3a [OCTYI/IeHWe UOHOB Ka/IbLiUs
B LJUTO30/1b KaK U3 BHEKJIETOUHOIO MPOCTPAHCTBA, TaK
Y U3 SH/0M/Ia3MaTH4YeCKOro PeTUKYJIIoMa, a Takxke
UHTUOMPYIOT (hOPMUPOBaHUE IJTyTaMaTepPruyecKoro
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CHHarica 1 I0JITOBpeMeHHYH0 MOTeHLUALIMI0, UTO TakxKe
SIB/ISIETCS 3aII[UTHBIM MeXaHWU3MOM OT TUITePCTHUMYJIsI-
uuei rytamarom [86].

OrpaHvyeHUeM JJaHHOTO UCC/IeIOBaHUs SIB/ISIETCS
WCTO/b30BaHKe B 5KCTIePUMEHTAaX U aHasv3e rpernapara
BB-I'KII, nosyuyeHHbIX OT OZHOIO JOHOPA.

N3yueHre MexaHU3MOB HelipornpoTrekiuu BB,
MOTyYeHHBIX OT Pa3/IMYHBIX K/I€TOUHBIX NCTOUHUKOB,
OCTalOTCs aKTyaabHOU 3aJjaueii COBpeMeHHOH KJie-
TOYHOU OHOJIOTHY U HelipoOuonoruu. [1pu 3ToM yke
TMoJyuyeHHbIe JaHHbIe TTO3BOJISIIOT YTBEPKAaTh, uTo BB
HMMEIOT Psi/l IPeNMYIIeCTB Tiepe/] IPYTUMH TeparieBTH-
YeCKUMHU areHTaMu 0/1arofjapsi UX MyJIbTUTapreTHOCTH
Y CITOCOOHOCTY aKTUBHUPOBATh MHO>KECTBO BHY TPHKIIE-
TOUHBIX TIyTel. JlanbHellllee U3yueHUe MeXaHU3MOB
WX BO3/IeHiCTBUS Ha HEPBHBIE K/IETKHU MOXKeT TIPUBECTU
K CO0371at0 HOBOTO 3(p(heKTUBHOTO TeparieBThueCKOro
areHTa JIJ1s1 JIeueHHsT HeBPOJIOTUUeCKUX 3ab0/IeBaHuUH.

BbiBOAbI

[TonyyeHHBIe JaHHBIE CBUETENBCTBYIOT O TOM, UTO
BB, npozyuypyeMsle [MiMabHBIMY [pe/ilie CTBeHHUKA-
MU, nony4yeHHbIMU U3 UIICK yesoBeka, CTUMY/TUPYIOT
HeUpONpOTEeKLMIO, C [IOMOLLbIO aKTUBAL[UY MMy TeH,
CBsI3aHHBIX C OTBETOM Ha K/JI€TOYHBIN CTPeCC, NHIU-
OrpoBaHKeM IOCTYTIIEHHSI HIOHOB KaslbLs B [IUTO30/1b,
a TakK)Ke aKTUBALMIO MyTell BbDKMBAHUS, TAKUX KaK
PI3K-Akt curHa/ibHbIH MyTh. VICMob30BaHKe JAHHOTO
TepareBTUUECKOTO areHTa Mo3BOIU/I0 Obl YaCTUYHO
HUBEJIMPOBaTh M0C/Ie/ICTBUS NIaTO/I0rM4eCKOM 3KCAUTO-
TOKCUUHOCTH T/TyTaMara, TeM CaMbIM CTIOCOOCTBOBATh
bornee 3¢ hekTMBHOMY JleueHHI0 HelpoiereHepaTUBHBIX
3ab0s1eBaHUM.
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Abstract. Relevance. Familial hypercholesterolemia (FH) is a monogenic hereditary disorder characterized by impaired
lipid metabolism. The prevalence of FH in the general population averages 0.32% (95% CI: 0.26-0.39%). The disease can have
both autosomal dominant and autosomal recessive inheritance patterns. Eight FH phenotypes associated with mutations in the
LDLRAP1, PCSK9, APOA2, APOB, GHR, GSBS, EPHX2, and LDLR genes are known, which can lead to early manifestation of
the pathology. The aim of this review is to comprehensively analyze current literature data on the molecular genetics, biological,
and psychological aspects of FH. Analysis of signaling pathways in FH revealed three clusters of genes and their encoded proteins
responsible for the following processes: assembly, remodeling, and clearance of plasma lipoproteins (genes: LDLR, LDLRAPI,
VLDLR, NPC1L1, APOCI, LPA, CETP, MTTP, APOB, PCSKD9); cholesterol metabolism (gene: PPP1R17); regulation of plasma
lipoprotein particle levels (gene: ANGPTL3). The proteins PCSK9, APOB, and MTTP were identified as key elements (central
hubs) of these metabolic networks. The PPP1R17 protein is involved in the mechanisms of long-term depression, a form of
synaptic plasticity. Furthermore, the literature describes an association of FH with five other genes: ABCG5, ABCG8, STAP1,
CYP7A1, LIPA, and PNPLAS5. Conclusion. Thus, for the early diagnosis and effective management of patients with FH, it is
necessary to consider not only the expanded spectrum of associated genes and proteins but also the psychological state of patients,
particularly their levels of anxiety, depression, and stress.

Keywords: familial hyperholestorelomia, associated genes, proteins, metabolic pathways, anxiety, stress, depression
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Introduction

The comprehensive study of biological, molecular-
genetic, psychological, and social aspects of hereditary
cardiovascular diseases (CVD) remains a critical
challenge in modern theoretical and practical biology
and medicine. Cardiovascular diseases are the leading
cause of morbidity worldwide, surpassing all other
pathologies. Among these, multifactorial or polygenic
disorders, such as ischemic heart disease, atheroscle-
rosis, arterial hypertension, and others, are the most
prevalent. Both hereditary predisposition and lifestyle
factors play significant roles in the development and
progression of these diseases. Key lifestyle risk fac-
tors include tobacco use, unhealthy diet and obesity,
physical inactivity, excessive alcohol consumption,
and chronic stress [1]. Additionally, conditions such as
elevated blood pressure, diabetes, and hyperlipidemia
serve as major contributors to CVD. Psychological
and social factors, including chronic stress, anxiety,
depression, and personality types (e.g., Type A be-
havior pattern), disrupt neurohumoral regulation and
elevate cortisol and catecholamine levels [2]. These
physiological changes contribute to the development
of hypertension, arrhythmias, and the progression of
atherosclerosis.

In addition to numerous multifactorial cardi-
ovascular diseases, there exist a significant number
of monogenic disorders affecting the cardiovascular

MEDICAL GENETICS

system. The cause of these hereditary syndromes is
the expression of a mutation in an associated gene.
These inherited syndromes most commonly follow
Mendelian inheritance patterns. One of the most prev-
alent hereditary cardiovascular pathologies is familial
hypercholesterolemia (FH). The inheritance pattern
can be either autosomal dominant or, less commonly,
autosomal recessive.

For all index cases/probands, genetic testing is
recommended to identify the disease-causing DNA
variant. This enables accurate diagnosis, risk assessment,
and personalized treatment strategies for patients and
their families.

The autosomal dominant inheritance pattern of
FH was first described by the Norwegian physician
Carl Miiller in 1938 [3]. In the early 1970s and 1980s,
Dr. Joseph Goldstein and Dr. Michael Brown investi-
gated the genetic cause of FH. Their research focused
on the process of low-density lipoprotein (LDL) bind-
ing to its receptor and the metabolic consequences of
impaired binding, which was identified as the primary
mechanism underlying FH [4]. For their discovery of
the LDL receptor (LDL-R) and its role in lipoprotein
metabolism, they were awarded the Nobel Prize in
Medicine in 1985.

The prevalence of FH in the general population is
approximately 1:313 [5], highlighting its significance
as a common genetic disorder requiring widespread
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screening and management. If an individual has biallelic
(homozygous or compound heterozygous) pathogenic
variants in one of these three genes — a condition known
as homozygous FH — the symptoms are more severe
and appear at an earlier age [6].

In modern psychology, two primary approaches
to CVD prevention are recognized globally. The first,
and historically earlier approach, has become the more
conventional one. It targets prevention by influencing
the professional, social, and psychological factors that
contribute to CVD development. This model relies on
objective data regarding an individual’s vocational
training and education — data that can be verified
through testing, examinations, or other documentation.
The core premise is that these factors significantly
impact the disease course and are key contributors
to poor patient adherence to treatment. The second
approach is termed the competency-based model. It
is founded on the novel concept of “competence,”
which describes a high level of professional capability
in both healthcare providers and patients. Within this
framework, disease prevention is linked to inherent
personal factors, such as a genetic predisposition to
conditions like hypercholesterolemia. These factors
are more challenging to formalize and assess compared
to the verifiable qualifications emphasized in the first
approach.

Very recently, a targeted therapy addressing the
disease’s pathogenesis has been developed. Two effec-
tive strategies for reducing LDL levels have emerged:

suppressing the synthesis of lipoproteins in the liver
by blocking the expression of apolipoprotein B and
inhibiting the activity of the microsomal triglyceride
transfer protein (MTP) [7].

According to the recommendations of the Eu-
ropean Atherosclerosis Society, cholesterol screen-
ing should be performed for all individuals in the
population before they reach the age of 20. In cases
of a family history of FH or early-onset CHD, meas-
urement of serum total cholesterol should be initiated
from the age of 2 years [8].

The aim of our research is to analyze the molecular
genetics and psychosocial features of FH.
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Etiology and pathogenesis of familial
hypercholesterolemia

HYPERCHOLESTEROLEMIA, FAMILIAL, 1;
FHCL1 (OMIM # 143890 (Online Catalog of Human
Genes and Genetic Disorders) — is a monogenic
hereditary disease. Other associated clinical features
include hyperbetalipoproteinemia, tuberous xantho-
ma, and tendon xanthoma. A mutation in one of the
genes associated with FH is the underlying cause of
the disease, which most often manifests at a young
age. Furthermore, the mutation can be inherited in an
autosomal dominant pattern or, much less frequently,
in an autosomal recessive pattern. Table 1 presents the
phenotypes, their associated genes, and the inheritance
patterns of these syndromes.

It is known that the pathogenetic basis of the
clinical manifestations of FH is atherosclerosis, which
results from high concentrations of low-density lipo-
protein cholesterol (LDL—C). In the small intestine,
under the influence of bile acids and pancreatic lipase,
dietary fats are emulsified and hydrolyzed. They are
then packaged into chylomicrons, whose primary
apolipoprotein is apoB-48. Through the action of li-
poprotein lipase, which is activated by apolipoprotein
C-II (apoC-II), chylomicrons are broken down into
triglycerides (TG) and remnant particles. The apoC-II
is then transferred back to high-density lipoprotein
(HDL).

The remnant particles are taken up by the liver via
receptor-mediated interaction and hydrolyzed, releasing
free cholesterol. Endogenous cholesterol synthesis
occurs primarily in the liver. The liver is also the main
site for the receptor-mediated catabolism of LDL—C.
LDL receptors located on hepatocytes remove LDL—C
from the bloodstream by binding to LDL particles. The
resulting complex, through interaction with the LDL
receptor adapter protein (LDLRAP1), enters the cell
via endocytosis and is directed to the lysosome, where
the LDL particles are degraded.

The binding of PCSK9 to the LDL receptor on
the hepatocyte surface promotes the degradation of
the receptor, preventing its recycling back to the cell
membrane [9].
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Table 1
Relationship between Phenotype and Genes Associated with Familial hypercholesterolemia (OMIM data)
Pheno- Inher- Gen-
Ne Phenotype typeMIM . Gene Gene name Aliases eMIM Locus
itance
number number
ARH,
Hypercholesterolemia, Low density lipoprotein FHCB2,
1 familial, 4 603813 AR LDLRAPT receptor adaptor protein 1 FHCB1, 605747 | 1p36.11
FHCL4
Low density lipoprotein NARCT,
cholesterol level QTL 1 ) HCHOLA3,
2 603776 AD PCSK9 Proprotein convertase, FH3, 607786 | 1p32.3
) subtilisin/kexin-type,9
Hypercholesterolemia, LbLcaQn,
familial, 3 FHCL3
Hypercholesterolemia,familial,
maodifier of
3 143810 AD, AR APOA2 Apolipoprotein A-ll ApoA-Il | 107670 | 1q23.3
Apolipoprotein A-lldeficiency
]I;);]p::irgrzlesterolemla, 144010 AD . ‘ ‘ . FLDB,
4 ' apop | ApolipoproteinB(in- clud- | ons | 407730 | 2p24.1
ing Ag(x) antigen) FCHL2
Hypobetalipoproteinemia 615558 AR
Hypercholesterolem|a,fam||- 143890 AD, AR
ial, modifier of
i(f;o;s;trrlil;?rmone insensi- tiv- 604271 AD
5 ' GHR Growth hormone receptor GHIP 600946 | 5p13.1
Increased responsiveness to 604271 AD
growth hormone
Laron dwarfism 262500 AR
Hypercholesterolemia, y
6 susceptibility to 143890 AD, AR GSBS G-substrate PPPIR17 604088 7p14.3
Hypercholesterolemia, .
7 | familial, due to LDLR defect, | 143890 | AD,AR | EPHX2 Epoxide hydrolase 2, ABHD | 139811 | 8p21.2
. cytoplasmic 20 SEH
modifier of
Hypercholesterolemia Low density lipoprotein FHCLT,
8 o ! 143890 AD, AR LDLR FHC, FH, 606945 | 19p13.2
familial, 1 receptor LDLCQ2
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FH is classified as a disorder of lipid metabolism.
It is characterized by impaired metabolism of LDL
particles, leading to elevated levels of LDL—C in the
blood. This abnormal accumulation of lipids facilitates
their infiltration into the arterial walls. Consequently,
cholesterol plaques (atherosclerotic lesions) form, which
impair blood circulation and lead to atherosclerosis.
This condition, in turn, is a primary cause of myocardial
infarctions and strokes.

The main causes of dyslipidemia include hormonal
disorders, cholecystitis, pancreatitis, an unbalanced
diet, a sedentary lifestyle, smoking, and alcohol con-
sumption, among others. However, a hereditary factor
plays a crucial role in the pathogenesis of FH. The
presence of a mutation in one of the genes involved
in lipoprotein metabolism results either in insufficient
clearance of LDL—C from the bloodstream or in in-
creased degradation of the LDL receptor. Individuals
with FH are considered to be at high risk for developing
cardiovascular complications [8—11].

FH often remains asymptomatic for many years.
The most common associated pathology is the devel-
opment of ischemic heart disease (atherosclerosis of
the coronary arteries). Cerebral vessels can also be
affected, which may lead to transient ischemic attacks
or stroke. Individuals with FH are also at risk for sudden
cardiac death.

In some cases, patients with FH may exhibit exter-
nal signs such as xanthomas — benign, yellowish-white,
doughy-consistency skin growths — and corneal arcus
(a white or grayish-white ring of lipid deposits around
the cornea).

The condition is characterized not only by an el-
evated level of total serum cholesterol, which was the
first factor recognized as responsible for the initiation
and progression of atherosclerosis and its complications,
but also by high levels of TG, elevated levels of LDL-C,
and reduced levels of HDL—C [12].

Family history is a cornerstone of FH diagnosis due
to its autosomal dominant inheritance pattern. A first-
degree relative (parent, sibling, or child) with known
coronary artery disease (e.g., heart attack, angina) or
other vascular disease (e.g., stroke, peripheral artery
disease) at an early age (typically <55 years for men
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and <60 years for women), with physical signs like
tendon xanthomas. The patient’s own history of prema-
ture atherosclerosis is a strong indicator. Documented
evidence of CAD (e.g., heart attack, revascularization
procedure like stent or bypass) at a young age. A phys-
ical exam can reveal visible signs of long-term, severe
cholesterol elevation. Tendon Xanthomas: These are
nodular, cholesterol-rich deposits in the tendons, most
commonly observed in the Achilles tendons and the
knuckles of the hands. They are a pathognomonic sign
of FH. Arcus Cornealis: A white or grayish ring around
the cornea of the eye. While it can be a normal sign of
aging (arcus senilis), its appearance in a person under
45 years of age is a significant suggestive sign of FH.

The measurement of LDL—C is critical. The higher
the level, the more likely the diagnosis of FH, especially
in the absence of secondary causes. Levels are inter-
preted in the context of age and pre-treatment status.
The following table illustrates how LDL—C levels are
typically scored in diagnostic criteria like the DLLCN:
very strong evidence for Definite FH: LDL—C level
>8.5 mmol/L.

The underlying cause of the clinical signs is the
excessively high level of LDL—C in the blood. These
lipoproteins infiltrate the artery walls, where they are
engulfed by immune cells called macrophages. The
macrophages, overloaded with cholesterol, become
“foamy cells,” which are the primary building blocks
of atherosclerotic lesions (plaques) that narrow arteries
and cause cardiovascular disease [11]. By combining the
findings from all these domains into a scoring system,
a clinician can reach a final diagnosis: Definite FH:
Typically (DLCN), presence of a pathogenic genetic
mutation, or tendon xanthomas in the patient or a rela-
tive, probable FH, unlikely FH. This structured approach
ensures an accurate diagnosis, which is essential for
initiating aggressive treatment and conducting family
screening (cascade testing).

Epidemiology of FH

The conducted meta-analysis of 44 studies, en-
compassing a total of 10,921,310 subjects (of which
33,036 had FH), established the pooled prevalence
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of familial hypercholesterolemia at 0.32% (95% CI:
0.26-0.39%) in the general population. No significant
differences were found in prevalence estimates when
using genetic diagnostic methods compared to clinical
ones. A critical limitation is the lack of data on FH
prevalence for 178 countries (91% of the total), which
underscores the necessity for further epidemiological
research on a global scale [13] (Figure 1).

One of the leading risk factors for the development
of cardiovascular diseases is hyperlipidemia. According
to data from the ESSE-RF epidemiological study, which
included 13 regions from various parts of the Russian
Federation, up to 60% of men and women in the Russian
population have hypercholesterolemia LDL—C level of
more than 3 mmol/L or a total cholesterol (TC) level of
more than 5 mmol/L. The prevalence of elevated total
cholesterol levels in the Russian regions was higher than
in the USA; this difference was even more pronounced
for LDL—C levels, which in the Russian regions were
more than twice as high as the corresponding figure in
the US population [14].

Among the causes of mortality in Russia, as in most
developed countries, CVD hold the leading position.
CVD account for 18.8% of the overall disease structure,
ranking first. Among the working-age population, CVD
account for more than a third of all deaths. The mortality

Middle-East
Asia

South America

Regions

North America

Pacific region

Europe

rate from CVD among men exceeds that among women
by 4.7 times overall, by 7.2 times for ischemic heart
disease (IHD), by 9.1 times for myocardial infarction,
and by 3.4 times for cerebrovascular diseases [15].
The most dangerous CVD leading to fatal outcomes
are IHD, including myocardial infarction, cerebro-
vascular diseases, and hypertensive disease. 60% of
cardiovascular mortality is attributable to risk factors:
arterial hypertension, disorders of carbohydrate and
lipid metabolism, obesity, smoking, excessive alcohol
consumption, and low physical activity [16].

Biological aspects of FH

Characteristics Proteins Associated with FH
To date, a large number of genes associated with
FH have been identified. The characteristics of a number
of these genes, such as APOA2, APOB, EPHX2, LDLR,
LDLRAP1, GHR, GSBS, PCSK9, are summarized in
Table 1. The characteristics of the proteins associated
with FH are listed below.

Apolipoprotein A-I1
Apolipoprotein (apo-) A-II (APOA?2) is the second
most abundant protein of high-density lipoprotein par-
ticles. The protein is found in plasma as a monomer,

0 0.05 0.1

0.15 0.2

0.25 0.3 0.45

Prevalance, %

Fig. 1. FH prevalence of the different worldwide regions
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homodimer, or heterodimer with apolipoprotein D. De-
fects in this gene can lead to a deficiency of apolipo-
protein A-II or hypercholesterolemia [17].

Apolipoprotein B

It is the main apolipoprotein of chylomicrons and
low-density lipoproteins (LDL) and serves as a ligand
for the LDL receptor. It is found in plasma in the form
of two main isoforms, apoB-48 and apoB-100: the
former is synthesized exclusively in the intestine, while
the latter is synthesized in the liver. The intestinal and
hepatic forms of apoB are encoded by a single gene
from one very long mRNA. The two isoforms share
a common N-terminal sequence. Mutations in the
APOB gene account for 5 to 10% of cases of familial
hypercholesterolemia [18].

Epoxide Hydrolase 2

Epoxide hydrolase 2 (EPHX2) — a protein mem-
ber of the epoxide hydrolase family, found in both the
cytosol and peroxisomes, binds to specific epoxides
and converts them into the corresponding dihydrodiols.
This bifunctional enzyme has mutations in this gene
associated with familial hypercholesterolemia. Alter-
natively spliced transcript variants have been described
[19]. The C-terminal domain plays an important role in
the metabolism of xenobiotics by degrading potentially
toxic epoxides (by analogy). It also determines stable
levels of physiological mediators.

Low density lipoprotein receptor

The low-density lipoprotein receptor (LDLR)
consists of surface cell proteins involved in receptor-
mediated endocytosis of specific ligands. The structure
of LDLR is organized into 5 different domains, includ-
ing the EGF precursor homology domain, which plays
a key role in the release of lipoproteins and the recycling
of receptors. The encoded protein is typically associated
with the cell membrane, where it binds low-density
lipoproteins/cholesterol and transports them into cells
via endocytosis, entering the cell [20]. The LDL-R is
a mosaic protein consisting of 839 amino acids. The
most common genetic cause of FH is a mutation in
the LDL-R gene LDLR which is primarily located
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on the surface of hepatocytes and plays a key role in
binding and clearing circulating LDL particles from
the bloodstream [21].

Low Density Lipoprotein Receptor Adaptor
Protein 1

Low Density Lipoprotein Receptor Adaptor Protein
1 (LDLRAP1) in humans is encoded by the LDLRAP1
gene. The protein encoded by this gene is a cytosolic
protein that contains a phosphotyrosine-binding (PTB)
domain. The PTB domain has been found to interact
with the cytoplasmic tail of the LDL-R [22]. Mutations
in this gene lead to dysfunction of the LDL-R protein and
cause autosomal recessive hypercholesterolemia [23].

Growth hormone receptor

Human Growth hormone receptor (GHR Protein
(RP 00251)) is a transmembrane receptor for growth
hormone. This receptor is integrated into the outer
membrane of cells throughout the body and is most
abundant in liver cells. The growth hormone receptor
consists of three main parts: an extracellular region that
protrudes from the cell surface, a transmembrane region
that anchors the receptor to the cell membrane, and an
intracellular region that transmits signals inside the cell
[24]. The binding of growth hormone triggers signaling
through the intracellular region of the receptor, which
stimulates cell growth and division.

Protein Phosphatase 1 Regulatory Subunit 17

Protein phosphatase 1 regulatory subunit 17 is pri-
marily found in Purkinje cells of the cerebellum, where
it functions as an inhibitor of protein phosphatase. The
encoded protein is a substrate for cyclic GMP-dependent
protein kinase. An allele of this gene has been found
that increases susceptibility to hypercholesterolemia.
Two transcript variants encoding different isoforms
have been identified for this gene [25].

Proprotein convertase subtilisin/kexin type 9
Proprotein convertase subtilisin/kexin type 9
(PCSKD9) is expressed in the tissues of the liver, intes-
tine, and kidneys and accompanies specific receptors for
lysosomal degradation [26]. It plays a role in cholesterol
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and fatty acid metabolism. Mutations that increase the
functional activity of PCSK9 with a recessive inher-
itance pattern led to accelerated degradation of LDL-R,
resulting in a reduced number of receptors on the cell
surface and impaired capture of LDL [27]. Mutations
in the PCSK9 gene occur in less than 5% of cases of
FH [28]. Alternative splicing results in the appearance
of multiple transcript variants.

Signaling Pathways in FH

Figure 2 presents a diagram of signaling pathways
in FH, constructed using the program http;// string-db.
org. The analysis revealed three main clusters of genes
and proteins, whose brief characteristics are provided
in Table 2.

The first cluster combines 10 proteins key to the
processes of plasma lipoprotein assembly, remodeling,
and clearance. These include the products of the LDLR,
LDLRAPI1, VLDLR, NPC1L1, APOCI, LPA, CETP,

MTTP, APOB, and PCSK9 genes. It should be noted
that four of these (LDLR, LDLRAP1, APOB, PCSKD9)
were characterized earlier in Table 1. The second cluster
includes the protein PPP1R17, which is involved in cho-
lesterol metabolism. The third cluster is represented by
the protein ANGPTL3, which plays a role in regulating
the level of plasma lipoprotein particles.

More detailed information on the functions of
the proteins involved in the metabolic pathways in
FH is summarized in Table 3. The proteins LDLR,
LDLRAPI1, APOB, and PCSK9, as mentioned above,
are not duplicated in this table since their description
was provided previously.

Figure 2 demonstrates that the protein PPP1R17
of the second cluster interacts with proteins of the first
cluster via three key players: PCSK9, MTTP, and APOB.
PPP1R17, which is primarily expressed in cerebellar
Purkinje cells, functions as a protein phosphatase
inhibitor and is a substrate for cGMP-dependent pro-
tein kinase. It is also actively involved in long-term

Fig. 2. Signaling pathways of FH. Three clusters: 1. Plasma lipoprotein assembly, remodeling, and clearance (in red);
2. Cholesterol metabolism (in green); 3. Regulation of plasma lipoprotein particle levels (in blue)
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Table 2
Characteristics of genes involved in signaling pathways in FH
Cluster Name/Gene ID Description Gene location Aliases MIM
LDLRID: 3949 low density lipoprotein receptor 16q13 FH, FHC, FHCL1, LDLCQ2 606945
LDLRAP1ID: low density lipoprotein receptor adaptor ARH, ARH1, ARH2, FHCB1, FHCB2,
26119 protein 1 1p36.11 FHCL4 605747
VLDLRID: 7436 very low density lipoprotein receptor 9p24.2 CAMR\(/)L%LC_’;A.‘,’(?:’\I_/’IQ\}L gﬂgM ar, 192977
. NPC?1 like intracellular cholesterol
NPC1L1ID: 29881 transporter 1 7p13 LDLCQ7, NPC11L1, SLC65A2 608010
; APOCTID: 341 apolipoprotein C1 19q13.32 | APOCTB, Ap‘gfg(f_”,gc"' apo-CIB, | 197710
LPAID: 4018 lipoprotein(a) 6925.3-q26 AK38, APOA, LP 152200
CETPID: 1071 cholesteryl ester transfer protein 16q13 BPIFF, HDLCQ10 118470
MTTPID: 4547 microsomal triglyceride transfer protein 4923 ABL, MTP 157147
APOBID: 338 apolipoprotein B 2p24.1 FCHL2, FLDB, LDL_CQ4,apoB-100, 107730
apoB-48
. proprotein convertase FH3, FHCL3, HCHOLAS, LDLCQ1,
PCSKIID: 255738 subtilisin/ kexin type 9 1p32.3 NARC-1, NARCT, PC9 607786
PPP1R17ID: protein phosphatase 1 regulatory
2 10842 subunit 17 7p14.3 C70rf16, GSBS 604088
3 ANSE T 3ID: angiopoietin like 3 1p31.3 ANG-5, ANGPT5, ANL3, FHBL2 604774
Table 3
Characteristics of Protein Clusters Involved in Metabolic Pathways in FH
Cluster Proteins Characteristics
LDLR described earlier in part 1
LDLRAP1 described earlier in part 1
The Very Low-Density Lipoprotein Receptor (VLDLR) is primarily responsible for binding and inter-
nalizing VLDL particles via clathrin-mediated endocytosis, facilitating their cellular uptake. Beyond
VLDLR its role in lipid metabolism, the VLDLR also functions in neuronal signaling. It acts as a receptor for
Reelin, and upon binding, it induces tyrosine phosphorylation of the adaptor protein Dab1, which
modulates Tau protein phosphorylation and influences neuronal migration (By similarity).
Truncated apolipoprotein C—I (apoC-1) is a multifunctional inhibitor of lipid metabolism. It primarily
functions by blocking the binding of lipoproteins to several receptors, including the low-density
1. Plasma linoprotein lipoprotein (LDL) receptor, the LDL receptor-related protein, and the very low-density lipoprotein
- mlasma fipoprotet (VLDL) receptor.This protein is found associated with both high-density lipoproteins (HDL) and
assembly, remode- APOCT | triacylglycerol-rich lipoproteins in the pl tituti imately 10% of VLDL protein and
ling, and clearance riacylglycerol-rich lipoproteins in the plasma, constituting approximately 10% o protein an
g 2% of HDL protein.A key regulatory role of apoC-1 is its function as the major plasma inhibitor of
cholesteryl ester transfer protein (CETP). Furthermore, it directly interferes with cellular fatty acid
uptake by binding free fatty acids, thereby reducing their intracellular esterification.
The NPC1-like intracellular cholesterol transporter 1 (NPC1L1) is a key player in maintaining cholesterol
homeostasis. It is critically important for the absorption of dietary cholesterol, facilitating its uptake
across the plasma membrane of intestinal enterocytes.This protein is of direct clinical significance
NPCL1 as it is the molecular target of the drug ezetimibe, which inhibits cholesterol absorption by blocking
NPC1L1. Dysfunction of NPC1L1 results in multiple lipid transport abnormalities. Beyond its primary
role in cholesterol uptake, NPC1L1 appears to have a broader function in the transport and homeostasis
of multiple lipids, potentially playing a critical role in regulating overall lipid metabolism. It also acts
as a negative regulator of the NPC2 protein, inhibiting its expression and secretion.
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Ending Table 3

Cluster Proteins

Characteristics

LPA

Apolipoprotein(a) (Apo(a)) is the defining protein component of Lipoprotein(a) (Lp(a)). It exhibits
serine protease activity and is capable of autoproteolysis. A key pathophysiological function of Apo(a)
is its inhibition of tissue-type plasminogen activator 1 (tPA), linking Lp(a) to both atherosclerosis
and impaired fibrinolysis. Furthermore, Lp(a) may act as a ligand for the megalin/gp330 receptor.
Apo(a) belongs to the plasminogen subfamily within the peptidase S1 family.

1. Plasma lipoprotein CETP
assembly, remode-

ling, and clearance

Cholesteryl Ester Transfer Protein (CETP) is an enzyme that swaps fats between different cholesterol-
carrying particles in the blood. It moves cholesteryl esters from “good” HDL cholesterol to “bad”
VLDL cholesterol, and triglycerides in the opposite direction. This process is essential for reverse
cholesterol transport, which helps clear excess cholesterol from the body. CETP is part of the BPI/
LBP/Plunc protein superfamily.

MTTP

The Microsomal Triglyceride Transfer Protein (MTTP) large subunit is critical for the production of
lipoproteins containing apolipoprotein B (e.g., VLDL). It enables this by catalyzing the transport of
lipids (triglycerides, cholesteryl esters, phospholipids) necessary for the particle’s formation. Without
functional MTTP, these lipoproteins cannot be secreted.

APOB

described earlier in part

PCSK9

described earlier in part 1

2. Cholesterol

metabolism PPPTRTY

The Protein Phosphatase 1 Regulatory Subunit 17 (PPP1R17) functions as an inhibitor, suppressing
the phosphatase activities of both protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A)
complexes.

3. Regulation of
plasma lipoprotein
particle levels

ANGPTL3

Angiopoietin-related protein 3 (ANGPTL3) is a hepatokine that regulates lipid and glucose metabolism.
A key function is to elevate plasma triglyceride (TG) levels by inhibiting the activity of lipoprotein lipase
(LPL), the enzyme responsible for TG clearance. This inhibition occurs indirectly; ANGPTL3 recruits
proprotein convertases PCSK6 and FURIN to LPL, leading to its cleavage and inactivation. It is also
proposed to direct energy substrates to storage or oxidative tissues in response to feeding (By similarity).

depression (LTD), a form of synaptic plasticity. This
interaction network suggests a potential, visually ap-
parent link between disruptions in lipid metabolism
and neurological processes like depression.

The third cluster includes the protein ANGPTL3,
which shows extensive interactions with multiple
proteins of the first cluster: LDLRAP1, NPC1L1,
PCSK9, APOB, MTTP, LPA, APOC1, and CETP. This
protein, a member of the angiopoietin-like family, is
predominantly expressed in the liver and functions as
a hepatokine regulating lipid and glucose metabolism.
It inhibits endothelial lipase, leading to elevated plas-
ma levels of HDL-cholesterol and phospholipids, and
promotes lipolysis in adipocytes. Notably, ANGPTL3
contributes to lower plasma LDL-cholesterol levels
through a pathway independent of APOE and LDLR.
Mutations in its gene are associated with familial hy-
pobetalipoproteinemia type

In conclusion, the proteins PCSK9, APOB, and
MTTP can be identified as central hubs within these
metabolic networks. They exhibit a high degree of
connectivity within the first cluster and also serve as
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critical interaction points for the regulatory proteins of
the second (PPP1R17) and third (ANGPTL3) clusters,
thereby positioning them as key integrators of regulatory
influences on the core metabolic pathways.

Other genes and proteins associated with FH

Other genes associated with FH have been de-
scribed in the literature. These include ABCG5, ABCGS,
STAP1, CYP7A1, LIPA and PNPLADb. A brief description
of these genes is provided in Table 4.

The characteristics of other FH-related proteins
are presented below.

ATP binding cassette subfamily G
member 5 and member 8

The ABC transporter superfamily includes pro-
teins that participate in the transport of various mole-
cules across cellular membranes. ATP binding cassette
subfamily G member 5 and member 8 (ABCG5
and ABCGS8) consist of a magnesium-dependent
ATP-binding domain at the N-terminus (containing
the conserved peptide motifs Walker A and B) and
a transmembrane domain that includes six trans-
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Table 4
Description of other genes associated with FH
Name/Gene ID Description Gene location Aliases MIM
ABCG5ID: 64240 ATP Binding Cassette Subfamily G Member 5 2p21 STSL,; STSL2 605459
ABCG8ID: 64241 ATP Binding Cassette Subfamily G Member 8 2p21 GBD4, STSL, STSL1 605460
STAP1ID: 26228 Signal Transducing Adaptor Family Member 1 4q13.2 BRDG1; STAP-1 604298
CYP7A1ID: 1581 Cytochrome P450 Family 7 Subfamily A Member 1 8q12.1 CP7A; CYP7; CYPVII 118455
LIPAID: 3988 Lipase A, Lysosomal Acid Type 10g23.31 LAL; CESD 613497
. - . ; . GS2L; dJ388M5;

PNPLASID: 150379 Patatin Like Phospholipase Domain Containing 5 22q13.31 4J388M5.4 611589

membrane helices. The protein encoded by this gene
functions to prevent the entry of non-cholesterol
sterols at the intestinal level, promote the excretion
of cholesterol and sterols into bile, and facilitate the
transport of sterols back into the intestinal lumen. It
is expressed in a tissue-specific manner in the liver,
intestine, and gallbladder [29].

Signal Transducing Adaptor Family Member 1

Signal Transducing Adaptor Family Member 1
(STAP1) protein, depending on alternative splicing of
mRNA, consists of either 295 or 314 amino acid resi-
dues (aa) and contains several phosphorylation sites and
an N-terminal proline-rich region (Pro6-Pro11). STAP1
is involved in the anti-inflammatory activation of glia
and thus may contribute to apoptosis and neurodegen-
eration. [30]. Rare variants of CHCS can be caused by
mutations in the STAP1 gene [31]. The protein encoded
by this gene contains a proline-rich region. This protein
is a substrate for the tyrosine-protein kinase Tec, and its
interaction with the tyrosine-protein kinase Tec depends
on phosphorylation. Variants of this gene are associated
with autosomal dominant hypercholesterolemia (ADH)
[32]. Alternative splicing results in the emergence of
multiple transcript variants.

Subfamily A, family 7 of cytochrome P450

Subfamily A, family 7 of cytochrome P450
(CYP7A1) is synthesized in liver cells and functions
as cholesterol 7-a monooxygenase. This endoplasmic
reticulum membrane protein catalyzes the first step
of the main metabolic pathway of cholesterol in the
human body: the conversion of cholesterol into bile
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acids by attaching a hydroxyl group at position 7-o [33].
This reaction is the primary mechanism for removing
cholesterol from the body [34].

Patatin Like Phospholipase Domain
Containing 5 P

Patatin Like Phospholipase Domain Containing 5
(PNLADS) patatin-like phospholipase inhibits transacyla-
tion. PNPLAS expression is found in the brain, skin, and
gallbladder, while moderate expression has been record-
ed in the liver [35] and adipose tissue [36]. The protein
is found in the cytoplasm and is typically located on the
surface of lipid droplets, which are conserved organelles
composed of lipids in the form of triacylglycerols and
sterol esters, enclosed in a monolayer membrane [37].
The lipids found in these droplets likely serve as an
energy depot for the cell and precursors for membranes
for autophagosomes. Rare variants of SGHCS may be
caused by mutations in the PNPLA5 gene.

Psychological aspects of FH

It is currently known that psychological factors
influence the clinical course of CVD [38]. Potential
psychological risk factors for the development of car-
diovascular diseases can be divided into three groups.
The first consists of negative affective states, includ-
ing depression, anxiety, stress, and anger; the second
includes types of behavior and personality; the third
involves social factors, including socio-economic status
and social support. Anxiety and depression rank third
among the leading risk factors for the development of
IHD. Depression in young patients is associated with
a double risk, while anxiety is linked to an earlier onset
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of myocardial infarction. The relationship between
anxiety and hypertension is better understood today.
Increased anxiety is an important risk factor for the
development of cardiovascular diseases.

However, recent studies present evidence that in
ischemic heart disease, anxiety may increase the risk of
serious cardiac events and mortality. Genetic variants
in the serotonin system are associated with depression
and cardiovascular diseases [39]. Loci associated with
an increased risk of depression are also linked to an
increased risk of ischemic heart disease and elevated
levels of total cholesterol, low-density lipoproteins, and
C-reactive protein. Six loci of the genes CD83, CX3CR1,
STAT4, COL1A2, and SH2D1B are associated with both
mental disorders and IHD [40]. Prolonged exposure to
stress can contribute to elevated cholesterol levels and
increase the risk of cardiovascular diseases and predis-
position to ischemic heart disease. A number of studies
have shown that depression is often associated with
endothelial dysfunction, chronic inflammatory processes
in the vessel walls, and the effect of blood thickening.
These factors play a significant role in the development
of atherosclerosis, which, in turn, worsens the prognosis
of cardiovascular diseases [41]. According to WHO
assessments, depression ranks second among the ten
leading diseases causing disability (after ischemic heart
disease). The prevalence of depression is approximately
50% higher among women than among men [42].

