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enu, 3agaun ¥ TeMaTUKa )XypHa/ia

HayuHbIi1 perieH3UpyeMbIii MeJULMHCKHH )KypHa «BecTHuk Poccuiickoro yHuBepcuTeTa Apy»KOb! HapogoB. Cepust: MeuIHa» BBIXOJUT
e)xeKBapTaibHO ¢ 1997 roga.
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Abstract. Relevance. Understanding the fundamental mechanisms of immunothrombosis is essential for developing
effective treatments and prevention of thrombotic disorders. This review aims to summarize the current knowledge on the role of
programmed neutrophil death in the molecular and cellular mechanisms underlying immunothrombosis, as well as to demonstrate
how dysregulation of hemostasis initiated by neutrophil death is associated with various pathological conditions. Based on
a search of the electronic scientific databases Google Scholar, PubMed (MEDLINE), Scopus, and Web of Science using keywords
and their combinations, with the methodological quality assessed using the AMSTAR 2 software, the role of neutrophil death
in the development of immunothrombosis is presented. The review describes the types of programmed neutrophil cell death,
namely apoptosis, pyroptosis, necroptosis, ferroptosis, and neutrophil extracellular traps (NETs), along with their molecular
triggers and mechanisms. A modern concept of immunothrombosis pathogenesis is presented, demonstrating the involvement
of hemostatic proteins, platelets, and proinflammatory cells in its pathogenesis and taking into account the complex relationship
between hemostasis and inflammation. Each type of programmed neutrophil death is shown to be involved in the development
of immunothrombosis. In addition, the review presents data on therapeutic strategies employing immunometabolic regulators
and NET inhibitors, which potentially can attenuate immunothrombotic activity without affecting hemostasis. Such treatment
approaches offer advantages for managing patients with various thrombo-inflammatory conditions. Conclusion. Overall, the
data demonstrate that neutrophil apoptosis has an antithrombotic effect, whereas other types of programmed cell death promote
thrombus formation and vascular events. The latter differ in that they require specific triggers: a cytokine storm for pyroptosis,
the release of death-associated molecular patterns (DAMPs) for necroptosis, and oxidative stress for ferroptosis. These types of
cell death are unified by their capacity to initiate NET formation, thereby providing a trigger framework for the development
of severe thrombotic complications.
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Introduction

Thrombosis remains a serious challenge for
medicine, manifesting in many diseases associated
with high mortality across different demographic
populations [1]. Based on an evolutionarily conserved
link between the coagulation system and innate
immunity, the process of thrombosis initiation involves
cells and specific molecules of the host defense
system [2, 3]. Under physiological conditions, this link
facilitates the recognition of pathogens and damaged
cells followed by their elimination, whereas, under
dysregulated conditions, it manifests as thrombotic
disorders in infectious and inflammatory pathologies.
This process leads to increased blood coagulability
and the progression of venous thromboembolism
and arterial thrombosis, with high patient mortality
rates, as observed, for example, in coronavirus disease
COVID-19 [4, 5]. Inflammation involving immune
cells strongly contributes to thrombosis development,
but the precise mechanisms underlying this link remain
incompletely understood.
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The term “immunothrombosis” was first proposed
in 2013 by Engelmann and Massberg to describe
the interplay of innate immune cells, platelets, and
blood coagulation factors in the local control of
homeostasis aimed at immobilizing foreign pathogens
or structures [6]. It is known that inflammation triggers
coagulopathies and adverse thrombotic events,
highlighting the importance of a balanced interaction
between the immune and hemostatic systems [6, 7]. The
causal relationship mediated by Toll-like receptors on
leukocytes leading to platelet activation is reciprocal,
whereby the immune system influences thrombus
formation and vice versa [8, 9]. Pathogen-associated
and damage-associated molecular patterns (PAMPs
and DAMPs) have been shown to induce unregulated
activation of blood coagulation factors, platelets,
endothelial cells, and the complement system [7].
Together these processes resulting in surface expression
of P-selectin on platelets and endothelium, which
recruits leukocytes and leads to a thrombo-inflammatory
state. According to many authors, neutrophils are the key
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drivers of immunothrombosis, exhibiting a high capacity
for tissue factor activity through aberrantly mediated
signaling of the protease-activated receptor (PAR)
coagulation factor [10, 11]. These cells are sensitive
to exogenous stimuli, interact with various cell types,
and express numerous pattern recognition receptors
for damage- and pathogen-associated molecular
patterns (DAMPs and PAMPs) on their surface [12].
Upon reaching the site of inflammation and/or injury,
they are capable of forming network structures —
neutrophil extracellular traps (NETs) — with the release
of nuclear DNA and cytosolic granules into the
extracellular space [13]. It is well established that
during sterile inflammation, neutrophils can also form
NETs when exposed to other immune cells, platelets,
or activated endothelium. Moreover, excessive NET
formation can lead to disseminated intravascular
coagulation, serving as a scaffold for thrombus
formation, and can also initiate tissue fibrosis with organ
failure [3, 14, 15]. In this review, we discuss the various
pathways through which programmed neutrophil death
can be activated and how these processes may lead to
thrombus formation. We also provide an assessment of
these pathways with respect to targeted therapy aimed at
developing approaches to reduce blood clot formation
without increasing the risk of bleeding.

Programmed neutrophil cell death

Neutrophils constitute approximately 50—70 % of
all circulating leukocytes, originate from hematopoietic
stem cells in the bone marrow, and differentiate under the
control of granulocyte colony-stimulating factor (G-CSF)
and chemokines (CXCL1, CXCL2, CXCL5, and
CXCL8) [16]. Structural features of these cells include
a multilobed nucleus, specialized (primary, secondary,
and tertiary) granules, and secretory vesicles containing
antimicrobial factors. Upon recognition of microbial
and/or inflammatory stimuli, they migrate to the site of
inflammation through an adhesion/migration cascade
regulated by cytokines [17, 18]. This process is initiated
by receptor interaction with PAMP and DAMP molecules,
followed by rolling, adhesion, and transendothelial
migration of the cells. In peripheral tissues, neutrophils
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are attracted by chemoattractants (CXCLS8, IL-1f,
leukotriene B4 and others), triggering effector functions
including phagocytosis, production of reactive oxygen
species (ROS), degranulation, vesicle secretion, and cell
death [18]. The speed with which these cells migrate and
perform antimicrobial functions, including the production
of proteases and microbicidal peptides along with the
generation of substantial amounts of ROS — underpins
their ability to modulate various immune responses.
[16]. Under homeostatic conditions, mature neutrophils
constitute a short-lived cell population with a lifespan
of up to one day; upon activation, for instance at an
inflammatory site, their life cycle can be prolonged [18].
Following tissue inflammation, the release of lipoxins
and resolvins affects neutrophil apoptosis, promoting
efferocytosis by macrophages, reducing 11.-23 levels,
and suppressing hematopoietic progenitor activity in
the bone marrow [19]. Neutrophils may re-enter the
bloodstream and, via reverse migration, return to the
bone marrow [18]. In addition to apoptosis, these cells
may undergo alternative forms of regulated cell death,
including necroptosis, pyroptosis, and NETosis (NET
formation) [17]. Each of these alternative mechanisms
of neutrophil cell death has important implications
for inflammatory responses and the initiation of
immunothrombosis.

Neutrophil apoptosis. This evolutionarily
conserved type of regulated cell death plays
a predominant role in maintaining organismal
homeostasis and occurs in response to extrinsic
and intrinsic inducers (Figure 1). Activation of
the proapoptotic caspase cascade with subsequent
cleavage of their substrates induces structural changes
in cells, including reduction in cell area, plasma
membrane blebbing, chromatin condensation, nuclear
DNA fragmentation, and formation of apoptotic
bodies [17] (Figure 1). The intrinsic signaling
pathway of neutrophil apoptosis is modulated by
B-cell lymphoma 2 (Bcl-2) family molecules and
is activated upon involvement of various cytosolic
factors, including DNA damage, hypoxia, and
metabolic stress [19]. Proapoptotic Bcl-2 family
proteins, the Bcl-2-associated X protein (Bax) and/
or its antagonist Bak, promote outer mitochondrial
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membrane permeabilization, leading to the release of
cytochrome C and other enzymes into the cytosol [20].
Their release into the cytoplasm triggers the assembly
of the apoptosome, which activates caspase-9, which in
turn initiates effector caspases 3 and 7 [19] (Figure 1).

APOPTOSIS Physiological apoptosis:

TS cell aging (lifespan 12—24 hours)

dependent cell d Exogenous inducers:

Fas ligand (CD95 receptor activation);
tumor necrosis factor (TNFR1 activation);
low-intensity laser irradiation;

NO synthesis inhibitors (L-NAME)

oy Factors suppressing apoptosis:
colony-stimulating factors (G-CSF,GM-CSF);
L-arginine (NO donor);
acute inflammatory response

The extrinsic pathway of apoptosis is induced by
ligands binding to death receptors such as CD95/Fas,
tumor necrosis factor receptor 1 (TNFR1), and the
TNF-related apoptosis-inducing ligand (TRAIL)
cytokine (Figure 1).

Inducers:
NECROPTOSIS )
tumor necrosis factor (TNF-a) plus
R caspase inhibitor (with apoptosis
dependent blockade);
death

Toll-like receptors (TLR1, TLR2);

viral infections (viruses that block
apoptosis);

interferons (IFN);
activated endothelial cells (vesicle

Infectious inducers:

PYROPTOSIS | bacteria (Salmonella, Shigella, Legionella);
- bacterial molecular patterns (LPS,
gasdermin- Iagelling; (

dependent

viruses (SARS-CoV-2)
death

release)
Inducers:
FERROPTOSIS | inhibitors of the GPX4 (e.g., experimental
iron-dependent compounds RSL3, ML210), which disrupt
de,;th antioxidant defense;

high levels of reactive oxygen species
(oxidative stress);

Endogenous inducers:
crystals (cholesterol, uric acid in gout);
ATP (extracellular);
damage-associated molecular patterns
(DAMPs, heat shock proteins

free heme (released during erythrocyte
destruction, important in the context of
thrombosis and hemolysis);

high intracellular iron content (Fe?*);
ionizing radiation

NOX-dependent (via NADPH oxidase):

phorbol myristate acetate (PMA);
bacteria (S. aureus, E. coli), fungi (Candida);
proinflammatory cytokines (IL-8, TNF-a);
lipopolysaccharide (LPS), activated platelets

NEToz

NET formation

NOX-independent / Ca?*-dependent:

calcium ionophores (A23187), acting via
mitochondrial ROS and mitochondrial pore

(mPTP) opening

Physiological inducers in vivo:
immune complexes, complement activation

bacterial peptide fMLP (N-formyl-methionyl-

products;
activated endothelium;

leucyl-phenylalanine)

Figure 1. Exogenous and endogenous signals triggering the processes of programmed neutrophil death
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Their activation triggers the assembly of the death-
inducing signaling complex.

(DISC) with caspases 8 and 10, which promotes the
cleavage of procaspases 3 and 7 [19, 20]. The kinetics of
CD95/Fas-induced apoptosis can be modulated through
the expression levels of pro- and antiapoptotic proteins
[20]. Cathepsins are released from azurophilic granules
of neutrophils, which cleave and activate caspases 8
and 3, and it has been reported that defective neutrophil
apoptosis contributes to the development of chronic
inflammatory diseases [21].

Neutrophil pyroptosis. Unlike apoptosis, this type
of cell death is proinflammatory, as it is accompanied
by plasma membrane rupture and release ofintracellular
contents [22]. The key mediator of this mechanism is
gasdermin D (GSDMD), which, upon activation, is
cleaved by caspases, and its N-terminal fragment inserts
into the cell membrane, forming pores. This alters
osmotic pressure, increases the cytoplasmic volume of
the cell, and leads to its destruction with the release of the
proinflammatory cytokines IL-13 and IL-18 [17, 23, 24].
The role of caspase-1-dependent gasdermin D cleavage in
neutrophils has long been known, and recent transcriptomic
and immunoblotting data indicate that elastase from their
cytosolic granules cleaves gasdermin D more efficiently
than caspases do [25]. In aging neutrophils, activated
protease alone is sufficient to induce pyroptosis, whereas
upon bacterial stimulation, the NLRC4 inflammasome
is formed, leading to IL-13-dependent cleavage of
gasdermin D by caspase-1 (Figure 1) [26].

Neutrophil necroptosis. Neutrophil necroptosis is
independent of apoptotic signaling and is induced by the
synergistic activity of receptor-interacting protein kinase-3
(RIPK3, RIP3) and the effector protein mixed lineage
kinase domain-like (MLKL) (Figure 1) [27]. The molecular
basis of neutrophil necroptosis is currently insufficiently
understood; nevertheless, its key role in the development
of many cardiovascular diseases and other pathologies has
been demonstrated [28]. Necroptosis involves the strictly
regulated intracellular assembly of the necrosome, which
induces structural alterations in cells resembling those
seen in necrosis. Degradation of organelle and granule
membranes induced by reactive oxygen species (ROS)
triggers endosomal and autophagosomal fusion, leading
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to the formation of extensive cytoplasmic vacuoles and
an increase in cell volume [28]. The nuclear envelope is
disrupted, chromatin undergoes condensation, and the
plasma membrane becomes permeable, inducing the release
of intracellular DAMPs, which exert a proinflammatory
effect. This process is induced by ligation of TNFR1 and
TRAIL receptors as well as adhesion molecules (CD44,
CD11b, CD18, and CD15) on neutrophils (Figure 1) [17,
27, 28]. Unlike apoptosis, necroptosis is triggered upon
caspase-8 inactivation, without DNA fragmentation, and
is accompanied by a robust immune response driven by
DAMPs [18]. Characterization of the necroptosis signaling
pathway holds significant promise for the management of
inflammation resulting from neutrophil dysfunction [8, 16].

Neutrophil ferroptosis. Neutrophil ferroptosis is
a distinct type of programmed cell death characterized
by the accumulation and peroxidation of phospholipids
containing polyunsaturated fatty acids in the plasma
membrane (Figure 1). This process is dependent
on intracellular iron levels and is genetically and
biochemically distinct from apoptosis, necrosis, and
autophagy [29]. Ferroptosis manifests as disruption
of plasma membrane integrity, swelling of the
cytoplasm and mitochondria, and moderate chromatin
condensation [30]. Neutrophils undergoing ferroptosis
exhibit mitochondrial dysfunction with increased
synthesis of ROS and lipid peroxidation products in
the absence of morphological signs [31]. Ferroptosis
is regulated by three main systemic pathways:
(1) inactivation of the cysteine-glutamate antiporter,
leading to inhibition of the antioxidant (REDOX)
mechanism; (2) scavenging of peroxyl radicals and
lipid oxidation involving the NADPH enzyme system
with the suppressor protein FSP1 and coenzyme Q10;
and (3) CoA ligase 4- and lipoxygenase-mediated
activation of the system that esterifies polyunsaturated
fatty acids into phospholipids [31]. Thus, during
ferroptosis in neutrophils, redox reactions and iron
and lipid transformations occur simultaneously [28, 30].