Numerous studies in recent decades have shown
a widespread prevalence of depression among patients
with various cardiovascular diseases, such as unstable
angina, acute myocardial infarction, and congestive
heart failure [43, 44]. Those who have recently suffered
an acute myocardial infarction are at increased risk of
developing depression and mental disorders [45].

The pathophysiological mechanism of stress, like
that of other psychological factors, includes an increase
in blood pressure, neurohumoral excitation, and hor-
monal shifts [46]. Physiological responses to stress
play a fundamental role in the risk of cardiovascular
diseases. Corticolimbic areas of the brain are involved in
regulation. Differences in regulatory pathways explain
individual differences in relation to stress. In clinical
practice and prevention, the psychological assessment
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of real-life situations that lead to stress remains insuf-
ficiently acknowledged [47]. In the modern world,
a person is constantly exposed to stress. Stress and
anxiety can lead to elevated cholesterol levels, while
low cholesterol levels, on the contrary, may contribute
to the development of depression and anxiety disorders,
as cholesterol is involved in the synthesis of serotonin,
the ‘happiness hormone.’

The results of epidemiological studies in the re-
gions of the Russian Federation show that anxiety and
depressive states in cardiovascular pathology contribute
to an increased frequency of complications. Numerous
studies indicate that depression, anxiety, personality
traits, social support, and stress significantly influence
the onset, course, and prognosis of cardiovascular
diseases [48, 49]. In some clinical guidelines, stress is
already recognized as a preventive measure for people
at high overall risk of cardiovascular diseases or with
documented cardiovascular conditions. Stress in adult-
hood plays an important role as a trigger for disease
in individuals who already have a significant number
of atherosclerotic plaques and as a factor determining
prognosis and outcomes in those who already have
cardiovascular or cerebrovascular diseases [50, 51].

The Mendelian randomization study showed that
depression may have a genetic predisposition and can
influence cardiovascular diseases, such as myocardial
infarction. Additionally, smoking and lipid levels may
be causes of depression [52]. These data were also con-
firmed by the largest genome-wide association studies
(GWAS) or meta-analyses of depression GWAS. The
genetic correlation between depressive symptoms and
blood lipid levels ranged from 10% to 31% [53].

Conclusion

Thus, when discussing the biological features of
FH, it should be noted that to date, 8 genes (LDLRAPI,
PCSK9, APOA2, APOB, GHR, GSBS, EPHX2, LDLR)
have been identified that are closely associated with this
hereditary disease and the phenotypes listed in Table 1.

Analysis of signaling pathways in FH has led to
the identification of three clusters of genes and their
encoded proteins. The involvement of the second cluster
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protein, PPP1R17, in the mechanisms of long-term
depression (LTD)—a form of synaptic plasticity —
points to a potential, visually traceable link between
lipid metabolism disorders and neurological processes
such as depression.

The third cluster protein, ANGPTL3, a member of
the angiopoietin-like protein family, is predominantly
expressed in the liver and acts as a hepatokine, regulat-
ing lipid and glucose metabolism. Notably, ANGPTL3
contributes to lowering plasma LDL—C levels through
a pathway independent of APOE and LDLR. Mutations
in its gene are associated with familial hypobetalipopro-
teinemia. The proteins PCSK9, APOB, and MTTP can
be defined as central hubs of these metabolic networks.
They serve as critically important interaction points for
the regulatory proteins of the second (PPP1R17) and
third (ANGPTL3) clusters, allowing them to integrate
regulatory influences on core metabolic pathways.

Regarding psychological aspects, patients with
FH, as with other CVDs, most frequently exhibit stress,
depression, and anxiety. These conditions are often
accompanied by social maladjustment.

Therefore, for the early diagnosis of individuals at
risk of developing hypercholesterolemia, it is crucial to
investigate a broader spectrum of genes and mandatory
to consider the psychological characteristics of patients.
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Buonornyeckue u NCUXonornvyecKne acrnekrTbl CeMenHou
rmnepxonecrepeHeMum

JL.B. IIxoBpe6oBa® 3 > A.B. Arampkansan' , JI./1. BekoeBa’ ~, C.B. Kypeses!

"Poccuiickuil yHUBepCUTET APY>KObI HapofioB, 2. Mockea, Poccutickas @edepayust
MI'Y umenu M.B. JlomoHoCOBa, 2. Mockea, Poccuiickas @edepayus
S®ezepabHbIN HAyUYHO-KTMHUYECHI LIEHTDP (PU3NKO-XUMHUUECKOW MeUILIMHBI UM. akaj. FO.M. JlonyxuHa, e. Mockea,
Poccutickas ®@edepayus
> tskhovrebova-lv@rudn.ru

AnHotanms. CemeliHas runepxosecrepuHemusi (CI') — 3To MOHOTeHHOe Hac/ie[ICTBEHHOe 3a00/ieBaHye C HapylIeHueM
MeTtabos3ma nnuaoB. PacnipocrpanenHocTs CIN B 061eit momyssityu B cpeHeM cocraisiet 0,32% (95% AU: 0,26-0,39%).
3abonieBaHMe MOXKET UMeTh KaK ayTOCOMHO-/IOMUHAHTHBIN, TaK ¥ ayTOCOMHO-PeLleCCUBHBINA TUTTbI Hac/ieloBaHust. V3BecTHO 8
¢enorunoB CI, cBsizaHHBIX ¢ MyTauusamMu B reHax LDLRAP1, PCSK9, APOA2, APOB, GHR, GSBS, EPHX2 u LDLR, KoTopble
MOTYT NIPUBOJUTE K PaHHEMY TPOSIBIIEHUIO MaTojIoruu. Llenbto aHHOTO 0030pa SIBMSIeTCs KOMIUIEKCHOE UCCIIe[JOBaHUe IaHHBIX
COBpeMEeHHOM JIUTePaTyphl 10 MOJIEKY/ISIPHO-TeHETUUeCKUM, OMOJIOTHYeCKUM U TICUX0yIorTnyeckuM acriekram CI. AHanmu3
CUrHaNbHBIX TyTel rpu CI' BBISBU TPU KjlacTepa reHOB U KOIMPYeMbIX UMM Oe/TKOB, OTBETCTBEHHBIX 3a CJIe/IyOI1e TPOo-
Lecchl: cOOPKyY, peMoielTMPOBaHUE U KIMPEHC JIMTIONIPOTEeMHOB 11a3Mel (renbl: LDLR, LDLRAP1, VLDLR, NPC1L1, APOCI,
LPA, CETP, MTTP, APOB, PCSK9); metabonu3m xosnecteputa (red: PPP1R17); pery/sitivio YpOBHSI YaCTHL] JIMTIONPOTENHOB
nina3mel (reH: ANGPTL3). benku PCSK9, APOB u MTTP njeHTruULIMPOBaHbI KaK K/IH0UYeBble 3/ieMeHThI (LjeHTpasIbHbIe y3/Ibl)
3TUX MeTabosnueckux cereii. beok PPP1R17 BoBleUeH B MEXaHHU3MbI ZIOITOBPEMEHHOM /lenipecChy, (hOpMbl CUHAIITUUE CKON
1acTuuHoctu. Kpome Toro, B muteparype onucaHa accouuanus CI' ¢ naTero apyrumu reHamu: ABCG5, ABCGS8, STAP1,
CYP7A1, LIPA u PNPLA5. Takum o6pa3oMm, /i1 paHHEeH AMarHOCTUKY U 3P eKTUBHOTO BefieHus nariueHToB ¢ CI' HeobXoaumo
YUMTBIBAaTh He TOJLKO PACIIMPEHHBIN CIIEKTP aCCOLMMPOBAaHHBIX TEHOB M OE/TKOB, HO M TICUX0JIOTUYeCKOe COCTOSTHUE TMalUeHTOoB,
B YaCTHOCTH YPOBeHb UX TPEBOXKHOCTH, /IeIIPeCCUU U CTpecca.

KroueBble c/10Ba: cemeliHasi 2unepxonecmepuHeMusi, 2eHbl, beaxu, Memaboauyeckue nymu, mpegoad, cmpecc, 0enpeccus

HNudopmanys o puHaHCHpPOBAHUM: TIPe/ICTaBIeHHast paboTa He Oblia (PMHaHCUPOBAHA.

Bxnap aBropos: J1.B. IIxoBpeGoBa — KOHLIeMLIMS ¥ HAaMcaHue pykornucu, A.B. ArajpkaHsiH — pelieH3UpOBaHHe PYKOIHCH;
[.1. bekoeBa — HanucaHue pykonucH, C.B. KypeyieB — HamucaHue pyKOIIUMCH, COCTaB/ieHHe WIIHCTpaLuid. Bce aBTopbl
BHECJIM CyIIeCTBEHHBIN BKJIa/l B pa3paboTKy KOHLIEMLMU, TIPOBe/IeHHe UCC/IeJOBAHUS M TIOTOTOBKY CTaThU, TIPOUIH U 000puu
(MHaIBbHYI0 BEpCHIO Tiepe] Iy O/MKaruen.

HNudopmanys o KOHQUIMKTe HHTePeCcoB. ABTOPHI 3asiB/ISIFOT 00 OTCYTCTBUM KOH(IMKTA HUHTEPECOB.

JTHUeCcKoe YTBep)KAeHne — HelIPUMEeHUMO.

BiarogapHocTH — HE[IPUMEHUMO.

HNudopMupoBaHHoe coryiacue Ha MyOJIMKaLUI0 — HEPUMEHHMO.

HNudopMupoBaHHoe coryiacue Ha MyOIMKaLUI0 — HEPUMEHHMO.

IToctynuna 21.09.2024. Ilpunsra 26.10.2024.
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CLINICAL CASE
KJIMHWYECKUWN CJTY YA

CemMeitHbIN cnyyan cuHgpoma MapdaHa:
HOBbIW BapuaHT B reHe FBN1

B.J. Crenanenko' — >3, 1.JK. JKancanosa' —, E.A. ®oHoBa' —, J.H. Epb6ypoBa’ ",
C.H. l'ocypapkuna' ', E.I. PaBxaeBa', C.B. ®agommHa’, A.A. Hukurunal,

I.H. CentoBa' ~, O.1. Kniumuyk?, B.A. Ctenanos! ', H.A. Ckpsaoun!

"HayuHo-ucciefoBaTeIbCKUi MHCTUTYT MeJULIMHCKON TeHeTHKH, TOMCKWI HallMOHa/TBHBIN UCC/Ie0BaTe/TbCKUNA
MeJULIMHCKUI 1leHTp Poccuiickoli akazieMun Hayk, 2. Tomck, Poccutickas @edepayust
2000 buoTexHOMOrHYeCKHI KaMnyc, 2. Mockea, Poccutickas @edepayus
< vsevolod.stepanenko@medgenetics.ru

AnHoTtanusa. Cunzipom MapdaHa — HacsieicTBeHHOe 3a00/1eBaHe COeAMHUTEIbHON TKaHH, XapaKTepu3yolleecs SpKo
BbIPa)KeHHBIM TJIEHOTPONM3MOM M KJIMHAYeCKOW BapuabesibHOCThi0. OCHOBHBIE MPOSIB/IEHKS 3a00/1eBaHUs 3aTParuBarT TPU
CHUCTEeMBI: CKeJIeTHYIO, 3pDUTETbHYI0 U CepAeUHO-COCYAUCTYIO. [IpUUnHOI 3a00/1eBaHus SIBJISIFOTCS MAaTOTeHEeTUYeCKU 3HauMMble
BapHaHTHI TeHa, OTBEYAIOIIIETo 3a CUHTe3 Oesika puOpHIIMH-1, KOTOPBIH MrpaeT KJTFoUeBYIO POjib B POPMUPOBAHUHY U TTO/IeP>KaHHN
CTPYKTYpbI coeiHUTenbHOM TKanu (fibrillin-1 gene, FBN1). B aHHO# CTaThe MbI OTIMChIBaEM CeMEMHBIN cityuait (mpobaHs,
Y ero oTell) C K/IMHUYeCKUMH TIPOsIBJIEHUsIMY CHH/IpoMa Mapdana. B pe3ynbrate ceKBeHMPOBaHMsI TIOJTHOTO TeHoMa rpobaH/ia
1 oTLa ObUT BBISIB/IEH PaHee He OTNMCaHHBINA BapUaHT HyKJIEOTUHOM Toc/ieioBaTelbHOCTH €. 5782T>A, p.(Cys1928Ser) B rene
FBN1 B reTepo3uroTHoM cOCTOSTHUH. TakuM 06pa3om, ObUT yCTaHOB/IEH MOJIEKY/ISIPHO-TeHETHUeCKUI IMarHO3 CUH/IPOM
MapdaHna, myTeM oOHapy>KeHHsI HOBOTO MaTOreHHOTo BapuaHTa B reHe FBN1. Bbigoob!. ITocTaHOBKA iMarH03a Ha KITMHUUECKOM
Y MOJIEKY/ISIPHO-TeHeTUYeCKOM YPOBHE Y 000X MaljeHTOB Orpe/iesisieT JaTbHeHIIYI0 TeparneBTUUeCKyH0 TaKTHKY W OTKPbIBaeT
BO3MOXKHOCTH JIjIsi CBOEBPEMEHHOH [MepBUYHON 1 BTOPUUHOM NMPOQUIaKTHUKY 3ab0/1eBaHus B CEMBE.

KnroueBble csioBa: cunapom Mapdana, FBN1, Hac/ie[icCTBeHHbIe 3a00/1€BaHUs COeAMHUTEIBHOM TKaHHU, CEKBEHUPOBaHNe
HOBOT'0 [TOKOJIEHUSI

Hudopmarnms o punancupoBanuu. Pabora BhINoHeHA B paMKax TOCyapCTBEHHOTO 3a/jaHust MUHUCTEPCTBA HAYKH U BBICIIIETO
obpazoBanust PO Ne 075-00490-25-04 (PeructpariioHHbIi HoMep TeMbl 125042105351-3).

© Crenanenko B.U., JKancanosa N.)K., ®onosa E.A., Epbyposa [I.H., Tocygzapkuna C.H., Papxaesa E.T., ®agromuna C.B.,
Hukuruna A.A., Ceurosa I'.H., Knumuyk O.1., CrenanoB B.A., Ckpsioun H.A., 2025

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License
https://creativecommons.org/licenses/by-nc/4.0/legalcode
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E.A. ®oHoBa — uHTepripetanys JaHHbeIX NGS, peaktupoBanue Tekcta; J.H. EpOypoBa — npoBe/ieHre TIOATBEPXK/IAI0Iei
JMarHoCTHKM (cekBeHupopaHue 1o Canrepy); C.H. TocyaapkuHa — aHamm3 v 06paboTtka 6uorHpopmarrueckux faHHbIX NGS;
E.I’. ParxaeBa, C.B. ®amronmna, A.A. HukvtyHa, ['H. CentoBa — cO0p 1 aHa/M3 KIMHAYECKUX JaHHBIX; O.1. KimMuyK — rpoBe/ieHve
TIO/THOT@HOMHOTO cekBeHupoBanust; B.A. CrenanoB, H.A. CKpsiOrH — KOHLIEITIWS U [U3aiiH NCC/Ie0BaHMs, peIaKTUPOBAHKE TEKCTa.

Nudopmaiius 0 KOHPIMKTe HHTEPeCOB. ABTODHI IEK/TAPUPYIOT OTCYTCTBUE SBHBIX U TIOTEHIMAbHBIX KOH(IMKTOB UHTEPECOB,
CBSI3aHHBIX C MyOMKAlL[Mel JaHHOU CTaThH.

JTHuecKoe yrBepKaeHue. [IpoBesieHe 1CCIe[0BaHMS COTVIACOBAHO C JIOKA/TILHBIM KOMUTETOM I10 OMOMeAWIIMHCKON 3TUKe TIPH
HayuHo-uccneoBaTe/IbCKOM MHCTUTYTe MeIULIMHCKOW TeHeTHKN DefiepabHOr0 TOCYAapCTBeHHOTO OI0/KeTHOTO HayYHOTO
yupexxjeHusi « ToMCKuii Hal[MOHaIbHbBIN UCC/ef0BaTe bCKUM MeJULIMHCKUI LeHTP Poccuiickol akaieMUu HayK» (TIPOTOKOJI
Ne 10 ot 15 ¢eBpasns 2021 roga).

BarogapHocTH — HENPUMEHKMO.

HudopmanmonHoe coriacue Ha MyO/IMKanuIo. Y BCeX MaLUeHToB ObUIO Moy4yeHo 100poBosibHOe HH(OPMUPOBaHHOE COT/IacHe
Ha yJacTHe B UCC/IeI0BAHNH COTVIaCHO XeTbCUHKCKOM JIeKapanuy BceMyupHOUW MequIMHCKoH accoranyu (WMA Declaration
of Helsinki — Ethical Principles for Medical Research Involving Human Subjects, 2013), 06pab0TKy repcoHa/ibHbIX JaHHBIX
Y CcoTviacHe Ha IyOJIMKaLui.

ITocrynuna 16.10.2025. ITpunsara 17.11.2025.
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A familial case of Marfan syndrome: a novel variant in the FBN1 gene

Vsevolod 1. Stepanenko! g’ Irina ZH. Zhalsanova! ', Elizaveta A. Fonova' ,
Daria N. Erburova' ', Sofia N. Gosudarkina' *, Ekaterina G. Ravzhaeval,
Svetlana V. Fadyushina’, Anastasiya A. Nikitina', Gulnara N. Seitova' ,

Olesya I. Klimchuk? Vadim A. Stepanov' ', Nikolay A. Skryabin'

! Research Institute of Medical Genetics, Tomsk National Research Medical Center of the Russian Academy of Sciences,
Tomsk, Russian Federation
2 LLC Biotech Campus, Moscow, Russian Federation
X vsevolod.stepanenko@medgenetics.ru

Abstract. Marfan syndrome is a hereditary connective tissue disorder characterized by marked pleiotropy and clinical
variability. The main disease manifestations involve three systems: skeletal, ocular, and cardiovascular. The condition is caused
by pathogenic variants in the FBN1 gene, which encodes fibrillin-1, a protein essential for the formation and maintenance of the
extracellular matrix. This article describes a familial case (the proband and his father) with clinical manifestations of Marfan
syndrome. Whole-genome sequencing of the proband and his father revealed a previously unreported variant, c.5782T>A,
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p.(Cys1928Ser), in the FBN1 gene. Thus, a molecular genetic diagnosis of Marfan syndrome was established by identifying this

novel pathogenic variant. Conclusion. A confirmed diagnosis at both the clinical and molecular genetic levels in both patients

determines the further therapeutic strategy and enables timely primary and secondary disease prevention within the family.
Keywords: Marfan syndrome, FBN1, hereditary connective tissue disorders, next-generation sequencing
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Beepetue (akTopa pocra 6eta (TGF-[3), 3a00s1eBaHe HOCUT My/Tb-

Cungpom MapdaHa npescrassietT co6oii Hacses-
CTBEeHHOe MOHOTeHHOe 3abosieBaHNe, BO3HUKAOIL[ee
BCJ/Ie[CTBUe MyTaLuil B reHe FBN1, OTBETCTBEHHOM
3a cuHTe3 Oeslka BHEK/IETOUHOTO MaTpHuKca (Gubpus-
mvHa — 1. HacsiemoBaHMe TIPOMCXOUT T10 @y TOCOMHO-
JIOMUHAHTHOMY MeXaHU3MY, OHaKO 3HauuTe/bHasl YaCTh
cnyuaeB (25-30 %) siBrisieTCst pe3y/nbTaTOM HOBBIX M-
Tanui de novo [1]. PacripocTpaHeHHOCTh 3a00/1€BaHuUsS
cocrasisieT ipumMepHo 1 Ha 5000—10000 yesnosek [2, 3],
6e3 STHUUECKUX U TIOJIOBBIX pa3nuuuii [4]. [TockombKy
¢ubpuinrH-1 UrpaeT K/roueByro posib B JOPMHPOBa-
HUU U (PYHKL[MOHUPOBAHUM COEUHUTE/IbHON TKaHU
U BJIUSIeT Ha CUTHAJTBHBIN MyTh TPaHC(HOPMUPYIOIIETo

472

TUCUCTEMHBIN XapaKTep U OTJINYaeTCsl BhIpaXKeHHBIM
ruieroTponu3MoM. KivHuueckasi KapThHa romMopgHa
Y BK/TFOYAET MaToJI0THIO CepAeYHO-COCYAUCTON CUCTEMBI
(mporpeccupytolLias AWiaTalys a0pThl, pacc/IauBaroLast
aHeBpM3Ma aoOpThl), OTIOPHO-JBUTATeTLHON CUCTEMBI
(monuxocreHomesnus, AedhopMaliiy TPYyAHON K/IeTKH,
CKO0/1M03) ¥ 0 TaTLMOIOTHYeCKre HapyliieHusl (3KTOo-
TUsi XpyCTaivka). [loTeHLMaIbHO XKU3HEYTPOyKatolrie
CepieyHO-COCY/IUCThIe OC/IOKHEHHs JaHHOTO 3a00sieBa-
HUSI IMKTYIOT He00X0IUMOCTh MEXUCLIUTTMHAPHOTO
BeZIeHUs TIAl[MeHTOB U CBOEBPEeMeHHOM IUarHoCTU-
KM, B TOM UUCJIe C UCTI0/Ib30BaHNEM COBPEeMeHHBIX
MOJIEKY/ISIPHO-TeHEeTUYEe CKMX METO/I0B.
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Matepuanbl n metogbl

B nccnenoBaHyy npuHsiia yyacTye CeMbsi 0 Ha-
TIpaB/IEHUIO OT KapAXoJiora C TI0A03PeHreM Ha CUHIPOM
Mapdana y cbiHa 1 ero otia. ViccienoBaHye mpoBOAUIOCh
C CoO/TFOIeHreM STUECKUX HOPM B COOTBETCTBHH C XeJTb-
CMHCKOM JleK/iapaliyier BcemMrpHO# MeTMITMHCKOM acColy-
aLuu. bbuio romyyeHo MHGOPMHUPOBaHHOE COTIache BCeX
YIEHOB CEMBY Ha y4yacTHe B KcriepuMeHTe. VlccnenoBanve
ObL10 0I00pEHO KOMUTETOM T10 OMOMEULIMHCKOM ITHKE
HUW memuiyiHCcko reHetrku Tomckoro HUMIL

HWccnenoBaHre reHOMa CeMbU MPOBEIEHO B paMKax
COBMECTHOM HayUHO-UCC/Ie[0BaTe/IbCKOW Mporpam-
MbI ¢ HaljuoHanbHON reHeTHYe CKOM MHUIMAaTUBON
«100000+51» Ha 6a3e OO0 «buoTek KamITyc».

[TonHOreHOMHOE CeKBEHHMpOBaHUe TIPOBOJUIOCH
Ha cekBeHaropax DNBSEQ-T7 (MGI) c nomolibto
peareHTHOro Habopa ZiJ1s1 IPUTOTOB/IEHUs] OMOTMOTEK
MGIEasy FS PCR-Free Library Prep Set (MGI). [IiunHa
ripouTeHU coctaBusa 2x150 m.H. buonHdpopmaru-
YyeCKUi MalryiaiH COAeP>KUT IIard OYMCTKU JJaHHBIX
OT a/laniTepPHBIX U HU3KOKaueCTBEHHBIX MOC/Ie/J0BaTe Tb-
HOCTe, C TIOC/IeIyI0IIMM KapTUPOBaHWEM MPOUYTEHUI
Ha pedepeHcHbI reHoM GRCh38 ¢ momoriibo rporpam-
Mbl bwa mem v(.7.17. Pa3meTka JyrIMLMPOBaHHBIX
MPOYTEHUI TTPOBOJNUIACH C MOMOILBI0 POTPaMMBI
GATK MarkDuplicates v4.3.0.0. KosiuHT TOUeuHbIX
BapUaHTOB MPOBOAUJICS C MOMOILILIO TIPOTPaMMBI
DeepVariant v4.0.0. [J1a Ka>kaoro odpasija Yucsio
MpouYTeHUH ¢ KauecTBOM He MeHee Q30 cocTaBuIo
He meHee 80 % OT uKc/Ia TPOYTEHUM, TTO/TyUYEeHHbIX
B pe3yJibTaTe CEKBeHWPOBaHMUSI.

17151 aHHOTHPOBaHMS MCMO/b30BaaCh MPOrpaMMa
Annovar. /17151 OLjeHKM KJIMHUUeCKOW pesleBaHTHOCTU
BBISIBJIEHHBIX BAPUAHTOB MCIO/Ib30BaHbI 0a3bl JAHHBIX
OMIM, ClinVar, gnomAD v4.1.0 exomes, HPO u jyiu-
TepaTypHble JaHHBIE.

CekBenupoBanue 110 C3Hrepy ObLJI0 TPOBEIEHO
B 000MX HarpaB/eHUsIX B 00/1aCTH WAEHTUPHUIIMPOBAH-
HOTO BapHaHTa Ha obpas3iiax JJHK ripobaHza u ero otiia.
Mg moaTBeprkaeHus 3aMmeHbl chr15:48446712A>T
OBLIM UCITOb30BaHbI CAeAYIOLUe TIpaiMepsl s
nosvuMepasHoy HenHol peakuuu (I1LIP): npsimoit
(5’-CTGGTGAACCCTAAAATGCT-3); obpaTHbIi
(5’-CTCAGAATGTATCCCTCACG-3’).

MEDICAL GENETICS

Pe3yn bTraTbl UCCneaoBaHuUA

B I'enetnueckyto kmmHuKy HUW meauimHcKom
reHeTuky Tomckoro HVMII obpatuiack ceMbsi C OTS-
TOI[EHHBIM CEeMEeMHBIM aHaMHEe30M TI0 OTI[OBCKOM JTMHUU
C M0fI03peHreM Ha JIarHo3 «CUHApoM MapdaHa» y Maib-
uriKa 6 s1eT. B riepBbIe MecsiLIbI KU3HU Oblla 0OHapy>keHa
acMMeTpHUYHasi BeHTPUKY/IoMeranys (110 JaHHbIM Heli-
poconorpaduu u MPT ronosHoro mosra). B Bo3pacrte
3—4 net GBI OTMeueH OBICTPBIN pocT. B Bo3pacte 6 jieT
nipy oOpallieHny K Kapvo/iory ObLT IIOCTaB/eH JUarHo3:
JuuiataLysi KOpHS aopThbl, BOCXOASLLEro OT/esia aopThl,
JnataLys CTBOJ/Ia JIETOUHOW apTepyuH, MPOoJIariC MUTpaslb-
HOTO KJiaraHa, peryprutauus 1 creneny, @K I Ross. [Ipu
oOpartieH!H K 0 TaTbMOIOTy ObIT BbISIB/IEH BPOXKIEHHBIN
TIO/IBBIBHX XPYCTAa/IMKa, TUTIEPMeTPOITHs C/1aboii crereHn
Y aCTUIMaTh3M rMIepMeTpPOIye CKU C/I0XKHBIN 00par-
HBI [1PABOT0 IV1a3a; BPOXKeHHBIM MOJBbIBHX XPyCTa/IMKa
JieBOro rnasa. B 6 sieT o faHHbIM peHTreHorpaguu
IPYZ0-TIOSICHUYHOI'O OT/ies1a TT03BOHOYHMKA: [IPU3HAKU
S-o6pa3HOro CKOJM03a rPyJ0-TI0sICHUYHOTO OT/Ae/a
TI03BOHOYHMKA 1 cTerneHH, MpU3HaKKU K1ugo3a rpyjHoro
OT/leJla TI03BOHOYHHMKA 1 CTereHM.

CornacHo ['eHTCKUM KpUTepUsM JUarHOCTUKU
y TipoOaH/ia IMarHoCTUPOBaH CHHAPoM Mapdana (3KTo-
TYst XPYCTa/IMKa ¥ CeMeMHbINM aHamHe3 3a0o/eBaHus) [5].

CornacHo reHeajqoruueckoMy JpeBy CXOJHbIe
CUMITOMBI HaOJTFOZA/INCh Y OTLA (PUCYHOK 1).

II

4

Puc. 1. PogocnoBHasa naumeHTa
Fig. 1. Patient’s pedigree

Orer; mpobanHia — My>kuuHa, 35 y1eT, 00paTusics
B ['eHeTnueckyto knnHukKy HUW mequiuHCKOM reHe-
tuku Tomckoro HVMI] c »kajiobaMu Ha CHYDKEHHe
CWIbl U UyBCTBUTE/ILHOCTHU B JIEBOM CTOIE, HAPYLIEHUE
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Moxoaku. B 29 neT O6bLI0 TIPOBEIEHO OTepaTHBHOE
JieueHHe T71a3: HhakoIMynbCU(PUKALIMS C UMITTAHTal[en
VHTPAOKY/ISIPHOU JIMH3bI I10 I0BOJY SKTOMWUY XPYCTa/IN-
Ka 06oux rna3. C Bo3pacTa 31 rofja COCTOUT Ha yueTe
y KapZoJiora C ;UarHo30M BPOsK/IeHHBIM MOPOK cepzLa:
paccavBarolasi aHeBpu3Ma rpyJHOT0 ¥ OPIOIIHO-
rO OTZieJs1a a0pThl C paclpoCTpaHeHWeM PacC/I0eHUs]
Ha MpaBylo MOJK/IIOUNUHYIO apTepUIo, TI0 TOBOAY
yero B Bo3pacTe 31 roza HeOHOKPaTHO NPOBOAU/IOCH
OIepaTUBHOE jieyeHre (TIPOTe3MpOBaHUe BOCXOASLLEMN
aopThl, IPOTe3UpOBaHKe NYTH, [IPOTe3UPOBaHNe JIeBOK
MOAK/TIOUMYHOM apTeprH, CTEHTUPOBaHKEe HUCXOZSILeN
aopThl, IPOTe3UpOBaHKe MUTPA/ILHOIO KJlariaHa, [poTe-
3MPOBaHKE BOCXO/ISIIEN a0PThl U A0PTa/TbHOTO KJ1ariaHa)
B HMM Kapavonoruu r. Tomcka. B kauectBe poHOBOTO
3abosieBaHUs1 OBIIO YCTAHOB/IEHO: CUMITTOMaTUYeCKast
apTepuasibHasi ruriepreHsus 1 crerneHu. B kauecTse
COIyTCTBYHOLero 3abosieBaHus OBIZIO yCTAaHOB/IEHO:
Muesonarus Ha ypoBHe D9 ¢ sgBneHreM oTeka; HHAX-
HUI CMelllaHHbI/ Napariapes ¢ Tieruei CTombl C/1eBa,
rurnocTe3uu ¢ L2 ciesa. [lape3 roioCcoBbIX CBS30K.
ITo KT nanaoprorpaduu B Bo3pacte 31 rofa: COCTOsIHHE
1ocJie TIpOTe3MpOBaHUs KiaraHa aopThl — KJlaraH
B a0OpTaIbHOM MO3ULIMH, CTEHTUPOBAHUS HUCXOZSLLEro

OT/le/1a Q0pThl, IPOTE3UPOBAHUS JIEBOU TOAK/IFHOUMUHON
apTepuy; MpOTe3UpOBaHKs MUTPA/JBHOTO K/araHa;
KT-npu3Haku pacciioeHust OpIOIITHOTO OT/esa aOpThl;
KT-npusHaku paccioeHus: MpaBoil MOAKIIOUMYHOMN
aprepuu. B Bo3pacrte 31 roga rnpu KOHCY/IbTHPOBaHUMN
odTanbMo0roM OB TIOCTAB/IEH [UATHO3: MHUOIIHS,
apTuduKanus 000UX r/1a3, aHTUOMATHs CeTYATKH.
B Bo3pacTe 33 jieT CLIOHTAaHHBINA Pa3pbIB COCY/a JIEBOU
rojieHu Ha (poHe AUCIIIa3uM COeUHUTEeTbHON TKaHU
Yl THOWMHBIW apTPUT MPaBOro FOJIEHOCTOMHOIO CyCTaBa.

CornacHo 'eHTCKUM KpUTepUsIM [UarHOCTUKU
y OTIa MpobaH/ia ;MarHoCTUPOBaH CUHAPoM MapdaHa
(aHeBpHM3Ma aOpTHI U IKTOIHS XpyCTaauka) [5].

[To pe3ynbTaTam NMpoBeJEeHHOrO MOTHOT€HOMHO-
ro CeKBeHHWPOBaHUs y 1pobaH/ia U ero OTIja BbISB-
JIeH paHee He OMHCAHHbIA BapUaHT HYK/IeOTUHOMN
rnocnefgoBarenbHOCTU €.5782T>A, p.(Cys1928Ser)
(chr15:48446712A>T, NM_000138.5) B 47 u3 66
3K30HOB reHa FBN1 B reTep03uMroTHOM COCTOSIHUH,
C IIyOWHOM MOKPBITUS 42X ¥ 32X COOTBETCTBEHHO
(pucyHoK 2 u 3).

CekBeHupoBaHue 1o CaHrepy nogTBepAUIIO Ha-
nuuure BapuaHTta chr15:48446712A>T y npobanza
1y oTua (PUCYHOK 4 U 5).

Puc. 2. NGS cukeeHc npo6aHpaa (IGV browser)
Fig. 2. Proband NGS sequencing (IGV browser)
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Puc. 3. NGS cukseHc oTla npobaHaa (IGV browser)
Fig. 3. Proband’s father NGS sequencing (IGV browser)

Puc. 4. CekBeHnpoBaHue no CaHrepy y npobaHaa
Fig. 4. Proband Sanger sequencing

Puc. 5. CekBeHnpoBaHwue no CaHrepy y oTua NpobaHaa
Fig. 5. Proband’s father Sanger sequencing
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O6cyxaeHue

I'en FBN1 coctout u3 237 T.1.H., COOEPXUT 66
9K30HOB U KozupyeT 6esiok ¢pubpuimmnH-1, KOTopbiit
SIBJISIETCSI CTPYKTYPHBIM KOMITOHEHTOM MUKPOGUOPUIT
IraMmetpoM 10—12 HM BHEKJIETOYHOIO MaTpUKCa, repe-
JAroIIMM Kak MOp(0/IorUuecKye, Tak U Pery/siTOpHble
CBOICTBa HECYIIIMM COeJJMHUTE/TbHBIM TKaHsM [6]. [laH-
Hble MUKPO(HUOPHU/IIBI BHICTYTIAOT B KaueCTBe KapKaca
JJ151 OT/IO’KEHUSI 3/1aCTUHA B TKaHSIX JIeTKUX, KPOBEHOC-
HBIX COCY/IOB U KOXKU. B ToM uricre ¢pubpuinms-1 urpa-
eT KJ/IF0UeByH0 POJIb B TOMeoCTase TKaHel IoCpe/iCTBOM
crelruecKrx B3aUMOZENCTBUM C TaKUMH (DaKTOpaMu
pocTa, KaK KOoCTHbIe MopdoreHeTHueckue 6enku (the
bone morphogenetic proteins — BMPs), (akTops! po-
cta u auddepenipoBku (growth and differentiation
factors — GDFs) u narenTtHble TGF-[-cBsi3bIBaroiye
6enku (latent transforming growth factor-beta-binding
proteins — LTBPs), a Takke ¢ pa3HOOOpa3HbIMU UHTe-

I'PUHaMHU K/IeTOYHOU MTOBEPXHOCTH U IPYTUMU KOMIIO-
HeHTaMu Oe/TKOB BHEK/IETOUHOTO MaTpuKca [7]. Takke
¢ubpunnyH-1 perynvupyeT co3peBaHre 0CTe0b1acToB,
KOHTPO/IMPYst OM00CTyMHOCTD U ypoBeHb TGF-0eTa,
a TakKe B/IKds Ha ypoBeHb BMP. OTpurjaresibHo pery-
JIMPYyeT OCTEeOK/IaCTOTeHe3, CBA3bIBasi U CEKBECTPUPYS
¢akrop guddepeHIMPOBKY U aKTUBALIMU OCTEOK/IaCTOB
TNFSF11 [8].

OCHOBHOI1 MaToreHeTUUEeCKUI MexaHU3M pPa3BUTHS
cuHApoMa MapdaHa — 3KCIIpeCcCUPYIONIUICS C Ta-
TOTe€HHOTO aess JedeKTHbIN Oe/loK, y4aCTBYIOILHI
B (hopMHUpPOBAaHWY MUKPO(PUOPU/II C HapyLLIeHHOMN
CTPYKTYDOH; MO0 OTCYTCTBHE IKCIIPeccuu Oesika,
KOTOpOe He KOMIeHCUPYyeTCsi PYHKIIMOHUPOBaHUEM
BTOPOr0 HOPMasbHOTO aJljiesisl.

Bb1/10 TpoBeieHO CpaBHeHUe KIMHUYeCKUX Tpo-
sIBJIeHUH y ripobaH/ia 1 ero oTija coryiacHo ['eHTCKUM
KpUTEPUsIM IMAarHOCTUKH (Tabsuria 1).