Neutrophil extracellular traps (NETs, NETosis).
This is a lytic form of proinflammatory regulated cell
death that is induced by an NADPH oxidase-mediated
oxidative burst [32, 33]. NET formation is initiated by
various signaling pathways, such as those stimulating
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necroptosis, alterations in calcium ion levels, kinase
phosphorylation, release of proteases from granules,
and caspase-1 activation (Figure 1) [34]. Pyroptosis
and NETosis are triggered by different molecules, but
both types are mediated by nuclear histone H3-induced
chromatin relaxation and DNA decondensation [18]. The
formation of the web-like NET structure involves PAMP
or DAMP receptors, which trigger a cascade of signaling
pathways, culminating in changes in cell morphology
with chromatin decondensation and translocation of DNA
associated with cytosolic granular proteins [33]. This
process depends on the activity of histone-cleaving serine
proteases and procaspases. Furthermore, peptidyl arginine
deiminase 4 (PAD4) promotes histone citrullination,
which facilitates the interaction with negatively charged
nuclear DNA, leading to its decondensation [1, 10,
34]. After DNA binds to granule components in the
neutrophil cytoplasm, the subcortical actin network breaks
down, and the decorated DNA, enclosed by the plasma
membrane, is released into the extracellular space. In
addition to the well-established role of NETS in trapping
pathogens, their significance has been demonstrated in
sepsis, autoimmunity, coagulation, and cancer [10, 13,
32, 33]. It has also been reported that NETs regulate the
expression of the inflammatory cytokines IL-6 and pro-
IL-1f in macrophages and participate in the development
of vascular occlusion and thrombosis [1, 14].

Mechanisms of immunothrombosis
and neutrophils

The contemporary concept of immunothrombosis
pathogenesis, taking into account the complex interplay
between hemostasis and inflammation, demonstrates
the involvement of hemostatic proteins, platelets,
and proinflammatory cells [7]. Coagulation factor
IIT (tissue thromboplastin) is considered a marker of
inflammation; it induces the biogenesis of Weibel-Palade
bodies containing P-selectin in endothelial cells. This
protein acts as a chemoattractant for leukocytes and
can bind to platelets either directly or indirectly [7].
It consists of apoprotein III and a phospholipid
complex and is expressed on the plasma membrane of
fibroblasts, pericytes, vascular smooth muscle cells of
subendothelial tissue, and activated monocytes [3, 7,
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35]. Tissue thromboplastin interacts with coagulation
factor VII, leading to its conversion to VIIa, which
forms a complex with phospholipids and Ca?* ions
and activates the central component of the coagulation
cascade, coagulation factor X [36]. In addition to this
pathway, coagulation can also be triggered by contact of
prekallikrein and its cofactor kininogen with activated
factors XI and XII [37]. Thrombin and other proteases
of the coagulation cascade, including factor Xa and
VIla, not only induce fibrin generation but also regulate
cell functions, including hemostatic and inflammatory
processes [7]. They can bind to G protein-coupled
receptors (PARs), which are expressed on platelets
(PAR1), thereby initiating platelet activation. Endothelial
cells demonstrate the presence of all four members
of the PAR receptor family and can be stimulated by
activated protein C, as well as by plasmin, factors Xa
and Vlla, and thrombin [37, 38].

Signaling through PAR receptors influences long-
term mobilization of hematopoietic stem cell populations,
the degree of adhesion marker, proinflammatory
cytokine expression, and nitric oxide production [39].
These receptors are also expressed on leukocytes and
influence proinflammatory and proapoptotic reactions.
It has been shown that not only tissue thromboplastin
synthesis by monocytes or endothelial cells exerts
a procoagulant effect, but also neutrophil extracellular
DNA can initiate coagulation through the contact
pathway [11]. The fibrinolytic system plays a crucial
role in immunomodulation by regulating the balance
between pro- and anti-inflammatory processes through
fibrin removal. Fibrin acts as a scaffold for immune cells
and promotes their recruitment and activation. Endothelial
and epithelial cells, as well as monocytes/macrophages,
release tissue-type and urokinase-type plasminogen
activators (uPA, tPA), thereby influencing the conversion
of the main fibrinolytic enzyme plasminogen into
plasmin [3, 7]. The acute-phase inflammatory mediator
plasminogen activator inhibitor-1 (PAI-1) promotes
bacterial elimination, enhances neutrophil migration,
and regulates interferon-gamma (IFN-y) synthesis in these
cells, whereas plasminogen activator inhibitor-2 (PAI-2)
attenuates the proteolytic activity of neutrophils [38,
39]. Thrombin-activatable carboxypeptidase (TAFI)
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removes plasmin binding sites, which does not halt
the process of plasmin binding to fibrin. As a result,
numerous degradation products, including D-dimer
and fibrinopeptide B, are released, which also possess
immunomodulatory and chemotactic functions toward
neutrophils [37].

It is also necessary to clarify the role of P-selectin
(CD62P) interaction between activated platelets and the
leukocyte glycoprotein receptor, for which monocytes
exhibit the highest affinity, followed by granulocytes
and lymphocytes [1, 40]. The initial attachment of
platelets to leukocytes is stabilized by the involvement
of other receptors and leads to targeted release of soluble
mediators from the latter and activation of immune
and inflammatory responses [6]. In addition to direct
interaction with neutrophils, platelets release extracellular
vesicles and soluble mediators, which modulate
neutrophil functions [8, 11]. Platelet factor 4 (PF4/
CXCL4) affects CD62P expression and IL-8 releasing
by the endothelium, thereby influencing neutrophil
extravasation [11]. Moreover, platelets stimulate cytokine
production and the oxidative burst in neutrophils, which
promotes NET formation [41]. The anticoagulant role
of neutrophils consists of their ability to phagocytose
platelets with membranes selectively modified by annexin
A1 determinants of phosphatidylserine, thereby leading
to active thrombus resolution [42]. Furthermore, these
cells accelerate proplatelet maturation by eliminating
defective cells [42].

Role of apoptosis in the context
of immunothrombosis

Neutrophil apoptosis is a mechanism that limits
and halts immunothrombosis (Figure 2). Its occurrence
prevents cells from transitioning into necrosis or
NETosis, which can activate platelets and subsequent
thrombus formation [43]. This is supported by data
demonstrating that suppression of apoptosis leads to
an accumulation of “aged” and hyperactive neutrophils
in tissues, which promote thrombus formation through
the release of ROS and enzymes [44]. Such negative
effects of apoptosis arrest, induced by cytokines and
growth factors, have been noted in respiratory distress
syndrome and multiorgan failure, where uncontrolled
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immunothrombosis plays a significant role [45].
Conversely, accelerated massive neutrophil apoptosis in
sepsis patients with AIDS promotes immunosuppression,
leading to neutropenia and impaired cell function,
thereby increasing the risk of infections [43]. In turn,
impaired clearance of neutrophil apoptotic bodies may
lead to secondary necrosis or may serve as a source of
autoantigens [19]. Thus, neutrophil apoptosis is a natural
limiter of immunothrombosis, ensuring the removal
of spent cells and preventing their transformation into
triggers of thrombus formation. However, both its timely
initiation and termination are critically important.

Pyroptosis, necroptosis, and ferroptosis
of neutrophils in immunothrombosis

Unlike apoptosis, neutrophil pyroptosis is
accompanied by plasma membrane rupture and the
release of vacuolar and lysosomal contents, which recruits
other immune cells and amplifies inflammation. The link
between these processes is direct and interdependent,
with gasdermin D playing a key role [2, 23]. When
neutrophils activated, which cleaves gasdermin D, leading
to subsequent pore formation in the membrane [23, 24].

Even before neutrophil death, this protein
promotes their maturation and activation, increasing
integrin expression on the membrane, which allows
them to firmly adhere to the vessel wall [25]. This
process activates platelets and triggers the coagulation
cascade (factor XII, among others), leading to the
formation of a fibrin thrombus, to which pathogens
and immune cells adhere [2]. For instance, in a mouse
model of thrombotic microangiopathy induced by
cholesterol crystals, the absence or blockade of
gasdermin D reduces immunothrombosis and kidney
injury [17]. It has been reported that dysregulation of
immunothrombosis involving neutrophil pyroptosis
and massive NET formation leads to disseminated
intravascular coagulation, lung injury, and multiorgan
failure in COVID-19 viral infection [5, 41, 44].
Thus, during pyroptosis, gasdermin D activates
neutrophils, which adhere to the vessel wall and
begin to produce inflammatory molecules, creating
a thrombus formation zone that recruits additional
cells.
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Figure 2. The influence of types of programmed neutrophil death on immunothrombosis

Two alternative neutrophil death programs,
necroptosis and ferroptosis, also actively promote the
development of immunothrombosis (Figure 2) [8].
Necroptosis is triggered by the activation of RIPK1,
RIPK3 kinases and the MLKL protein, which form
pores in membranes, leading to cell rupture with
the release of DAMPs, whereas the main driving
force of ferroptosis are iron ions, which stimulate
membrane lipid peroxidation (Figure 1) [27, 29]. For
the induction of immunothrombosis, the key link for
both processes is the activation of the formation of
NETs, which directly activate platelets and bind to
coagulation factors [45—47]. During necroptosis, the
release of intracellular DAMP molecules enhances
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inflammation and creates a prothrombotic environment,
and inhibition of its key enzyme, RIPK1 kinase, abort
this process and the formation of NETs [47]. In sepsis
and acute respiratory distress syndrome, necroptosis
of endothelial cells and neutrophils has been shown to
contribute to hypercoagulability and microthrombosis
in pulmonary vessels [45, 47]. Ferroptosis also
stimulates the formation of NETs, which directly
activate platelets expressing P-selectin on their surface,
leading to thromboembolism [46]. This type of cell
death is considered a key player in the pathogenesis
of immunothrombosis in COVID-19, and it has been
suggested that targeted therapy aimed at suppressing
it may improve patient outcomes [5]. Understanding
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the role of the above-mentioned death mechanisms
is critical for the treatment of diseases in which
immunothrombosis becomes dysregulated. Inhibition of
key molecules, such as RIPK1 in necroptosis, may block
the pathological immunothrombosis cascade, whereas
for ferroptosis, iron-chelating agents or inhibitors of
lipid oxidation are under investigation [45, 46].
Thus, pyroptosis, necroptosis, and ferroptosis
represent three distinct yet functionally overlapping
programs of neutrophil death that serve as critical drivers
and amplifiers of immunothrombosis. Unlike apoptosis,
which limits this process, the other types of cell death
are united by their proinflammatory and prothrombotic
potential, which is realized through several key
mechanisms (Figure 2). A central event linking all
three types of cell death to immunothrombosis is their
ability to trigger or enhance NET formation. Despite
this common outcome, each pathway makes a unique
contribution to pathogenesis. The main feature of
pyroptosis is not merely cell death but the accompanying
massive release of potent proinflammatory cytokines
(IL-1B, IL-18). This creates a systemic milieu that
activates the endothelium and platelets, making them
more sensitive to prothrombotic signals [48]. In
necroptosis, which is often triggered when apoptosis
is blocked by pathogens, DAMPs serve as powerful
stimulators of inflammation and provoke thrombotic
complications in sepsis and severe lung injury. As
a metabolic catastrophe, ferroptosis is unique in
its ability not only to affect neutrophils but also to
directly activate platelets through lipid peroxidation
mechanisms. This death pathway acts as a link
between metabolic imbalance, platelet dysfunction, and
neutrophil hyperactivity. Hyperactivation of pyroptosis,
necroptosis, and ferroptosis transforms the protective
response of immunothrombosis — aimed at isolating
pathogens in the bloodstream — into a pathological
factor. The presented data justify the promise of
searching for therapeutic agents capable of selectively
inhibiting these neutrophil death pathways. Blockade
of key molecules (e.g., gasdermin D in pyroptosis,
RIPK3 in necroptosis, and iron ions in ferroptosis)
may represent a strategy to restrain pathological
immunothrombosis while preserving its physiological
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protective functions [2, 18, 42, 45]. Of particular
interest is a combined targeting, as these pathways
may duplicate and amplify one another.

Role of neutrophil extracellular traps

in the pathogenesis of immunothrombosis

Neutrophils contribute to the capture and
degradation of pathogens through the formation of
NETSs, accompanied by the release of decondensed
chromatin and antibacterial proteins. Initially, these
structures were discovered in patients with stroke,
where they provided a scaffold within blood vessels
for recruiting erythrocytes, platelets, and leukocytes, as
well as binding plasma proteins [28, 42]. It has also been
demonstrated that in sepsis, inflammation accelerates
neutrophil recruitment and activation, leading to NET
formation, which initiates connective tissue remodeling
and contributes to the development of venous thrombosis
in the lungs [8, 10, 32]. In COVID-19 viral infection,
conversion of Hageman factor (factor XII) to XIla
promotes immunothrombosis by influencing IL-6 and
complement synthesis, with subsequent activation of
NET formation [4].

Procoagulant proteins, including von Willebrand
factor, factors XI and XII have been found on the insoluble
reticular DNA structure containing histones and bactericidal
enzymes [36]. Moreover, while histones with immobilized
coagulation factors activate platelets, negatively charged
DNA triggers activation of the coagulation cascade through
Xlla-induced thrombin generation [49]. In contrast,
elastase inactivates anticoagulant mechanisms by cleaving
thrombomodulin and tissue factor pathway inhibitor [6].
Predisposition to NET formation is primarily exhibited
by aging neutrophil subpopulations with high phagocytic
capacity [40]. In addition to local effects through the release
of tissue thromboplastin-containing vesicles, NETs have
a systemic, long-term effect on microthrombus formation
and vascular occlusion, inducing immunosuppression [50].

Indeed, during inflammation, the functions of
NETs include not only the capture and elimination
of pathogens, which enhances the microbicidal
effect of neutrophils, but also prothrombotic and
procoagulant stimulation [49]. This type of cell
death is often recognized as an important therapeutic
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target. For example, in sepsis, the effect of the TLR4
receptor blocker and the TNF-a synthesis inhibitor
2-acetamidopyranoside on reducing the level of
circulating adhesion receptor ICAM-1, NET formation,
and thrombus development has been demonstrated
[51]. Statins and angiotensin receptor blockers possess
similar effects, as they inhibit TLR4 signaling pathway
activity, thereby reducing the release of proinflammatory
cytokines [52]. One of the stimulators of NET formation
is peptidylarginine deiminase 4 (PAD4); its inhibition
reduces vascular damage and endothelial dysfunction
[53, 54]. Treatment with low doses of heparin
(250 U/kg) reduces NET formation and synthesis
of proinflammatory factors, whereas increasing its
concentration, conversely, induces NET formation and
the production of antibodies against platelet factor 4,
leading to thrombosis activation [54, 55]. These findings
indicate the need for precise heparin dosing in clinical
practice or the use of heparin alternatives.