Tabnuya 1
CpaBHeHune MeHTCKMX KpUTepMeB U CUMNTOMAaTMKKW, OTMEYEHHOI y npo6aHAa u ero oTua
KpuTepunit Mpo6axg OTey
AHeBpM3Ma aopTbl * +
JKTOMMUA XpycTanvka + +
CucTeMHOe BOB/IeYeHNE COeJMHUTENBbHOMN TKaHu (27 6anno.) (Tabnuua 2) + +
CemeiHbI aHaMHe3 + +
BapuaHT B reHe FBN1 + +
*—Y npobaHa HabnrogaeTcs AmnaTaumsa KOpPHS aopTbl, BOCXOASLLErO OTAeNa aopThbl 1 Annatauus cteona J1A
Table 1
Comparison of the Ghent criteria and symptoms observed in the proband and his father
Criterion Proband Father
Aortic aneurysm -* +
Ectopia lentis + +
Systemic features (=7 points) (Table 2) + +
Family history + +
FBNT gene variant + +

* —The proband has dilation of the aortic root, ascending aorta, and pulmonary artery dilation
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Tabnuya 2
CpaBHeHne CUCTEMHOIO BOBJIEYEHUSI COEMHUTENbHOW TKAHU y Npo6aHAa 1 ero otua
MpusHak (6annbl) Mpo6aHpg OTey
Mpu3Hak 3anscTba U npusHak 6onblioro nanbua (3) / npuaHak 3ansactbs MU npusHak 6onbluoro nanbua (1) 3 3
Ledopmaums no Tuny kuneeon rpyam (pectus carinatum) (2) / BopoHkoo6pasHas rpyapb (pectus excavatum) 0 ]
WIN acummeTpust rpyfiHoii knetku (1)
Hedopmauus 3agHero otgena ctonbl (2) / npoctoe nnockoctonue (1) 1 1
MHeBMoTOpaKc (2) 0 0
[lypanbHas akTasus (2) 0 0
MpoTpy3uns BEPTAYXXHOW BNaguHbl (2) 0 0
CHUXXeHWe OTHOLLEHUA ASIMHbI BEPXHEro cerMeHTa Tena K HuxkHemy (US/LS) U yBennuyeHne oTHOLLEHUSI 1 1
pasmMaxa pyk K pocTy U oTcyTcTBME BblpaXKeHHoro ckonuosa (1)
Ckonvos UJ1N TopakontombanbHblii kndos (1) 1 1
OrpaHuyeHue pasrmbéaHus B NOKTeBbIX cycTaBax (1) 0 0
XapakTepHble YepTbl nuua (Hanuume 3 13 5 npusHakos) (1) — gonuxouedanus, aHodTanbm, 0 0
aHTVMOHTIONOUAHbIN pa3pes rnas, rmnoniasms CKynoBbIX KOCTEN, PeTporHaTus
CTpum koxu (1) 0 0
Mwuonus > 3 guonTpuit (1) 0 1
Mponanc MuTpanbHoro knanaxa (ece Tunbl) (1) 1 0
Bcero 6annos 7 8
Table 2
Comparison of systemic connective tissue involvement in the proband and his father
Features (points) Proband Father
Wrist AND thumb sign (3) / wrist OR thumb sign (1) 3 3
Pectus carinatum deformity (2) / pectus excavatum OR chest asymmetry (1) 0 1
Hindfoot deformity (2) / plain pes planus (1) 1 1
Pneumothorax (2) 0 0
Dural ectasia (2) 0 0
Protrusio acetabuli (2) 0 0
Reduced US/LS AND increased arm/height AND no severe scoliosis (1) 1 1
Scoliosis OR thoracolumbar kyphosis (1) 1 1
Reduced elbow extension (1) 0 0
Facial features (3 from 5 features) (1) — dolichocephaly, enophthalmos, 0 0
downslanting palpebral fissures, malar hypoplasia, retrognathia
Skin striae (1) 0
Myopia > 3 diopters (1) 1
Mitral valve prolapse (all types) (1) 1 0
Total points 7 8
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CornacHo 6a3e ganHbix OMIM maToreHHbIe
BapuaHThI B reHe FBN1 npuBOAAT K C/eYHOLIUM
3a00/1eBaHUsIM C ayTOCOMHO-/JOMUHAHTHBIM TUIIOM
HacjeZloBaHus: cMHApPoM Mapdana (Marfan syndrome),
aKpoMUKpUuecKas gucriasus (Acromicric dysplasia),
9KTOMUA XpyCTanuka, cemeiiHas (Ectopia lentis,
familial), reneodusunueckas aucriiasus 2 (Geleophysic
dysplasia 2), cuaapom qunoguctpoduu MapdaHa
(Marfan lipodystrophy syndrome), cunapom MASS
(MASS syndrome), cuHapoMm >kecTkoi Koxku (Stiff skin
syndrome), cuHipoM Belins-Mapke3aHu 2, JOMAHAHT-
Hbli (Weill-Marchesani syndrome 2, dominant) [9].

CornacHo uTepaTypHbIM [JaHHBIM, TP MHACCEHC-
MyTalUsX C 3aMEeHOM WM BCTaBKOM LIMCTeNHA Ha-
6tomaeTcsi 6osiee BbICOKAsi BEPOSITHOCTb KTOTTHUH
xpycTanuka [10, 11].

Y 060uX malreHTOB BapUaHT HYK/IeOTUAHOU
nocneznoBatenbHOCTH (chr15:48446712A>T) cBsa3an
C 3aMeHOM LIMCTeMHA Ha CepUH B CTPYKType Oesnka
¢bubpunmmna-1 (p.Cys1928Ser). Takxe y mpobaHza
Hab/oaeTcst MOJBLIBHX XPyCTa/IMKa 000X I71a3 B BO3-
pacTe 6 jieT. A y ero OTIja, B CBOIO Ouepe/ib, B BO3pacTe
29 niet ObII0 TIPOBEIEHO OTIepaTHBHOE JieueHHe ((ako-
IMYAbCUDUKAIUSA C UMIIJIaHTal[eld UHTPAOKY/ISPHOU
JIMH3bI) B CBSI3M C 3KTOIHMeEH XpycTaarka 000uX I1a3.
Takum obpa3oM, KIMHUYeCKHe 0COO0eHHOCTH 000MX
TMaleHTOB COIVIaCYIOTCSl C IUTepaTypHbIMU JAaHHBIMU
O TIOBBILLIEHHOM YaCTOTe SKTOMUU XPyCTaJuKa Npu
crvHpoMe MapdaHa ¢ MUCCeHC-MYTalUsIMH, CBSI-
3aHHBIMH C 3aMeHO} LIUCTerHa B CTPYKType Oenka
¢bubpunHa-1.

B 6a3e gaaubix gnomAD v4.1.0 exomes [12]
BapHaHT He BCcTpevaeTcs. B 6a3e faHHBIX TOMY/IALH-
OHHBIX YaCTOT TeHeTUUeCKMX BapDUAHTOB HAaCeJIeHUs]
Poccwuiickoit @efiepaliiv BapyaHT He BcTpeuaeTcs [13].
B 6a3e gannbix ClinVar [14] BapuaHT He omucaH.
CornacHo onjeHKe Revel faHHBIN BaprUaHT OLjeHU-
Baetcs Kak 0,84 Gasisia, YTO COOTBETCTBYET CpefiHel
BepOSITHOCTH TaTtoreHHOCTH [15]. AlphaMissense
OIleHWBaeT JaHHBIM BapuaHT Ha 1,0 6asm, 4To CooT-
BETCTBYeT CMJIbHOMY KPUTEpHIO NaTOreHHOCTH [16].
Eve orjenuBaet 3ToT BapuaHT Ha 0,74 6amia (roe
0 — Haubosiee 0OpOKaUeCTBEHHBIH, a 1 — Hauboee
naroreHHsid) [17]. ITo kputepussm ACMG BapuaHT
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criefyeT paccMaTpyBaTh Kak rnaroreHHbii (PS1, PM1,
PM2, PM5, PP2, PP3) [18, 19].

ITo COBOKYIHOCTH CBeJjeHUI BbISIB/IEHHbIN BapUAHT
HYKJ/IEOTU/IHOU [TOC/Ie/l0BaTe/IbHOCTHU C/IeflyeT paclie-
HUBATh KaK [1aTOreHHbIN BapyUaHT.

BbiBogbl

TakuM 006pa3oM, Tpe/iCTaB/IeHHbI HAMHU CeMeHHBIN
c/lydail cuHpoMa MapdaHa BbI3BaH paHee He OIUCaH-
HBIM TIaTOTeHHBIM BapuaHTOM chr15:48446712A>T,
NM_000138.5, c.5782T>A, p.Cys1928Ser B rene FBN1.
[nst 060oux manyeHToB (pobaH/ja 1 ero OTIja) YCTaHOB-
JIeH KIIMHUYe CKUI U MOJIeKY/ISIpHO-TeHeTUUe CKUI iua-
THO3, YTO IIOMOXKET CIUIaHMPOBaThb TAaKTUKY Ja/IbHeNIIen
Teparvy, a Tak)ke CBOeBPEMEHHO HayaTb NePBUUHYHO
Y BTOPMUHY0 NPO(UIAKTUKY JAHHOTO HaC/1e/[CTBEHHOTO
3abosieBaHMs B 3TOM CeMbe.
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Onyxonesble MogeNun B U3y4YeHUU naToreHesa
U pa3paboTKe MeTOAOB JleueHUs1 paKa NosiocTH pTa

M.C. TpeTbsiKOBa 'g, E.A.IlpocrakummuHa , E.C. Koserosa ,

E.J/1. Yonn3oHoB , E.B. [lenncoB

HayuHo-uccieoBaTebCK1ii MHCTUTYT OHKOJIOTUH, TOMCKUI HallMOHA/TBHBIN UCCeJOBaTeTbCKUN MeIULMHCKAN LIeHTP
Poccutickoit akagemun Hayk, 2. Tomck, Poccutickas ®edepayus
> trremar@mail.ru

AnHoTanuA. AKmyanbHocmb. Pak 1MosocTy pra sIB/SIeTCS] OfJHUM M3 PaclipoCTPaHeHHBIX BU/IOB PaKa Cpeii HOBOOOpa30BaHMi
TOJIOBBI U LIed. Pak MonoCcTy pra XapakTepr3yeTcsl IJIOXUM MTPOrHO30M, OTCYTCTBHEM Crieli(pryeCcKUX OMOMapKepoB U BbICOKO-
3¢ deKTHBHOrO TapreTHOrO JieueHus. [/ist M3yueHus ratoreHe3a JAHHOTO 3a00s1eBaHMst M Pa3pabOTKU HOBBIX METO/IOB JIeUeHHsI
HeoOXOAMMBI aKTyalbHble MO/Ie/IbHbIe CUCTeMBL. [IoHMMaHHe MOJIEKY/ISIPHBIX 0COOeHHOCTel paka MoJ0CTH PTa Mpe/iCTaBsieT
co00i1 0IVH U3 KJTIOUEBbIX 3TAloB B pa3paboTKe HOBBIX TepAreBTHUECKUX CTpaTeruil. B HacTosiiiee BpeMs I0CTYTIeH IIUPOKUN
crieKTp OMOIorMueCcKux Mogesiel, 0[HaKO MX YHUBEPCAIbHOCTh OrpaHUYeHa. DKCIIepUMeHTa IbHbIe MOZeNH [I/1sl UCCIIe/JOBaHMST
paKa ToJIOCTH PTa MPOLIH MyTh OT KJIETOUHBIX KYJIBTYP IO CHCTEM in Vivo, KOTOpble UMUTHPYIOT NaTO/IOTHYeCKUe TTPOLieCChl
Y B3aUMO/IENICTBYE OIyXOJTU ¥ CTPOMBL. B JaHHOM 0630pe Mbl CyMMUPOBAJIH JIOCTYITHYI0 MH(MOPMALIHI0 O COBPEMEHHOM COCTOSIHUN
9KCIePUMEHTAIbHBIX CUCTEM paka nosiocTu pra. CylecTByOIUe MOJIEeNH in Vitro BKIHOYAKT B cebsi UMMOPTATM30BaHHbIe
Y MepBUYHbIE KJIETOUHBIE JIMHUH, TPEXMepHbIe MOJ[e/T1 — CepOoUzbl M OpraHouAbL. In Vivo CUCTeMBbI TIPe/ICTaB/eHbl CHHT€HHBIMU
Y KCEHOTeHHBIMH MO/IeJISIMUA, UMMYHO/Ie QUITUTHBIMH, UMMYHOKOMITETEHTHBIMH, TYMaHHU3UPOBAaHHBIMU ¥ TeHHO-WH>KeHEePHBIMU
>KUBOTHBIMU. MOJIe/TbHBIE CUCTEMBI in Vitro 3heKTUBHBI B U3yueHUH OMOIOTM OITyX0JIel TI0MI0CTH PTa U OLIeHKH TeparieBTHUeCKOro
areHTa 3a CUeT BBICOKOM BOCIPOU3BOIUMOCTH M CKOPOCTH TTOTyueHust pe3yibratoB. CyIecTBYOLYe K/IeTOUHbIe JIMHAY ITUPOKO
WCTONB3YIOTCS 1711 GyHZAMEeHTaNbHBIX U TPaHC/ISLUOHHBIX UCC/IeI0BAHNH U SIBJISTFOTCSI BXKHBIM 3BEHOM B JIOKJTMHAYE CKMX
WCnbITaHusAX. TpaIUIIMOHHBIE in Vivo MOleny TIPUMEHSTIOT BO BTOPOH (a3e JOK/IMHUYECKUX MCC/Ie/JOBaHUM 1Py pa3paboTke
JIeKapCTBEHHBIX CPEJICTB U SIB/ISIOTCS MePeXOAHBIM 3TAroM K /JalbHeHIINM KJIMHUYe CKUM UCITBITaHusIM. Bbigoobl. HecMoTpst
Ha 3HauMTeJIbHBIN MPOrpecc B pa3paboTKe Pa3/IMuHbIX SKCIIEPUMEHTATbHBIX MOJIesiel, KaXK/jast i3 HUX UMeeT CBOU TIPerMYyILecTBa
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1 orpaHriyeHusi. He cyliecTByeT yHUBepCaabHOU MOJIe/H, MO3BOJISIOLIel MOTHOCTBIO SKCTPAIoIMPOBaTh MoJTyyaeMble pe3y/ibTaThbl
Ha uejioBeueCcKuii opranu3sm. [109ToMy Mpu MIaHUPOBAHKMH MCC/IeA0BaHUI BaXKHO TILATE/IBHO MO/01paTh Hanboee Mogxoasiiue
OuooruuecKre MoIeiv, UCXO/S U3 TIOCTAB/IEHHBIX 3a7au.

KinrueBsble cj10Ba: pak IMOJIOCTH PTa, In Vitro MOAeJib, in vivo MOZenb

MNudopmanms o punancupoBanuu. Pabota BbirosiHeHa npyu GUHAHCOBOU Tofjep>kke Poccuiickoro HayuHoro (oHza (poekT
Ne 22-15-00308).

Bku1aj; aBTOpoB. Bce aBTOpHI BHEC/M CYIIIeCTBEHHBIH BK/Ia/l B pa3paboTKy KOHLIEMLIMY U TIOATOTOBKY CTaThU, TIPOYWIH U 0f00pUIU
(buHaMBHY0 BEPCHIO TIepe Ty 6/MKarvei.

HNudopmanys 0 KOHQINKTe HHTEPeCcoB. ABTOPHI 3asIB/ISTIOT 00 OTCYTCTBUHM KOH(WIMKTA MHTEPECOB.
JTHUecKoe yTBep)KAeHne — HelIPUMEeHUMO.

BaarogapHocTH — HElIPUMEHUMO.

HNudopmupoBaHHoe coriacue Ha MyOJIMKaUI0 — HEPUMEHHMO.

IMocrynuna 12.02.2025. Ipunsara 11.03.2025.

Jna qgurupoBanus: Tpembsikoga M.C., [IpocmakuwuHa E.A., Konezoga E.C., YotinzoHos E.J1., [Jenucoe E.B. OniyxomneBble
MO/Ie/TM B M3yUeHHH T1aToreHe3a 1 pa3paboTKe METO/[OB JIeueHHs! paka MosiocTy pTa // BecTHUK Poccuiickoro yHUBepcHTeTa IpY>KObI
HapozoB. Cepusi: Megurmna. 2025. T. 29. Ne 4. C. 480-487. doi: 10.22363/2313-0245-2025-29-4-480-487. EDN: AHVILO

Tumor models in the investigation of oral cancer pathogenesis
and treatment development

Maria S. Tretyakova g, Elizaveta A. Prostakishina ~, Elena S. Kolegova ',

Evgeny L. Choinzonov ~, Evgeny V. Denisov

Cancer Research Institute, Tomsk National Research Medical Center of the Russian Academy of Sciences, Tomsk, Russian
Federation
> trremar@mail.ru

Abstract. Relevance. Oral cancer is one of the most common cancers among neoplasms of the head and neck. Oral cancer
is characterized by a poor prognosis, a lack of specific biomarkers and highly effective targeted treatment. Experimental model
systems are needed to study oral cancer pathogenesis and develop new treatments. Understanding the molecular features of oral
cancer represents one of the key steps in developing new therapeutic strategies. A wide range of biological models is currently
available, but their versatility is limited. Experimental models for studying oral cancer have evolved from cell cultures to in vivo
systems that mimic pathological processes and the tumor-stroma interactions. Here, we summarized the available information on
the current state of experimental oral cancer systems. In vitro models include immortalized and primary cell lines, spheroids and
organoids, whereas in vivo models are represented by syngeneic and xenogeneic models, immunocompromised, immunocompetent,
humanized, and genetically engineered animals. In vitro models are effective in studying the biology of oral tumors and evaluating
the effectiveness of therapy due to high reproducibility and speed of obtaining results. Existing cell lines are widely used for
fundamental and translational research and serve as a crucial component in preclinical trials. In vivo models are used in phase II
of preclinical research in drug development and thus represent a transitional stage to clinical trials. Conclusion. Despite significant
progress in the development of various experimental models, each of them has its own advantages and limitations. There is no
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universal model that allows for the complete extrapolation of the obtained results to the human body. Therefore, when planning
research, it is crucial to select carefully the most suitable biological models based on the objectives at hand.

Keywords: oral cancer, in vitro model, in vivo model
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BeepeHue

Pak monoctu pra (PIIP) siBnsieTcst OTHUM K3 CaMbIX
pacrpoCcTpaHeHHBIX BH/IOB Paka Cpei HOBOOOpa3o-
BaHWU T'OJIOBBI U LlIeU U XapaKTepu3yeTcs MJI0XUM
MIPOTHO30M M OTCYTCTBHEM CIleLjudpruecKux Gruomap-
KepoB. OCHOBHBIMU (haKTOpaMu prcKa pa3Butus PITP
SIBJISIIOTCS yIIoTpebieHre Tabaka U ajKoroJisi, BOCIa-
JieHWe, HaJiMuKe BUpYyca Nanu/uioMbl uenoBeka (BITH)
Y TJI0CKOTro uiiast nosoctu pra [1]. PIIP cuuraercs
3abosieBaHreM TOXKWUJIBIX JTFOZIEH, OJHAKO B TIOC/IeJHIEe
rofibl HaO/TFO/IaeTCsT aKTUBHBIN POCT 3a00/1eBa€MOCTH
B MOJIOZOM Bo3pacTe [2]. DTuonoruueckue pakro-
phl, xapakTepHsle Ajs PTIP B cTapiueii Bo3pacTHOM
KaTeropyuy, He BCerja acCOLIMMPOBAHBI C JaHHBIM 3a-
OosieBaHMeM B MOI0ZioM Bo3pacte. [Ipeamnonaraercs,
yto PITP y MO/0ABIX NALIMEHTOB SIB/ISIETCS OTeTbHOU
K/IMHUYeCKolM (hOpMOM U XapakTepusyeTcs crieugu-
YyeCcKoM 3THOIoTHeN 1 naTtoreHesom [3, 4].

[ns nonnmanus 6uonoruu passutusi PITP Heob-
XO[ VMBI aKTyaJ/IbHble MOZie/lbHble crucTeMbl. Ha cerog-
HSIIITHWY JleHb MOZiesiu fijisi uccienoBadus PTTP mpomim
IyTh OT K/IETOYHBIX KYJIBTYP [JO CUCTEM in Vivo, KOTOpbIe
VIMUTHPYIOT NaTo/I0rMYeCcKre MPOLIeCChl U B3aUMO/ei-
CTBHe OIyXO/IM U cTpoMbl. Ho Bce ellje cymjecTByeT
MoTpebHOCTH B pa3paboTke HOBBIX MO/Ie/IbHBIX CUCTEM
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JI71s1 TIOHUMAaHUSI MOJIEKY/ISIPHBIX ¥ TeHeTUUeCKUX Me-
XaHW3MOB BO3HUKHOBeHUs U pa3Buthd PIIP v onjeHKH
3¢ (eKTUBHOCTH HOBBIX TepareBTUUeCKUX U NPo¢u-
JIaKTUUeCKUX cTpaTerui [5].

I'Ionyqume KNeTOYHbIX MoAenen
PaKa noJsIoCTu pta

[TosiyyeHUe KeTOUHBIX TUHUM U3 OMyX0seu
MaLyeHTOB SIB/ISIETCSl PACHPOCTPaHEHHBIM MOAX0A0M
B MOZIeJTMPOBaHUM U W3yUeHUU 3/10KaueCTBEHHBIX
HOoBoOOpa3oBanuii. B 6anke ATCC (American Type
Culture Collection) npezcTaBieHbl OCTYIHbIE ayTeH-
TU(ULMPOBaHHbIE UIMMOPTA/M30BaHHbIe TMHUU OMY-
xonent munganud (UWO37 (HPV16), HNO41), si3bika
(UWO023, SCC-25, HNO97, HNO223, CAL 27),
rnoguentocTHOM xesne3bl (A64-CLS) 1 KapLiMHOMBI
nosiocty pra (CLS-354, HNO258). OiHako TOJ/IBKO
TI0JIOBMHA U3 TIepeuMrC/IeHHbIX KJIeTOUHbIX JIMHUMN
PITP ucnonb3oBanach AJis pa3paboTKu TeparneBTH-
YeCKUX CTpaTeruil, OTKPLITUS MULLIeHeH WU OLleHKH
XHMHOUYBCTBUTETBHOCTH U XMMHUOPE3UCTEeHTHOCTH
[6-12]. Mogenu in vitro MO3BOJISIIOT TIPOBECTH CKPU-
HUHT 3()eKTUBHOCTH HOBBIX TPOTHUBOOITYX0JIEBBIX
Bell[eCTB U OL[@eHKU CHUCTeM /I0CTaBKH CTaHAAPTHBIX
XUMHuorpenapaTtoB. OJHUM U3 TPUMEDPOB SIBJISIETCS
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pa3paboTka HOBOU OpMBI ZOKCOPyOHUI[THA — JIOK-
cula, IpU CKPUHUHTE KOTOPOTO OBII0 MOKa3aHO
3HauMTe/IbHOe CHU)KeHHUe Mposndepaliy Ki1eToK
PIIP [9]. MosiesibHBIE CUCTEMBI in Vitro Mo3BOJISIIOT
MOJU(ULIMPOBATh CTaHapTHbIe CXeMbl JTeYeHUs
1 rioflobpath HoBbIe. Tak, Ha Mojie/iAx in vitro OblIa
nokasaHa 3¢(eKTUBHOCTb [TPUMEHEeHHUs paJji0CeH-
cubunusatopoB Ass nyueBoi Tepanuu PITP [10].
Bce BbIlIeyTIOMSHYThIEe JaHHbIe, [I0/TyYeHHbIe Ha UM-
MOPTa/IM30BaHHbBIX KIETOYHBIX JIUHUSX, MOCTYKUATU
OCHOBOM /151 la/IbHeHIINX KCIIePUMEHTOB Ha Ooree
CJIOXKHBIX MOZe/X in vivo.

B oTMunve oT UMMOPTa/JIU30BaHHBIX KY/IbTYP
TepBHUYHbIE TMHUM, MOTy4YeHHbIE U3 OMepaljMOHHOTO
Marepuaiia, siB/ISIFOTCs Ooree pesieBaHTHOM MO/ieJTbI0
B BUJY 5((eKTUBHOTO COXpPaHEHHs OIMyX0JIeBOU re-
TepOreHHOCTHU. [lepBUYHbBIe TMHUU STIUTETUATBHBIX
k1eTok PIIP mosydeHb! U3 C/T3MCTON 000/IOUKY IIEeKH,
CJTU3UCTOM 000/IOUKH [IeCHBI, S3bIKa, MPUHOCOBBIX Ma3yX
Y IpyLLeBUHON MKU [13]. [laHHbIe MO MO3BOJISIIOT
BOCCO3/aTh OMYX0JIb-CTPOMaJIbHbIe B3aUMO/IeHCTBUS,
WMUTHPYIOLIE MUKPOOKPY>KeHHe onmyxosu. Yaire
BCEro0 [epBUYHbIe KY/IbTYpbl UCTIOb3YIOT [I/151 OL|eHK!
3¢ (eKTUBHOCTU HOBBIX TepaneBTUYeCKUX MOAX0[0B
C L|e/IbI0 Jja/ibHeMIIel TpaHC /ALY JIeYeHUs] B OHKO-
JIOTUYECKYO MPAKTUKY.

[Tpu nonyueHuu nepBUuHbIX JUHUK PIIP yamie
BCETO UCTOMb3yH0T (PepMEeHTAaTUBHBIN 1 SKCII/IAHTalOH-
HbIM MeToAbL. I1py 3KCrIaHTaLMOHHOM MeTOZie K/IeTK!
MUTPUPYIOT U3 TKaHU Ha Ky/IbTYPasibHbIM M/IaCTHUK Uepe3
48 yacoB 1oc/e oMelLeHusl B Cpefy, TOrza Kak Ipu
(hbepMeHTaTHBHOM TO/[X0/Ie KJIETKU U3 TIOTyUeHHOU
CYCIIeH3UH aJire3upyroT B TeueHue 12 yacos. [Ipu
060MX MeTOoZaxX BBISB/SIOTCS KaK SMUTeNNaIbHbIe,
TakK U ¢pubpobacTonogobHbIe KJIETKH B MOJTyUeHHOU
KynbType. TeM He MeHee, (pepMEHTAaTUBHBIN METO/,
JeMOHCTpUpYeT 60/bLIyI0 3 HeKTUBHOCTD 10 BBIXOAY
KJIETOK U TpeOyeT MeHblile BpemeHH [14].

['eHeTHUeCKHe M3MeHeHHss KIMMOPTaIu30BaHHbIX
Y TIePBHUUHBIX KJIETOYHBIX JUHUW C TOMOLIbIO CHU-
ctem CRISPR-Cas, TALLEN u siRNA 1o3BosioT
“3yyaTrb (PyHKLMOHAIbHYIO 3HAYUUMOCTh T'€HOB,
OTKpbIBaTh HOBbIe MapKepbl U TeparneBTUYeCKHUe
vuineHu. Taxk, npu PITP HokayT rena LRP1B nipu-
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BeJl K TMOBBIIIEHHOM nposindepaluu U MUTPaLiiU
¥ CII0COOCTBOBAJT Pa3BUTHIO YCTOMUMBOCTH K XUMUO-
v paguorepanuu [6]. Hokaayn FATI u CASP8 B
nepBUYHOU KynbType PITP ycunun nponudepauuro
Y MUTpaLMIO K/IeTOK, UTO IIPUBEJIO K YCKOPEHHOMY
POCTY NePBUUYHOU KY/JIbTYPBbI MJI0CKOK/JIETOUHOMN
KapLMHOMBI [10JIOCTHU pTa 3a CUYeT MOBbIIIEHUS
nponudepanuu [15]. Takum obpa3om, BBIsIBIEH-
Hble (DYHKIJMOHa/bHble 3HAUEeHUs TeHeTHueCKUX
HapylleHU# SBASIOTCS OCHOBOW B pa3paboTke
JIeKapCTBEeHHBIX IIpernaparoB U JUarHoCTUYeCKUX
Y NPOrHOCTUYeCKUX Mapkepos PIIP.

KaHnieporeHes — 3T0 MHOT0O3TaInHbli MpoLecc,
JTsT U3yUeHUst KOTOPOTO HeoOXoAMMBI Oojiee CI0KHBIE
TpexMepHble MOJie/ in Vitro, AMUTUPYIOL1e TKaH!
in vivo. K Takum MozienisiM OTHOCSITCS Chepor/ibl, UK
KyJIbTUBUDYEMble CBOOOJHO TI/IaBaOI[He arperaTsl
OIyXO0JIeBbIX KIeTOK, U OPraHOW/Ibl, IPeCTaB/IsIoI1e
co60i1 MUHHMATIOpHBIE BePCUY OPraHOB, MOJyYeHHbIe
13 CTBOJIOBBIX KJIeTOK [16]. TpexmepHbie Mozeiu
TI03BOJISIOT C Oosbliiieii 3¢ deKTUBHOCTEIO pa3pabaThi-
BaTh U OLIeHUBATb HOBbIE TEPareBTUYECKHe PelleHust
[17-19]. Tak, nprMeHeHNe OPraHOU/IOB, COCTOSIIUX
n3 kyieTok PIIP (gHO pTa, A3bIK M albBeOJISIPHbBIN
OTPOCTOK) U COOTBETCTBYIOI[eI0O HOPMaabHOTIO
STIUTE/NS, BBISIBU/IO Pa3/IMUHYI0 YYBCTBUTE/IbHOCTh
Ha CTaHJapTHbIe CXeMbl Jle4eHUs] — XUMUOTeParuio
IUCTVIATUHOM, KapbomaTUHOM U IjeTyKCcuMabom
Y Jy4eByro Tepanuto. OTBeT OpraHoW/0B Ha BO3-
JefICTBYe XUMHUOTY4YeBOW Teparnuu OblT COMTOCTaBUM
C peaklyel NalMeHTOB Ha aHaJIOTUYHYIO Teparnuo
B 26% cnyuaeB. KpoMe Toro, ucnonb3oBaHue Kie-
TOUHBIX chepouzioB PTTP mo3BouIo BbIOpATh HO-
Bble TapreTHbIE Mpernaparbl, KOTOPble B HACTOSIIIUI
MoMeHT HaxozsaTcs Ha | u Il dasax knnHUUYeCcKUX
WCIIBITAHWI: 3BepOMMYC, HApamnapuo, anmnenucud
u Bemypadenuo6 [20].

Takum obpa3om, MoJebHbIe CUCTEMBI in Vitro
Npe/iCTaB/s0T co00# 3¢ HeKTUBHBIA UHCTPYMEHT
JJ1s U3ydeHusi OMOIOTUYM OMyXosel ToI0CTH pTa
Y OLleHKU 3((PeKTUBHOCTH Teparuu 3a cueT BbICO-
KOW BOCIIPOM3BOJAUMOCTH U CKOPOCTH MOJTYUeHHUsI
pe3y/bTaToB.
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XXnBOTHbIEe MOAENU paka NnosiocTu pta

JKVBOTHBIE MOJIe/TU, KaK U MOZe/H in vitro, mm-
POKO UCTONb3ytoTCs Ans uccnegoBanus PIIP (pucy-
HOK 1) [21-25]. Mogenu PITP pa3paboTaHbl Ha UMMY-
HOKOMITIETEHTHBIX U UIMMYHOCYIIPeCCUBHBIX IDbI3yHaX.
PITP y mblIiiieif Mo)KeT OBbITh BbI3BaH TPaHCIIAHTAL[eN
OIyXOJIeBBbIX K/JeTOK (KceHorpadT uiu annorpadr)
Y XMMHUYECKUM KaHLepOTeHOM, IPeMMYI1e CTBEHHO
4-HATPOXUHO/MH 1-0Kcuzaom [26].

CymectBytorue kKinetoudbie muaumn PIIP (SCC7,
MOC, MOC1, MOC2) ucrnonb3yroTcs Ajs pa3pa-
00TKM cMHTeHHBbIX Mogenei [27-30]. CuHreHHbIe
MOZie/I1 HA UMMYHOKOMITeTEHTHBIX MbIIIaX MT03BOJISIOT
MPOBECTU MEPBUYHBIN aHaIM3 (papMaKoJI0ruueCcKUx
CBOMCTB TeCTUPYEMbIX XMMUYECKHUX COeJVHEeHNM.
[ [OKIMHUYEe CKUX UCC/IeJOBaHUIN UCIIO0/b3YIOT

Ooree C/IOKHYIO OMOJIOTUYECKYIO MO/Ie/Tb — UMMY-
HOCYTIPeCHUBHBIX MBIIIIeN C JlaabHelIel epeBUBKOU
YyeJ/IoBeueCKUX OMyXO0JIeBbiX KIeTOK (KCeHOTeHHbIe
Mozesin). [lepBUUHbIE U TTOCTOSTHHBIE K/I@eTOUHBbIE
JIVHUM, TPaHCIUVIAHTUPOBAHHbIE MbIIIAM TTOAKO)KHO
JlJIsl yCTAaHOBKHY TeTEePOTONMHNYeCKOW MO/Ie/TH, JIETKO
KOHTPOJIMPOBaTh Ha TIpeJMeT pa3Mepa OIMyXOJU U pe-
aKIMM Ha TepareBTUUeckKoe Bo3zeicTBue [5]. OHako
MBIIIA C UMMYHO/Ie(PULIUTOM He MOTYT B TIOJTHOU Mepe
OTpakaTb B3aMMOJIENCTBHE OMYXO/IU C ee MUKPOOKPY-
»KeHHeM 13-3a OTCYTCTBUS MOJTHOL[EHHOTO UMMYHHOT'O
otBeTa. Kpome Toro, KceHorpadThl XapaKTepr3yIOTCS
BBICOKOM CKOPOCTBIO mposiudepaliiy KJi1eToK, YTO
He TI03BOJ/IsIeT PUKCUPOBATh TTPOMEXXYTOUHbBIE CTaIUN
3abosieBadus [5].

Puc. 1. AkTyanbHble mogenu PP
Fig. 1. Current models of oral cancer
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ITpu mogenupoBanuu PIIP in vivo omyxosieBbie
KJIETKW BBOJSAT B C/TU3UCTYIO 000/IOUKY I11{€KH, MBILILIBI
sI3bIKa WM JHO TMOJOCTU pTa (OpTOTOMHAYECKasi Mo-
nenb) [21]. Mernmmnabie Mmosenu PITP vcrnosib3yroTcst
B pa3paboTKe HOBBIX MO/AXO/OB B TAPreTHON U UM-
MYHHOU Tepanuu, OLeHKH XUMHUOPEe3UCTeHTHOCTHU
Y OTKPBITUY HOBBIX MullieHel [31-36]. Ha mogensx in
vivo 1oKa3aHa 3(h()eKTHBHOCTh COUeTaHHOTO JIeHCTBUS
00JTyueHUsI 1 UMMYHOTeparuy, KOTOPOe 3HAUUTE/TbHO
TOPMO3WJIO POCT OITYXOJTH M Y/TyULlIa/io OOIIy 0 BEDKHBA-
eMOCTh MbIiLiel ¢ KceHorpadtamu PITP o cpaBHeHMt0
¢ rpymmnoi KoHTposns [31]. OfHuM 13 npuMepoB paspa-
OOTKM TapreTHBIX TMPeNapaToB SB/SIETCS AOKIMHIYECKOe
uccnenoBanve MEDIO641 — KoHBbIOraTa aHTHUTeJ 1A
C JIeKapCTBEeHHBIM CpPeJICTBOM, HalleJIeHHOTO Ha OH-
kodeTtanbHbIl aHTUreH 5T4. OmHOKpaTHOE BBe/leHUe
KOH'BbIOTaTa BbI3bIBa/IO perpeccuio kceHorpaghToB PITP
y MblLen [32].

B skcriepuMeHTanbHOM OHKOJIOTUM TTIOMUMO M-
MYHOCYTIpe CUBHBIX 1 UMMYHOKOMITETEHTHBIX >KUBOT-
HBIX UCTIONb3YIOT reHeThuue CKU MOAU(PULIMPOBaHHBIX
Y TYMaHU3UPOBaHHBIX Mblllel [37]. ['eHeTHuecku
MoaubULIMpoBaHHble MbIIMHBIE Mozienu (GEMM)
TOJ/Iy4eHbl MyTeM UHAYKIMY (HOKWHTA) WK y/janeHust
(HokayTa) oripesiesieHHbIX TeHOB [38]. C ucrosnb30Ba-
HueM GEMM wusyuena pone reHoB PIK3CA, EGFR,
TP53 u CDK-4 B nnatorenese PITP [39-41]. Tem He me-
Hee, GEMM wumerT onpe/iesleHHbIE OTPaHUUEHUS
13-3a HEKOHTPOJIMPYEMOM 3KCIIPeCCHUU TPAHCTe€HOB
Y pacnpoCTpaHeHus OMyXOJiv 3a MpeJesbl POTOBOM
TMOJIOCTH.

['ymaHM3MpOBaHHBIE MBIIIU UCITOIb3YIOTCS
B KaueCTBe TPaHC/SALHUOHHBIX MO/leield BO MHOTHUX
00s1aCTsIX IKCTIepUMEHTA/TbHOW OHKOJIOTHH, BKJTIOYAst
K/IMHUYeCKKe UCC/IeJOBaHUS, U TIPE/ICTABIISAIOT COOO0M
>KUBOTHBIX C UMMYHO/ie(DUITUTOM, KOTOPBIM MIPUBUTHI
HMMYHHbIE yejioBeuecKue KaeTku. s co3manus
(yHKLIMOHAIbHOM UMMYHHOUM CUCTEMBI Ues0BeKa
UCTIOJTB3YHOT [IBa OCHOBHBIX MCTOYHMKA Yei0BeueCcKrux
K/JIeTOK: MOHOHYKJ/Ieapbl nepudepuueckoil KpoOBU
nnn CD34" reMomnos3TAYeCKUe CTBOJIOBbIE KJ/IETKU.
NMMyHHBIN KOMITOHEHT BBO/SIT BHYTPUBEHHO WUJIU
BHYTPUOPIOLINHHO, U Jjajiee OPTOTOMUYECKU TTPUBU-
BAlOT OITyXOJIeBble KJeTKH. Yaille Bcero, ryMaHU3H-
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POBaHHBIX MBIl UCII0/Ib3YHOT IPU MOZe/IMPOBaHUM
JIeKeMUU 13-3a BbICOKOM MPM)KMBAaeMOCTH JaHHBIX
OTIyXOJIeBbIX KJ/IeTOK [42]. B nuTeparype KpaiiHe
peZKO BCTPEYarTCsl YIIOMUHAHUS UCOIb30BaHUS
ryMaHU3MpOBaHHbIX Mbileit ipu PITP. Hanmpuwmep,
Mo/le/Tb T'yMaHHU3UPOBaHHBIX MbiIiieli ¢ BITY-accoruu-
POBaHHBIM pPaKOM s13bIKa Obla pa3paboTaHa st ajb-
Helllel JOKIMHUYEeCKOU OLeHKU 3 PeKTUBHOCTU
TeparneBTHYeCKUX noAxofoB BITU-nonoxuTensHOro
PTIP [43].

Onwucansl Takke Mmogenu PITP Ha kpbicax, xoMs-
Kax U Komkax [44—46]. PIIP y Koiiek pa3BuUBaeTCs
CIIOHTAHHO, y KPBbIC 10/, BO3/elCTBUeM 4-HUTPOXU-
HOJIMH 1-0Kcuzia. Mogesipb 3a1eyHoro Merka XoMsiKa
SIBJII€TCS TPaJULMOHHBIM BBICOKOBOCIIPOU3BOAUMBIM
MO XOZIOM [i/11 TIOMCKa HOBBIX TeparieBTUYEeCKUX CTpa-
Terui, KOTopheli Obls1 pa3paboTaH eile B 50-e TobI
nipomnuioro crosnetus [21, 46]. KanijeporeH 4-HUTpo-
XUHO/UH 1-OKCHJ, HAHOCUTCSI B paCcTBOpe Ha I0BepX-
HOCTB CJIU3UCTON 000JI0UKH 3all[eYHOTO MPOCTPAaHCTBA
Y TI03BOJISIeT OLIeHUTH 103TalHble U3MeHEeHUs B DALY
HOpMa — MpeJpak — paxk [47].

Takum 06pa3om, Mozie/u in vivo 3PeKTUBHbI
B JOK/TMHUUECKUX MCC/Ie/I0BaHUSIX: TabOopaTopHbIe >KU-
BOTHBI€ HCII0/IB3YIOTCS BO BTOPOiA (ha3e rpH pa3paboTke
JIEKApCTBEHHBIX CPEJICTB U ABJISIOTCS MepPeX0LHbIM
3TaroM K KJIMHWUYeCKUM HCIIbITaHUSIM.

BbiBOAbI

[ToHnmMaHue MoneKynsipHbIX MexaHu3MoB PITP
MMeeT pellarllee 3HaueHHe B pa3paboTKe HOBBIX
METO/IOB JieueHUs JaHHOTO 3aboneBaHus. Vcmnosnb-
30BaHUe KJIeTOUYHBIX JIMHUI TI03BOJIsIeT 0OHAPYXUTh
HOBbIE 3THOJIOTUUEeCKHe U MaToreHeTHYecKue (aKkTopsbl
3aboneBaHus ¥ TIPOBECTH aHa/In3 (hapMaKoJIoruyue-
CKHUX CBOMCTB XMMHUUECKUX COeJuHeHul. Mopenu in
vivo 3(pdeKTUBHBI B pa3pab0TKe HOBBIX TepareBTH-
yeckux crpateruii B meueHud PIIP. Tem He MeHee,
TIpY TJIAHMPOBaHUM UCC/IeJ0OBAaHMI Ba’)KHO YUHTHIBATh
OrpaHuYeHus U HeJJOCTaTKu Mojeneu in vitro u in
vivo ¥ BeIOMpaTh Hanbosiee KOPPeKTHbIE, OCHOBBIBA-
SICb HAa UX NIPEeMMYLeCTBax M SKCIleprMeHTalbHbIX
3a/auax.
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Therapeutic activity of proinflammatory macrophages
in endometriosis is driven by their antiproliferative
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Abstract: Relevance. Despite longstanding recognition of endometriosis, there’s an absence of effective treatment.
Existing treatments carry significant risk, so research into cell therapy is gaining popularity. Macrophages are a promising
agent. A previous study using an animal model demonstrated that introducing proinflammatory macrophages led to a significant
reduction in endometriosis lesions. The aim of the study is to analyze the effect of macrophages with a proinflammatory phenotype
introduced into an animal model on the proliferation and survival of cells in endometriosis lesions. Materials and Methods.
A syngeneic model of endometriosis was obtained in female C57B1/6 mice by intraperitoneal transplantation of uterine fragments
from a donor mouse. RAW264.7 mouse macrophages were utilized as the cellular agent. The animals were then divided into
groups: “Control” comprised mice that did not receive macrophage therapy; “Control of therapy” comprised mice that received
unpolarized RAW264.7 macrophages; and “Therapy” comprised mice with endometriosis that were injected with RAW264.7
macrophages with a proinflammatory phenotype. Results and Discussion. Consequently, the administration of macrophages
with a proinflammatory phenotype resulted in a significant decrease in the production of the proliferation marker protein Ki-67
and a significant increase in the production of effector caspase 3 in the cells of endometriosis lesions compared to the “Control”
group. Concurrently, the level of production of the tumor suppressor protein p53, which is involved in the initiation of apoptosis
in cells, was comparable to that in the “Control” group. This is in contrast to the group of animals that received unpolarized
macrophages. Conclusion. We found that the anti-endometriosis activity of macrophages with a proinflammatory phenotype is
associated with the fact that their introduction suppressed the proliferation of endometriosis cells and enhanced their apoptotic
death through the activation of p53 and caspase 3.
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Introduction

Endometriosis, a serious disease affecting 10% of
women of reproductive age, is characterized by pelvic
pain and infertility, which can have a significant im-
pact on the quality of life of patients [1, 2]. The gold
standard in the treatment of endometriosis remains
laparoscopic removal of lesions, but this surgical pro-
cedure is associated with risks of damage to healthy
tissues and organs [3]. Furthermore, research has
demonstrated that the frequency of repeat operations
following surgical removal of lesions ranges from
27% to 58%, as evidenced by various data sources [4,
5]. In addition to laparoscopic removal of lesions, the
administration of pharmaceuticals is also employed
to alleviate pain symptoms [1]. Moreover, there have
been documented cases in which the administration
of drug therapy within six days following surgical
excision of lesions has been shown to reduce the
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risk of recurrence [4]. However, the efficacy of phar-
maceutical interventions in managing the disease’s
symptoms is questionable, as is their potential to
induce adverse effects. These include, but are not
limited to, irregular bleeding, nausea, cardiovascular
complications, weight gain, and the potential for
contraceptive effects [1]. In this regard, a relevant
area of research is the development of minimally
invasive therapies using cellular agents.

In a preceding study, an investigation was con-
ducted on a syngeneic mouse model of endometriosis,
in which it was demonstrated that the introduction of
allogeneic macrophages with a proinflammatory phe-
notype into the animal model resulted in a significant
reduction in the size and number of lesions [3].

The objective of the present study was to ascertain
the mechanisms underlying this effect, specifically to
evaluate the impact of introducing macrophages with
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a proinflammatory phenotype on the survival of cells
in endometriosis lesions and their proliferation.

Materials and methods

Syngeneic model of endometriosis

Thirty female mice of the C57Bl/6 strain, aged 4-8
weeks and weighing 18-20 g, were obtained from the
Andreevka Branch of the National Center for Biomed-
ical Technologies (NCBMT) of the Federal Medical
Biological Agency (FMBA) of Russia. The animals were
maintained under standard conditions, with unrestricted
access to water and food for a total of 12 hours per day/
night. Two weeks after acclimatization, the animals
were included in the experiment. A syngeneic model of
endometriosis in mice was obtained by intraperitoneal
transplantation of uterine fragments using a method like
that described in our previous work [3].

Therapy of animals with proinflammatory

macrophages

The RAW264.7 mouse macrophage cell line
(Cat. No. 186, BioCollection, Moscow, Russia) was
cultured in complete RPMI-1640 medium (PanEco,
Russia) with the addition of 10% fetal bovine serum
(FBS) (Biowest, Brazil), L-glutamine (PanEco, Rus-
sia), and penicillin-streptomycin (PanEco, Russia)
at +37 °C and 5% CO2 in 175 cm2 culture flasks
(Corning Inc., USA) until a 100% confluent mon-
olayer was achieved.

Then, to polarize macrophages toward a proin-
flammatory phenotype, according to the protocol
presented in our previous study [3], the cells were in-
cubated with lipopolysaccharide (LPS) isolated from
Escherichia coli O111: B4 (Sigma-Aldrich, USA)
(100 ng/ml) for 24 hours. Unpolarized macrophages
were used as a control for the therapy. Three weeks
after transplantation of uterine fragments, the animals
were divided into three groups: “Control” — animals
with endometriosis that did not receive macrophage
therapy; “Therapy control” — animals with endo-
metriosis that received unpolarized macrophages;
“Therapy” — animals with endometriosis that were
injected with polarized macrophages with a proin-
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flammatory phenotype. After the cells were injected,
the animals were removed from the experiment by
overdosing them with Zoletil 100 (Virbac, France)
and Xylanit (Nita-Farm, Russia) two weeks later. The
study was approved by the local ethics committee of
the Petrovsky National Research Center for Surgery,
protocol No. 3 of March 23, 2023.

Western blot analysis

Following the removal of the animals from the
experiment, the endometriosis lesions were extracted
and lysed in Protein Solubilization Buffer (PSB) (Bio-
Rad Laboratories, USA), which was supplemented
with Complete™ Protease Inhibitor Cocktail (Roche,
Switzerland), with the objective of obtaining a protein
fraction. The protocol for the western blot analysis
was executed in accordance with the method outlined
in a previously published study [6]. The following pri-
mary antibodies were used in the staining procedure:
mouse anti-GAPDH (cat. no. 5G4, clone 4G5, HyTest,
Russia) (1/5000), rabbit anti-Ki-67 (ab16667, Ab-
cam, UK) (1/1000), and mouse anti-p53 (ab154036,
Abcam, UK) (1/1000). Secondary antibodies were
used for detection: goat anti-rabbit [gG H&L (HRP)
(ab6721, Abcam, UK) (1/5000), goat anti-mouse I1gG
H&L (HRP) (ab6789, Abcam, UK) (1/2000). The
membranes were developed using the NovexTM
ECL HRP Chemiluminescent Substrate Reagent
Kit (Invitrogen, USA). The signal was detected on
a Fusion FX system (Vilber Lourmat, France) using
Fusion Software. The relative protein content of the
sample was assessed by normalization to the signal
of the control protein GAPDH.

Immunohistochemical (IHC) analysis

The extracted endometriosis lesions were pre-
served in liquid nitrogen, then cryosections were
prepared and transferred to Superfrost Plus Micro-
scope Slides (Thermo Fisher Scientific, USA). Prior
to staining, the sections were washed with phosphate-
buffered saline (PBS) (Panecho, Russia). The sections
were then subjected to an overnight incubation with
antibodies directed against caspase 3 (AF6311, Affinity
Biosciences, China) at a concentration of 1:100. Sub-
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sequently, the sections were subjected to a thorough
washing process with phosphate-buffered saline (PBS).
Thereafter, they were placed into an incubator with
secondary antibodies that were rabbit-conjugated with
Alexa Fluor 555 (AS058, ABclonal, Inc., China) at
a concentration of 1/200 for a duration of one hour
at ambient temperature. Subsequently, the nuclei
were stained with DAPI (0.1 pg/ml). A quantitative
analysis of the content of positively stained cells was
performed using QuPath software, developed in the
United Kingdom [7].

Statistical analysis

The statistical data processing was performed us-
ing GraphPad Prism 8 software (GraphPad Software,
USA). The normality of distribution was assessed
using the Shapiro-Wilk test. In the case of normal
distribution, multiple comparisons of samples were
performed using one-way ANOVA with Tukey’s
post-hoc test. In instances where the distribution
was deemed to be non-normal, the non-parametric
Kruskal-Wallis test was employed, followed by the
Dunn’s post-hoc test to identify significant differenc-

es. The analysis was conducted using two-tailed tests
and a 95% confidence interval. Statistical significance
was defined as p <0.05.

Results and discussion

Proinflammatory macrophages induced
a decrease in cell proliferation in endometriosis
lesions and supported p53 protein
production in them

In established endometriosis lesions following
therapy with proinflammatory macrophages, a signifi-
cant decrease (p <0.05) in the production of the Ki-67
proliferation marker protein was observed compared to
control lesions extracted from animals not exposed to
therapy (Figure 1 A, B). A parallel decline in protein
production was observed in nonpolarized macrophages
upon administration.

Furthermore, an assessment was conducted to de-
termine the level of production of the stress-activated
protein p53. The investigation revealed that the in-
troduction of macrophages with a proinflammatory

Fig. 1. A. — Western blot analysis of Ki-67, p53 proteins in endometriosis lesions in the “Control”, “Control of Therapy”,
and “Therapy” groups. The reference protein GAPDH was used as a loading control. B — Relative levels of Ki-67, p53 proteins.
Statistical analysis was performed using the non-parametric Kraskell-Wallis test with Dunn’s post-hoc test (mean with SEM)

Note: * — significance of differences at p < 0.05; ** — significance of differences at p < 0,005.
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phenotype did not suppress the production of p53
protein in endometriosis lesions when compared to the
introduction of unpolarized macrophages as a control
therapy (Figure 1 A, B).

Proinflammatory macrophages induced apoptosis
in endometriosis lesions

As a consequence of the IHC analysis, it was deter-

mined that the introduction of macrophages exhibiting

both a proinflammatory phenotype and an unpolarized

state into animal models resulted in the activation of

effector caspase-3 production in endometriosis lesions
cells (Figure 2).

A quantitative analysis of positively stained
cells revealed a significant increase (p <0.05 and
p <0.005) in the content of cells actively producing
caspase 3 following the introduction of macrophages
(Figure 3). Concurrently, comparable levels of
caspase 3-producing cells were observed subsequent
to the introduction of proinflammatory and unpolar-
ized macrophages.

Fig. 2. A — IHC staining of endometriosis lesions against caspase 3 (red) in the “Control”, “Control of Therapy”,
and “Therapy” groups. Nuclei are stained with DAPI (blue). Scale bar 25 um
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Fig. 3. Relative content of cells positively stained for caspase 3. Statistical analysis was performed using the non-parametric
Kraskell-Wallis test with Dunn’s post-hoc test (mean with SEM)

Note: *- significance of differences at p < 0.05; ** — significance of differences at p < 0,005.
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Consequently, endometriosis manifests as a highly
proliferative disease, exhibiting characteristics reminis-
cent of malignant neoplasms in its progression [8]. It has
been demonstrated in previous studies that macrophages
with a proinflammatory phenotype exhibit antitumor
activity [9].

A similar therapeutic effect of proinflammatory
macrophages in endometriosis has been previously
studied [3]. The introduction of macrophages with
a proinflammatory phenotype resulted in their migration
to the lesions of endometriosis, thereby contributing
to a reduction in the number and size of the lesions.
Furthermore, the population of peritoneal macrophages
was restored to a level corresponding to that observed
in animals without endometriosis.

In this study, we sought to investigate the mecha-
nisms by which macrophages with a proinflammatory
phenotype exert an anti-endometriosis effect. Thus, we
demonstrated that macrophages with a proinflammatory
phenotype suppressed cell proliferation and stimulated
the production of effector caspase 3, which triggers
apoptosis in the cells of the lesions. Previous studies
have shown that macrophages with a proinflammatory
phenotype suppress proliferation and induce apoptosis
in tumor cells [10].

Concurrently, our data suggest that the introduc-
tion of unpolarized macrophages into an animal model
of endometriosis also led to a significant decrease in
Ki-67 protein production compared to the control group,
which corresponds to a decrease in cell proliferation
in endometriosis lesions. Furthermore, unpolarized
macrophages augmented the activation of caspase 3
production in the cells of the lesions in comparison to
the control group. Consequently, the transplantation of
macrophages that were not polarized towards proinflam-
matory activation also exerted an inhibitory effect on
the growth of endometriosis lesions by suppressing cell
proliferation and activating apoptosis. Consequently,
unpolarized macrophages may also function as effective
agents in the treatment of endometriosis.

Furthermore, it was demonstrated that the in-
troduction of macrophages with a proinflammatory
phenotype, in contrast to nonpolarized macrophages,
does not result in the suppression of the production
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of the stress-induced tumor suppressor protein p53.
A previous study indicated that reduced levels of p53
protein production in lesions in patients are associat-
ed with a recurrent form of deep endometriosis [11].
Furthermore, a decline in the proapoptotic activity of
lesions cells has been observed to be associated with
a recurrent form of endometriosis.

Conclusion

In a syngeneic mouse model of endometriosis,
we demonstrated that the introduction of polarized
macrophages toward a proinflammatory phenotype led
to the inhibition of cell proliferation in endometriosis
lesions, as well as their apoptosis due to increased
production of p53 and caspase 3 proteins. Moreover,
unpolarized macrophages have been shown to suppress
cellular proliferation in endometriosis lesions and to
activate apoptosis.
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Abstract. Relevance. One of the objectives of the Anti-Drug Strategy of the Russian Federation until 2030, approved by the
Decree of the President of the Russian Federation dated November 23, 2020 Ne 733, is to improve the drug situation monitoring
system, increase the efficiency and objectivity of research in the field of drug control. The document also states that the legal
regulation of drug trafficking and anti-drug activities should be carried out taking into account the analysis of the drug situation.
Along with monitoring drug use, it is extremely important to study the situation with the use of nicotine-containing substances
and alcohol (RF Government Resolution of 20.06.2011 Ne 485). The study of this problem among the teenage population both in
Russia and abroad is of particular relevance for the socio-demographic stability of society. The aim. To conduct a comprehensive
monitoring of the drug situation among the adolescent population of the city of Moscow. Materials and Methods. The data for
Moscow served as the material for the comprehensive study: medical statistics of the narcological service, the results of an
anonymous survey of first-year college students, pilot interviewing of experts — specialists of the Moscow drug addiction service,
working in the field of prevention of addictive behavior among children and adolescents. Results and Discussion. A comprehensive
study was conducted in the period 2016-2023. A trend of decreasing primary appeals of adolescents for drug addiction treatment
was revealed, which is primarily due to a reduction in the group of alcohol consumers, despite this, in general, the situation
with adolescent abuse of psychoactive substances remains serious. Conclusion. In connection with the obtained results, it is
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advisable to conduct further comprehensive monitoring of the drug situation among students (teenagers) and develop, on its
basis, proposals for preventive measures among children, teenagers and young people, including in the educational environment.
Keywords: drug addiction service, psychoactive substances, adolescents, youth, epidemiology, prevention
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Introduction

One of the objectives of the Anti-Drug Strategy
of the Russian Federation until 2030, approved by De-
cree of the President of the Russian Federation dated
November 23, 2020 Ne . 733, is to improve the drug
situation monitoring system, increase the efficiency and
objectivity of research in the field of drug control, in
addition, the document states that the legal regulation
of drug trafficking and anti-drug activities should be
carried out taking into account the analysis of the drug
situation. It is important to note that the childhood and
adolescence period has high risks of starting non-med-
ical use of psychoactive substances (PAS), including
alcohol and nicotine-containing products, which is
a serious health risk due to the increasing risks of drug
addiction [1-4].

The basis of the concept of assessing the “narco-
logical situation”, in contrast to the “drug situation”,
approved by the Decree of the Government of the Rus-
sian Federation of 20.06.2011 Ne . 485, is the paradigm
of creating its multi-component structure for integrating
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information on various health risk factors. The purpose
of monitoring the drug situation at the local, regional
and federal levels is to ensure dynamic observation
of the prevalence of substance abuse and drug-related
diseases. A comprehensive analysis of the dynamics of
medical and social indicators most clearly reveals the
negative outcomes and consequences of non-medical
use of psychoactive substances [5, 6].

The use of psychoactive substances among teen-
agers and young people remains an acute medical and
social problem both in Russia and abroad. National and
international studies are regularly conducted to assess
the scale of this problem and identify the main factors
influencing the use of psychoactive substances. The
data obtained during such studies make it possible to
determine trends in the use of psychoactive substances,
conduct comparative cross-country analysis, and devel-
op modern preventive strategies and recommendations
for preserving the health of the younger generation.

The main international projects in the area under
study include the following works.
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The WHO Health Behaviour in School-Aged
Children (HBSC) study covers 44 countries in Eu-
rope and North America and is conducted every four
years through a survey of 1500-4000 adolescents
in each country. It aims to collect comprehensive
data on adolescent health, including risk factors
associated with substance use. It is important to
note that Russia also participated in the project
from 1990 to 2018, and according to the results of
the latest study (2017-2018), the rates of alcohol
and nicotine-containing substance use showed
a downward trend, but the number of 15-year-olds
consuming alcohol and nicotine remained high: 59%
tried alcohol, 28% smoked cigarettes, and 13% used
cannabis. The most pronounced increase in alcohol
and nicotine consumption occurred in the 13-15
age group [6-9].

An important international study is the European
School Survey Project on Alcohol and Drugs (ESPAD),
in which more than 40 countries are participating, with
around 100000 students taking part in the latest round
of the survey, answering an anonymous questionnaire
in the 2019 surveys [6]. The ESPAD project was first
implemented in 1995 and was aimed at studying trends
in alcohol, tobacco and drug use among students, with
the frequency of the study being once every four years.
It should be noted that the study was conducted in Rus-
sia as a whole in 2007, with Moscow taking part in the
project in 1999, 2003 and 2011.

According to ESPAD data for 2019, there is
a noticeable decrease in the prevalence of alcohol
consumption among 15-16-years old. The average
rate of having ever tried alcoholic beverages is 79%,
with 47% of respondents reporting drinking alcohol in
the last month.

Positive dynamics were also observed in relation
to tobacco smoking. If in 1995, 68% of teenagers ex-
perimented with smoking at least once in their lives,
then in 2019 this figure dropped to 42%. Daily smoking
shows a similar downward trend from 20% in 1999 to
10% in 2019. Experts largely attribute the decrease in
involvement in tobacco smoking to preventive pro-
grams, anti-drug policies, and informing young people
about the dangers of tobacco.
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The study also found that despite progress in reduc-
ing alcohol and tobacco use, there was a worrying rise
in cannabis use. Surveys showed that 16% of students
reported having tried cannabis at least once in their life,
and 7% reported using cannabis in the past 30 days.

The 2019 ESPAD highlights that the increasing
popularity of electronic cigarettes and vaping deserves
special attention. In a number of countries, up to 40% of
adolescents indicate experience of using such devices,
while the level of awareness of potential health risks is
generally insufficient. A similar situation is observed
with regard to new psychoactive substances [10].

The new type of drug threat that the world is facing
is also mentioned in various international UN reports.
According to the UN Office on Drugs and Crime, the
number of new psychoactive substances identified by
authorities around the world in 2019 reached 950, while
in 2009 the total number of new psychoactive substances
identified was 166 [11].

According to the World Drug Report 2022, 5.6%
of the world’s population aged 15 to 64 used drugs, up
20% from a decade earlier, and cannabis remains the
most commonly used drug [12].

The problem of new psychoactive substances is also
acute for Russia, as evidenced by the analytical study
conducted by V.V. Krizhanova, in which the author
assesses the results of the implementation of the state
anti-drug policy until 2020. The study noted a change
in the structure of primary morbidity associated with an
increase in the use of new synthetic or designer drugs
among adolescents and young adults up to 39 years of
age. The author concludes that over the past 20 years,
there has been a trend toward a decrease in the incidence
of drug-related disorders among children and adoles-
cents under 18 years of age, however, he emphasizes
that the trend toward a decrease in incidence among
adolescents and young people may prove unstable [13].

In connection with the above, regular comprehen-
sive monitoring of the drug situation among adolescents
and young people remains extremely important for the
timely identification of risk factors and the develop-
ment of targeted preventive programs and methods.
Systematic collection and analysis of data allows us to
formulate effective strategies aimed at reducing the level
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of substance use, strengthening the health of adolescents
and young people, and creating conditions for their
favorable development.

Materials and methods

1. The study material is provided by the data of the
federal statistical observation form Ne . 37 “Information
on patients suffering from alcoholism, drug addiction,
toxicomania” and the federal statistical observation form
Ne . 11 “Information on diseases with drug addiction
disorders” in Moscow. The statistical research method
used was the creation of dynamic series of indicators
of primary incidence of mental disorders and behav-
ioral disorders associated with the use of psychoactive
substances in adolescents aged 15-17 years from 2016
to 2023, calculation of growth rates and proportional
indicators of the structure of appeals by psychoactive
substance groups [14—19].

Collection, creation of the database and analysis
were carried out using the program Microsoft Office
Excel 2016. The calculation of the growth coeffi-
cient was carried out using the formula in percent-
ages:% = (B-A)/A*100, where A = Initial value, and
B = Final value.

2. The research material was the answers of first-
year students of Moscow colleges during preventive
examinations, taking into account their consent, to the
questions of the author’s anonymous questionnaire
dedicated to the study of healthy lifestyles among young
people.

The questionnaire was developed on the basis of
the “European School Research Project on Alcohol
and Drugs in the Russian Federation”, conducted in
the Russian Federation in 2007 [20] and consisted of
the following thematic blocks: a) Socio-demographic
questions and questions about health preservation;
b) Questions related to the use of alcoholic beverag-
es and their availability; c) Questions related to the
use of nicotine and availability. The questionnaire
also included a question about the availability of
narcotics.

The first survey was conducted among students of
Moscow medical colleges in the 2016-2017 academic
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year (n=1626, of which 17% were boys and 83% were
girls).

The second survey was conducted among students
of the College of Architecture, Design and Reengi-
neering in the 2022-2023 academic year (n=182, 58%
boys, 42% girls).

Most respondents were minors at the time of filling
out the questionnaire. Data accumulation, their subse-
quent adjustment, systematization and analysis were
carried out in Microsoft Office Excel 2016 spreadsheets,
as well as in a “Google form”.

3. The research material was based on the results of
in-depth interviews with experts — specialists from the
drug addiction service in Moscow, working in the field
of prevention of addictive behavior among children,
adolescents and young people, and having significant
experience in conducting preventive examinations for
the purpose of early detection of illegal use of psycho-
active substances among students. The study used data
from an interview script devoted to an expert assessment
of the drug addiction situation among adolescents and
young people in Moscow.

The interviews were conducted in the 2022-2023
academic year and involved eight respondents with more
than 1000 preventive interventions: five psychiatrists-
narcologists (two men, with 11 and 8 years of expe-
rience, and three women with 24, 12, and 11 years of
experience) and three medical psychologists (women
with 16, 7, and 5 years of experience).

Results and discussion

1. Primary incidence of drug-related disorders
among adolescents aged 15-17 in Moscow
for 2016-2023 according to state statistics
Due to the peculiarity of the development of drug
addiction, the indicator of primary appeal (those who
sought drug addiction help for the first time in their lives) is
the most informative for studying current trends in the de-
velopment of drug addiction disorders among adolescents.
The primary incidence rate of drug addiction dis-
orders includes dependence syndromes on alcohol, nar-
cotic drugs, non-narcotic drugs (other toxic substances)
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and harmful use (use with harmful consequences) of
all listed psychoactive substances, excluding nico-
tine). Over the period 2016-2023, there was a clear
downward trend in the indicator from 468.8 to 196.6
per 100 thousand adolescents, the growth rate was
58% (Figure 1).

The downward trend in the primary appeals
of adolescents for this can be explained by a 69%
decrease in the alcohol consumption rate. Over the
entire analyzed period, the share of primary appeals
among adolescents with alcohol disorders prevailed
and only in 2020-2021 the indicator the rate of pri-
mary treatment for alcohol disorders was almost
equal to the rate of primary treatment for adolescents
caused by drug and non-narcotic substance use, then
in 2022 the rate of treatment for alcohol disorders
increased slightly, and then decreased in 2023 to the
level of 2021, and again exceeded the level of primary
appeals for drugs and other psychoactive substances.
The indicator of primary appeals of adolescents with
drug-related disorders caused by drug use and sub-

2016 2017
Users of narcot.lc and non-narcotic 85.0 54.8
psychoactive substances
Alcohol users 383.8 83.5
Mental and behavioral disorders
due to psychoactive substance use — 468.8 138.2

total (excluding nicotine)

stance abuse per 100 thousand adolescents showed
a decrease of only 9%.

The syndrome of dependence on psychoactive
substances in teenagers has its own peculiarity. When
teenagers abuse psychoactive substances, it does not
have time to form yet, and its indicators are signifi-
cantly lower than the indicators of use with harmful
consequences. During the analyzed period, the primary
incidence rate of drug addiction increased threefold,
and alcoholism increased slightly from 0.7 to 0.9 per
100 thousand adolescents, with the highest value of
these two indicators observed in 2022 (Figure 2).

Over the entire analyzed period, the structure of
drug consumption among adolescent users was domi-
nated by substances belonging to the group “other drugs
and their combinations”, which most likely includes
new synthetic or designer drugs, with the peak in use
also in 2022 (Figure 3).

It is important to note the pronounced trend of
decreasing injection drug use by adolescents by 97%
(Figure 4).

2018 2019 2020 2021 2022 2023
58.7 107.1 96.2 1204 911 77.6
68.8 132.5 97.1 1185 1595 119.0
127.5 239.6 1933 2389 250.6 196.6

Fig. 1. The dynamics of primary incidence (total, excluding nicotine) of drug-related disorders among adolescents aged 15-17
in Moscow for 20162023 (per 100 thousand teenagers)
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2016 2017 2018 2019 2020 2021

Dependence syndrome due to non-
narcotic psychoactive substances 0.0 0.0 0.0 0.0 0.0 0.0
(substance abuse / toxicomania)

Drug dependence syndrome (drug 41 3.7 8.1 76 77

addiction) 156
Alcohol
coho dependehce syndrome 0.7 03 03 03 0.0 0.3
(alcoholism)

2022

0.0

19.1

1.5

2023

0.0

12.4

0.9

Fig. 2. The dynamics of primary appeals among adolescents aged 15—17 with addiction syndrome in Moscow for 2016-2023

(per 100 thousand teenagers)

2016 2017 2018 2019 2020 2021

other drugs and their combinations 3.8 3.7 8.1 7.6 6.7 15.6
psychostimulants 0.0 0.0 0.0 0.0 1.0 0.0
B cocaine 0.0 0.0 0.0 0.0 0.0 0.0
cannabinoids 0.3 0.0 0.0 0.0 0.0 0.0
opioids 0.0 0.0 0.0 0.0 0.0 0.0

2022
15.8
2.1
0.3
0.6
0.3

2023
11.5
0.6
0.0
0.3
0.0

Fig. 3. Structure of primary treatment among adolescents aged 15—17 years with drug dependence syndrome (drug addiction)

by types of drugs in Moscow for 20162023 (per 100 thousand adolescent population)
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Teenagers who use drugs
by injection

2016

2017

2018 2019

2020 2021 2022 2023

Fig. 4. The dynamics of injection drug use among adolescents aged 15—17 years out of the total number of drug users
in Moscow for 2016-2023 (per 100 thousand teenagers)

At the same time, for the period 2018-2023, accord-
ing to the results of preventive medical examinations
for the early detection of illegal use of psychoactive
substances, in accordance with the order of the Ministry
of Health of Russia dated 06.10.2014 No. 581n, the use
of cannabinoids was most frequently detected. It is also

important to emphasize that, over the entire analyzed
period of professional examinations, the largest share of
identified cases of illegal use of psychoactive substances
occurred in medium-sized professional organizations
(colleges), which had not yet sought specialized assis-
tance (Table 1).

Structure of substances identified based on the results of professional medical examinations of students rable T
for 2018-2023 in Moscow (in absolute numbers)
Parameters 2018 2019 2020 2021 2022 2023
TOTAL, including: 68 52 17 18 10 41
opioids 5 3 0 0 1 0
cannabinoids 55 43 10 0 8 25
sedatives and hypnotics 1 3 0 0 0 0
stimulants (including cocaine) 2 2 3 0 1 2
hallucinogens 0 0 0 0 0 0
other psychoactive substances (including volatile solvents) 0 0 0 0 0 14
two or more narcotic drugs and (or) psychotropic substances/ 5 1 4 0 0 0

Overall, over the period 2016-2023, the majority
of adolescents who sought drug addiction treatment
for the first time were diagnosed with harmful use (use
with harmful consequences). The largest proportion
of adolescents sought treatment with harmful alcohol
use, and this indicator decreased by 69% over the
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analyzed period. The decrease in the rate of primary
treatment for harmful drug use was less pronounced
and amounted to 25%, the increase in primary treat-
ment for harmful use of non-narcotic psychoactive
substances amounted to 24% with a peak value of the
indicator in 2022 (Figure 5).
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2016 2017 2018 2019 2020 2021 2022 2023

non-narcotic psychoactive 47 6.4 96 11.2 14.4 164 127
substances

drugs 70.6 463 443 899 773 904 557 525

alcoho 383.1 831 685 1322 971 1182 1580  118.1

Fig. 5. The dynamics of primary incidence of drug abuse among adolescents aged 15-17 years (with harmful consequences)
in Moscow in 2016—2023 (per 100 thousand teenagers)

2. Prevalence of use of various methods of nicotine
delivery, as well as alcohol, among underage
first-year students of Moscow colleges
in 2017 and 2023

To study the prevalence of cigarette use, other
methods of nicotine delivery, and alcohol, questions
about the amount of use, age of first try, and availa-
bility of these groups of psychoactive substances and
drugs were included in the corresponding section of
the questionnaire.

Based on the results of an analysis of anonymous
survey data from first-year college students in Moscow
for 2017 and 2023, a large proportion of students were
found to have experience of drinking alcohol, smoking
cigarettes and e-cigarettes (vaping), including their
systematic use (more than 40 times during their life-
time). It should be noted that a significant increase in
the systematic use of electronic cigarettes (vaping) was
observed among students in 2023, which may indicate
an increase in the consumption of this group of psycho-
active substances among the young population, along
with the continued volume of cigarette consumption.

In both periods, the highest proportion of students
had their first e-cigarette use at age 9 and younger, with
a more noticeable upward trend in first e-cigarette use

HEALTH POLICY AND PUBLIC HEALTH

among students in 2023, starting at age 9 and younger,
and a marked increase from age 12.

A study of the first alcohol samples to the state of
intoxication (severe intoxication) showed that among
students in 2017, the upward trend in the indicator
began at age 14 and peaked at age 16 and older. Among
students in 2023, a marked increase in the indicator
was also observed from age 14, but the peak value
occurred at age 15.

A study of the availability of various psychoactive
substances, including drugs, among students showed
a general trend of decreasing opportunities to acquire
them, however, the proportion of students who could
acquire psychoactive substances if they wanted to re-
mained high, including nasvay and drugs, which more
than 1/3 of students could acquire if they wanted to in
both periods.

Let us consider the survey results described in more
detail.

In both 2017 and 2023, a large proportion of
students with experience of smoking cigarettes was
observed, while during the analyzed period of time, no
significant differences were observed (43.6% and 44.2%,
respectively), including in comparison with the indicator
of students who smoked cigarettes 40 times or more
(17.7% and 18.1%, respectively). It is important to note
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that students who have had smoking experience more
than 40 times require special attention, as this indicator
may indicate systemic smoking and an increased risk
of developing addictive behavior (Table 2).

The results of comparing the responses for the
analyzed periods determined a trend of increasing
consumption of electronic cigarettes (vape), as the
proportion of students who smoked an electronic
cigarette at least once in their lives increased from
35.7% to 46.7%, while a significant increase in the

proportion was observed among students who smoked
electronic cigarettes (vape) 40 times or more from
5.4% to 24.2%.

The proportion of students who had experience
using nasvay in both periods did not exceed 5%.

The proportion of students who had no experience
of drinking alcohol in both periods was less than 1/3,
while in 2023 the rate of drinking alcohol almost reached
70%. The rate of students who drank alcohol 40 times
or more did not change significantly and averaged 14%.

Table 2

Use of various methods of nicotine and alcohol delivery among Moscow college students during their lifetime (as a percentage (%)
of the entire sample of respondents in 2017 and 2023)

Method of delivery of nicotine and alcohol 2017(n=1626) 2023(n=182) Changes 2023/2017
Cigarettes
Used: 43,6 44,2 0,6
40 and more 17,7 18,1 0,4
Electronic cigarettes (vape)

Used: 357 46,7 11

40 and more 54 24,2 18,8
Nasvay

Used: 2,2 44 2,2

40 and more 0,5 0,5 0
Alcohol

Used: 60,3 67,5 72

40 and more 14,9 132 -1,7

The analysis of the rate of first cigarette tries among
students in 2017 and 2023 has a number of similar
features: among both groups, about 4% had the expe-
rience of first tries at the age of 9 years or younger, at
12 years old in both groups there was a peak of first
tries, the second peak was noted at the age of 14 years,
and the third peak in both groups occurred at the age
of 16 years and older (Table 3).

The indicator of the age of the first samples had its
own peculiarities. It will play a role if among students
in 2017 the indicator did not reach 1% until the age of
13, and the subsequent increase with the peak value of
the first samples at the age of 16 and older, then among
students in 2023 the indicator of the first samples of 1%
was already at the age of 9 and younger. and a more
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pronounced increase in the indicator has been observed
since the age of 12, reaching a peak at the age of 16
and older.

The rate of the first alcohol samples before feeling
intoxicated (which may already indicate a pronounced
toxic effect on the body) among students in 2017 ex-
ceeded the value of 1% at the age of 12, and starting at
the age of 14, there was a marked increase with a peak
of 18.4% at the age of 16 and older.

Among the students of 2023, the indicator at the
age of 9 and younger was already more than 1% and
showed an upward trend by the age of 10, a marked
increase in the indicator was observed from the age of
14 with a peak of 18% at the age of 15.
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Table 3

Age of first trials of various methods of nicotine and alcohol delivery among students of Moscow colleges (as a percentage (%)
of the entire sample of respondents in 2017 (n=1626) and 2023 (n=182))

Age of first samples in years/
Parameters

<9 10 11 12 13 14 15 =16
Cigarettes in 2017 (%) 4 2,4 18 43 3,5 77 72 13,4
Cigarettes in 2023 (%) 49 21 38 7.1 4,3 10,9 4,3 7,6
Electronic cigarettes (vape) in 2017 (%) 0,1 0,3 0,3 0,7 1,6 4 6,6 18,6
Electronic cigarettes (vape) in 2023 (%) 1 1 1,6 32 54 8,2 8,2 11,4
Felt alcoholic intoxication 2017 (%) 0,6 0,3 04 1,6 11 3,8 5 18,4
Felt alcoholic intoxication 2023 (%) 1,6 3,3 0,5 3,8 2,7 12 18 8,2

A study of the availability of various surfactants,
including drugs, among students has identified a general
trend towards an increase in the proportion of responses
indicating the inability to purchase cigarettes, e-ciga-
rettes, alcohol, and drugs (Table 4).

Despite this, among the students (2017 and 2023),
there was a pronounced proportion of those who could
purchase: cigarettes (80.3% and 60.3%), electronic
cigarettes (78.8% and 61.4%), alcohol (77.6% and
57.0%). It is noteworthy that more than 1/3 of the
respondents in both periods answered that they could
purchase a product that was prohibited for sale on the
territory of the Russian Federation (50.6% and 32.8%).
It should also be noted that the proportion of students
who replied that they could purchase drugs with similar
data to ours (47% and 31.9%).