Conclusion

Unlike apoptosis, which has an anticoagulant
effect, the molecular mechanisms of neutrophil death
namely pyroptosis, necroptosis, ferroptosis, and NETosis
turn these cells into powerful prothrombotic drivers.
These types of programmed cell death are united by
their capacity to trigger NET formation and differ
in their specific mechanisms: a cytokine storm in
pyroptosis, DAMP release in necroptosis, and direct
platelet activation via oxidative stress in ferroptosis.
Collectively, the programs of neutrophil cell death other
than apoptosis form a trigger basis for the development
of severe thrombotic complications in many critical
conditions of the organism.
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HEUTPOQUIIOB MOKA3aHO y4yacTHe B Pa3BUTHM UMMYHOTpoM0O03a. Hapsizly ¢ 3THUM, U3/10)KeHbI CBEZIEHUS O TepareBTHYeCKUX
CTpaTerusix ¢ UCIoIb30BaHHEM UMMYHOMeTabo/MueCcKrX PeryasiTopoB U nHruouropoB HBJI, KOTopbie MOTEHIMAIbHO MOTYT
0CJ1abUTh UMMYHOTPOMOOTHUECKYIO aKTUBHOCTb, He BJIUsIS Ha reMocTa3. Takve MeTO/Ibl JIeUeH!sT UMEIOT TIPeUMYyIeCTBa
ZI71s1 JIeueHUsl MalMeHTOB TIPY MHOTUX TPOMOOBOCIIAIMTeTBHBIX COCTOSIHUSX. BbigoObl. B 11e710M, NTPOIeMOHCTPUPOBAHHBIE
[laHHbIe YKa3bIBaIOT, UTO aronTo3 HedTpoduaoB 06/1aaeT MpOTUBOTPOMOOTHYECKUM 3P PEeKTOM, TOT/ja KaK OCTabHbIE THITbI
3amporpaMMHUPOBaHHOM rrbe/nu CrioCcoOCTBYIOT Pa3BUTHIO TPOMOOB M COCYIUCTBIX KaTacTpod. K oTmmumsm mocsiefHUX OTHO-
CATCS CrieurUecKrie TPUTTePbl, @ UMEHHO, [I/Isl TTMPOITO3a LIMTOKWHOBBIN ILITOPM, /IS HEKPOIITO3a BBIOPOC MOJIEKY/ISIPHBIX
MaTTepHOB CMEPTH U [ij1st PepponTo3a OKUC/IUTeNbHBIN cTpecc. OObeMHSIeT YKa3aHHbIe THITbI THOeMN CrioCOOHOCTD 3aITyCKaTh
HBJI, pe3ynbTaToM 4ero siB/sieTCst GOPMUPOBaHKUEe TPUTTEPHON OCHOBBI Pa3BUTHS TSDKEJIBIX TPOMOOTUYECKUX OC/IOKHEHHUH.

KiroueBble cy10Ba: HelTpodusIb, 3arporpaMMUpPOBaHHas THOesTb KJIeTOK, IMMYHOTPOMOO3, arorTo3, MMPOoITo3, HEKPOIITO3,
(epporTo3, HeUTpoUIbHBIE BHEKIETOUHbIE JIOBYIIIKH

HNudopmanus o puHaHcupoBaHuu. PaboTa BbIosiHeHa Tpy GUHAHCOBOM MMO//IeP)KKe TOCyjapCTBeHHOTO 3aaHus «CTpyK-
TYPHBIE U KJIETOUHO-MOJIEKY/ISIPHBIE MeXaHW3Mbl BO3PACTHOTO PeMO/Ie/TMPOBaHMUsI COeIMHUTEILHON TKaHH MpY 3a00/1eBaHUSIX
omnopHo-ABUraresibHoro anmnapara» Ne 056-00055-24-00 ot 14.01.2024 r.

Bksaj aBropoB. [1nexoBa H.I. — koHIleniys 1 Au3aiiH MCC/ieJOBaHus], aHa/IU3 T0/Ty4eHHBIX [JaHHbIX, Pe/JakTUPOBaHKe PYKOITUCH;
Muxaiinos A.O., [Igeto H.B. — cbop 1 o6paboTka MatepuanoB; BopoHoBa A.H. — HanvcaHue ¥ TiepeBoj] TeKcTa. Bce aBTopbI
BHECJIM CyIIeCTBEHHBIN BKJIa/l B pa3pab0OTKy KOHLIEMLMH, TIPOBe/[eHHe UCC/Ie/JOBAHUS M TIOTOTOBKY CTaThH, TIPOUIN U 000puu
(bmHabHYI0 BEpCHIO Tiepe/] Iy O/rKaruen.
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Abstract: Relevance. Head and neck squamous cell cancer (HNSCC) accounts for about 890,000 new cases of malignant
neoplasms (approximately 4.5% of all diagnosed cancer cases worldwide) and 450,000 deaths per year. Even with radical antitumor
treatment, more than 40-50% of patients develop relapse, 20-30% of them develop distant metastases, and the five-year survival
rate in advanced cases is 25%. Patients with recurrent HNSCC have an unfavorable clinical prognosis with a median overall
survival of about 12 months. A high recurrence rate indicates the possible existence of a “source” of tumor cells, which may
be located near the primary tumor, namely in the peritumoral tissue, which necessitates its study. The aim of the study was to
compare the structure and expression of genes in the tumor and peritumoral tissues of HNSCC. Materials and methods. Biopsy
material of tumor and peritumoral (located at a distance of 2 cm from the tumor border) tissues was obtained from 35 patients
with HNSCC. Biopsies were examined by histological method, then the levels of mRNA expression of EGFR, PIK3CA, PTEN,
YAP, SLC26A6, ARIH2, UBE2Z, PITX1 genes were determined by real-time polymerase chain reaction in samples of tumor tissue
and peritumoral region. The RNA Solo kit was used for RNA isolation, and the MMLV RT Kit (Evrogen, Russia) was used for
reverse transcription. The amplification reaction with real-time detection was performed on a Real-Time DTprime amplifier (DNA
Technology, Russia). Results and discussion. All tumor samples, regardless of anatomical localization, exhibited characteristic
morphological features of squamous cell carcinoma. The peritumoral specimens represented visually unchanged tissue with
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preserved epithelial architecture. The expression of EGFR and PIK3CA genes was higher in tumor tissue samples, while PITX1
expression was higher in peritumoral tissue samples. Conclusion. Increased expression of EGFR and PIK3CA genes in tumor
tissue confirms the activation of signaling pathways associated with tumor cell proliferation, survival, and disease progression.
In contrast, the higher expression of the putative tumor suppressor gene PITX1 in peritumoral tissue suggests the preservation
of regulatory mechanisms limiting malignant transformation outside the tumor focus.

Keywords: squamous cell carcinoma of the head and neck, peritumoral tissue, tumor tissue, gene expression
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Introduction

The most common morphological form of tumors
of the head and neck is squamous cell carcinoma.
According to data published by GLOBOCAN (2020),
head and neck squamous cell carcinoma (HNSCC)
ranks sixth in prevalence among other types of
malignant neoplasms in the world. According to current
data, HNSCC accounts for an estimated 890 000
incident cases of malignant neoplasms per annum,
corresponding to approximately 4.5% of the global
incidence of diagnosed cancers, and approximately
450000 cancer-related deaths annually [1]. This type of

CELL BIOLOGY

cancer is more common in adults over 50 years of age,
with a male-dominated gender ratio (the ratio of men to
women is approximately 2:1) [2]. To date, the increase
in the incidence of acute respiratory viral infections
among young able-bodied people has become
socially significant. The main generally recognized
etiological factors are tobacco smoking, alcohol
consumption, infection with human papillomavirus
(HPV) or Epstein-Barr virus (EBV), as well as betel
chewing, common among the peoples of Southeast
Asia. Clinically, HNSCC is characterized by late
diagnosis, aggressive course, locally widespread
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growth pattern, and frequent relapses [3]. The lack of
screening leads to late diagnosis, complex anatomical
localization complicates the radical surgical stage
of treatment, and the proximity of critical structures
leads to complications during RT. In the early stages
of HNSCC (stages I and II), surgical treatment and RT
are highly effective, with one- and two-year survival
rates of 88.7 and 79.8%, respectively [4]. However,
more than half of the patients (approximately 2/3 of
the patients) already have a locally advanced form of
the disease (stages III and I'V) at the time of diagnosis,
which is a prognostically unfavorable factor. Even
with radical antitumor treatment, more than 40-50%
of patients develop relapse, 20-30% of them develop
distant metastases [5, 6], and the overall five-year
survival rate is 25%. Patients with recurrent HNSCC
have an unfavorable clinical prognosis with a median
overall survival of about 12 months [7]. It was shown
that in the most unfavorable cohort of patients (with
a low—grade tumor negative for HPV type 16), the
recurrence rate in the first six months after treatment
is 50.6%, within 1 year — 72.5%, within 2 years —
88.6%. Such statistical data indicate the possible
existence of a source of preserved or, conversely,
induced by the therapeutic effect of tumor cells,
which may be located near the localization of the
primary tumor, namely, in the peritumoral tissue,
which necessitates its study.