3. Expert assessment of the drug treatment situation
in Moscow among adolescents and youth in the period
2022-2023.

The majority of experts assessed the drug treatment
situation in Moscow by choosing the criterion “serious”,
and two noted the criterion “risk of deterioration”.

According to experts, the assessment of the debut
of the first surfactant samples in Moscow had the fol-
lowing trends: cigarettes —in the period of 8-10 years;
alcohol — in the period of 10—13 and 1415 years;
drugs — in the period of 14-15 and 18 years.

According to experts, the reasons why teenagers
and young people begin to abuse various surfactants
are based on risk factors such as stress and the inabil-
ity to overcome it, the desire to quickly get positive
emotions, family traditions and destructive families,
lack of affordable leisure activities, “psychological
illiteracy” — a lack of understanding of their feelings,
states, emotions, thoughts., lack of interpersonal skills,
infantilism and adolescent maximalism.

The results of interviewing experts led to the
conclusion that measures to prevent addiction among

Table 4
Availability of different delivery methods for nicotine, alcohol (bottles of strong alcoholic beverage (about 500 ml),
drugs (as a percentage (%) of the entire sample of respondents in 2017 (n=1626) and 2023 (n=182))
Cigarettes Electronic cigarettes (vape) Nasvay Alcohol Drugs
Parameters

2017 2023 2017 2023 2017 2023 2017 2023 2017 2023
Impossible 11 26,4 9,6 25,8 21,5 39,6 11 28 28,9 44,5
Very difficult 2,6 33 6,4 49 22,1 7,6 134 6,5 257 137
Quite difficult 38 6,5 77 6,5 6,9 12,1 14,3 9,3 83 6,1
Pretty simple 25,6 20,3 26,1 159 8 6 18,2 18,7 54 55
Very simple 483 30,2 38,6 34,1 13,6 7,1 31,7 22,5 7,6 6,6
Don't know 8,6 13,2 11,6 12,6 279 27,5 11,4 14,8 24,1 23,6
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adolescents and young people require: an increase in
the number of specialized specialists and a systematic
improvement of their competencies; further devel-
opment of interdepartmental interaction between all
subjects of prevention; standardization of preventive
work; implementation of practices supported by proven
effectiveness.

Results and Discussion

During the period 2016-2023, there was a decrease
in the primary referral of adolescents aged 15-17 years
for drug treatment to state specialized institutions in
Moscow. At the same time, there was an increase in the
number of adolescents who developed drug dependence
syndrome, among whom the group of “other drugs and
their combinations” prevailed, which may indicate an
increase in the use of “new or designer drugs” among
adolescents and their high narcogenicity (the ability
to form addiction). This trend coincides with the UN
data and the results of the analysis of Russia’s anti-drug
policy until 2020 conducted by V.V. Kirzhanova [11-13].
In addition, data on the results of preventive medical
examinations of students for the early detection of
illicit surfactant use in Moscow showed that the most
common surfactants were cannabinoids, which may
also indicate the general trend of ESPAD in 2019 on the
prevalence of adolescent use of cannabinoids, as well
as data from the UN World Drug Report 2022 [10]. that
cannabis was still the most used drug. It is important
to note a pronounced positive trend in the reduction of
injecting drug use by adolescents, which reduces the
risks of HIV and hepatitis C spreading among the young
population. An anonymous survey of students showed
a large proportion of the child and adolescent population
with experience in using cigarettes and alcohol, as well
as a marked increase in the proportion of systematic
e-cigarette users in a comparison of 2017-2023 data,
which confirms the trend set by ESPAD for 2019, an
increase in the popularity of electronic nicotine delivery
methods among children and adolescents.

It is worth noting that the results of the 2017-2023
survey on cigarette smoking at least once in a lifetime
were similar to the average ESPAD for 2019 (42%),
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while the rate of those who tried alcohol was less than
the average ESPAD for 2019.

Attention is drawn to the continued availability
of surfactants, including drugs, for adolescent youth.

The described assessment of the drug addiction
situation among adolescents in Moscow for 20162023
confirms the conclusions made by V.V. Kirzhanova in
Russia as a whole for 2010-2020 that the downward
trend in drug addiction among adolescents and youth
may be unstable, this also correlates with the assess-
ment of the drug situation according to the experts
interviewed [13].

Conclusion

Monitoring of the drug situation has shown the need
for further development of comprehensive prevention
among adolescents and youth in Moscow with the
participation of all subjects of the prevention of the
use of surfactants. Special attention should be paid
to new methods (systems) of nicotine delivery, “new
or designer” drugs, with an emphasis on preventive
interventions starting at the age of 8 to eliminate the
first sample of surfactants. Anti-drug preventive inter-
ventions should become standardized procedures based
on evidence-based effectiveness and take into account
the age characteristics of the persons being prevented.

In order to improve the drug treatment situation
among adolescents and young people, it is advisable
to conduct mandatory systematic multicomponent
epidemiological research in all regions of the Russian
Federation.
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Annotation. Relevance. Despite many years of scientific research and clinical results, cancer remains a global health problem.
In recent years, there has been an increased interest in studying the role of microorganisms in the occurrence, prognosis and
progression of cancer. The probability of isolating carcinogenic microorganisms in the oral microbiota is quite high. In this regard,
understanding the role of microorganisms in the occurrence and course of cancer pathology in the future can contribute to the
development of innovative strategies for the prevention, treatment of malignant neoplasms and minimization of complications of
antitumor treatment. The purpose of this review is a literature analysis of the relationship between representatives of the human
oral microbiota in the occurrence and prognosis of cancer. Collection and analysis of 1050 scientific papers using PubMed,
Google Scholar and eLIBRARY search engines, published from 2003 to 2024, of which 47 papers are included in this literature
review. According to the literature analysis, prevention, diagnostics and treatment of oncological diseases can and should be
supplemented by dental approaches aimed at normalizing the microflora. Understanding that oral sanitation significantly reduces
its bacterial contamination and, as a result, reduces the number of pathogenic and oncogenic microorganisms can improve the
quality of antitumor treatment without significant material and social costs. Conclusion. The use of modern methods of diagnostics
and monitoring of oral microbiota in dentistry can become the basis for the development of new strategies for the prevention and
treatment of malignant neoplasms of the oral mucosa. Integration of these data into clinical practice requires interdisciplinary
cooperation between oncologists, microbiologists and dentists to improve the prognosis of patient treatment.

Keywords: Microbiota oral cavity; malignant neoplasms; carcinogenesis; oncogenic bacteria; chronic inflammation
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Introduction

Despite many years of research and significant
advances in clinical practice, cancer continues to
be one of the most serious global health problems.
Currently, there is an active search for new tools
and methods aimed at improving the treatment
of this pathology. Among them: new methods of
chemotherapy, radiation therapy, improved surgical
treatment techniques. Particular attention is paid
to accompanying dental therapy of cancer patients,
since they have an increased risk of developing
complications in the oral cavity during antitumor
treatment and during rehabilitation. To date, there
are insufficient etiopathogenetically substantiated
methods for the prevention and treatment of cancer.
In this regard, significant attention of scientists is
attracted by the oral microflora, which is considered
a potential trigger in the development of cancer not
only in the oral cavity, but also in many organs and
systems of the body. Understanding the interactions
between the oral microbiota and the development of
cancer can contribute to the development of innovative
approaches to the prevention and treatment of this
pathology, as well as to reducing complications that
arise during and after antitumor therapy.

The aim of this review is a literary analysis of the
relationship between representatives of the human

DENTISTRY

oral microbiota in the occurrence and prognosis of
oncological diseases.

Collection and analysis of 1050 scientific papers
using PubMed, Google Scholar and eLIBRARY
search engines, published from 2003 to 2024, by the
keywords: «Oral microbiota», «malignant neoplasms»,
«carcinogenesis», «oncogenic bacteria», «chronic
inflammation», «oncogenic bacteria», «the effect of
oral microbiota on the development of cancer», of
which 47 papers are included in this literature review.
The conducted systematic review made it possible
to evaluate and study the effect of oral microbiota
on the development of malignant neoplasms in the
oropharyngeal region, as well as in other organs and
systems of the body.

The oral cavity is an ecosystem inhabited by
diverse microbial communities collectively referred
to as the oral microbiota. Recent advances in technology
have significantly deepened our understanding of
the microbial ecosystem. Over millions of years of
co-evolution, dynamic relationships have developed
between humans and microorganisms, which can be
pathogenic (causing disease), commensal (natural
inhabitants), or symbiotic (based on mutual benefit) [1].
Understanding the oral microbial ecosystem may open
up new opportunities for developing interdisciplinary
approaches to maintaining homeostasis and microbial
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balance in the oral cavity to enhance mucosal immunity,
which is a pressing issue for practicing physicians
and healthcare researchers worldwide [2]. Tumor
tissues contain a large number of microorganisms.
These microorganisms, located within tumor tissue,
influence the processes of oncogenesis by colonizing
the tumor and changing its biological behavior [3].
The mechanisms by which intratumoral microbiota
can contribute to the development and progression of
cancer are very diverse: they include genomic instability,
mutations, epigenetic modifications, inflammatory
reactions, avoidance of the destructive effects of the
immune system, and influence on the metabolism of
tumor cells [4]. That is, the more diverse the quantitative
and qualitative composition of the oral microflora, the
higher the risk of tumor development and its negative
prognosis.

The role of oral sanitation is often underestimated
by both healthcare professionals and society as
a whole, despite the fact that the oral microbiota plays
an important role in maintaining the patient’s health
[5]. It is known that an unsanitized oral cavity and
the presence of foci of chronic odontogenic infection
can significantly disrupt the balance of microflora,
which, in turn, can lead to the development of various
diseases, including cancer both in the oral cavity and
in other organs and systems of the body [5]. When
performing oral sanitation, microbial contamination
is significantly reduced, which helps to reduce the
number of pathogenic microorganisms, and thereby
reduces the activity of foci of chronic infection, which
are often sources of pathological processes. Due to this,
the normal microbial balance is restored, which plays
an important role in the prevention of various diseases
and maintaining the general health of the patient [3-5].

Oral microbiota and its role in carcinogenesis

Over the past two decades, the scientific community
has recognized the presence of specific characteristics
inherent in malignant neoplasms. In 2000, Hanahan D.
identified six key properties of cancer cells: support of
proliferative signals, avoidance of growth suppression
mechanisms, resistance to apoptosis, unlimited replication
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capabilities, induction of angiogenesis, and predisposition
to invasion and metastasis [6]. A decade later, two more
characteristics were added to the above-mentioned:
changes in metabolic activity and the ability to resist
immune defense [6]. Modern studies indicate that
carcinogenesis associated with oral microbiota may
not only correspond to these characteristics, but also
contribute to their implementation [6]. In this regard, it
is obvious that microorganisms living in the oral cavity
significantly affect the occurrence of oncological diseases,
which emphasizes the importance of preventive dental
measures and control of the quantitative and qualitative
composition of oral microbiota [7]. Providing dental
care not only improves the overall health of patients, but
also has a positive effect on antitumor treatment. This
can reduce the risk of complications during therapy and
speed up the rehabilitation of patients [8].

The influence of oral microbiota
on oncoprogression in different organs
and systems of the body

Prevention, diagnosis and treatment of squamous
cell carcinoma of the oral cavity (squamous cell
carcinoma) require a multidisciplinary approach [9].
Research shows an increasingly clear link between the
condition of the oral cavity and the risk of developing
cancer. Preventive measures such as oral hygiene and
maintaining normal microbiota play a particularly
important role [10].

This type of cancer, which is the most common type
of malignant tumors of the head and neck, accounts for
about 2 % of all cancers worldwide [10]. Traditionally,
squamous cell carcinoma is associated with tobacco
and alcohol use, but recent studies suggest that certain
components of the oral microbiota may also be involved
in the etiology of squamous cell carcinoma [10].

According to studies [11,12], some bacteria that
belong to the genera Lactobacillus, Lactococcus,
Bifidobacterium, Streptococcus, Leuconostoc and
Pediococcus can produce lactic acid and belong to the
group of saccharolytic and aciduric streptococci. Due
to this, they are capable of acidogenesis, leading to
a decrease in pH [13]. Some of them can also synthesize
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Changes in the microbiota composition associated with squamous cell carcinoma of the oral cavity. Species names
labeled with red indicate bacteria enriched in normal sites, and species names labeled with blue
indicate bacteria increased in tumor sites [17]

other acids, such as acetic, butyric, isobutyric, isovaleric
and isocaproic, for example, Peptostreptococcus
stomatis [14]. These microorganisms can create an
acidic and hypoxic microenvironment in tumors, which,
with a high degree of probability, can enhance the ability
of tumors to metastasize [15, 16]. The microorganism
Porphyromonas gingivalis is known for its association
with the occurrence and progression of squamous cell
carcinoma of the oral mucosa [16]. In a study conducted
by Zhang L. et al. [17,18] involving 50 patients, it was
found that tumor tissue samples were characterized
by an increased content of Porphyromonas bacteria
compared to healthy tissue samples (Figure), these data
coincide with the results of other studies by Katz J. et
al. and Sayehmiri et al. [19-21].

At the same time, Porphyromonas gingivalis is one
of the most common periodontogenic microorganisms
that contribute to the development of inflammatory
periodontal diseases. According to WHO data, more
than 95 % of patients over 50 years of age suffer
from periodontitis, and in studies aimed at studying
the etiology and pathogenesis of periodontitis,
Porphyromonas gingivalis remains the most frequently
detected microorganism [17-21].

DENTISTRY

Other types of opportunistic and pathogenic
microbiota in the oral cavity also contribute to the
development of malignant neoplasms of the mucous
membrane. In a study by Rai et al. [21], elevated
levels of Porphyromonas endodontalis bacteria were
detected in the saliva of patients with oral squamous
cell carcinoma [22]. Ye C. et al [23], who used modern
sequencing methods, showed that Fusobacterium
nucleatum predominates in oral squamous cell
carcinoma samples compared to normal tissues in the
same patients [24]. These data are supported by the work
of Al-Hebshi NN et al [25], who also found a higher
abundance of F. nucleatum in oral carcinoma biopsies
compared to healthy samples [26]. Analytical data by
Perera M. et al. [27] in 2018 indicate that the presence
and concentration of Fusobacterium periodonticum
can serve as a prognostic marker of the severity and
progression of oral cancers. In a study by Takahashi et
al. [27] in Japanese patients with oral squamous cell
carcinoma and healthy controls, Alloprevotella was
found to be significantly more common in patients with
cancer. Alloprevotella may promote cancer development
by producing metabolites or toxins that cause chronic
inflammation of the oral mucosa, which in turn may
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lead to malignant changes in cells. This inflammatory
effect is confirmed for other Prevotella bacteria,
which can also cause reactive changes in tissues and
promote carcinogenesis. Recent studies by Zhang
[17] and colleagues have shown that oral squamous
cell carcinoma contains elevated levels of Prevotella
intermedia, and Torralba [28] and colleagues have noted
that some patients with oral squamous cell carcinoma
have an overall increase in Prevotella bacteria.

According to A.M. Avanesov and E.N. Gvozdikova,
the presence of carious teeth, chronic infectious
processes, outdated dental prostheses, and inadequate
oral hygiene contribute to alterations in the normal
microbiome of the mucosal membrane [29]. These
factors exacerbate tissue damage during antitumor
therapy. Although the direct influence of microflora on
the pathogenesis of oral mucositis was not specifically
examined in this study, the authors emphasize that
compromised local immunity combined with impaired
microcirculation creates favorable conditions for the
activation of opportunistic microorganisms. This
process leads to intensified inflammatory responses
and progression of erosive-ulcerative lesions of the
mucosal membrane [29].

It should be emphasized that bacterial degradation
products of the oral microbiota, particularly muramyl
peptides, can induce the production of pro-inflammatory
cytokines. Chronic maintenance of such an inflammatory
microenvironment may contribute to oncogenic
transformation by promoting genomic instability,
inhibiting apoptosis, and activating proliferative
signaling pathways in epithelial cells [30].

In 2000, Tateda et al. [31] detected Streptococcus
anginosus in cancer samples obtained from the oral and
pharyngeal regions. Subsequently, in 2005, Sasaki et
al. [30-32] confirmed that S. anginosus is significantly
elevated in patients with squamous cell carcinoma, but
not in other cancers. Importantly, the bacterium was
detected exclusively in plaque and not in the saliva of
patients. Rai et al. [28—-32] emphasize the importance
of S. anginosus in the carcinogenesis of oral cancer.
And in 2020, a number of researchers proposed the
use of S. anginosus as a non-invasive biomarker for
oropharyngeal cancer [33,34]. Other studies, including
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the work of Mager et al., indicate elevated levels of
Streptococcus mitis in patients with oral squamous cell
carcinoma. However, the results vary: in a study by Yang
et al. involving 197 patients, an inverse relationship
was found between Streptococcus abundance and
tumor progression. Perera et al. found that S. mitis was
frequently found in fibroepithelial polyp samples, which
were used as a control group in their study. However,
Streptococcus bacteria are cariogenic microorganisms
and are found in 100 % of the world population, as dental
caries and its complications remain the most common
dental diseases in both childhood and adulthood [34].

The state of the oral microbiota can also influence
the development of oncological diseases of other organs
and systems of the body. Morita E. et al. and Narikiyo M.
et al. [35,36] proved that Streptococcus anginosus and
Streptococcus mitis bacteria are often found in patients
with malignant neoplasms of the esophagus, these
data coincide with the data of Kawasaki M. et al. and
Gao S. et al. [37,38], who established a connection
between this type of microorganism and the risk of
developing gastrointestinal neoplasms. Porphyromonas
gingivalis, as shown by the studies of Chen MF et
al. [39], is detected in the tissues of malignant
neoplasms of the esophagus. In the works of X. Fan
et al, AV Alekseyenko et al, Mitsuhashi K. et al., Hu J.
et al. and Wu J. et al., Huang K. et al. [40—42] showed
a connection between pathogenic microorganisms of
the oral cavity, such as P. gingivalis and Fusobacterium
nucleatum, and the risk of developing pancreatic cancer
[43,44]. Also, according to the studies of Hosgood HD
and Yang J. et al. [45], low diversity of microbiota in
the oral cavity is associated with an increased risk of
lung cancer. A number of authors [40-46] note the
influence of oral microbiota on the pathogenesis of
breast cancer. A meta-analysis conducted by Shao et
al. [46] revealed a significant relationship between
periodontal diseases and the risk of developing this
disease. The work of Parhi L. et al. [47] confirms that
F. nucleatum can spread through the bloodstream and
colonize breast tissue, which leads to suppression
of antitumor immunity and acceleration of cancer
progression, these data correlate with the data of Van
der Merwe et al. [45-48].
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The most convincing evidence for the carcinogenic
effects of oral microorganisms is that of Fusobacterium
nucleatum and Porphyromonas gingivalis. In addition,
bacteria of the genera Streptococcus, Prevotella, and
Capnocytophaga gingivalis also play an important
role in the process of carcinogenesis. The proposed
mechanisms of the oncogenic effects of these
microorganisms on human cells include the induction
of chronic inflammation, antiapoptotic effects, and the
synthesis of carcinogenic metabolites. However, further
studies are needed to more accurately identify specific
oral bacteria as carcinogenic agents (Table) [49].

The use of bacteriophages for the treatment of
infectious diseases is one of the promising areas of
dentistry and medicine in general

The search for new promising, effective, but at
the same time non-toxic methods of treating diseases
of the oral mucosa, including chronic inflammatory
processes, as well as precancerous conditions and
possible reactions arising against the background
of various types of antitumor treatment, remains an
urgent problem. In this direction, methods using some
microorganisms to suppress and control the reproduction
of other microorganisms are actively developing. Such
drugs include bacteriophages [50].

Bacteriophages are viruses that infect bacteria,
causing changes in the structure and functionality of the

oral microbiome. However, the role of bacteriophages
in maintaining oral health and developing diseases
has not been adequately studied. Phages are effective
against planktonic bacteria and bacteria that form
biofilms, which provide protection for microbes.
These viruses are adapted to destroy biofilms by lysing
bacterial cells and penetrating bacterial capsules or
biofilm matrices. The high therapeutic potential of
phages is explained by their ability to be used together
with antibiofilm agents, which makes it possible to
combat resistant bacteria. The human immune system
is adapted to bacteriophages, which ensures their
safety and non-toxicity confirmed by clinical studies.
The key advantage of phage therapy is the lack of
resistance to phages, which makes them effective in
combating resistant infections. They have a narrow
specificity for certain types of bacteria, preventing
dysbiosis. However, in case of polyclonal infections
or to minimize the risk of resistance, it is necessary
to use a mixture of different types of phages, i.e., for
the effective use of bacteriophages in the prevention
and treatment of oral infections, as well as possible
reactions that occur during antitumor treatment, an
interdisciplinary approach is needed that combines
the knowledge and methods of dentistry and oncology.
Such an approach will allow achieving the best
therapeutic results, improving the overall health and
quality of life of patients [42-50].

Influence of oral microbiome representatives on oncogenesis

Microorganism Association with Cancer Types

Mechanisms of Influence Clinical Significance

Oral squamous cell carcinoma,
pancreatic cancer, esophageal
cancer

Porphyromonas gingivalis

Chronic inflammation induc-
tion, apoptosis suppression,
angiogenesis stimulation

Risk biomarker, prevention
target

Fusobacterium nucleatum Colorectal cancer, breast cancer

Acidic microenvironment
creation, antitumor immunity
suppression

Prognostic marker

Oropharyngeal cancer, esopha-

Streptococcus anginosus
geal cancer

Potential non-invasive
biomarker

Carcinogenic metabolite
production

Prevotella intermedia Oral squamous cell carcinoma

Chronic inflammation

induction Diagnostic potential

Gl tract cancer, pancreatic

Cariogenic streptococci
cancer

Acidic hypoxic microenviron-

: Importance of oral sanitation
ment creation

DENTISTRY
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Since their discovery a century ago, bacteriophages
have been the subject of scientific research as a potential
therapeutic agent. In a number of countries, the use
of phages in medical practice has long been proven.
However, a significant part of the Western world has
expressed skepticism regarding phage therapy, arguing
that there are no sufficient clinical trials confirming
its effectiveness. Currently, Russian scientists are
demonstrating an increased interest in bacteriophages,
which opens up new horizons for further research
and practical application of this treatment method. In
particular, studies conducted by Volkov E.A. and co-
authors [50] demonstrated that local application of a gel
containing bacteriophages can relieve exacerbations
in patients with chronic recurrent aphthous stomatitis
[51]. The work of Uryadnikova V.A. and colleagues [52]
emphasizes that bacteriophages have a positive effect
on the hygienic condition of the oral cavity, which is
expressed in a decrease in inflammatory processes and
a specific effect on pathogenic microorganisms. One
of the key advantages of bacteriophages is their ability
to act selectively on certain bacterial strains, which
allows preserving the integrity of the natural human
microbiota. These results substantiate the feasibility of
using bacteriophages in the treatment of infectious and
inflammatory periodontal diseases and other diseases
of the oral mucosa. Modern treatment approaches
consider the influence of oral microbiota on the results
of cancer treatment, where the use of bacteriophages
can be an effective method for correcting microbiota
during antitumor therapy. Changes in the composition
of oral microbiota can also complicate the course of
the disease and the rehabilitation process of patients,
which emphasizes the need for dentists to pay close
attention to the condition of the oral cavity of patients.
Thus, an important aspect of the prevention of malignant
neoplasms is associated with maintaining oral health,
where high-quality individual and regular professional
hygiene, treatment of inflammatory diseases of the oral
mucosa and gums can reduce the risk of carcinogenesis.
From the point of view of early diagnostics of
oncological pathology, the oral microbiota is of great
interest. Studies show that the presence of specific types
of bacteria can signal the initial stages of the oncological
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process. Changes in the composition of the microbiota
can serve as potential biomarkers, which opens up new
prospects for dentists in determining the predisposition
of patients to cancer and early preventive measures.
The interaction of dentists and oncologists opens up
new opportunities for prevention, early diagnosis and
comprehensive treatment of cancer. Effective treatment
of patients with cancer requires an interdisciplinary
approach and close interaction between specialists in
different fields of medicine.

Conclusion

According to the data of the presented studies,
the prevention, diagnosis and treatment of oncological
diseases can and should be supplemented by dental
approaches aimed at normalizing the microflora.
Understanding that oral sanitation significantly reduces
contamination and, as a result, reduces the number of
pathogenic and oncogenic microorganisms can improve
the quality of antitumor treatment without significant
material and social costs. Regular oral sanitation and
monitoring of the microbiotaplay an important role
in the prevention of oncological diseases. Timely
detection and treatment of oral diseases not only
improve the general health of the patient, but can also
significantly increase the chances of successful treatment
and a good prognosis for cancer patients. The use of
modern methods of diagnostics and monitoring of oral
microbiota in dentistry can become the basis for the
development of new strategies for the prevention and
treatment of squamous cell carcinoma of the mucous
membrane. Integration of these data into clinical
practice requires interdisciplinary collaboration between
oncologists, microbiologists and dentists to improve
patient outcomes.
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3HauyeHne MMKpPOOMOTbI NOSIOCTU PpTa B BOSHUKHOBEHUU U NPOrHo3e
OHKOJIorMyeckux sabonesaHuu opodapmHreanbHou obnacTm

A.M. AanecoB! ", E.H.I'Bo3aukoBa'.? ~, E. Cumuonuau' |g, B.A. TuroBa?

"Poccuiickuii YHUBEpPCUTET ApY>KObl HApOAIOB, 2. Mockea, Poccutickas @edepayus
2 PoccuiiCKUI HayuHbIH LIEHTP PeHTreHopaAuomoruy, e. Mockea, Pocculickasi @edepayus
< Simionidi_e@pfur.ru

AnHoTanusn. AkmyaibHocms. HecMOTpst Ha MHOTO/IETHHE HayuUHble MCC/Ie/JOBAaHUS M KITMHUYeCKUe Pe3y/IbTaThl, OHKOIOTH-
yeckue 3a00s1eBaHusI OCTalOTCs IV106aibHOM MpobsieMold 3apaBooxpaHeHus. B moc/ieiH1e rofbl BO3pOC MHTEPEC K H3YYeHHUIO POJU
MHKPOOPTaHU3MOB B BO3HHMKHOBEHUH, ITPOTHO3€ ¥ MPOrpeCcCUPOBAaHNK OHKOJIOTHYe CKHX 3a00/1eBaHUA. BeposTHOCTE BhifiesieHust
B COCTaBe POTOBOM MUKPOOMOTHI KaHL|epPOTeHHBIX MUKPOOPTaHU3MOB JI0CTaTOYHO BeJMKa. B CBsI3U € 3TUM, TIOHUMaH¥Ke pOn
MHKPOOPraHU3MOB B BO3HUKHOBEHUY M TEUeHHH OHKOJIOTMUEeCKOH MaTo/IOTHH B JaTbHEHIIIeM MOXKeT CIIoCOBCTBOBaTh pa3paboTKe
VMHHOBALIMOHHBIX CTpaTeryii MpoGuIaKTUKH, JieueHHs 37I0KadeCTBeHHBIX HOBOOOPa30BaHUM U MUHUMU3AL[UH OCJIOKHEHUH
TIPOTHBOOITYX0JIeBOTO JieueHHst. Llesbio JaHHOTO 0630pa SIBJISIeTCS JINTepaTyPHBIM aHa/I|3 POJH TPeACTaBUTee MUKPOOHOTHI
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TIOIOCTH PTa Ye/I0BeKa B BO3HUKHOBEHHH U MPOTHO3e OHKOJIOTHUECKUX 3aboneBaHuid. B Xome uccieoBaHust mpoBefieHbl cOop
u aHaiu3 1050 HayuyHbIX paboT C MOMOIIBIO TTOMCKOBBIX crcteM PubMed, Google Scholar u eLIBRARY, omy6/iMKOBaHHbBIX
€ 2003 1o 2024 rr., cpesivi KOTOPBIX 47 pabOT BK/IIOUEHBI B JaHHBIN TUTepaTypHbIk 0630p. COriacHo JaHHBIM [TPOBEEHHOTO
JIUTepaTypHOTO aHa/M3a, Mpo(uIakTHKa, JUarHOCTUKA U JIeUeHHe OHKOJIOrMUeCKUX 3a00/1eBaHUi MOTYT U [IO/DKHBI ObITh
[JIOTIO/THEHBI CTOMATO/IOrMUYeCKUMH MTOX0/IaMU, HAlPaB/IeHHBIMU Ha HOPMAJTU3aLIMI0 MUKPOOGHUOTHI MM0JIOCTH pTa. [IoHMMaHMie
TOTO, YTO CaHALUs MOJIOCTH PTa CYLIEeCTBEHHO CHWXKAET ee GaKTepualbHyr0 06CeEMeHEHHOCTDb U KaK C/Ie[ICTBHE COKpalljaeT
KOJINUEeCTBO TIaTOT€HHBIX ¥ OHKOTeHHBIX MUKPOOPTaHU3MOB, MOXKET TIOBBICUTH KaueCTBO ITPOTHBOOITYXO/IEBOTO JieueHus Oe3
CYIL[eCTBEHHBIX MaTePHa/IbHBIX U COLMATBHBIX 3aTpat. Bbigoobl. [IpruMeHeHVe COBPEMEHHBIX METO/IOB JUarHOCTUKH M MOHUTOPHHTA
MUKPOOHOTHI MOIOCTH PTa B CTOMAaTo/IOMMK MOXKET CTaTh OCHOBOM /1711 pa3pabOTKK HOBBIX CTpaTerkii MpoQUIakTUKY U JIEUeHUs
3/I0KaueCTBeHHbIX HOBOOOPA30BaHMI C/IM3UCTOM 0DO0/IOUKU TI0I0OCTH pTa. VIHTerpanys 3TUX JaHHbIX B KIIMHAUECKYIO MPAKTUKY
TpebyeT MeXKMCIIMIVTAHAPHOTO COTPYAHUYECTBA MEX/y OHKOJIOraMH, MUKPOOHOJ/IOraMy ¥ CTOMATO/I0raMu /ISl Y1y UllieH st
MPOTHO3a JieUeHHUsI MalueHTOB.

KiroueBbie ¢/10Ba: MUKPOOKOTA MOJIOCTH PTa; 37I0KAYeCTBEHHBIE HOBOOOPA30BaHKsI; KaHL|epOreHe3; OHKOTeHHbIe HaKTepuu;
XPOHHUYECKOe BOCIa/leHue

Hudopmanms o punancupoBanun. Pabota BbinonHeHa 6e3 CIOHCOPCKOM MOAEPKKH.

Bkiajg aeropoB. A.M. ABanecos, E.H. I'sBo3irkoBa, B.A. TutoBa: pa3paboTka Aix3aiHa UCC/IeI0BaHKs; HalTMCAHHe TeKCTa
pykorucy; E. CAMUOHMN: aHA/TU3 MOJTyYeHHbBIX JAHHBIX; 0030p NMyO/MKal|ii 110 TeMe CTaThbU; HAlTMCAHUE TeKCTa PYKOIMHUCH.
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CTomaTonornyeckas 3a6onesaeMocTb AeTel AOLIKONbHOro
BO3pacTa B NPUEeMHbIX CeMbSIX

M.H. XaabieBa! |g, A.H. Tammynmun® —, C.JI. Biamkosa!

'Ka3zaHCKui rocyapcTBeHHbIN MeIMIIMHCKUN YHUBepcuTeT, 2. KasaHb, Poccutickasi Dedepayus
’Kasanckuii @efiepanbHbli YHUBEPCUTET, 2. Kaszawb, Pocculickas ®@edepayus
> madina-565@mail.ru

AnHoTanusa. AkmyanbHocmb. CToMarosiornyeckue 00sie3HH pTa, MOpaskarolye /jeTell caMbIX pa3HbIX BO3PacTOB —
ob1ieHalMOHasTbHAs TIPob/IeMa COBpeMeHHOT0 00111eCTBa ¥ HEMOCPe/ICTBEHHO 3/jpaBooxpaHeHys. [IpuueM pyucK BOSHUKHOBEHUST
Y TIPOTPeCCUPOBAHMS CTOMATOJIOTMUeCKUX 3abosieBaHMM cpesiv fleTell U3 COLUANBbHO YSI3BUMBIX TPYII BhIlIE, UTO TpedyeT
TIOVICKA HOBBIX METO/I0B TIPO(MUIAKTUKY U JiedeHUsl. B CBsI3U € pOCTOM /I0JTH OTKa3HBIX JieTell, U3yueHre COCTOSIHUS 3[J0POBbS,
B TOM UYHCJIEe CTOMATOJIOTMUeCKOU 3a00/1eBaeMOCTH, Mpe/CTaBisieT 0Cco0bIi uHTepec. Llenbio pabombl SBUNIOCH UCCIE[OBaHHE
CTOMATOJIOTMUECKOTO 3/I0POBbsSI U PACTIPOCTPAHEHMSI OCHOBHBIX CTOMATOJIOTMUYeCKUX 3a00s1eBaHUM y [leTell B HOBBIX CeMbsiX-
yCbIHOBUTeNIe. Mamepuasnb! U memodbl. 17151 u3yueHHs: CTOMATO/IOrMUYeCcKoi 3a00/71eBaeMOCTH Y YCHIHOBJIEHHBIX 1€ Tel-CUPOT,
ObUTH TTPOBeE/IEHEI B MpoLiecce 0OpalaeMocTy Ha 6a3e CTOMAaTo/I0rM4YeCcKUX MeJULIMHCKAX opraHu3anuii I. Kazanu npodumnak-
THUYECKHEe OCMOTPHI C I1e/IbI0 BhISIB/IEHHS] OCHOBHBIX CTOMATOIOTHYeCKUX 3a00/1eBaHNi, a TaKKe B XO/le TVIAHOBBIX 0CMOTPOB
B JIETCKUX JOLIKO/IbHBIX yupexxaeHusix. O0csiejoBaHHbIe [ieTH ObLIN PaHKMPOBAHBI B 3aBUCHMOCTH OT BO3PACTHBIX U FeH/IePHBIX
OT/IMUMH, BCETO B UCC/IeJOBaHUM TIPUHS/IM yuacThe 35 JeTei-I0IIKOILHUKOB. B X0/le 0CMOTpa COCTOSTHUS pTa y AieTel Obuin
BbIsIB/IEHbI HEKapHO3Hble 00s1e3HHU 3y00B, C/Ty4au NPOSIB/IeHUH 3y00UeT0CTHOM MaToIorHH, a TakKe TIOpaykeHHsI KApHeCoM U ero
ocnokHeHusl. Pe3yabmambl u 06cysicoeHue. [TonyueHHble pe3y/bTaThl UCCIeA0BAHMS BbISBUIN BBICOKYHO PAaCpOCTPaHEHHOCTh
CTOMAToI0OrMYe CKMMHU 3a00/1eBaHUSIMU CPeiv [ieTel U3 TIPUeMHBIX ceMeil. [leTu U3 pueMHbIX ceMeld BBICOKO TI0JIBEP)KEHbI CTOMa-
TOJIOTUYeCKUM 3a00J1eBaHUSIM C CAMBIX TTEPBBIX JIET KM3HU. B HEKOTOPBIX BO3PACTHBIX TPYIINax 3ab0/1eBaeMOCTb HEKapUO3HBIMU
3aboneBaHUsIMU ¥ 3y00UentOCTHBIMU aHOManusiMu iocturana 100 % cnyuaeB. Bbigoobl. T1osyueHHbIe pe3y/bTaThl O BBICOKOH
PacIpoCTPaHEHHOCTH CTOMATOJIOTHUeCKUX 3abosieBaHUi cpeay [ieTeli U3 pUeMHbIX ceMell CBU/IeTebCTBYeT O HEYKJIOHHOM
POCTe Kapreca 1 ero 0C/I0KHeHHH, 3yO0UeTFOCTHBIX aHOMaJT|i, HeKapruo3HBIX Oose3Hel 3y00B y ieTeid, HaXOISIIUXCS B 0C000M
rpyTIie PUCKa, B CBSI3W C HeO/IaronpUsTHBIMU YC/IOBUSIMU >KHU3HH, OTSTOII[EHHOW Hac/Ie[CTBEHHOCTBIO, TICUX0JIOTHYe CKUMU
TpaBMaMH, He/J0CTaTKaMH MTUTaHUs], a Tak JKe COIMaIbHBIM CUPOTCTBOM, UTO B I1€/I0M TIPe/ICTaB/sIeT CO00M COLMaIbHO-3HAUMMYHO
nipobsieMy [171s1 COBpEMEHHOTO 3/IpaBOOXPaHEeHYsI.

KiroueBble cjI0Ba: HeKapro3Hble Oosie3HU 3y00B, 3yO0oUetOCTHBIE aHOMAIUY, Kapyuec 3y00B, 0CI0KHEHHBIN Kapuec,
[leTH-CHUPOTHI, 3aMellaloIie CeMbH, TPUeMHbIe CEMbH
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Nudopmanus o puHaHCHpOBaHUH. ABTODHI 3asB/ISIOT 00 OTCYTCTBUM BHeLIHero (MHAHCHPOBAHUS.

BkJiag aBTOpOB. ABTOpBI BHEC/IM PaBHO3HAUHbIM BK/1a/l B IPOBe/IeHUH UCC/Ie[lOBaHus M MOATOTOBKY TeKcTa ctatbu. M.H. Xa-
IpieBa — cbop 1 06paboTka MaTepuana, 0630p 1o Teme MyOIUKaLuHY, Harrcanue pabotel. A.H. T'anuy/uinH — OKoHUYaTe/IbHOe
yTBEpXKIeHWe Bepcuu Ayist yosmikanuu. C.JI. BiankoBa — v3aiiH UCC/e[oBaHUs. Bce aBTOPBI BHEC/IN 3HAUUTE/TBHBIN BK/Ia
B IIO/ITOTOBKY PYKOIMCH, TIPOUNTA/TU U YTBEPJUIM OKOHUATEIBHYO0 BePCHIO Tiepe my6/MKarjiei.

HNudopmanys o KOHQINKTe HHTEPeCoB. ABTOPHI 3asIB/ISIIOT 00 OTCYTCTBUM KOH(IMKTA MHTEPECOB.