The aim of our study was to compare the structure
and expression of genes in the tumor and peritumoral
tissues of squamous cell carcinoma of the head and neck.

Based on a literature review, genes were selected
that play a key role in tumor progression, including
long-known regulators of tumor progression, as well as
genes whose role in tumor growth has become known
relatively recently.

Materials and methods

Characteristics of the biomaterial

The biopsy material of the tumor and peritumoral
tissue (located at a distance of 2 cm from the tumor
border) of the patients was obtained from the A. Tsyb
Medical Radiological Research Center (MRSC). During
the study, biomaterials from 35 patients obtained
during the surgical stage of treatment were analyzed,
information about patients is presented in the Table 1.

Biomaterial was obtained from patients meeting
the following criteria:

1. Men and women over the age of 18.

2. Morphologically or radiologically verified
diagnosis of squamous cell carcinoma in the head and
neck (C00-C14, C30-C33).

3. General condition on the Karnovsky scale of at
least 70 points.

4. Informed consent to participate in the study.

Table 1
General characteristics of patients

Parameters Patients n, %

Total quantity 35(100%)
Gender
Men 22 (62.8%)
Women 13 (37.1%)
Age (years)
Median 57.3
Range 19-83
Grade of malignancy

G1 25 (71.4.4%)
G2 8(22.8.8%)
G3 2(5.7.7%)
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Ending tabl. 1

Parameters Patients n, %
Keratinization

Keratinizing 17 (48.57%)

Non-keratinizing 18 (51.4%)
T stage

1 3 (8.57%)

2 15 (42.8%)

3 10 (28.5%)

4 7 (20%)
N stage

0 9 (25.7%)

1 18 (51.4%)

2 8 (22.8%)
M stage

0 22 (62.8%)

1 13 (37.2%)

Localization

Oral cavity 15 (42.8%)

Tongue 8 (22.8%)

Larynx 10 (28.5%)

Maxillary sinus 2 (5.7%)

Primary processing of the received material

The material was thoroughly washed from
possible contaminating agents in a phosphate-salt
buffer containing 0.02% EDTA (Versin solution), then
in a phosphate-salt buffer containing 1x antibiotic-
antimycotic, then in a phosphate-salt buffer or Hanks
solution without additives. In each solution, the tissue
was washed 3 times. Then the material was divided
into 2 unequal parts: the fragment was preserved in
RNAlater solution for subsequent PCR-RT and stored
at—80°C until the study, the rest of the tissue was used
for morphological examination.

Morphological examination

To verify the diagnosis of squamous cell carcinoma,
a histological examination of the obtained tissue samples
(tumor and peritumoral) was performed. Unfixed
tissue samples were transferred to a foil mold filled
with Tissue-Tek O.C.T. Compound (Sakura Finetek),
frozen at—80 °C until the mounting medium completely
solidified, then stored at —20 °C until use. Cryosections

CELL BIOLOGY

with a thickness of 5 microns were made using a Leica
CM1200 cryotome using Super Frost Gold (Menzel)
glasses and dried at room temperature for 1 hour. For
routine histological examination, cryosections were
stained with hematoxylin and eosin, dehydrated in
standard wiring, and enclosed in a mounting medium
(Biovitrum). The survey was carried out using a Leica
DM 4000 B direct microscope.

PCR-RT

The levels of mRNA expression of EGFR, PIK3CA,
PTEN, YAP, SLC26A6, ARIH2, UBE2Z, and PITX1
genes were determined using real-time polymerase chain
reaction in samples of tumor tissue and the peritumoral
region (Table 2). The RNA Solo kit was used for RNA
isolation, and the MMLV RT Kit (Evrogen, Russia)
was used for reverse transcription. The amplification
reaction with real-time detection was performed on
a Real-Time DTprime amplifier (DNA Technology,
Russia). The relative mRNA concentration of these
genes was calculated by direct data comparison using
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the formula: [A]0/[B]O = E DC(T), where [A]O is the
initial concentration of the gene's mRNA in the PCR
mixture, [B]0 is the initial concentration of GAPDH

mRNA in the PCR mixture, E is the reaction efficiency
(assumed to be 1.98), DC(T) is the difference between
the threshold cycles of GAPDH and the desired gene.

Table 2
Sequences of used primers
Gene Sequence

Forward GCACCGTCAAGGCTGAGAAC
GAPDH

Reverse TGGTGAAGACGCCAGTGGA

Forward CCCCCTGACTCCGTCCAGTA
EGFR

Reverse CCCAACTGCGTGAGCTTGTT

Forward TTCCGGGGGATTGTAGGCTC
PIK3CA

Reverse TTCCGGGGGATTGTAGGCTC

Forward CAGCAACTCCAACCAGCAGC
YAP

Reverse CAGCAACTCCAACCAGCAGC

Forward AGACAGCCAGAGATGCTGCC
SLC26A6

Reverse GTAGGTGACCACGAAGCCGA

Forward CGGCACGAGACCATCAGAGT
UBE2Z

Reverse TGGTAGTCAAAGTGGCCCCG

Forward CCCAGTCAGAGGCGCTATGT
PTEN

Reverse CCCAGTCAGAGGCGCTATGT

Forward CCTTCCAGGTGTTTCCCTGTT
TIMP1

Reverse CCTTCCAGGTGTTTCCCTGTT

Forward GACCCACAAGGAGATTGGGG
TIMP2

Reverse GACCCACAAGGAGATTGGGG

Forward AACCGCTACCCCGACATGAG
PITX1

Reverse CTGCACTAGGCCGCTGAACT

Statistical methods
The statistical analysis of the obtained data was
carried out in the Statistica 8.0 program, using the Shapiro
— Wilk test to assess the normality of the distribution,
the Mann — Whitney criteria and the t-test for pairwise
comparison. The differences were considered statistically
significant at a significance level of p<0.05.

Results and discussion

In all the presented samples of tumor tissue,
extensive invasion of tumor cells into their own
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plate of the mucous membrane was noted, and the
integrity of the basement membrane was disrupted
(Figure 1, 2). Histological preparations stained
with hematoxylin and eosin revealed a pattern
characteristic of squamous cell carcinoma: abundant
invasive growth of tumor cells into the underlying
tissues in the form of rounded clusters, strands
or individual cells. Normal architectonics were
preserved in the peritumoral tissue samples: the
multilayer epithelium is separated from its own plate
of the mucous membrane by a preserved basement
membrane (Figure 1, 2).
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Stratified epithelium and basal
membrane
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Figure 1. Squamous cell carcinoma of the larynx: tumor (a) and peritumoral (b) tissues. Hematoxylin and eosin staining.
Light-field microscopy. The length of the scale segment is 100 microns and 50 microns
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Figure 2. Squamous cell carcinoma of the tongue: tumor (a) and peritumoral (b) tissues. Hematoxylin and eosin staining.