JTHU4Yeckoe YTBepXxKaeHue. I/ICCIIE,I[OBEIHI/IE O,I[OGPGHO KOMHCCHEH 110 BOIIpOCaM 3TUKH Ka3zanckoro roCcyaapCTBEHHOIo Megu-
LUHCKOI'O YHUBEPCHUTETA.

BarogapHoCcTH — HENPUMEHKMO.

MHdopMupoBaHHoe coriacie Ha My0/IMKAIUI0. Y BCEX MALMeHTOB, X POAUTeNel WK OMeKyHOB ObUIO TT0TyYeHo J0OpOBOIBHOe
MH(OPMHPOBAaHHOE COIVIacHe Ha y4JacTHe B MCC/Iefl0BaHHH COIVIACHO XesIbCHHKCKOH AeKiapaly BceMypHO# MeAUIIMHCKOM
accoyuaryu (WMA Declaration of Helsinki — Ethical Principles for Medical Research Involving Human Subjects, 2013)
1 06paboTKy MepcoHanbHbIX JAHHBIX.

ITocrynuna 18.03.2024. ITpunsra 16.04.2024.

Jns puTupoBanus: Xaoviega M.H., I'aauyanun A.H., Baawkoea C.JI. Ctomarosiorudeckasi 3a60/1eBaeMoCThb fieTei
JIOLIKOJIBHOTO BO3pacTa B MpHUeMHbIX ceMbsix // BecTHHK Poccuiickoro yHuBepcuTeTa Apy>KObl HapozoB. Cepust: MeauuyHa.
2025. T. 29. Ne 4. C. 520-531. doi: 10.22363/2313-0245-2025-29-4-520-531. EDN: AMTBOO

Problems of the dental health in kids from foster families

Madina N. Khadyeva' ‘E, Afgat N. Galiullin®* ~, Svetlana L. Blashkova'

'Kazan State Medical University, Kazan, Russian Federation
’Kazan Federal University, Kazan, Russian Federation
> madina-565@mail.ru

Abstract. Relevance. Dental diseases of the mouth, affecting children of various ages — a nationwide problem of modern
society and directly health care. Moreover, the risk of the occurrence and progression of dental diseases among children from
socially vulnerable groups is higher, which requires the search for new methods of prevention and treatment. In connection with
the increase in the proportion of refused children, the study of the state of health, including dental morbidity, is of particular
interest. The aim of the work was to study dental health and the spread of major dental diseases in children in new adoptive
families. Materials and Methods. To study dental morbidity in adopted orphans, preventive examinations were carried out in
the process of circulation on the basis of dental medical organizations in Kazan in order to identify the main dental diseases, as
well as during routine examinations in preschool institutions. The examined children were ranked according to age and gender
differences, a total of 35 preschool children took part in the study. Results and Discussion. During the examination of the mouth
in children, non-carious dental diseases, cases of manifestations of dentoalveolar pathology, as well as lesions of caries and its
complications were revealed. Conclusion. The results obtained on the high prevalence of dental diseases among children from
foster families indicate a steady increase in caries and its complications, jugular anomalies, non-carious dental diseases in children
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at special risk due to unfavorable living conditions, aggravated heredity, psychological injuries, nutritional deficiencies, as well
as social orphanage, which in general represents a socially significant problem for modern health care.

Keywords: non-carious diseases of teeth, dental abnormalities, dental caries, complicated caries, orphans, substitute
families, foster families
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BeepneHue

CTtomarosioruueckoe 3710pOBbe JeTei 0JHO
13 MMPUOPUTETHBIX HarpaB/ieHN COBPEMEHHOTO 3/[pa-
BooxpaHeHus [1]. Bbicokast pacipoCcTpaHeHHOCTh
CTOMAaTO/IOTHYeCKUX OoJie3Hel y feTeid U3 pa3HbIX
BO3PaCTHBIX TPYTII SIB/SETCS 3/1000JHEBHOU TIPO-
6/ieMOli ¥ HepellleHHOU 3ajjlaueil BeIOMCTB MUHU-
CTepCTBa 3/IpaBOOXpaHeHHs, 0COOEHHO eC/id peub
WjleT O ZIeTAX U3 COIMAIbHO YSI3BUMBIX rpymil. [Ipu
He/I0CTaTOYHBIX Mepax JUarHOCTUKHU U ONTHUMaJIbHbIX
MMO/IX0/IOB B JieUeHUH KapHUO3HbBIN TIPOIeCC MOXKeT
narybHO OTpa3wTCs Ha )KeBaTe/TbHOH (PyHKIIMHU, peuw,
yIbIOKe U, KaK CIe[ICTBHE, CHU3UTD TICUXO0COIHATbHYIO
a/lanTaluio, YTo BLEJIOM OTPA3UTCS Ha KauyeCTBe YKU3HU
pebeHKa ZIOITKO/TbHOTO BO3pacTa M ero ceMbH [2].
B cBsi3¥ C HapacTaroIIMM COL[Ma/IbHBIM HepaBeHCTBOM
B COBpeMeHHOM 0011iecTBe, mpob/iemMbl jeTeil U3 He-
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GrarorosiyuHo# cpesibl TpeOyrOT 0c060T0 BHUMAaHUS
U TIOAX0/a K UX 3[10pOBbI0. B HacTosiee Bpems
B CTpaHe HacuuThIBaeTcst 6osee 620 ThIC. eTEH-CUPOT.
Ba)kHO OTMeTHUTH, UTO Cpe/iu JIeTer-CUPOT HaCuu-
ThIBaeTCs1 0O/BIIIOE KOJTUUECTBO JieTe-UHBATH/0B.
HeTu-uHBanmu b1 COCTaBASIOT 0KOJI0 2,0 % OT AeTCKOro
HaceseHus1 Poccuiickont ®@efepaliuu, U Mo JaHHbIM
Poccrara, 3a nocinemgHue 5 JieT OTMeUaeTCsl TeH/1eH-
L[1S K YBeJIMYEHHUIO UX yuciaa. B cTpykType npyUuvH
JeTCKOW MHBA/IUHOCTH HAaUOOJIBIITNH YIe/TbHBIN BecC
NIPUXOJUTCS HA MeHTasbHble Oosie3Hn — 22,8 % [3,4].
HebnaromnpusitTHast corjanbHasi cpefia, OTATOIIeHHAst
Hac/aeCTBEHHOCTD, e (ULUT MATAHUs, OTpaHUYeH-
HbIe BO3MOXXHOCTH 3/]J0POBbSI, HECOMHEHHO, SIB/ISTFOTCS
Tipe/ipacriofiararoiiuMu (hakTopaMu yXyAlleH s CToMa-
TOJIOTUYECKOTO 3/0POBBS Y /leTeli pa3HbIX BO3PACTHBIX
rpyrr [5-7]. B ¢Bsi3u ¢ poCTOM [0/ OTKa3HbIX fieTel
H3yueHre COCTOSIHUS 3[0POBbSI, B TOM UMCJ/Ie CTOMATo-

CTOMATONOT NA



Khadyeva MN, Galiullin AN, Blaskova SL. RUDN Journal of Medicine. 2025;29(4)

norryeckoi 3ab01eBaeMOCTH, TIPe/iCTaBIsIeT 0COObI
HWHTepecC, Tak KakK B TUTepaType JaHHas nmpobsiema
V3y4eHO HeZ0CTaTOYHO.

Haubonee pacripocTpaHeHHbIe CTOMATOJ/IOTHYe-
cKkuve 3abosieBaHUI B MUpe Cpeii 1eTCKOro Hacere-
HUST — 9TO KaprO3HbIe MOpa’keHUs ¥ 3yD0ueTtoCTHbIe
aHOMaJ/luH, UYTO CBSI3aHO C POCTOM OpraHu3ma U ue-
JIFOCTHBIX KOCTeM, CMeHO 3y00B, a Tak)Ke HeZI0CTaTou-
HBIM YDOBHEM TUTHeHbI U 3710yTI0TpebieHreM yrieBo-
aucto el u ap. [8—10]. ITo maHHBIM UTEpaTypbI
y Masibllled C OrpaHUYeHHbIMHA BO3MOXHOCTSIMU
3n0poBbsi (OB3), a TakKe y JieTeid C COMyTCTBYIOIUMU
XPOHUYECKUMU 3a00/1eBaHUSIMU BBIsSIB/IeHa BbICOKast
3a0071eBa€EMOCTb UeJTIOCTHO-/TAI[eBOM TaTosiorveid [11,
12]. Tlo maHHBIM JTUTEPaTyPHBIX KCTOYHUKOB, IaHHAs
raroJiorusi Haubosiee YacTo Moparkasa JjeTei C IH-
JOKPHUHHBIMU 3aboneBaHusIMU — 62,5 % ciiyuaes,
C HapyLUEeHWsIMU BereToCOCYAUCTON cuctembl B 44,0 %
c/yvasix, y fieTel C ajlylepriuyeCKMMU peakLUsIMU
B 90 % cayuaeB. BMecTe ¢ TeM OfHUM U3 mpe/-
pacrionaratoiux gakropoB pa3sutusi 3UC y geteit
13 MPUEMHBIX ceMel SIBSIeTCSI OTCYTCTBUE TPYAHOI0O
BCKapM/IMBaHUs, [JIUTe/IbHOe NIPUMeHeHHe COCOK, UYTO
TIPUBOJUT K AucOanaHcy paboThl MBILIL] Ye/TFOCTHO-
nuLeBoi 06/1aCTH C MOC/Ie[yIOLIM pPa3BUTHEM 3y0o-
yerOCTHOM niatosioruu [13, 14]. Tlo gaHHBIM aBTOPOB,
pacrnpoCcTpaHeHHOCThb Kapreca U ero 0CJI0KHeHUN
y BOCTIMTAaHHUKOB JeTCKOTO0 ioMa Kamy»xckoit o6a-
ctu cocTasisna 94,1 % (13 HUX 56,25 % MalbuuKu,
43,75 % neBouku). Cpeayt 0011[eT0 YKc/ia MaTbUUKOB
Kapuec obHapyxeH y Bcex (100 %), y aeBouek —
B 87,5 % ciydaes [15].

CBeJieHHs1 U3 JIUTepaTypHbIX NCTOYHHUKOB O BBICO-
KOM pacripoCTpaHeHHOCTH Kapyeca, ero 0C/I0KHeHHUH,
HeKapHO3HBIX M0PayKeHHH 1 3yO0Ue/TFOCTHBIX aHOMAJTHH
y AeTeld U3 HeOMaronpUsITHOMN Cpe/ibl CBU/IeTEeTbCTBYIOT
0 HeoOXOJMMOCTH Jja/TbHeHIIIero U3y4yeHust JaHHOM TIPo-
6nematuku [16-20]. B cBsi3u C 3TUM Hallle BHUMaHUe
Ob1710 0OpareHo Ha OTKa3HBIX JieTel-CUPOT JIOIIKO/b-
HOT'0 Mepro/ia B YChIHOB/IEHHBIX CeMbSIX Ha MpeJMeT
TIOPKEHHOCTH JleTeli Kapro3HbIMU 00JIe3HSMH, @ TakKe
3ybouenroCTHBIMU aHOMausmMu. Llenb uccnenoBa-
HUSI — aHa/INW3 CTOMAaTO/IOTHUeCKOoH 3a60/1eBaeMOCTH
y MIPUEMHBIX [IeTell JOLIKOIbHOTO epro/a.

DENTISTRY

Matepuanbl n metogbl

719 u3yuyeHus1 CTOMAaTOJIOrUUeCKOro 3J0POBbS
TIPUEMHBIX fleTeli HaMH ObL 06c/IejoBaHbI 25 cemeii-
YCHIHOBUTEJIel, MPOXXMUBAKOIIMX B pecityOsike Tarap-
craH. Ctomarosiorndeckoe obcrefoBaHue MPOXONUIO0
Ha 0a3ze KOMMepueCKHUX CTOMAaTo/I0TMueCKUX K/IMHUK,
a Takxe B MyHULIMIIA/IbHBIX [JOLIKO/IBHBIX YUPEXIEeHUAX
Pecry6muku Tarapcran. O6beM BBIOOPKU — 26 JeTOK
B Bo3pacrte oT 1,1 0 6 ieT BKIIOUUTEIbHO, U3 HUX
11 ManbumkoB U 15 fleBouek. B 3aBucHMOCTY OT Bo3pacTa
obcrenyemble ieTy ObUTH TOZIe/IeHbI HA HECKOJIBKO TPYTIIT:
ot 1,1 go 2,5 net, ot 2,6-4,5 n1eT u ot 4,6 10 6 €T BK/MO-
YUTeJIbHO. Tak »Ke [i/1s1 YACTOThI SKCIIepUMEHTa B 3Ty
rpymniy ObUTH J00aB/EeHbI 1eTH, JOCTUTILNEe 7-JIeTHETo
BO3pacTa, KOTOpbIe 110 TeM WY UHBIM [IPUUMHAM 0L
B IIIKOJTY TT03/IHee CBOMX CBEPCTHHKOB, BCETO IpH 00CITe-
JIOBaHVH B 3aMeILa0IX CeMbsIX ObLT0 9 fieTeil JaHHOTO
BO3pacTa. B moMolib K M3yueHHI0 CTOMAaTO/IOrMUeCKOM
3a060/1eBa@MOCTH 1 OL|EHKEe COCTOSTHUS 3710POBbS Y fleTeid
JIOIIKOIBHOTO BO3PacTa, pe3ysbTaTbl 0CMOTPOB HAMU
(MKCHUpPOBaUCh B CIeLaIbHON UHAWBH/ya/IbHOM KapTe
TMaleHTa ¥ ero 4ieHOB CeMBHU.

O6ceoBaHre COCTOSIIO U3 OCMOTPA MOJIOCTH PTa
Ha TIpeIMeT Hauust 3a00/1eBaHN TBEP/IbIX TKAHEH 3y-
00B 1 3y00UeTIOCTHBIX HApYLLIeHHUH, B TOM YHC/Ie JIHLie-
BBIX NpU3HaKoB. Oco00e BHUMaHUe Y/e/isiioCh OCaHKe
pebeHKa, Tak Kak Mpob/ieMbl C T03BOHOUYHUKOM YacTo
COMPOBOJKZAIOTCS MAaTOI0TMeil HOCOBOTO IbIXaHHs, UTO
B/IeyueT 3a co60i OPMHUPOBAHHUIO OTKPBITOTO TIPUKYCa
Y ZIPyTUX 3y0ouemrocTHbIX AedopmMariyid. Tak >ke ocoboe
BHUMaHMe yZIe/syIoCh MBIIIL[aM YeIF0CTHO-TULeBOU
06/1acTH, BO3MO)KHBIM COCTOSTHUEM TUTEePTOHYCa TPy
CMBIKaHUU WIH B TIOKOe, UTO IIOMOraeT OIlpe/ie/IUTh
HasMyuve QyHKLMOHATbHBIX OTK/IOHEHU B TOM YKCIIE.
OcmMmotp 3y60B BK/ItOUas B ce0st OLIeHKY LIe/I0OCTHOCTH
sMaJsi, ee CTPYKTYpHI, I[BeTa, Osiecka U 1eJI0CTHO-
CTH, BbISIB/IeHUe BpeHbIX NpuBbIueK. [Ipyu nopaxe-
HUAX (QIF0OP0O30M KUCHoJb30Bancs uHgaekc Thylstry,
Fejerskov (1978, 1981). [I/1s1 BbisiBNIeHUs] HEKApPHUO3HBIX
ropakeHuH, 0C/I0KHEHHbIX KapyheCcoM, TIPUMEeHSITN
Kapuec-uHaukatop — CariesMarker, Voco, «Kapuec
uHavKatop» Omera [lent. s obcienoBaHys pra eTeit
ObLTH UCTI0Tb30BaHbl CTOMATO/IOTUUeCKHe CTePUIIbHbIe
VHCTPYMEHTHI.
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CreropeHrTa(t) v 3HaueHus P.

OcMoTp feTeli U3 IPUEMHBIX CeMeli pa3HOTo 1oJia
¥ BO3pacTa BbISIBU/I 3HAUUTETbHYIO TIOpaXkaeMOCThb

PesynbTaTbl U 06CYyXaeHue

Kapuecom 3y00B U BBICOKYIO UHTEHCUBHOCTH TTPO-
Lecca. Y feTel caMoM cTaplileid BO3paCTHOW I'PyMIibl
MCCreloBaHust — /10 6 JIeT BK/IIOUMTebHO 3aboeBae-
MOCTb Kapuecom poxoguia fo 100 %. Bmecte ¢ Tem
B Bo3pacTe 4,6—6 yieT KaprO3HbIM NPOLIeCC MpOoTeKanl
HauboJsee arpeccBHO. HariMeHee moiBep>keHbI Ka-
PHO3HBIM [TOpa’KeHUsIM 0Ka3a/ICh YCbIHOBJIEHHBIE
JleTU B Bo3pacTHow rpymiie oT 1,1 roga go 2,5 et
(Tabmuia 1).

Tabnuya 1
MHTeHCMBHOCTb M YacToTa pacnpocTpaHeHus Kapueca 3y6oB cpeau AeTell M3 NpUEeMHbIX ceMel
= MHTEHCMBHOCTb NopaxeHus 3y6oB kapuecoM (KIMY+kn)
g 3 5
s o % 3 S x S x x
& 5 x g 3 S g ¥ 2 @ T i
= s 32 = I® z SE = g5 s= g3
b= T = ) T © X 5 I~ g [= g e o = 3: =t
O L] = Qo i1 X = X X S ~
S o8 ) =] T o 5= @ == g SIC
g 3 S o S 3 g o £ g e 8 Q¥ a2 ©ox
3 O oI o S % e o= 238 S X = o O e X
[@N<) [~ = cC O =
oM = S 5 ¥ o — g oz - a g - o
8 S @© = © X = © & e o C
=
o T o g TS Q T 8 T
T C IO 5
1,1-25 3 2 66,7 + 8,08 14 4,67 14 4,67 «=» «—»
2,6-4,5 13 12 92,3+9,01 89 6,85 78 6,0 11 0,85
4,6-6 10 10 100 78 7,8 60 6,0 18 18
o
3 26 24 92,3 £ 8,37 181 6,9 152 58 29 11
[a]
Table 1
Intensity and frequency of tooth decay among children from foster families
g E Tooth decay intensity (DMFT and dmft)
£ 2 °
5 g £ 5 3 3 2 3 e
S ° 5 = s 2 x 8~ =
= ) * z o = oF - or -
3] . O o o = IS =g c b= k=
= [~ = a © c o © = © = <
o Qa — » w“— = - «— x e [0)
o S 9] @ ° g m (Sl 2 o= g
< 2 3 % 8" P £y £ EE =
E g © E ° 2 ¥ E g~ =
2 2 z < © < =)
1.1-2.5 3 2 66.7 + 8.08 14 4.67 14 4.67 «—» «=»
2.6-4.5 13 12 92.3+9.01 89 6.85 78 6.0 11 0.85
4.6-6 10 10 100 78 7.8 60 6.0 18 1.8
Bcero 26 24 92.3+8.37 181 6.9 152 5.8 29 1.1
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MNanee Hamu Obl1a M3yueHa pacripoCTPaHEeHHOCTh
1 UHTEeHCUBHOCTh Kapreca B 3aBUCUMOCTH OT T'eH-
JlepHBIX 1 BO3PaCTHBIX 0cobeHHOCTel 06ciesyeMoro.
[1pu u3yueHUHM pacIpoCTPAaHEHHOCTH KapHUO3HBIX

TIOPa’KEHUH Cpe/iy /leTel pa3HbIX BO3PACTHBIX IPYIIIT
ObUIO YCTaHOBJIEHO, UTO /IeBOYKH Yallle MOPakKaanch
KapuecoM, ueM MajIbuiKH, OJHAKO 3TH 3HaUeHUs OKa-
3a/TMCh He JOCTOBEPHBLIMHU (Tabsuiia 2).

Ta6bnmnya 2
[laHHble 0 pacnpocTpPaHeHU! U UHTEHCUBHOCTU Kapuo3HOro npoLiecca B 3y6ax y fieTeil U3 NpUeMHbIX cemeit
B 3aBMCUMOCTM OT reHZiepHbIX U BO3PacTHbIX 0CO6eHHOCTel pa3BUTUS
a a x x
5 5s 5o z 5 z 5
= Q > Q > o= = o™X £
= = 3 3s g 3 é o
2 £9® EA 3 g3 < g 3 g
e R T &% oy 3 S 3 a
(= o o o O Q o O Q.
- E o £ o E @ n c @ m =
5 0 O~ 0 O~ =3 s 5o (=
8 3] o Q 9.8 g
a o = S Q9 - Q9 —
® C o C o I o T ®
o SIES] c T = @© s @©
& g * £~ 5 * 5 T
¥ ¥
1,1-2,5 50 + 9,805 100 9 4,5 5 50 <0,01
87,5%
2,6-4,5 100 6.485 26 52 63 7.9 <0,01
4,6-6 100 100 27 6,8 51 8,5 -
Bcero 90,9 £ 5,640 93,3 +4,903 62 5,6 119 79 >0,05
lNpumedaHme: M — Manbunky, 1 — 0eBoYKn
Table 2
Data on the spread and intensity of the dental decay in teeth in children from foster families, depending on gender
and age characteristics of the development
= =
E E 3 " 3
5 25 2% g2 g g2 5
= 62 6 2% = a = =) <
3] o £ % o =% S o > S o > a
— S g £ S n e w E = « 5 =
5 c ot c o0t 5 S 7 5 © @
o L= QL . £ = C E S
) c @ ] o © 9 o ® 2
< 3 ° s ° 2 = 2 £
& & £ £
z b4
1.1-2.5 50 £9.805 100 9 4.5 5 5.0 <0.01
2.6-4.5 100 87.5t6.485 26 5.2 63 7.9 <0.01
4.6-6 100 100 27 6.8 51 8.5 -
Total 90.9 + 5.640 93.3+4.903 62 5.6 119 7.9 >0.05

[Tpy u3yuyeHUM pacrnpoCTpaHEHHOCTHU Kapueca
Y ero OCJIOKHEeHUW B 3aBUCHMOCTH OT HO30JIOTUU
1 Bo3pacTa pebeHKa HaMU ObIJI0 yCTaHOBJ/IEHO, UTO
B Bo3pacTe oT 4,6—6 neT y Bcex geteli ObLM qua-
THOCTUPOBAHBI C/y4yau HayajabHbIX (DOpM Kapueca,
CpeJHUM Kapyec, a TakKKe XpPOHUYeCKUU IMY/bIIUT.
Cpenu neteii B Bo3pacte 2,6—4,5 roza Tak e ObLu
HauboJsiee pacrpocTpaHeHbl XpOHUYeCKe (HOPMbI
nynsnuta — 92,3 %, cpejy HEOC/IO)KHEHHBIX (popM

DENTISTRY

Kapueca — Haua/jbHbIM Kapuec, UHTEHCUBHOCTh
KOTOpOTO cocTas/isiia 1,69 ciyuaeB Ha ofHOTO 0OCIe-
[IOBaHHOTO MnanueHTa. CaMble HaMeHee pacnpocTpa-
HeHHbIe — C/Ty4au OCTPOT0 MePUOOHTUTA U OCTPOTO
nyaenuTa. Y geteit B Bo3pacte ot 1,1 u 10 2,5 sieT
He OBLTU BBISIBJIEHBI (POPMBI HaUa/JbLHOTO KapHeca,
B TO BpeMsi KaK ITOBEPXHOCTHbIM Kaprec MpoTeKas
Haubosee nHTeHCHBHO — 1,33 Ha 1 0Oc/ieJOBaHHOTO
(Tabmuia 3).

525



Xaoviesa M.H., Ianuynnun A.H., bnawkosa C.JI. Bectuuk PYITH. Cepus: Meguuuna. 2025. T. 29. Ne 4

Tabnuya 3
MokasarTenu pacnpocTpaHeHNsi U UHTEHCUBHOCTM NMOPa)KeHUs1 3y60B Kapuecom
Y YCbIHOB/IEHHbIX AieTeil B 3aBUCUMOCTM OT BO3PACTHbIX 0CO6eHHOCTEN N (hOPMbI KapuMO3HbIX MOPaXKeHWi
Bospact 1,1-2,5 BospacTt 2,6-4,5 BospacTt 4,6-6
) 5 2 % E © = ) E S =
[ o o . Q o
Hosonornyeckne g s § g § § g s % g § § g 8 % gs §
(OpMbI Kapueca 52 EZ3 g 5 s 5 S S S 3 g s
o R 2 o g 88 ¥ 2 °og gga g
5 ¥ 28 g 9] 5 ¥ aa o) 5 ¥ a8g o
o = 3 cEw [ S X [
5 g £ z | 3 s Y| £ |5 s = <
S = g = 8 =
HavasbHbIN - - - 13 100 % 1,69 10 100 % 1
MOBEPXHO- 2 66,7 % 1,33 10 76,9 % 1,54 8 80 % 11
CTHbII
cpefHun 2 66,7 % 1 — — — 10 100 % 1,6
rny6oKuit 1 333 % 0,33 10 76,9 % 1,08 8 80 % 1,5
OCTpbIf NyNbANT 1 333 % 0,33 5 38,5% 0,38 - - —
XPOHW. 2 66,7 % 0,67 12 923 % 1 10 100 % 1,2
nynbnuT
ocTpeM 1 333% 033 5 38,5% 0,38 4 40 % 04
NepuoSoHTUT
Xporuteckun 2 66,7 % 067 10 76,9 % 0,77 8 80 % 1
NepUoAOHTUT
Table 3
Prevalence and intensity rates of dental caries lesions in children living in foster care depending
on development and carious lesion forms
Age 1.1-2.5 Age 2.6-4.5 Age 4.6-6
1] [72] [J] (2] [0}
[} [<}] e (0] ey
2 g 2 2 z 2 z
Nosological o8 2 g =2 O Sa 2 9 °a =
forms of caries c 2 2= 2 1<) S E @ S S E @
o 2 > 2 2 @ c O 2 ) TiKe) 2
2 ¥ 2= £ 2 ) £ 2 IS £
: 5 E | E :
- z a z o
initial - - - 13 100 % 1.69 10 100 % 1
superficial 2 66.7 % 1.33 10 76.9 % 1.54 8 80 % 1.1
moderate 2 66.7 % 1 - - - 10 100 % 1.6
severe 1 33.3% 0.33 10 76.9 % 1.08 8 80 % 1.5
acute pulpitis 1 33.3% 0.33 5 385% 0.38 - - -
chronic pulpitis 2 66.7 % 0.67 12 92.3% 1 10 100 % 1.2
acute 1 33.3% 0.33 5 38.5% 0.38 4 40 % 0.4
periodontitis
chronic 2 667% | 0.67 10 769% | 0.77 8 80 % 1
periodontitis

Hanee HaMu OBLIM W3YUEeHO COCTOsSTHUE 3y0OB, PacIpOCTPAaHEHHOCTH 3a00/ieBaHUY B 3aBUCUMOCTH
3yOHBIX psiZIOB M MIPUKYCa Ha MpeMeT Hanuuus 3ybo- 0T Ho3osoruu 6osesHeit. [1pu ucciefoBaHuu fetei
YeJTFOCTHBIX aHoMammi (34YA), a Takke Obula U3yueHa [JOLIKOJIBHOTO TIEPHO/A M3 TIPUEMHBIX ceMeid ObIIo
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3a(hMKCHPOBAHO, UTO Te WM WHbIe TIPU3HAKU aHOMaJIHi
3y00UeTFOCTHON CUCTeMBbI TIPUCYTCTBOBA/H y IeTel
1o goctkeHuu 1 rozga u 1 mecsua. PactipocrpaseH-
HOCTh YeTFOCTHO-/IULIEBbIX TIaTOJIOTUH y ieTell Bcex

BO3pPAcTOB, HeE3aBUCHMO OT IeH/lepHbIX pa3/Inuui,
1o pe3y/bTaTaM Haiiei pabotsl focturana 100 %
ciyvaeB (Tabnura 4).

Ta6nuya 4
PacnpocTpaHeHue 3y604entocTHOI NaToioruu y Aeteil U3 NnpueMHbIX cemeit B 3aBUCUMOCTH
OT reHAEepHbIX N BO3PacTHbIX 0CO6EHHOCTEl pa3BUTUSA
5 B TOM uncne B 3aBUCUMOCTM OT nona
= (]
o 23 3 x o x N
) €3 5 ) < 3 o
= S I o < 2 I o = I T
5 I | od 5 o E ¢ 2 °o%% | ¢
© o 2 (=S € c 3= = § &2 cE 2z o § 32
Q g o 3] O o T S & + O o O <o +
m O o0 = S o il s E S go o E
Q oo = JT o5 o T o0 o
m S c 8 e g = 3
3] S = S (3} =
g 8 S ° ”
T
1,1-25 3 3 100 2 2 100 1 1 100
2,6—-4,5 13 13 100 5 5 100 8 8 100
4,6-6 10 10 100 4 100 6 6 100
Bcero 26 26 100 11 11 100 15 15 100
[pumeyanme: 34A — 3y604entOCTHbIE aHOManum
Table 4
Distribution of dentoalveolar pathology in children from foster families depending on gender and age characteristics of development
2 <
< <Dt Depending on gender of the kids
c E S
o x £ @
S 2 A g 2 2 ° @
S °38 e 2% 8o S« 8 S0 < 8
“ [T ot > E o« 2 e < c o s 2 5 < S 5
2 £ s 2 o 55 oy = 55 | &y
% g 5 & g § 8 < S E 55 3 S e
< 2 3 €% £3 2 £ £ g
‘_3 g 3 @ 3 o = @ 3 o
2 =z z z z =z
1,1-25 3 3 100 2 2 100 1 1 100
2,6-4,5 13 13 100 5 5 100 8 8 100
4,6-6 10 10 100 4 4 100 6 6 100
Bcero 26 26 100 11 11 100 15 15 100

Note: DAA-dentoalveolar anomalies

[Tpu aHanM3e HO30/I0TUU 3yOOUeTFOCTHBIX aHO-
MaJIui HaMu OBLJIO OTIpeZiesIeHo, UTO vallle y JeTen
13 TIPUEeMHBIX ceMeli ObITH AUarHOCTHPOBAHBI MaTOOrU
TIPUKYCa, TaKhe KakK Ty0okuii pukyc (15,4 % ciydaeB)
U rporeHuueckuii npukyc (15,4 % ciyyaes). Hanmenee
TIO/IBEP>KeHbI JIeTH U3 TIPUeMHBIX CeMel OKa3a/ich aHO-
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MasisiM GOopMBI, TIOpsiZiKa ¥ pa3MepoB 3y0O0B, a Takxke
HapyILIeHUsIM CTUPaeMOCTH TBeP/bIX TKaHel 3y0oB.
B Bo3pacTHoti rpymme 2,6-4,5 Harbosiee yacTo ObLIH
BBISIBJIEHBI TAKMeE MAaTOJIOTHYeCKUe COCTOSTHUS, KaK
OTKPBITBI! [PUKYC, paClpOCTPaHEHHOCTb KOTOPOTO
coctaBuia 23,1 % ciayudaeB, pe)ke — MepeKpeCTHBIN
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MPUKYC ¥ CMelllaHHble aHOMa/IuK 3yOoue/lfoCTHONW  BO3pPaCTHOM TPYIINe CpeJji HeKapHO3HBIX MOPayKeHHUH
cuctemsl. B Bo3pacre fieteii 4,66 neT cambIMM pac-  OKa3asach arsiasusi 3Maad, paClpoCTPaHEHHOCTh KO-
MPOCTPaHeHHBbIMY OKa3aJuCh: porHatuueckuii (20 %) Ttopoii cocraBuia 66,7 %. Cpeau geTeli BO3pacTHOU
1 rnybokuii ipukyc (20 %) (pucyHok 1). rpymnel 2,6—4,5 rofia 0IMHAaKOBO PaclpOCTPaHEHHBIMU
B nporjecce vccnefoBaHusl HAMU Tak ke Obljla  OKa3aJaMCh CUCTeMHas TUroriasus smand (38,5 %)
3aUKCUpOBaHa BbICOKast OpaykaeMOCTb HEKapuo3- U arvia3ust smamu (38,5 %), cpeu aeteii bomee cTapiieid
HbIMU O01e3HsIMU 3y00B y /leTeil U3 MprUeMHbIX ceMeil. BO3pacTHOM Tpymrsl 4,6—6 7eT caMbIMU pacIipoCcTpa-
[Tpu aHanM3e HO30/I0TUY KMX PaclpOCTPaHEHUs] HAMU  HEHHBIMM OKa3a/IMCh CUCTEMHasi TUIOTIIA3Ms SMaJiH, OC-
OBbLIO YCTaHOBJIEHO, UTO HEKApHO3HbIe Oose3HU 3y00B  JioxkHeHHast KapruecoM (50 %) u arasust smanu (50 %).
Topa’kaiv MOJIOUHbIe 3yObl y feTeid ¢ 1 rozia, mpuueM Bcero HaubosbIIy 0 paclipoOCTPaHEHHOCTh TIOTyYr/Ia
CaMbIM pacripoCTpaHeHHbIM 3a00/eBaHeM B JAHHOW  TspKesiast ()OPMbI TUTIOTIa3HUM SMaH (PUCYHOK 2).
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Puc. 1. [pagauma 3y6o4entoCTHbIX aHOManuii y AeTeN N3 MPUEMHbIX CEMEN B 3aBMCUMOCTM HO30/10M MM 6ONE3HN 1 BO3PACTHbIX
OCOBEHHOCTEN Pa3BUTUS

Fig. 1. Gradation of dentoalveolar abnormalities in children from foster families depending on disease nosology and age-related
developmental features
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Puc 2. Ho30n0runs HekaprosHblx 6one3HelN U UX YacToTa PacnpoCTPaHEHNA Y AeTel U3 MPUEMHbIX CeMEN
Fig. 2. Nosology of non-carious diseases and their incidence in children from foster families
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Tabnuya 5
Moka3aTenu pacnpocTpaHeHne HeKapuo3HbIX 6onesHeli TBepAbIX TKaHei 3y60B cpeAu AeTeil, NPoXMBaloLux
B NPUEMHbIX CEMbSIX B 3aBUCUMOCTM OT FreHA,epHbIX U BO3PacTHbIX 0CO6eHHOCTel pa3BUTUS
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1,1-25 3 3 100 2 2 100 1 1 100
2,6-4,5 13 13 100 5 100 8 8 100
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Bcero 26 26 100 11 11 100 15 15 100
Table 5
Rates of non-carious dental hard tissue disease among children in foster care by gender and age
c § Depending on gender
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4.6-6 10 10 100 4 100 100
Bcero 26 26 100 11 11 100 15 15 100
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ITpy U3yuyeHUH pacrpoCTPaHEeHHOCTH HEeKapHOo3-
HBIX 3a00/1eBaHUI B 3aBUCHMOCTH OT T10/1a pebeHKa
¥ BO3pacTa Hamu ObUIO YCTAHOBJIEHO, UTO [IeTH BCeX
BO3PACTHBIX TPYIIM, BHE 3aBUCUMOCTH OT I10J1a OKa3a-
JIACh TIO/IBePKEeHbI HEKApPHUO3HbIM 3a00/1eBaHUsIM 3y00B,
YTO MO>XKHO CBA3aTh C B/IIMAHHUEM HEGHHFOHPI/IHTHOFO
TeueHUs1 BHYTPUYTPOOHOTO Pa3BUTHS I1/I0[ja U CAMOM
b6epemeHHOCTH (Tabsuiia 5).

BbiBOAbI

1. [leTu U3 MpUEeMHBIX CeMel BBICOKO MO/IBEP)KEHBI
CTOMaTOJIOTHYeCKUM 3a00/IeEBaHUSIM C CaAMBIX TT€PBBIX
sieT xu3Hu. B Bo3pacTe 1 rojia y YCIHOB/IEHHBIX JleTel
OTMeYaeTCs BBICOKas! OPa)kKaeMOCTh KaprecoM 3y0oB
U ero ocioxHeHu# — 66,7+8,08 % cnyuaes.

2. CaMblil BBICOKHMU yPOBEHb UHTEHCUBHOCTU
Kapueca MpUxXoJuTCcs Ha Bo3pacT 4,6—6 neT u cocTas-
nsiet 7,8 cnydaeB Ha 1 obciemoBanHoro. [Ipruuem
MHTEeHCUBHOCTh KapHO3HOIO TpoLiecca npoTekaeT
Oosiee BbIpa’KeHO Cpeau ZieBOUeK (8,5 cilyuaeB Ha OfHY
o0ceJoBaHHYIO ZIEBOUKY).

3. [octoBepHble pa3muusi B 60siee BLICOKOM pac-
MPOCTPaHEHHOCTH Kapreca U ero 0CJIOKHEHUN cpeu
MaJIBYMKOB Obljla BbISIBJIeHa B Bo3pacte 2,6—4,5 fer,
CpeJu IeBOYeK Kapyec oKa3ascs J0CToBepHO Oosee
pacripocTpaHeH B Bo3pacte 1,1-2,5 roga.

4. Ilpu aHanu3e pacCrpoOCTPaHEHHOCTH Kapreca
Y €ro 0C/IOKHEeHHH ObI/I0 YCTaHOB/IEHO, UTO B 3aBUCHUMO-
CTH OT HO30J10THH O0J1e3HM Harbosiee YacTo B BO3pacTe
2,6—4,5 nieT BCTpevanvch Haua/ibHble (hOpMbI KAPMO3HBIX
nopakeHuii. B Bo3pacte 4,5-6,0 1eT — HadanbHBIN,
cpefiHUI Kaprec U XpoHuYecKasi popMa my/bIuiTa.
Y nereii 1o 2,5 neT OCIOKHEHHBIE 1 HEOCI0)KHEHHEIe
(hopMbI Kapueca.

5. PacnpoctrpaHeHHOCTh 3UA ¥ HEKapUO3HBIX
nopa)keHui 3y00B cpeay JeTeli U3 MPUEMHBIX CEMeH,
BHe 3aBMCUMOCTH OT I'eH/IepHOM/BO3PACTHOMN NpUHA/I-
JexxHoctu gocturana 100 % ciayuaes.

[TonyyeHHble pe3yabTaThl UCCIEOBaHUS CBUJE-
TeNbCTBYET O BBICOKOM paclpoCTpaHEeHHOCTH CTOMATo-
noruyeckux 3abosieBaHUM Cpesiu ieTeld U3 MPUeMHBIX
ceMeli, pacripoCTPaHEeHHOCTh KOTOPBIX B HEKOTOPBIX
cnyyvasx gocrturaet 100 % cinyuaeB. Pesynbrarel
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JAHHOW PabOThI OTPaXKalOT COBPEMEHHOE COCTOsTHUe
CTOMAaTOIOTUUEeCKOTO 3/]0POBbBsI y AeTel, HaXOSILUXCS
B 0C0o00¥ rpyTire pyucKa B CBSI3U C HeOMaronpusTHHIMA
YCJIOBUSIMH KU3HU, OTATOLLIEHHOW HaC/Ie/ICTBeHHOCTHIO,
TICUXO0/IOTYe CKUMH TPaBMaMH, He/l0CTaTKaMy TIUTaHMs,
a TaKXXe COLIMA/IbHBIM CUPOTCTBOM. V3yueHue pac-
MPOCTPaHEHHOCTH CTOMATOJIOTMUeCKUX 3a001eBaHui
T103BOJIsIET He TOJTLKO BBISIBUTH Te WM WHbIE aHOMaTi!
Y HapyllleHWsl pa3BUTHs Ha paHHUX 3Tarax >KU3HU pe-
OeHKa, a Tak’ke CBUJETe/IbCTBYeT 0 He0OXOAMMOCTH
B pa3paboTKe U BHeJpeHUs HOBBIX KOHL[ENTya bHbIX
TIO/IXO/[0B TIPOBe/IeHus MPO(H/IAaKTHUeCKUX U JleueOHbIX
MepOTIpUATUH y /leTell C OTATOILLleHHbIM aHaMHe30M
JKU3HHU.
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aCCOLIMMPYIOTCS C KOHKPETHBIM Ue/IOBEKOM U BpeMeHeM, B KOTOPOM OHM TIPOHM30LUTH. TakuM 00pa3oM, 3HaHUe UCTOPUN HayKU
T03BOJIsieT He TIpeHeOperaTs WHTeJIEKTYa/IbHBIM Hac/leiIieM TMPOLIUTBIX TIOKOIeHHH 1 00pallaTh ero B MOTeHLWA il Pa3BUTHS
COBPEMEHHBIX MCCTeJOBaHUM. B 0[HOM 13 CBOMX BBICTYTI/IEHHI HOOE/IeBCKUH JTaypear c3p JHZPIO XaKC/Id OTMedall, UTo, eCid Obl
OH B CBOe BpeMsi OoJiee IeTanbHO 03HAKOMUJICS ¢ uTeparypoii XIX B., To HEKOTOpPBIE CBOW UCC/IEJOBaHUSI OH CMOT ObI YCITEIIHO
3aBepLIUTb ropaszo ObicTpee U 3ddektrBHee. HyxHO cka3arb, yto XIX B. OJapu/ YesioBeueCTBy LIeYEO Miesiay KpymHeHImx
yUeHbIX, COBEpIIHBIINX MTOUCTHHE CyAbOOHOCHBIE OTKPBITHS. Hallla cTaTbsl MOCBAIIEHAa OJHOMY U3 TaKUX YUEHBIX — CIPY
Yapns3y bemny (1774-1842), BeigaroiieMyCs MIOT/IaHCKOMY XAPYPTY, aHaTOMy U SKCIIepUMeHTaTopy-gu3nosory. Pesyibmamsbi
uccnedogaHusi. B xofe cBoeii HayuHOM, NPeTOAaBaTeIbCKON 1 TIPAKTHUeCKOM MeAUIIMHCKOU AesITeTbHOCTH best peami3oBan
HaKOTUIeHHbIe 3HaHHS U OTBIT B MyO/IMKALIM MHOKECTBA TPAKTaTOB, He TEPSIOINX aKTyaTbHOCTH U TI0 ceii leHb. CBOM TamaHT
Xyo’kHYKa Yapsb3 Besi mpriMeHUs B aHaTOMUH, COOCTBEHHOPYYHO MIITIOCTPUPYS BEJIMKOJIEITHbIe KHUTH, HalTMCaHHbIe B COaB-
TOPCTBE CO CTapIIMM OpaToM, U3BeCTHBIM XUPYproM J)koHOM Besiom, 1 B XUpypruu (TouHee, B BOBHHO-TIOIEBOM XUPYPIUK),
3aprCOBBIBAst paHeHBIX MOC/Ie CpakeHws1 pu Barepoo. HeorjeHnMblIi BK/Ia/| BHEC YUeHBIM U B pa3BUTHE HEBPOJIOTHH. Tak, UMsi
Yapne3a benna yBekoBeueHO B Ha3BaHUH JAJIMHHOTO TPYHOTO (M/IN «HaPY)KHOTO AbIXaTebHOr0») HepBa, B OIMCaHNH Nlapaanya
HIWKHUX JIBUTaTe/IbHBIX HePOHOB JIML|EBOTO HepBa M B «CUMITTOMe Bessia», Korza ria3sHoe s16/10KO 3aKaThIBaeTCsl BBEPX MPU
TIOTIBITKE 3aKPbITh Iv1a3. I1IMpoKo M3BeCTHO ero OrMcaHue pa3IMuuid MeX/Y MSThIM U CeJbMbIM UepeITHbIMU HepBaMH, a Takke
onpezenenre Mop¢ho-QyHKLHOHAIBHBIX 0COOEHHOCTEH MepeJHIX U 3aJHUX KOPELIKOB CIIMHHOTO MO3Ta KaK 3akoH Beria. 3a He-
OLIeHNMBIH BK/aZ B HayKy Yapse3 Bemt Obi1 HarpaxkeH 30/10Toii Mezianbio KoposeBckoro o01iecTBa v IIpOM3Be/ieH B PhILIapu
I'anHOBepckoro reenb¢uiickoro opgeHa. Boigods!. BeipaskeHne Besmkoro pycckoro xupypra H.W. ITuporosa «Bce, uTo ectsb

© ®omunbix T.A., Kyta C.A., 2025

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License
https://creativecommons.org/licenses/by-nc/4.0/legalcode

532 NCTOPUA MEONLINHDBI


https://orcid.org/0000-0001-6572-2387
https://orcid.org/0000-0002-1145-4644
mailto:sergei_kutya%40mail.ru?subject=%D0%A1%D0%B5%D1%80%D0%B3%D0%B5%D0%B9%20%D0%90%D0%BD%D0%B0%D1%82%D0%BE%D0%BB%D1%8C%D0%B5%D0%B2%D0%B8%D1%87%20%D0%9A%D1%83%D1%82%D1%8F
mailto:sergei_kutya%40mail.ru?subject=%D0%A1%D0%B5%D1%80%D0%B3%D0%B5%D0%B9%20%D0%90%D0%BD%D0%B0%D1%82%D0%BE%D0%BB%D1%8C%D0%B5%D0%B2%D0%B8%D1%87%20%D0%9A%D1%83%D1%82%D1%8F

Fominykh TA, Kutia SA. RUDN Journal of Medicine. 2025;29(4)

BBICOKOTO Ha CBETe, — UCKYCCTBO, BJOXHOBEHHE ¥ HayKa. ..» KaK HeJlb3si 60/ee MOgXOAUT J/1s XapaKTEPUCTUKH er0 COBPEMEHHHUKA
Yapsb3a Bera, coeuHMBILErO B cebe 3TH TPU UIOCTAacU. BaKHO OTMETHUTB, UTO peqIeKTOPHAast TEOPHSs, OCHOBaTe/ieM KOTOpOH
cunTaroT Yapsb3a Besina, B/IseTCs 0CHOBOTIO/IATAOIe KOHIeTIeH (GU3H0IOTHH U MeTULIHEI.

KiroueBble c/10Ba: uCTopusi MeuLMHbL, Yapsib3 besi, uCTOpUsi aHaTOMUM, UCTOPUS XUPYPruM, MeAULIMHCKAasl WUTIOCTPaLyst
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WCC/IeJOBAHNs, PeaKTUPOBaHKe PYKOTUCH. Bce aBTOPbI BHEC/U CYIL[eCTBEHHBIM BK/1aZl B pa3paboTKy KOHLIETILIMH, TIOTOTOBKY
CTaTh, MPOU/IN ¥ 0A00pU/IM (BUHANTBEHYIO BEPCUIO TIepej IyO/MKariuei.
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Contribution of Sir Charles Bell to medicine

Tatiana A. Fominykh ~, Sergey A. Kutia 2=

V.I. Vernadsky Crimean Federal University, Simferopol, Russian Federation
< sergei_kutya@mail.ru

Abstract. Relevance. Knowledge of scientific concepts and achievements of the past provides an informative basis for
modern research. Moreover, these achievements are filled with the greatest meaning if they are associated with a specific person
and the time in which they occurred. Thus, knowledge of the history of science allows us not to neglect the intellectual heritage
of past generations and turn it into potential for the development of modern research. In one of his speeches, Nobel laureate Sir
Andrew Huxley noted that if he had familiarized himself with the literature of the 19th century in more detail, he would have
been able to successfully complete some of his research much faster and more effectively. It must be said that the 19th century
gave humanity a whole galaxy of the greatest scientists who made truly fateful discoveries. Our article is dedicated to one of such
scientists — Sir Charles Bell (1774—1842), an outstanding Scottish surgeon, anatomist and experimental physiologist. Results
of study. In the course of his scientific, teaching and practical medical activities, Bell implemented his accumulated knowledge
and experience in the publication of many treatises that remain relevant to this day. Charles Bell applied his talent as an artist
in anatomy, personally illustrating magnificent treatises written in collaboration with his older brother, the famous surgeon
John Bell, and in surgery (more precisely, in military field surgery), sketching the wounded after the Battle of Waterloo. The
scientist also made an invaluable contribution to the development of neurology. Thus, the name of Charles Bell is immortalized
in the name of the long thoracic (or «external respiratory») nerve, in the description of lower motor neuron palsy of the facial
nerve, and in the «Bell’s sign», when the eyeball rolls upward when trying to close the eye. His description of the differences
between the fifth and seventh cranial nerves, as well as the definition of the morpho-functional characteristics of the anterior and

HISTORY OF MEDICINE 533


https://orcid.org/0000-0001-6572-2387
https://orcid.org/0000-0002-1145-4644
mailto:sergei_kutya%40mail.ru?subject=%D0%A1%D0%B5%D1%80%D0%B3%D0%B5%D0%B9%20%D0%90%D0%BD%D0%B0%D1%82%D0%BE%D0%BB%D1%8C%D0%B5%D0%B2%D0%B8%D1%87%20%D0%9A%D1%83%D1%82%D1%8F
mailto:sergei_kutya%40mail.ru?subject=%D0%A1%D0%B5%D1%80%D0%B3%D0%B5%D0%B9%20%D0%90%D0%BD%D0%B0%D1%82%D0%BE%D0%BB%D1%8C%D0%B5%D0%B2%D0%B8%D1%87%20%D0%9A%D1%83%D1%82%D1%8F

DPomunvix T.A., Kymsa C.A. Bectauk PYIH. Cepus: Mepununa. 2025. T. 29. Ne 4

posterior roots of the spinal cord as Bell’s law, are widely known. For his invaluable contribution to science, Charles Bell was
awarded the gold medal of the Royal Society and made a knight of the Hanoverian Guelphic Order. Conclusion. The statement
of the great Russian surgeon N.I. Pirogov, «Everything that is high in the world is art, inspiration and science...» is the most
appropriate description of his contemporary Charles Bell, who combined these three hypostases. It is important to note that the
reflex theory, whose founder is considered to be Charles Bell, is a fundamental concept of physiology and medicine, although

in the early stages (in the mid-19th century) this principle was considered only in relation to the spinal cord.
Keywords: history of medicine, Charles Bell, history of anatomy, history of surgery, medical illustration
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BeepneHue

B konue XVIII u nepsoit nonoeuHe XIX BB.
BenukoOpuTaHus miepekuBaa psiJi CyIbOOHOCHBIX
ripeobpa3oBaHMii — 3aBepliieHNe TTPOMBIIITIEHHON
peBostonuy, ocHoBaHue B 1800 r. CoefiHEHHOTO
KoposnesctBa Benukobpuranuu v Vipsianauu, mobe-
Iy u3buparesbHOM pedOpMbI U TIPUHSITHE 3aKOHOB,
yJIy4llaroLX yC/I0BUS TPyZJa Y )KU3HU HacesIeHus.
OTOT mepuoy XapaKTepu3yeTcsi Takke OypHBIM pa3BH-
THeM OpPUTaHCKOM HayKH, BbIBeJIIUM CTpaHy B XIX B.
Ha JIMUPYIOLLMeE MTO3ULMK B Mupe. OTHUM U3 yUeHbIX-
SHTY3MaCTOB U [IePBOOTKPbIBaTe/Iel TOro BpeMeHH CTasl
UYapsb3 besul, UM KOTOPOIo U3BeCTHO BCEM, KTO UMeeT
OTHOLLIEHHe K Me/IULIMHe, U 0CTaJI0Ch 3areyaT/ieHHbIM
B TEOpPeTHUUECKOMW 1 MPAaKTUUeCKOW MeIUIUHE B BUJIE
3MOHMMOB B @HaTOMUH U HEBPOJIOTHH, a TaKKe Oaro-
Jlaps 3aMevare/IbHbIM WITFOCTPUPOBAaHHBIM M3/ aHUSAM
ero TPyZ0B [10 aHaTOMUU U XUPYypruu. BeipakeHue
BeJsIMKoro pycckoro xupypra H.JM. ITuporosa «Bce,
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YTO eCTh BBICOKOTO Ha CBeTe, — UCKYCCTBO, BJ,OXHO-
BEeHUE U HayKa...» KaK HeJb3s Oosiee MOAXOJUT AJIs
XapakTepuCTHUKHU ero coBpemeHHuKa Yapsn3a besa,
coefivHMBLIero B cebe 3T Tpu unocrtacu [1]. BakHo
OTMETUTH, UTO pedieKTOpPHAasi TeOpHUsl, OCHOBaTeIeM
KoTOopoy cuntaroT Yapse3a besa, SB/1sieTCsl 0CHOBOIIO-
Jlararoltei KoHiemniuei pu3nonoruu u MeurvHbI [2].

[eTtcTtBO M loHOCTb Yapnb3a benna

B 1774 r. B MecTeuke ®ayHTHHOPU/IK, TIPUTOPO/E
SpuHOypra, poauncs Yapsb3 (pucyHok 1), Maaaimmii
13 yeTbIpex ChIHOBel mpernofobHoro Yumbsma bema
(1704-1779). Korza Ma/IBuvKy ObLIO MATH JIET, TSHKEIO
3aboJ1es1 OTell, U CeMeMCTBY MPHUILIOCh HECTH PaCXO/bl
Ha ero jieyeHyre, YTo COCTAB/ISIO ABa/LaTh NATh (QyH-
TOB B T'0[], @ MaTepUabHOE TOJI0KeHHEe CeMbH ObIIO
HaCTO/IBKO CTeCHEHHbIM, UTo oOyueHue cTapiiero 6para
xoHa (1763—1820) He MOI/I0 MPOJO/KATHCS MOCTIe
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TOTr0, KaK eMy HCITOJTHUIOCh OJUHHAALIATE JIET, XOTS
ryiaTa 3a 00y4yeHHe COCTaB/Isiia BCETO TSATh (PyHTOB
Y YeTBepTh IIW/UTMHra. HecMOTpst Ha 3T0, BCe CHIHOBbSI
TOJyYU/TA YHUBEPCUTeTCKOoe oOpa3oBaHUe (JBoe —
MeJULIMHCKOe, IBOe — FOPUANYECKOE) U [JOCTUTIU
orpe/ie/IeHHbIX BBICOT Ha M30paHHOM mornpwuitie [3-5].

Puc. 1. lNopTpeT capa Yapnbsa benna pa6otsl [lopodunaa
Xapam (1821). PUCYHOK B3SAT U3 OTKPbITbIX UCTOYHUKOB

Fig. 1. Portrait of Sir Charles Bell by Dorofield Hardy (1821).
Figure taken from public sources

Cembg Obl/1a HEOOLIUAMHO CIIJIOUEHHOM, U KaXK-
Il U3 [ieTelt jenan BCe BO3MOXKHOeE, YTOObI TOMOYb
octansHbIM. [loz pykoBozICTBOM cTapiiero 6para [IoHa
Yapnb3 u3yuan MeguuHy. Takxke Mexay Yapib3oMm
u ero 6parom /Ixopmkem [I>ko3zedom (1770-1843),
KOTODBIN ObLIT CTapille ero Ha ueThIpe Tofia U BIIO-
Cle[iICTBUM CTaj1 Mpo¢eCcCOpOM IIOT/IaHACKOTO MpaBa
B OAMHOYPrCcKOM yHHUBeEpCHUTETe, Ha MPOTsHKeHU!
BCel >)KM3HU TIOUTU e)KeZJHEBHO TTPOUCXOANIT 00MeH
NMMCbMaMU, CBUZIETE/TLCTBYIOIIHN 00 WX TyOouaiiiieit
B3aMMHOM MIPUBSI3aHHOCTH [6, 7].

C pannero Bo3pacta Yapiib3 NposiBUJI Xy/|0)KeCTBEeH-
Hble criocobHocTH. Ero MaTh Be/MKOJIENTHO prcoBajia
M BCSTUECKH CTI0CODCTBOBasIa Pa3BUTHIO TajlaHTa ChIHa,
JlaKe OT/lana ero Ha 0OyJeHHe K U3BeCTHOMY B Te Bpe-
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MeHa >xuBonucly dssuay Anneny (1744-1796). [og
ero pyKoBocTBOM best n3yuan paboTbl M3BeCTHBIX
XY[OXKHUKOB ¥ HAay4dn/icsi paboTaTk € pa3IMIHbIMU CpeJ-
CTBaMH, BK/TFOUAsi KpaCKU ¥ MOJ@/TMPOBaHUE BOCKOM.
[To okOHUaHMM CpeiHeH MIKOJbI B OauHOypre Yapsib3
CTaJsi TIOMOraTh CBOeMy cTapiieMy Opary [I>KoHy B aHa-
TOMUYEeCKOH I1IKOJ/Ie Y Mapasiie/bHO [0CelaTh JeKLUn
B yHUBepcuTeTe [4, 7].

Korpa Yapnb3 u3yyan MeguiiuHy B auHOypre,
€ro Xy/J0’KeCTBEHHBIW TajlaHT ObLI MPUMEeHeH s
ogopMeHus: aHaTOMHUecKoro Tpakrara «Cucrema
BCKPBITHI», KOTOPBIN ObLT U3aH B 1798 1. coBmMecT-
HO ¢ /)xoHoMm Besiom. Bckope rocsie 3Toro 6parbs
ony0IMKOBaMM « AHATOMHUIO YesI0BeYeCKOTo Tesia»
B UeThIpeX TOMax, KHUra BblJjepKajla HeCKOJIbKO 13-
JlaHUM U Oblla TIepeBefieHa Ha HeMeIlKUi si3bIK. Kak
Y IpyrHe TPY/Abl, OMyOJMKOBaHHBIE MU COBMECTHO
Mexxay 1797 u 1804 1T., u3manue ObIJIO UTFOCTPH-
poBaHO 0¢OpTamMu U rpaBOpaMH, BBITIOJHEHHbIMU
no pucyHkam Yapns3a [8, 9].

Hauyano npakTuuyeckoi fesiTenbHOCTH
(1799-1804 rr.)

I[To okoHuaHMU Kypca oOyuenus B 1799 r. Yapnb3
Besin 611 IpUHAT Ha paboTy B KOPOIEBCKYHO OOTBHULTY
B KaueCTBe XUpypra. 3To 03Hayaso To, YTO, KaK U ero
yuuTe/b, OH ObLJT OIMHAKOBO UCKYCHBIM XUPYPTrOM
Y aHatoMoM. B nanbHeliem Best Bocrnosib3oBascs
CBOMM KJIMHAYECKUM OMbITOM /11 Pa3BUTHUSI OJHOTO
Y3 CBOUX Ta/IaHTOB Y, MOZeI1pys [aToJ0ru4yecKue
CJTy4au 13 BOCKa, coOpast 3aMmedaTesibHy0 KOJITeKLHIO,
HEKOTOpbIe 3K3eMIUISIpbl KOTOPOM /10 CUX ITI0P MOXXHO
YBUJETh B My3ee XUPypruueckoi Koaieruu B JUH-
Oypre. BenikosierHbie BOCKOBbIe MOZIe/H B TOYHOCTH
riepeJjaBaii OTTEHKM TaTo/I0rMueCKU U3MEeHEeHHbIX
TKaHe#l 1 ObUIN 3aMeuare/TbHbIM II0Co0reM B ero mpe-
ro/laBaTesIbCKOU AesitenbHOCTU. Ho, K cokaseHuto,
B MeJULIMHCKOM ob11iecTBe DAUHOypra y>ke Ha3peBas
CBOET0 po/ja 3aroBOp C LieJIbI0 UCK/IIOUUTL OpaTheB
benn u3 knuHuveckoi npaktuku [10, 11].

[TpumepHo B 1800 I. BO3HUK CKaH/aM U3-3a My0O/u-
Kalui Hekoero JI>xoHaraHa Jlonsiakepa, OCBSILEHHBIX
npobiemMe OTCYTCTBHSI HETIPePBIBHOCTH YXO7ia 3a XUPYP-
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rUueCcKUMH MaljieHTamMu B SauHOyprckom KoponeBckom
7la3apeTe U HOCHBILKMX Upe3MepHO KPUTUYECKHI Xapak-
Tep B OTHOLLEHWUU [VIaBHOro xupypra [IxoHa besna.
OT0 OblIa 0OJHA U3 0’KeCTOUEHHBIX MPOQ)e CCHOHATBHBIX
ccop, Koux 6110 focratouHo B JIoHzoHe, [Jy6ivHe
u OpuHOypre B TOT nepuof [12]. Hy)xHO cka3arb, 4To
BeJIMKUe TanaHThl [I)koHa besia coueTtanucs € ero
JIOBOJILHO 3aJUPUCTBIM XapaKTepOM U CKJIOHHOCTBIO
K OCKOpOUTEebHBIM BbICKa3bIBaHUSIM, KOTOPbIE OH
He MOT' KOHTPO/UpPOBaTh. OH y4acTBOBa/l BO MHOTHX
Criopax, YTo MpUBeJo K (hOPMUPOBAHUIO CPe KOJI-
ner o0beAMHEHHON OTITIO3ULIMK TIPOTHUB HETO U ero
mutazuero 6para [3]. B nmocsiegHem ciydyae KOHQIUKT
pasrope’icsi Mexxly IpogeccopoM, pyKOBOAUTEIeM
Koponesckoro nazaperta xeiimcom ['peropu (HMcrosib-
30BaBIIMM B IMyOyMKaLusx rceBgoHuM «Dawplucker»)
u JI>xoHoM Bestom, uto ripuBeso K yBosibHeHuto besnna
u3 Koposnesckoro Jyiazapeta, orcraBke Yapib3sa B JIoH0-
He U rociefiyrolemy ocyxxzeHuto I'peropu Konnerven
Bpaue 3a JOMyLIeHHOEe UM «MCKa)kKeHUe WUCTHUHbI»
[13—15]. B pe3ynbrare 23 Hosi6pst 1804 1. Uapsib3 Obu1
BLIHY)K/IeH TIOKUHYTh DUHOYPT U MTPOZO/IKIII CBOO
Kapbepy B JIloHgoHe [7].

XXusHb u pabota B JloHgoHe
(1804-1824rr.)

Hecmotps Ha TO, uto besn nipuexan B JIoHOOH,
He uMesi TI0/IararoLuXcsl peKoMeHjaluii u 6e3 rpo-
111a B KapMaHe, OH y>Ke MMeJI OMbIT MpernojaBaHust
XUPYPruu U ObLT yyKe U3BeCTeH TaKUM JIIOZSIM, Kak
bpym, Xopnep u [Ixxeddpu, ero 3emisikaM, KOTOpbIe
nonyuniu obpa3oBaHue B uHOypre U yxke cenanu
cebe ums B JIOHJj0He, SIBJISISICH COyUPeAUTe/ISIMA OUeHb
TIOMYJIIPHOTO B TO BpeMsl >KypHara «3AUHOyprckoe
0603penue». Takke Yap/b3 ObUT 3HAKOM C U3/jaTesieM
Tomacom Jlonrmadom (1771-1842), my6/MKOBaBLIUM
€ro KHUTH. B 4acTHOCTH, K TOMY BpeMeHH yiKe ObuT
W3JaH 3HaMeHuThIN Tpyg « The anatomy of the brain,
explained in a series of engravings» (1802) [3, 16].

B TeueHue cBoero nepBoro roga >xusHu B JIoHz0He
Benn 3aBepiimn paboty Haz «OuepKaMy aHaTOMHUH BbI-
pa’keHHs B XKMBOIIMCK», Bbileiiei B 1806 r. B kuure
Benn numier o MblLax auLa yenoBekKa, fesas akLieHT
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Ha 00/1aCTH BOKPYT I/1a3 Kak Hanbosiee MOABUKHOM
Y BbIpa3uTebHOU. By/iyun MpoHUIIaTeTbHBIM U TOU-
HBIM HaOJro/jaTeIeM, yueHbl CpaBHUBAJI JIUL€BbIe
MBIIII[BI YeJI0OBeKa C COOTBETCTBYIOIeH MyCKy/IaTypou
JKUBOTHBIX, @ TaK)XXe aHa/TM3upOBaJl 3aKOHOMEePHO-
CTH TIPOSIBJIEHUS SMOILUHN Y )KUBOTHBIX. OH BEpHO
ToJiarasi, YTo HeKOTOpbIe MBIIILIbI JIMLA CYI[eCTBYIOT
CIieI[laabHO /ISl TOTO, YTOOBI 000raTUTh BhIPA3U-
Te/IbHbIE CTIOCOOHOCTU UesIoBeKa. Xy 0)KeCTBeHHbIe
Y TUTepaTypHble JapoBaHus besia B coueTaHnu € ero
rTy0OKUMY TI03HAHUSIMHM B @aHaTOMUH U (DU3HOIOTUU
czienany 3Ty paboTy IpKUM TTPUMepPOM MCTOPHH HC-
KyCCTBa, a TaK)Ke BEeJTUKOJIEITHOU 0a30M /11t TOHUMa-
HUSI aHaTOMO-(U3UOIOTHUECKUX OCHOB 3KCITPeCCUH
nvtia. JlaHHBINA TPYZ, OCTaeTcs U 10 ceil eHb BayKHbIM
BKJIaJIOM B [TOHMMaHN€e aHATOMUH 3TOTO YHUKATHLHOTO
yesI0BeueCKOro KauectBa (pucyHok 2) [7, 17].

Puc. 2. lnapodobus. Mnntoctpaums na kHurn Y. benna
«Essays on the anatomy of expression in painting» (1806) [17]

Fig. 2. Hydrophobia. Illustration from the book by C. Bell
«Essays on the anatomy of expression in painting» (1806) [17]

Yapnb3 [lapBUH BBICOKO OLIeHW TpakTar besia
«AHaTOMUs BbIPAXKEHUSI...» U YIIOMSIHY/I er0 B CBOeU
KHUTe «BbipakeHre sMOLMl y yes0oBeKa U )KUBOT-
HBIX», onmyb6uKoBaHHOU B 1873 1. JlapBUH mucait:
«...cop Yapsib3 besst MOXeT C TOJIHBIM OCHOBaHUEM
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CKa3aTh, YTO OH He TOJIbKO 3a/10)KHU/1 OCHOBBI 3TOT0
rpeJMeTa Kak OTPAaC/M HayKu, HO U co37an ee biaro-
pOZHYIO CTPYKTYypy. Ero paboTel BO BceX OTHOIIEHU-
X OUeHb UHTEePeCHbI; OHU BKJIIOUAIOT rpaduyeckKue
OMMCaHUs pa3MUYHbIX 3MOLIMI U NPEeBOCXOJHO
WIIIOCTPUPOBaHbl». U fnanee [JapBUH LIUTHUPYET
r-Ha Jlemyana: «Kuury Y. bBenna ciegyer usyuuThb
Ka’K[JOMY, KTO TbITaeTCsI TOBOPUTH O JIULIE Ue/0BeKa,
npexxze Bcero ¢punocodam 1 XyA0KHUKaM, TakK Kak
HapsAy CO CBOeW MPOCTOTOM M 3CTETUUHOCTBIO OHA
SIBJISIETCS O HUM M3 CaMbIX MpeKpacHbIX MaMsT-
HUKOB HayKe O B3aMMOOTHOIIEHUSIX (pH3HUUeCKOTO
W HpaBCTBeHHOro». U 31eck best ObLT THOHEPOM,
HO B 3TO# pabore, Kak U B ero bpuKyoTepckom
TpakraTe 0 «Pyke...», eMy Melllajsa Teseoa0Tus,
MOCKO/IbKY TEOPHH 3BOJIFOLIUU ellje He CyL[eCTBOBAI0
[6, 18, 19].

B cegpMoM u3saHuu eiile OJJHOW 3HaMeHUTOMN
kHuru Y. Benna «The anatomy and philosophy of
expression as connected with the fine arts» kpome
psijla WIIOCTpaLyid, 0TOOpaXkarol[yX pa3auvHbIe
BbIpa)KeHHUS JIUL[a, TPUCYTCTBYeT TaKKe 3HaMeHUTast
3apMCOBKa COCTOSTHUS TeTaHyCa y paHeHOro coszaTta
(2TO M300pakeHUe eCTh U B 1[BeTe, UCIIOJTHEHHOe
Y. BenioM akBapesblo, 3CKH3bI 3TOW CLieHbl HepesiKo

BCTpPeYaloTCs B Ipyrux nybnukanusax bemna) (pucy-
Hok 3) [20].

ITepBoe Bpewms B JlongoHe Yapsb3 best Ben yacT-
HYIO MPaKTHKY, IIpernojaBast aHaTOMUIO XY/ 0’KHAKaM.
B otnnume oT «1myGIMYHOTO J1€KTOpa» «4aCTHBIN
JIEKTOP» B Te BpeMeHa Obl/I CaMOMpPOBO3I/IallIeHHbIM
9KCIepTOM, KOTOPbIN MOT PeZJIOKUTh HOBBIU U OpU-
rMHAIbHBIA MaTepuasa U BO3MOXXHOCTb CTyZleHTam
CaMOCTOsITeTbHO TPOBOAUTH BCKPBITUA [21]. Byayuu
OJHOBPEMEHHO MpernozaBaTesnieM (PU3N0I0TUN U XU-
PYpPruu B 1IKO/e HA YUHIMUII-CTPUT, Yapsb3 benn
TIpUBJIEKa MHOTOJIFOAHYIO ayIUTOPHIO CBOMM JIETKUM
V3JI0)KeHHeM, 3/1eTaHTHOW JUKLMel YU MacTepCKUMH
wutrocTpanusiMu. OH GecripeCcTaHHO TPYAMIICS Haf
TIOTIO/THEHHEM COKPOBHIL] CBOETro My3esi, BeJl 00M/IbHbIe
3aMucH Y rpaduueckye WIMOCTPALUK CTy4yaes, ObLT 0f-
HUM U3 [1ePBbIX, KTO BBeJI [1peroJjaBaHue KIIMHUYe CKON
XUPypruu B BenmkoOpuTaHuy B manatax O0/IbHULBI
Mugacekc [3].

3a rogel paboTel B 3TOH 11KOJIe Yaps3y bemny
y[,a/I0Ch BHECTU 3HAUUTe/IbHbIM BK/aJ, B U3yUeHUe
aKTya/bHbIX B TO BpeMsI TPaBMaTHUeCKHX MOBPEXKIeHUI
TI03BOHOYHUKA, JedopMarifii Mo3BOHOYHOTO CTOsI0a,
HeCTabUIbHOCTH aT/IaHTO-3aThIJIOYHOTO COUIeHeHUs
Y, 0c0b6eHHO, QYHKIMI CITIHHHOTO MO3Ta, YTO JIeT/I0

Puc. 3. TetaHyc. MinntocTpauma us kHurn Y. Benna «The anatomy and philosophy of expression as connected with the fine arts» [20]
Fig. 3. Tetanus. lllustration from the book by Ch. Bell «The anatomy and philosophy of expression as connected with the fine arts» [20]
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B OCHOBY (hOpMHMPOBaHUsI COBPeMEeHHOI HeBPOJIOTHH.
B vactHOCTH, bey npuHaz/ie;KUT onvcaHue mnepe-
JIoMa TI03BOHOYHMKA C NTOpakeHWeM CITMHHOIO MO3ra
KakK MOp(OJIOTUUeCKO 0CHOBBI Pa3BUTHS 33/1ePIKKH
MOYeHCITyCKaHHsl, a TaKXe pa3paboTKa airopuTMoB
yXoZa 3a MaleHTaMH C TTOBPEXJEeHUSIMU CITMHHOTO
MO3ra ¥ MeTO/I0B MPOU/IaKTHKU TIposieykHed [21].

B 1809 r. YUapsw3 benn coBepiuan noe3nku B I[1op-
TCMYT U TOCeLI[a/l paHEeHBIX, TOJIBKO UTO MPUOBIBILINX
B KoposeBckuii rocriutans Xaciap rocsie OUTBbI pU
Jla-KopyHbe; TeM caMbIM OH TOJIYYH/ OOIITHUPHbBIe
3HaHUsI 00 OTHECTPEJIbHBIX PAHEHUSIX, KOTOPbIe JIeT/n
B OCHOBY €ro J1CCepTaLMOHHOM PaboThI M OKa3aluch
ype3BbIYaiiHO 1leHHbIMU B 1815 ., Kora cpa3y nocie
outsbl pu Barepsioo Best orripaBusicst B bproccesnb
Y OKa3bIBaJl MIOMOILb paHeHbIM (DpaHLy3CKUM IJIeH-
HBIM, TIOMYTHO Jie/iasl 3apUCOBKU C HaTypel. OHaKO
XUpypruueckas npakTyKa B TOT epUo/, He TIPUHeC/Ia
Benny ycriexa— K coaJ/leHUIO, IIPOL|eHT CMePTHOCTH
TpU TIPOBeJIeHUH UM aMITyTaluii OblI OUeHb BBICOK
(6osee 90 %), 3a UTO OH TIOABEPICS KECTKON KPUTHKE
CO CTOPOHHI ero KoJineru-xupypra Pobepra Hokca

[3, 15, 22, 23]. BriocsiegcTBuu, yxe B 1836 1., bemn
MOArOTOBU/ 17 akBapeseil B HaTypaJbHYI0 BeJTMUUHY
Ha 0CHOBe HAOPOCKOB U3 CBOEH 3aMyCHON KHHUXKH
¢ n300pakeHUsIMU PaHeHBIX B OUTBe mpu Barepoo,
a TaKke omybIMKOBas CBOM Kypc «JIeKiuii mo xu-
PYPTuu B IByX TOMax», Hebosbloit Tpyx «[IpakTu-
yecKHUe OYepKHU 10 pa3TM4HbIM BOMIPOCAM» M HOBOE
u3faHue « AHaTOMUM U (HUTO0COPHUU )KUBOMTHUCH»
(pucyHok 4) [7].

B ampesnie 1814 1. Bent 6611 n36paH Xupyprom
OobHULIBI MU1/ICeKC OOIBITMHCTBOM ro/10COoB (265
13 473 y4yaCTBOBaBLIMX B OMpOCe YenoBeK). Takum
obpa3om, Yapsb3 Besnn cTan, HakoHeL], TPU3HAHHBIM
Kosierod Dctim Kynepa (1768-1841) u apyrux
3HaMeHUTOCTell CaMOoro BBICOKOTO paHra u3 Mupa
MeJULIMHbI U XUPYypruu JIoH0Ha, TPOJBUHYBILINX
HayKy CBOel OOIIMPHOM MpPaKTUKOW, MaHEepOU Tipe-
Mo/laBaHUs U BUPTY03HOCThIO PyK [10]. CpaBHuUBas
cocTosiHHe OOJIbHULIBI B MOMEHT €r0 MOCTYIL/IeHHUs
Ha paboTy c TeM, B KOTOPOM OH ITOKWHYJI ee, BbIis
Ha MeHCHI0 YeTBepTh Beka crnycTs, Yapaw3 benn ro-
BOpWJI: «B 3T0 BpeMmsi TpeThbsi UaCTb CTapoit OOTLHULIBI

Puc. 4. Congat, KOTopoMy B 61TBe Npu BaTepnoo 84pomM oTopBasno pyKy (akBapenbHbIi pucyHok Yapnbsa benna) (1836).
PUCYHOK B3AT 13 OTKPbITbIX MCTOYHWUKOB.
Fig. 4. A soldier whose arm was blown off by a cannon ball at the Battle of Waterloo
(watercolor drawing by Charles Bell) (1836). Figure taken from public sources.
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Obls1a pUrOTOM /171 6eIHBIX (PpaHIy30B, a eJJuH-
CTBEHHBIM KacTesssHoM 0wt /I>koH I1loy; B 1836 T.
OomnbHMLA OblIa pacllIpeHa 3a CUeT JOTOTHUTeNbHBIX
OOKOBBIX MPUCTPOEK, Ta/IaThl 3aMOJTHUINACH TTAl[ieH-
TaMU U Ha ee cueTy B (pOHJaX UMeJIOCh JOCTaTOUHO
cpenactB (B miepecueTe nipuMepHo 120000 eBpo)».
Bckope besnn npuBiek K CBOMM JIEKLIUSIM CTYZ,eHTOB
Y TI0Ka3as cebst OTIUUHBIM orepatopoM. OgHAKO
€ro y’Kac repej puurHeHreM 00K [enan omnepa-
LMY TIOUTH TaKUMU >Ke 00/1e3HEeHHBIMU [JIs1 Hero
€aMoro, Kak U [ TaljieHTa, U OH 3aBU/0Bal TeM,
KTO, Kak Jctiu Kyrmep, ¢ KotopeiM y Besta 66111
Gonbliye pa3HOI/IaCHs 110 TTOBOAY HeOOX0AUMOCTH
U 1lesieco00pa3HOCTU MPOBeJeHNUs JITMUHIKTOMUH,
OBl criocob6eH UATH CBOMM IyTeM POBHO, Jiefast BCe
BO3MOJKHOe /714 narenTa. Yapas3 best BocnpuHu-
MaJj XMPYPIUl0 KakK upe3BbIlUaiiHO SMOLMOHAa/TbHOE
nepexxuBaHue. K Tomy ke OH ObUT UesI0BEKOM, Ueid
o01uil B3M/IsA/] Ha »KU3HB ObLT chopMHUpPOBaH Iy6o-
KUMH PeJIMTUO3HBIMU YOeXXIeHUsIMU U POMaHTHYe-
CKOM UyBCTBUTE/NBHOCTHIO. TeM He MeHee, HECMOTPS

Ha 3TOT HeZI0CTATOK, OH paborasn B bproccene moce
OUTBBI 1TpU BaTepsioo c 1mecTy yTpa o CeMH Beuepa
TpH JHs noapsz [21, 22].