Light-field microscopy. The length of the scale segment is 100 microns and 50 microns
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The levels of mRNA expression of the PTEN,
TIMP1, TIMP2, YAP, PIK3CA, EGFR, ARIH2,
SLC26A6, UBE2Z, and PITX1 genes were evaluated
using real-time polymerase chain reaction in tumor
tissue and peritumoral tissue samples.

PTEN is a tumor suppressor gene that regulates
the cell cycle and apoptosis by modulating the PI3K-
PKB/Akt signaling pathway. Approximately 30% of
cases of HNSCC have decreased PTEN expression.

PTEN
0.15+
. 0.0+
g
8
Q
5 0054
2
2
&
0.00
-0.05

T T
peritumor tumor

Moreover, the lack of PTEN expression often leads
to the development of aggressive tumors and is
associated with low disease-free and overall survival
of patients [8, 9].

YAP is a transcriptional coactivator of genes
involved in growth and tumor formation. Increased
YAP expression is associated with an unfavorable
prognosis of HNSCC and resistance to chemo and
radiotherapy [10] (Figure 3).

YAP
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Figure 3. The level of relative expression of the PTEN, YAP genes in tumor and peritumoral tissues

Tissue metalloproteinase inhibitors (TIMPs) block the activity of

matrix metalloproteinases, which leads to suppression of tumor

progression [11], but their role in HNSCC is controversial. There was no significant difference in the expression of these genes

in the samples of tumor and peritum

TIMP1
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Figure 4. The level of relative expression of the TIMP

oral tissues studied by us (Figure 4).

TIMP2
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1 and TIMP2 genes in tumor and peritumoral tissues

PIK3CA is one of the most frequently mutating oncogenes in PRGS: mutations were detected in 13.7% of cases (TCGA,
Firehose Legacy). PIK3CA encodes p110a, a Class TA PI3K catalytic subunit. With abnormal activation, PI3K stimulates several

downstream signaling cascades, which leads to uncontroll
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ed proliferation, survival, and migration of tumor cells [12].
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We found that the expression level of the epidermal
growth factor receptor (EGFR) is significantly higher
in tumor tissue than in peritumoral tissue (Figure 5).
EGFR is overexpressed in more than 90% of cases of
HNSCQC, and its increased expression correlates with
an unfavorable outcome in patients [13]. Binding of
ligands to EGFR leads to a conformational change in

PIK3CA
0.06

*

0.04+

0.02+

Relzative expression

T T
peritumor tumor

Relative expression

the receptor, followed by autoactivation of tyrosine
kinase from the intracellular domain of the receptor.
This process activates the intracellular signaling
pathway, which leads to inhibition of apoptosis,
activation of cell proliferation and angiogenesis, as
well as to an increase in the potential for metastatic
spread [14].

0.04+
0.03-
0.02

0.01+

0.00

-0.01 T T
peritumor tumor

Figure 5. The level of relative expression of PIK3CA and EGFR genes in tumor and peritumoral tissues

Note: *—p < 0.05

The ARIH2 gene is expressed everywhere,
demonstrating the highest levels of expression in
granulocytes [15]. Ubiquitin-protein ligase E3, encoded
by the ARIH2 gene, catalyzes the ubiquitination of
target proteins and plays a key role in posttranslational
modifications in various cellular processes. ARIH?2 is
involved in DNA repair under genotoxic stress [16].

The family of solute carrier proteins 26 (SLC26)
includes multifunctional transporters of substrates,
including oxalate, sulfate, and chloride, and plays an
important role in the physiology and pathophysiology
of the kidneys [17]. One of the members of this family,
SLC26AS6, is of particular interest because it has some
non-canonical properties. For example, it has recently
been demonstrated that SLC26A6 acts as an oncogene
in hepatocellular carcinoma [18] and lung cancer [19].
In the studied samples, the expression levels of the
ARIH?2 and SLC26A6 genes were approximately the
same in the tumor and peritumoral tissues (Figure 6).

Ubiquitination is one of the types of protein
modification that modulates many cellular signaling
processes, including DNA repair, transcription, cell
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membrane receptor recycling, intracellular transport,
endocytosis, angiogenesis, and inflammatory
signaling [20]. Ubiquitination occurs as a result of
the joint work of three types of enzymes: ubiquitin-
activating enzymes (E1), ubiquitin-conjugating
enzymes (E2) and ubiquitin ligases (E3), respectively
(Upregulation of ubiquitin-conjugating enzyme E2Z
is associated with human hepatocellular carcinoma).
More and more studies show that most of the enzymes
involved in ubiquitination play a significant role in the
development of tumors [21]. Paired homeodomain
transcription factor 1 (PITX1), also known as pituitary
homeobox 1 (Ptx1), refers to highly conserved
homeobox genes that encode sequence-specific
transcription factors (SSTFS) that are involved in
osteogenesis [22]. It is assumed that PITX1 can act as
a tumor suppressor gene and a potential biomarker for
predicting the chemoresistance of tumor stem cells of
HNSCC [23]. In our study, a decrease in the expression
of this gene was noted in the samples of the tumor
tissue of the HNSCC, compared with the tissue of the
peritumoral region (Figure 7).
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Note: *—p < 0.05

Conclusion

Increased expression of EGFR and PIK3CA genes
in tumor tissue confirms the activation of signaling
pathways associated with tumor cell proliferation,
survival, and progression. In contrast, the higher
expression of the putative tumor suppressor gene
PITX1 in peritumoral tissue suggests the preservation
of regulatory mechanisms limiting malignant
transformation outside the tumor focus.