OCHOBHble Hay4Hble Tpyabl Yapnb3a benna

Ha nipotsbkenuu psiza et benn o6aymbiBan cBoit
IPaH/IM03HbIN TPY/ 110 MOPGOIOrUY HEPBHOM CUCTEMBI,
u B 1811 rozy npeAripyHSsI IIepPBYO MOMBITKY MTy0/MKa-
LIV Ha 3Ty TeMy B BH/le MceM-paccyxeHuii o «HoBoit
a”HaToMuu Mo3sra» [3].

B 1816 1. Yapsb3 best ony6mKkoBan cBou «Xu-
pypruueckue HabmrogeHusi». JTa BaxkHas pabora
obbveguHMUIA KIMHUYEeCKHe CIyuad U3 ero ombiTa
paboThI B 6osbHUIe Mu//ICeKCa C UCC/IeI0BaHUSIMHU
aHaTOMUUeCKHUX U 11aTo/I0rMueCKUX TpenaparoB B IIKOJIe
Ha ['pelT-YuH Muai-cTput [24].

Cepbe3HbIM BKJ/IaJIOM B KTMHAYECKYIO MeJULIMHY
CTa/l WUTFOCTPUPOBAHHBIN TpakTar besa mo xupypruu
«Illustrations of the great operations of surgery: trepan,
hernia, amputation, aneurism, and lithotomy» (1821),
TIOCBSIIeHHbIN N30paHHBIM BOIIPOCAM OTIepaTHBHOMN

Puc. 5. inntocTpaums 13 knurn Y. Benna «lllustrations of the great operations of surgery: trepan, hernia, amputation, aneurism,
and lithotomy. London: Longman, Hurst, Rees, Orme and Brown» (1821) [25]

Fig. 5. lllustration from the book by Ch. Bell «lllustrations of the great operations of surgery: trepan, hernia, amputation, aneurism,
and lithotomy. London: Longman, Hurst, Rees, Orme and Brown» (1821) [25]
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TeXHUKH ¥ CHA0)KeHHbII COBETaMH MOJIOZbIM XHUPYpram
(pucyHok 5) [25].

B tom xe 1821 r. Yapse3 bemnn npegcrasun Ko-
POJIeBCKOMY OOIIIeCTBY [JOK/IaZi O CBOMX [JOCTHKEHUSIX
B M3yUY€HUU HePBHOU CUCTeMbI, B paMKaxX KOTOPbIX
y4UeHbI cZiesias psifi OTKPBITUIM, YBEKOBEUHBILNX €r0
YMsL. 371echb U onpe/iesieHue JIMLeBOro HepBa Kak [IBU-
rarebHOro, @ TPOMHUYHOTO — KaK CEHCOMOTOPHOTO,
Y hopMynrpoBKa (PyHKLMYU TIepeHUX U 3aJHUX KO-
PEeLIKOB CTMHHOMO3TOBBIX HEPBOB U T.[. Peduiekrop-
Hasl TeOpHsl, OCHOBaTesIeM KOTOpoy cunTaroT Yaprb3a
Benna, aBnsieTcs ocHOBoOMoJIararoieil KOHIeen
(bu3mo0rU U MeILIUHBI, XOTS HAa PaHHUX 3Tarax
(B cepeauHe XIX B.) 3TOT MPUHIIAIT paCCMaTPUBAJICA
TOJIBKO B OTHOLLIEHUH CITUHHOTO Mo3ra [2]. benn Takke
n3BecTeH Os1aroapst ONMMCaHHOM UM KJTMHUKe Tapaiua
HIWKHUX [JBUraTe/IbHbIX HEPOHOB JIML|eBOI0 HepBa,
a TakK)Ke OMMCAHHBIM UM OT/JIMYMS ITOU MaTOI0TUU
oT c1aboCTH MHLIeBOr0 HePBa, BO3HUKAIOIIel B pe-
3yJ/IbTaTe MOBPEeKeHHs COOTBETCTBYIOIEr0 yyacTKa
rosioBHOro Mo3ra. CTorb ke Bblfarorieiicsi paboToii
Benna o HeBponoruy, omybimkoBaHHOU B 1821 rogy,
Ob11 TpakTar «O HepBax») [3, 26].

B 1833 r. Yapnb3 benn onybivukoBan TpakraT
«Pyka: ee MexaHM3M M )XMU3HEHHO Ba)KHble CBOWCTBA
KaK OYeBH/IHBIN 3aMbICe/I», KOTOPBIN SBJ/IsIeTCS Be-
JTUKOJIeTTHBIM 06pa31{oM 13 00/1aCTh CPaBHUTETbHOM
aHaTOMHH, U B KOTOPOM TIPOBOJUTCS TTyOOKuil aHa-
13 pa3BUTHA U QyHKLMM pyKu. IHTepecHa ncTOpUs
Co3/laHus AaHHOro TpakraTa. B 1829 r. ckoHuasncs
®psHcuc OrepToH, BocbMoit rpad bpumxyorep,
3aBeljaBIIMM 3HAUUTE/IbHYIO JE€HE)XXHYI CYMMY
npe3usieHTy JIOH0HCKOTO KOPOJIeBCKOTro 00I1iecTBa
IsBucy I'mnbepty ast HaMMCaHUS U TTyOTUKaALMH
TBICSUU 3K3eMIUIApOB npoussesenus «O cumie, My-
npocTy U 6iaroctu bora». Boiio mopyyeHo BoCbMU
yUeHBbIM HamucaTrhb OTZe/IbHble TPAaKTaThl Ha 3Ty TeMy,
cpeau HuX Ob11 1 Yapsb3 ben, koTopeiii B 1833 1.
ornyb6/MKOBas Tak Ha3biBaeMblii «YeTBepThiii Bpus-
JKYOTepCKHU TpaKTaT», MOCBSLeHHbI aHaTOMUHU
BepXHel KOHeYyHOCTHU. KHUra unnrocTpupoBaHa
1300pa’keHUsIMH «PyK» Pa3UYHbBIX MTPeJCTaBUTeeH
JKUBOTHOI'O MHpa, HauMHas OT YeJI0BeyeCKUX PYyK,
Jlam MUMIIaH3e ¥ 3aKaH4YMBasi pbIObUMU TIJIaBHUKA-
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MU. TpakTaTr opreHTHpPOBaH Ha (PyHKI[MOHATbHOE
3HaueHue PYKH, IPU 3TOM aBTOpP OTMeuaeT, YTo
B XMPYPIrUMU pyKa Tak ke BaKHa, Kak U Ijas, u ee
Heo0X0oAMMO TpeHupoBaTh. bpumpKyoTepckue Tpak-
TaThl 0Opa3oBany Cepri0 M3 JBEHAAIlaTU TOMOB,
onyb6sikoBaHHBIX B 1833 1 1834 rr. 1o HayuHBIM
TeMaMm, UeThlpe MeJULMHCKUX U ueTbipe 60rocaos-
cKux [27, 28].

Bo3BpaueHue B daNH6Ypr

B 1824 1. Besin 611 M36paH Ha I0/DKHOCTD Tpodec-
copa aHaTOMUU U XUpypruu B KoposneBcKui Kosiemk
XUPYProB DAUHOYpra, e unTasl JeKL|U 10 aHaTOMHUH.
Ero yiekiuu Ob1TM XOPOILIO IPUHSATHI KPUTUUYECKU Ha-
CTPOEHHOM ayIUTOpHeH, a UX COoZlepyKaHue Mo3JHee
6bu10 ony6sMkoBaHo OOIIIECTBOM pacrpoCTPaHeHHs
rosie3HbIX 3HaHuM (1826—1848) nox Ha3BaHuem «Me-
XaHWKa >KUBOTHBIX». B TOT mepro/| OH Takke aKkTUBHO
OTiepypoBasl B DAUHOYPrCKOM KOPOJIEBCKOM Jia3apeTe.
B 1825 r. besn ipozan Kosie)Ky CBOXO 3HAMEHUTYHO
KOJIIEKLIMIO BOCKOBBIX MOZIe/ield, HACUMTBIBABLIIYIO OKOJIO
3000 3kcrioHatoB. B 1829 r. mikosia Ha YUHAMWII-CTPUAT
Oblsa BK/IFOUeHa B cocTaB KoposieBCKOro KoJsiiemka
JlonpoHa. ben Obi rpUraiieH B KadyecTBe epPBOTo
npodeccopa 1o (HH3U0IOTUM U 0Ka3asl Cylile CTBeHHYHO
TIOMOLLb B OpraHu3anu MeauIMHCKON LLIKOJIbI TIPU
JloH/j0HCKOM yHUBepcuTeTe [29].

Kpome ynoMsHyTBIX HalpaB/ieHUN B MeJULIHe
Benn Takxke )KMBO MHTEpeCOBa/ICS OTOPUHOIAPUHI0JI0-
rveil — (hr3U0I0rrel roJloCOBbIX CBSI30K, PaCCTPOM-
CTBaMH JbIXaTe/IbHbIX MyTel U [7I0TaHus. B yacTHOCTH,
Ha [pUMepe OZIHOI'0 M3 CBOUX IaLieHTOB OH BIIepBbIe
rnoZpoOHO M3yUn/ ¥ OMKCA/ TPAXeOoIUIeBOSHBIN
cBu [24, 30].

B 1836 1. Ha 6a3e YHUBEPCUTETCKOTO KOJUTe/Ka
JlongoHa v KoposeBcKoro Kosuiempka OblT co3ziaH YHU-
Bepcutet JloHzoHa, 1 Uapnb3 bent 6611 nmpuriaiieH
TyZa B KauecTBe npodeccopa (H1U3U0I0ruy, Ho B CKOPOM
BpeMeHHU M0 NPUYMHE YXY/LLIeHUs 30POBbs U BO3-
HUKILUX pa3HOIVIACUM C PYKOBOZCTBOM By3a YBOJ/IU/I-
cs1 TI0 co6cTBeHHOMY >KeslaHUt0. Cpasy 1mocsie 3Toro
Benn Bo3rnaBun Kadeapy XUpypruv B DAUHOYprckoM
yHuBepcutete. B OnuHOypre Besin HakoHeIL[-To uMen
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BO3MOKHOCTB ITOCBSITUTEH CBOe CBODOJHOE BpeMsi OT-
neixy [3, 10, 31].

K coxxasneHuro, nonpaBuTh 34,0pOBbe Ha POJUHE
YUYeHOMY He y[an0Ch, HECKOJBKO JIET TOLPS], €ro
Oecrokouiy epuonueckie MpUCTYTIbl CTeHOKap-
[VY, U BO BpPeMsl OJHOTO U3 HUX yUYeHbI CKOHYAJICS.
OT1o npousousio 28 anpensa 1842 r., korga benn
C CyNpyroui TOCTU/IN y CBOEH MPUSTE/bHULIBI MUC-
cuc XomnaHg B XoJ10y-Tiapke, HeJajleko oT By-
ctepa. ITo 3aBemanuio benma oH ObIT MOXOPOHEH
MMEeHHO B 3TOM MeCTHOCTH Ha Kiafbouire Hallow
Churchyard [10, 27].

3aknoyeHue

TanaHTAMBBINA yueHbIA U TTIePBOOTKPbIBATE/Ib
Yapsb3 bean npoxun Bcero 67 neT, U BCHO CBOIO
CO3HaTe/IbHYIO )KM3Hb OH MOCBSATUI MeJULIMHCKON
HayKe, TIDOSIBUB Cebsi BEJTMKOJIEITHBIM TeOPEeTUKOM
Y TIPAKTHKOM, MOP(OJIOTOM U XUPYProM, (hpri3roa0rom-
9KCIIepPUMEeHTAaTOPOM, aBTOPOM MHOTOUYHCI€HHBIX
ny6siuKaruii, KOTopble COOCTBEHHOPYYHO WJUTFOCTPU-
poBaJ, Oyayuu ofapeHHbIM XY 0KHUKOM. BhipaskeHue
BeJIMKoro pycckoro xupypra H.U. [Tuporosa «Bce,
YTO eCThb BBICOKOI'O Ha CBeTe, — UCKYCCTBO, BAOXHO-
BeHUe U HayKa...» KakK HeJb3sl 6ojiee OgX0AUT JJIst
xapakTtepucTuku Yapsbsa benna, coeguHuBiIero
B ce0e 3TH TpU UMOCTACH. 3aCIyTHU YUeHOro ObLIn
BBICOKO OLIEHEHBI MpH ero >Xu3Hu. B 1807 1. oH ObL1
n3bpan uneHom KoposneBckoro obijectBa SauHOyp-
ra, a ¢ 1826 r. benn saBnsiics uieHom JIOHJOHCKOTO
KOPOJIeBCKOTO 00I1[eCcTBa. 3a 3HAYMTEeTbHbIN BK/Ias
B MeJULIMHCKYI0 HayKy Yapsb3a benna B 1829 1.
Harpa/inii 30J10TOU MeJiasnbio, a B 1831 1. ummneparop
Bunbrensm IV (William 1V, 1765-1837) nmocesitun
€ro B pbiljapy ['aHHOBEPCKOT0 rBeb(PUIICKOr0 Op/ieHa
(Hanoverian Guelphic Order). B AHriuu u apy-
TUX CTpPaHax ero CUMTajJMu BbIZAIOIUMCS BpauOM
Y YUeHBIM CBOero BpeMeHU. Bo Bpems Busuta benna
B [Tapwk npodeccop xupypruu ®umibep XKozed Py
(1780-1854) nipu ero nosiBJieHUY MpepBasl JeKLUI0
U TYT JKe 3aBepLInJI ee CJIOBaMU B ero yecTh: «C’est
assez, Messieurs, vous avez vu Charles Bell» —
«JlocTaTouHo, rocrnozga, Bel Bugenu Yapsasia bemta».
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Immunohistochemical study of P53 protein expression
in the development of squamous cell carcinoma of the oral mucosa
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Abstract. Relevance. Studies on the development of squamous cell carcinoma of the oral mucosa are of paramount importance
due to the widespread of the disease and its aggressive course. When histological examination of the development of squamous
cell carcinoma of the oral mucosa is not always possible to determine the first signs of malignancy. Squamous cell carcinoma
can develop from epithelial hyperplasia and epithelial dysplasia of varying severity. In addition to histological research methods,
immunohistochemical method is widely used for tumor diseases, in which the Ki-67 protein is used, with which the proliferation
of epithelial cells can be determined, as well as the P53 protein encoding the TP53 gene, which is a suppressor of tumor growth.
It is activated only in the presence of damage to the cell genome. The aim was to evaluate the expression of Ki-67 and P53
proteins in the development of dysplasia and squamous cell carcinoma of the oral mucosa. Materials and Methods. Four groups
were identified for the study: group 1-16 patients (34.7%) diagnosed with epithelial hyperplasia, group 2—8 patients (17.3%)
diagnosed with low-grade epithelial dysplasia, group 3-9 (19.5%) with a diagnosis of “high-grade epithelial dysplasia”, group
4-13 (28.2%) with a diagnosis of “squamous cell carcinoma”. Mouse monoclonal antibodies to Ki-67 (clone MM1, Diagnostic
Biosystems, USA) was used to determine cell proliferation. P53 expression was determined using mouse monoclonal antibodies
to the P53 protein (Clone D 07, Novocastra, UK). Monoclonal rabbit antibodies P53 (Clone Y5 Epitomics, USA) were used to
study only the “mutant type” of the P53 protein. Results and Discussion. The expression of Ki-67 and P53 proteins were observed
in all groups. However, the minimum number of immunopositive cells in the study of P53 (Clone D 07) and P53 (Clone Y5)
was observed in the epithelial hyperplasia group, and the maximum in the squamous cell carcinoma group. The increase in the
number of stained cells significantly increased as the degree of epithelial dysplasia increased from epithelial hyperplasia and
low grade epithelial dysplasia to high grade epithelial dysplasia, etc. Conclusion. Thus, the detection of the expression of the
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P53 protein (Clone Y5) in the epithelium indicates the presence of changes in the genetic apparatus and metabolism of cells,
which can be used in the early diagnosis of squamous cell carcinoma of the oral mucosa.
Keywords: squamous cell carcinoma, epithelial dysplasia, protein P53, MTP53, WTP53
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Introduction

Head and neck cancer is the sixth most common
type of cancer worldwide. According to research by
Daniel E. Johnson et al., 890,000 new cases were
identified between 2018 and 2020. The mortality rate
for head and neck cancer was 450,000 in 2018. These
numbers are growing and may increase by 30% by
2030, amounting to 1.08 million new cases per year [1].

Squamous cell carcinoma (SCC) of the oral mucosa
is the most frequent among head and neck malignancies
[2]. It has a destructive growth pattern and often infil-
trates underlying tissues. In 85% of cases, it metastasizes
to regional and distant lymph nodes, and in 15% of
cases, SCC spreads to internal organs [3]. Due to late
diagnosis, SCC is considered a disease with a high
mortality rate. It is known that precancerous conditions
of the oral mucosa, such as hyperplasia and dysplasia of
varying degrees, precede the development of SCC [4].

Histological examination of the oral mucosa re-
veals that the presence of epithelial dysplasia (ED)
indicates a higher risk of malignant transformation of
the epithelium. ED can be classified as low, moderate,
or high grade. There is a close correlation between
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high-grade dysplasia and cancer development [5]. The
basis for diagnosing neoplastic processes includes his-
tological and immunohistochemical (IHC) methods.
In THC, antibodies to the Ki-67 protein are often used.
Its expression indicates the proliferative activity of
cells, which is considered an important criterion in
the development of neoplasms [6]. The quantitative
measure of cells expressing the Ki-67 protein allows
the assessment of prognosis and the degree of malignant
transformation [7]. Due to this protein’s ability to appear
in actively dividing cells and its absence in resting
cells (GO phase), it is an excellent marker for tumor
cell proliferation. A high level of immunopositive cells
indicates the growth and increase in the volume of
newly formed tissue, exacerbating the clinical course
of the disease [8].

The P53 protein encodes the TP53 gene, often
referred to as the “guardian of the genome” because it
acts as a tumor growth suppressor. This protein regulates
genes responsible for the cell cycle, DNA repair, angio-
genesis, induction of cell death, antioxidant processes,
and metabolism, and it is activated only in the presence
of DNA damage. In its active state, the P53 protein binds
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to DNA and triggers apoptosis. This process involves
the halting of the cell cycle, gene transcription, and
DNA replication. P53 protein is activated in response to
genetic damage and stressful conditions. Additionally,
activation occurs in the presence of a large number of
proliferating (potentially oncogenic) cells, manifesting
as the “wild type” WTP53. The regulation of this pro-
tein’s activity primarily involves its post-translational
modifications and interactions with other proteins.
It is known that this protein has a nuclear influence,
participating in transcription and cell apoptosis, and
also controls the function of cellular organelles and
regulates metabolism — an extranuclear influence [9].

Mutations in the TP53 gene lead to the cell’s ina-
bility to undergo apoptosis, causing DNA damage to
accumulate while the cell continues to function with
a disrupted genotype, potentially contributing to cancer
development.

The aim of this work was to evaluate the expression
of Ki-67 and P53 proteins in the development of dys-
plasia and squamous cell carcinoma of the oral mucosa.

Materials and Methods

The evaluation and study of the material were
conducted at the Pathological Anatomy Laboratory of
the National Medical Research Center for Dentistry and
Maxillofacial Surgery of the Russian Ministry of Health.
Material of the archive from the Department of Oral
Mucosal Diseases of National Medical Research Center
for Dentistry and Maxillofacial Surgery of the Russian
Ministry of Health, collected from July 2020 to August
2022, was used. The study included 46 patients with an
average age of 86.4 years. Two primary diagnoses were
selected for the study: “leukoplakia” and “squamous cell
carcinoma”. Based on the obtained morphological char-
acteristics, five histological diagnoses were identified,
namely: epithelial hyperplasia (EH), low-grade epithelial
dysplasia (LGED), moderate-grade epithelial dysplasia
(MGED), high-grade epithelial dysplasia (HGED), and
squamous cell carcinoma (SCC). The use of a binary
classification system for epithelial dysplasia allowed us
to combine two histological diagnoses: low-grade and
moderate-grade dysplasia into a single group, LGED.

ONCOLOGY

Based on the degree of epithelial changes, four
groups were identified: the 1st group (EH) included
16 patients (34.7%) with the diagnosis of “epithelial
hyperplasia,” the 2nd group (LGED) included 8 patients
(17.3%) with the diagnosis of “low-grade epithelial
dysplasia,” the 3rd group (HGED) included 9 patients
(19.5%) with the diagnosis of “high-grade epithelial
dysplasia,” and the 4th group (SCC) included 13 pa-
tients (28.2%) with the diagnosis of “squamous cell
carcinoma.”

Histological and THC studies of biopsy material
were conducted according to the recommended protocol.
To determine the proliferative activity of cells, mouse
monoclonal antibodies to the Ki-67 protein (clone
MM1, Diagnostic Biosystems, USA) were used. For
the analysis of P53 protein expression, both “mutant”
and “wild” types, mouse monoclonal antibodies to
the P53 protein (Clone D 07, Novocastra, UK) were
used, and for a more detailed study of the “mutant”
type of the protein, an independent IHC study was
conducted using rabbit monoclonal antibodies to P53
(Clone Y5, Epitomics, USA). An Axioplan 2 imaging
microscope (Carl Zeiss) and Mlchrome 5 Pro, 5MP
Color Microscope Camera were used for evaluation
and photo documentation.

The expression of the studied proteins in the IHC
method was calculated by the number of immunopos-
itive cells to the total number of epithelial cells. In the
three study groups (EH, LGED, and HGED), immu-
noreactive cells were predominantly determined in the
lower one-third of the epithelial layer. This allowed us
to assess the expression of Ki-67 and P53 proteins in
the cells of the basal (germinal and prickle) layers. In
the fourth group (SCC), the evaluation of stained cells
by proteins was conducted in complexes of cancer cells,
as well as surrounding altered cells.

Statistics

The statistical data processing was carried out in
the Windows 10 environment (IBM Corporation, USA)
using SPSS Statistics version 23. The Kruskal-Wallis
method was used for comparative analysis (tables 1,
2, 3). The Friedman test was applied for within-group

545



comparison of indicators at p<0.05. In the Friedman
test comparisons within the EG and EDNS groups, the
highest indicators were Ki-67 and P53 (Clone D-07)
proteins, and the lowest was P53 (Clone Y5). In the
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EDVS group, all indicators were at the same level,

while in the PR group, the Ki-67 protein was determined
at the highest level, and the indicators for P53 (Clone
D-07) and P53 (Clone Y5) had the same level of protein
expression.

Table 1
Paired comparisons between the studied groups according to Ki-67 by the Kruskal-Wallis test
Proliferative activity by Ki-67 Paired comparisons (p)
Groups Me (Q1;Q3)
% EH- LGED EH-HGED EH-SCC LGED -HGED | LGED —SCC | HGED —SCC
EH 14(12;15)
LGED 25(22;32,5)
0.233 0.001 0.000 1.000 0.007 0.352
HGED 43(41;47)
sce 61(59;64)
EH — epithelial hyperplasia; LGED — low grade epithelial dysplasia; HGED — high grade epithelial dysplasia; SCC — squamous cell
carcinoma.
Table 2
Paired comparisons between the studied groups according to P53 (Clone D-07) by the Kruskal-Wallis test
P53 Clone D-07 Paired comparisons (p)
Groups Me (Q1; Q3)
% EH- LGED EH-HGED EH-SCC LGED -HGED | LGED—SCC | HGED—SCC
EH 12,1(11;13,5)
LGED 22,5(19;28,5)
0.232 0.001 0.000 0.897 0.010 0.614
HGED 43(38;47)
scc 56(53;56)
EH — epithelial hyperplasia; LGED — low grade epithelial dysplasia; HGED — high grade epithelial dysplasia; SCC — squamous cell
carcinoma.
Table 3
Paired comparisons between the studied groups according to P53 (Clone Y5) by the Kruskal-Wallis test
P53 Clone Y-5 Paired comparisons (p)
Groups Me (Q1; Q3)
% EH- LGED EH-HGED EH-SCC LGED -HGED | LGED —SCC | HGED —SCC
EH 0(0;6,5)
LGED 16(12;21)
0.225 0.000 0.000 0.699 0.013 0.942
HGED 38(35;41)
scc 45(42;51)

EH — epithelial hyperplasia; LGED — low grade epithelial dysplasia; HGED — high grade epithelial dysplasia; SCC — squamous cell

carcinoma.
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Results and discussion

Histological Study

In routine examination with hematoxylin and eo-
sin in the first group (EH), an increase in the number
of epithelial cells was noted against the background
of chronic inflammation in the lamina propria of the
oral mucosa. Parakeratosis and hyperkeratosis were
observed in the upper layers, while no atypical cells
were detected. In the second group (LGED), a few
polymorphic cells were found in 1/3 of the epithelial
layer, with disrupted cell stratification but preserved
cell differentiation in the upper layers of the epithelium.

c

In the third group (HGED), cell nuclear polymorphism
and increased mitosis of cells in 2/3 of the epithelial
layer were noted. In the fourth group (SCC), changes
in epithelial cells were observed, namely: complete
loss of stratification and structure, and differentiation.
Increased mitosis and pronounced nuclear-cytoplasmic
ratio were observed. Altered cells formed complexes,
with a higher number of atypical cells found in the
non-keratinizing type of SCC In the keratinizing type
of SCC, the presence of “keratin pearls” was noted.
Pronounced infiltrative growth was observed in both
cases of PR (Figure 1: a, b, c, d).

d

Fig. 1. Morphological characteristics of the oral mucosa in hyperplasia (a), low-grade dysplasia (b), high-grade dysplasia (c)
and squamous cell carcinoma (d). Staining with hematoxylin-eosin (x 100)
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Immunohistochemical Study

Expression of the Ki-67 protein in the EH group
was noted only in the lower third of the basal layer. In
the LGED group, the number of actively dividing cells
was observed in the germinative layer. Proliferative
activity in this group was higher than in the EH group,
as stained nuclei were occasionally found in the prickle
layer. In the HGED group, Ki-67 protein expression was
detected in both the germinative and prickle layers. In
the SCC group, increased cell proliferation was found
around and within the formed atypical complexes
(Figure 2: a, b, c, d).

C

The quantification of the P53 protein (Clone D-07)
showed expression in the basal layer of the EH and
LGED groups, with single altered cells observed in
the prickle layer. In the HGED group, immunopositive
cells were noted in the basal layer and partially in the
prickle layer, with more cells observed in the prickle
layer than in the EH and LGED groups. In the fourth
group (SCC), immunoreactive cells for the P53 marker
were located in approximately the same areas as the
epithelial cell proliferation study in this group (Figure
3:a, b, c, d).

d

Fig. 2. Proliferative activity of epithelial cells of the oral mucosa in hyperplasia (a), low-grade dysplasia (b), high-grade
dysplasia (c) and squamous cell carcinoma (d). Immunohistochemical reaction to Ki-67 protein,
Mayer's DAB hematoxylin stain (x100)
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¢

d

Fig. 3. Expression of p53 protein (Clone D-07) of the epithelium of the oral mucosa in hyperplasia (a), low-grade dysplasia (b),
high-grade dysplasia (c) and squamous cell carcinoma (d). Immunohistochemical reaction to p53 protein (Clone D-07),
Mayer’'s DAB hematoxylin stain (x 100)

Expression of P53 (Clone Y5) was absent in the EH
group. In the LGED group, cell staining was observed
as weak in the basal layer. In the HGED group, cell
staining was moderate in the prickle layer and strong in
the basal layer. In the SCC group, strong cell staining
was noted in the central and peripheral zones of the
tumor (Figure 4: a, b, c, d).

It is now established that the P53 protein influ-
ences the development of malignant tumors. Basile
Tessier-Cloutier et al. discovered a correlation be-
tween the frequency of MPT53 protein expression
and disease severity in their study on vulvar cancer
[11]. Previous studies have described the detection

ONCOLOGY

of MPT53 and WTP53 in various types of human
cancers (stomach, intestine, prostate) [12]. Jinchul
Kim et al. noted the oncogenic role of the P53 protein,
which alters the metabolism of malignant cells, a cru-
cial element in oncogenesis. This process is triggered
by the activation of proto-oncogenes, transcription
factors, signaling pathways, and the inactivation of
tumor suppressor genes (TP53). Many cancer cells
exhibit a specific type of metabolism — glycolysis,
an alternative pathway for energy production in
cancer cells. Mutations in TP53 facilitate the shift
of damaged cells from oxidative phosphorylation to
glycolysis [13, 14].
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c

d

Fig. 4. Expression of P53 (Clone Y5) in the epithelium of the oral mucosa in hyperplasia (a), low-grade dysplasia (b), high-grade
dysplasia (c) and squamous cell carcinoma (d), Mayer's DAB hematoxylin stain (x 100)

Sushmita Swain et al. conducted studies on Ki-67
protein expression in precancerous conditions of the
oral mucosa and in cancer development. The authors
found that proliferative activity in SCC was higher than
in precancerous conditions, increasing with malignancy
and not affecting patient survival [10]. In this study,
Ki-67 and P53 (D07) protein expression was found
in all groups, while P53 (Clone Y5) expression was
present only in the LGED, HGED, and SCC groups.

Alongside the loss of primary functions that main-
tain cell homeostasis and suppress tumor development,
mutant proteins often gain oncogenic activity, contrib-
uting to metabolic changes and cancer progression,
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followed by metastasis. Unlike other tumor suppressor
genes, which often undergo deletions or mutations
leading to loss of function, most TP53 mutations re-
sult in the formation of mutant proteins classified as
missense mutations. Accumulation of this protein in
cancer cells increases their oncogenic activity, such as
the rate and number of cell divisions, and their ability to
migrate, potentially accompanied by invasive growth.
The resistance of malignant cells to various conservative
cancer treatments in the presence of a high quantity of
mutant protein has been previously described [15]. Other
authors studying cancer treatment have described P53
protein expression with various mutations in cancer
cells (contact, conformational). They found a correla-
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tion between the accumulation of the “mutant” protein
type and tumor growth [16]. Brandon J. Aubrey et al.
established a close connection between the loss of P53
protein function and the development of malignant
human tumors in 95% of cases [17].

The results of this study confirm our previous work
on SCC development, where telomerase activity was
studied using IHC and fluorescence in situ hybridization
(FISH). The THC study showed telomerase expression
in all cases. Using the FISH method with the LSP TERC
probe, amplification increased from LGED to SCC [18].

Ragini D. Singh et al. described the appearance of
MPT53 in SCC development and its influence on tel-
omerase expression [19]. Studies of malignant tumors in
different locations (lungs, stomach, intestine) using the
FISH method have shown the frequency of TP53 gene
mutations, indicating chromosomal damage (splicing
mutations, cuts, frameshifts, deletions). The authors also
compared the mutation frequency of the gene with P53
protein expression [20]. The FISH method allows for the
analysis of a larger number of cells (non-cultured and
non-dividing), with high sensitivity and specificity using
probes indicating local chromosomal damage (deletions,
translocations) [20]. The advantage of the IHC method
over FISH lies in its accessibility and ease of use, but
it cannot describe the type of genome damage.

Conclusion

Thus, detecting P53 (Clone Y5) protein expression
in the epithelium indicates changes in the genetic ap-
paratus and cell metabolism, which can be used in the
early diagnosis of oral mucosal SCC.
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MMMyHOrMmcToxumMuyeckoe uccnegoBaHue akcnpeccum 6enka P53
NpY pasBUTUMN NJIOCKOK/IETOYHOIO paKa C/IM3UCTOM NONIOCTHU pPTa

IE’ O.D. PadbuHoBuu®

, I./. BabuueHko"?

A.A. IBuna! ', FO.0. Turaii!

J.P. ®amunba @puac’

I®TAQY BO «Poccuiickuii yHUBEepCUTET Apy»KObl HapooB uM. Ilatpuca JTlymym6hl», 2. Mockea, Poccutickas ®edepayus
2OT'BY «HauuoHa bHbBIM MEAULIMHCKUM UCC/IeJOBATe/IbCKUN LIEHTP CTOMATO/IOTHU W UeTFOCTHO-TULIEBON XUPYPrUn»,
2. Mockea, Pocculickas ®edepayus
< chen.juliya@gmail.com

AnHoTanusa. AkmyaabHocmb. VIcCe[0BaHNs Pa3BUTHS TI0CKOK/IETOYHOTO PaKa C/IM3UCTOM 000/I0UKH TTOIOCTY PTa UMEFOT
TIepBOCTETIEHHOe 3HaueHHe H3-3a IIMPOKOTO pacrpoCTpaHeHus 3a00/IeBaHusI ¥ arpeCCUBHOTO TedeHus1. [I[py THCTOI0rnyeCcKoM
W3y4YeHUH Pa3BUTHS MI0CKOK/IETOUHOTO PaKa CJIM3KUCTON 000JI0UKH TI0/IOCTH PTa He BCerzja BO3SMOXKHO OTPe/IeNUTh MepBhie
TIPU3HAKYU MaJMrHU3alWH. [1/10CKOK/IeTOUHbIM paK MO>KeT pa3BUBaThCs U3 SMUTeNAaAbHOM TUNepIviasiy 1 SMUTe/THaIbHON
[WICTI/Ia3UM Pa3HOM CTereH! BIPaKeHHOCTH. [IOMUMO MMCTOIOTMYeCKUX METO/[0B UCC/IeJOBaHuS JIJIsl OMYXOJ/eBbIX 3a00/ieBaHUN
[IMPOKO MCTOJB3YOT UMYHOTUCTOXMUMHUECKHUI MeTo/, ITPH KOTOPOM HCIONb3yIOT Oenok Ki-67, ¢ ToMOIIbI0 KOTOPOro MOXKHO
OTIpe/Ie/TUTh MPOTUQEepaLvIo KJIeTOK MUTe/us, Takke 6eok P53 kopupytomuii red TP53, KOTOPBIi SIBASETCS CyNPeccopoM
omnyxomeBoro pocta. OH aKTUBUPYETCSI TOJIBKO MPH HaJIMUHMH TIOBPEXX/|eHHs TeHOMa K/IeTKU. L]e/ib — OLIeHNTB 3KCIIpecchio GeyikoB
Ki-67 1 P53 1ipy pa3BUTHM AMCIIIA3UHU U TVIOCKOK/IETOUYHOTO Paka CTU3KUCTON 000/10UKY MOIOCTH pra. Marepuan u Metofsl. [ist
WCCIIef0BaHYs ObLTH BBIZie/IEHBI YeThIpe TPYMbL: 1-s rpyrma — 16 marueHToB (34,7 %) ¢ IUarHO30M «3MUTeHabHas THIepruia-
3usi», 2-51 rpymna 8 narpeHToB (17,3 %) ¢ [MarH030M «3MWTeManbHast AUCI/Ia3usl HU3KOH cTeneHn», 3-s1 rpymma — 9 (19,5 %)
C AMarHO30M «3TTUTe/THaIbHas JUCTIIa31sl BLICOKOU CcTeTieHn», 4-s1 rpyrima — 13 (28,2 %) ¢ AnarHo30M «IJ10CKOK/IeTOUHBIN
pak». [lnisi oripefiesieHus mpovdeparyiv KJIeTOK UCTIONb30Bali MBILITHMHBIE MOHOK/IOHA/TBHBIE aHTuTesna K Ki-67 (knon MM1,
Diagnostic Biosystems, CIIIA). Okcripeccrto P53 omnpeesisiyid Py MOMOIIY MBIIIMHBIX MOHOK/IOHA/IBHBIX aHTUTEN K Oe/Ky
P53 (Clone D07, Novocastra, Benrkobpuranus). s UCCie0BaHUSI TOIBKO «MYTaHTHOTO ThMa» 6esika P53 ncnosnb3oBani
MOHOKJ/IOHabHbIe Kposmnubk antutena P53 (Clone Y5 Epitomics, CIIIA). Pe3yabmambt u 06CyscOeHust. JKCIpeccrst OekoB
Ki-67 u P53 ormeuanacs Bo Bcex rpynnax. OfjHako MUHAMa/IbHOE KOJIMYeCTBO UMMYHOINO3UTUBHBIX KJIETOK MPU UCCIe0BaHUN
P53 (Clone D07) u P53 (Clone Y5) Habs0/ja/10Ch B TPYIITe SMUTeIMAbHAs TUTIEpIIa3usl, a MAKCUMA/IbHOE B FPYIITie TI0CKO-
KJIETOYHBIM pakK. YBe/MueHe KOJM4YecTBa OKPAallleHHBIX K/IeTOK I0CTOBEpHO YBeINYMBaIoCh 110 Mepe BO3pPaCTaHKWs CTelleH!
[WICTI/Ta3HH STTUTeHS] OT STMTeTNaIbHOMN THITepIIIa3ui ¥ STIUTeNNaIbHON THIIepIiyia3siy HU3KOW CTeTIeHH TSDKeCTH K STIUTeNUaIbHON
TUTIePILIa3uy BEICOKOU CTeTNeHH TsDKeCTH U TUI0CKOK/IETOUHOMY paKy. Bbigoobl. TakuM 06pa3oM, BhIsSB/IEHHe SKCIIpeccun besnka
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P53 (Clone Y5) B anuTenuu yKa3blBaeT Ha HaJlMuMe U3MeHEHHsI TeHeTHUeCKOro anmapara ¥ MeTabosm3ma K/IeToK, UTO MOXKHO
WCITIO/Tb30BaTh MPH PaHHEeH JUarHOCTHKE TIJIOCKOK/IETOUHOTO Paka CIU3UCTOM 000JI0UKH TIOJIOCTH PTa.

K/roueBbie ¢/10Ba: M/I0CKOK/IETOUHBIN pakK, AUCTIa3us anuTenus, 6enok P53, MTP53, WTP53.
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