CELL BIOLOGY

The obtained results emphasize the importance
of studying not only the tumor itself but also its
surrounding peritumoral microenvironment, which
may contribute to disease progression and recurrence.
The identified molecular markers can be considered
promising candidates for further studies aimed at
improving prognostic assessment, identifying patients
at high risk of relapse, and developing personalized
therapeutic strategies for HNSCC.
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CpaBHUTeNIbHasA XapaKTepUCTUKa MOJIEKYISIPHO-6U010rMYecKoro
nopTpeTa onyxosnieBon U NepuTyMopasibHON TKaHeH
NJIOCKOKJIETOYHOr0o paka rosioBbl 1 LLeun
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AnHoTanus: AkmyaabHocms. Ha 107110 T/I0CKOK/IeTOUHOTO paka rosiosl v er (ITPT'II) npuxozaurcst okosno 890 000 HOBBIX
C/TyuaeB 3/I0KaueCTBEHHBIX HOBOOOpa3oBaHuU (IpUMepHO 4,5 % BceX AMarHOCTUPOBAaHHBIX cTydaeB B Mupe) u 450 000 cmepreit
B rofi. JJaske Ipy NMpoBeJieHUM paZrKajibHOTO IPOTUBOOITYX0JIEBOTO jleueHus y 6osee uem 40-50 % maljiieHTOB pa3BUBaeTCst
pertmauB, y 20-30 % 13 HUX MOSIB/SIOTCS OT/ja/IeHHbIe MeTacTasbl, a 001as MSTU/IeTHsIS BbDKUBA@MOCTh COCTaB/IsIeT TIPUMEPHO
25%. MMauuenTs ¢ peupauBamu [TPTI uMeroT He6/1aronpUsITHBIN KITUHAUECKUH MPOrHO3 C MeIUAHOM 0011iel BBDKUBAEMOCTH
0K0J10 12 MecsLeB. BeicoKass yacToTa MeCTHBIX PeLiu[JMBOB CBUJTe/bCTBYeT O BO3MOKHOM CyIL[eCTBOBaHUU «MUCTOUHUKA»
OITyXOJIeBBIX KJIETOK, KOTOPBIN MOXKeT ObITh JIOKAaM30BaH HeJja/ieko OT MepBIYHOMN OIyXO/H, a IMEHHO — B ITePUTYMOPAaJIbHON
TKaHH, 4TO 00yC/IaB/IMBaeT akTyaJbHOCTD ee u3yueHusl. []eab ucciedosaHuss — cpaBHUTEIbHAS OLleHKA CTPOEHHST U SKCIIPeCCHU
TeHOB B OIyX0JIeBOM U neputyMopanbHoi TKaHsx [TPTI. Mamepuanbt u Memoosbl. Buorcuiinelil MaTepya OIyXoseBoi
Y TIePUTYMOpaJIbHOM (Pacrioyio’KeHHON Ha PaCcCTOSHUM 2 CM OT I'PaHMIIbI OITyX0/IM) TKaHel nosyyeH ot 35 naueHTos ¢ [TPI'II.
O6pas3Lipl OBMONTaTOB TOC/Ie/I0BaTebHO UCC/IeJOBA/IN: Ha TIEPBOM 3Tarie — FMCTO/IONMYeCKUM MEeTOZIOM, Ha BTOPOM — MeTOZI0M
TI0/IMMepasHoH LeNHOM peakLuy; B 00pasrjax oIyxo/ieBoi TKaHH U TIePUTYMOpPaIbHON 00/1aCTH OTIpe/iesisiiid YPOBHU SKCIIpeCCHH
MPHK renoB EGFR, PIK3CA, PTEN, YAP, SLC26A6, ARIH2, UBE2Z, PITX1. [1ns Beigenenus PHK ucnosnb3oBaau Habop RNA
Solo, a gyt o6paTHOM TpaHcKpuniuyd — MMLV RT Kit (Bce — «EBporen», Poccust). Peakiuio aMriindUKaIyuu C JeTEKTUPO-
BaHHEM B peXXHMe peasibHOr0 BpeMeHH NpoBoAuiu Ha Real-Time ammudukarope DTprime («IHK-TexHomorusi», Poccus).
Pesynbmambl u 06cyscoeHue. Bce 06pasiibl OmyXo/u, BHe 3aBUCUMOCTH OT dHATOMHUECKOH JIOKa/IH3alii, UMeJT XapaKTepHYH0
JUTs TTIOCKOKJIETOYHOTO paka KapTuHy. O0pasiibl IepuTyMOpPaIbHOM 30HBI MTPeZCTaBIsIi CO00M BU3ya/llbHO HEM3MEeHeHHYIO
TKaHb C COXPaHHOW apXUTEKTOHUKOM sruTenusi. Dkcrpeccust reHoB EGFR, PIK3CA 6binia Bhillie B 00pa3ijax OMmyXo/ieBoi TKaHH,
B TO BpeMsI Kak 3Kcrpeccusi PITX1 Gbia Billie B 06pasiiax nepuTyMopaibHOM TKaH!. BbigoObl. [ToBbIIIeHHast SKCIPeCCHsi TeHOB
EGFR u PIK3CA B or1yx0/1€BOii TKaHH YKa3bIBaeT Ha aKTUBALMIO CUTHA/BHBIX TTyTel, CBSI3aHHBIX C Mpo/vQepariyeli, BDKUBAaHHEM
KJIETOK M OITyX0JeBoii rporpeccueii. HarpoTus, Gomee BbICOKast SKCIIPeCCHsl TIpeJIio/iaraeMoro reHa-CyIpeccopa omnyxosei
PITX1 B nepuTyMopanbHOM TKaH! yKa3bIBaeT Ha COXpaHeHWe PeTy/sTOPHbIX MeXaHW3MOB, OIPaHMUMBAOIINX 3/10KaueCTBeHHYTO
TpaHchopMaLHIo 3a NpejiesiaMy OIyX0JIeBOT0 ouara.

KnroueBble c/10Ba: M/I0CKOK/I€TOYHBIN pak roJIoBbI U 111eH, epUTyMOpasibHast TKaHb, OIyX0JieBasi TKaHb, SKCIIPeCCHsi TeHOB.
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MNudopmanus o punaHcupoBanuu. PaboTa BbITIO/THEHA TIPY TI0//1ep>KKe TPEXCTOPOHHEro CorvialiieHust POCCHIICKOT0 HayuHOTO
tonzma Ne 24-24-00296 ot 29.12.2023 110 TIpoeKTy «BiusiHYe MPOTOHHOM Teparuy Ha MOJIEKY/ISIPHBIN MOPTPeT MUKPOOKDPYKeHuUst
OITyX0Jield TO/IOBBI M 1Ien» KOHKypca 2023 ropa «IIpoBesienne hyHgaMeHTanbHbIX HayUHbIX UCC/IE0BaHNH 1 MTOMCKOBBIX HAYYHBIX
WCCeJOBaHUM MaTbIMUA UHAUBUAYaTbHBIMU HAyUHBIMU KOJIIeKTUBaMU» Mexxay PH®, JloxonrHoii A.B. u PY/TH.

Bkiag aBTopoB. [>kymanusizoBa O./]. — KOHIIEILIYS U AW3aiiH UCCIe[OBaHus, aHAT|3 TTOTyYeHHBIX JaHHBIX, HalMCaHHe
TekcTa; ApyTioHsiH U.B. — KoHLIeNLus U [u3aliH ucciefoBaHusi, 06paboTka MaTepuasa U npoBeeHue skcnepumenTa; Cobo-
neBa A.I. — obpaboTka Marepuasa v NpoBe/ieHre 3KCIIepUMeHTa, aHa/Iu3 TI0/TyYeHHbIX JaHHbIX; ['yreBa M.A. — HamcaHue
TekcTa; BumHsakosa I1.A. — pelakTHpOBaHUe TEKCTa, aHA/IU3 MO/y4YeHHbIX JaHHbIX; JIoxoHnHa A.B. — oTBeTCTBeHHas
3a IOKyMeHT0000poT; MakapoB A.B. — peaktupoBaHue TeKcTa; ['opzoH K.B. — c60p KIMHUUeCKOro Marepuaa. Bce aBTopbI
BHECJTU CYIIleCTBEHHBIN BKJIa/l B TPOBE/IEHHE UCC/IeIOBAHMS U MOJITOTOBKY PYKOTIMCH, TIPOUUTAIN U 0I00pH/IN OKOHYATe TbHYI0
BEepCHIO Tiepe] mybmiKaLuen.

Hudopmanys o KoHGIMKTe HHTEPECoB. ABTOPHI JIEK/IAPUPYIOT OTCYTCTBUE SIBHBIX Y TIOTEHI[MATbHBIX KOH(IMKTOB UHTEPECOB,
CBSI3aHHbIX C MyO/MKalell JaHHOW CTaThu.

JTHYecKoe yTBepxk/eHue. VccienoBaHre of00peHo He3aBUCUMbBIM KOMUTETOM 110 3THKe (rpotokos Ne 634 ot 17.11.2021,
nipotokon Ne 684 ot 02.03.2022).

Bnaronapuoc*m — HeIpuMeHHNMO.

I/IHd)OpMI/IPOBaHHOE corjiacue Ha nyﬁﬂm(aumo. Bce TalfMeHThI IToAINrCalIn I/IHl'l)OpMI/IPOBaHHOE Coryiacyve Ha y4dacTtue
B UCC/IeJOBaHUN.
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Abstract. Relevance. Single-cell sequencing technologies (scRNA-seq) provide unique opportunities for studying the
heterogeneity of immune populations, enabling the analysis of expression profiles, ligand-receptor interactions, and differentiation
trajectories at the single-cell level. However, the quality of cell typing significantly depends on the accuracy of data annotation.
Marker ambiguity, variability in their expression depending on physiological context, limitations of automated tools such as
CellTypist, Azimuth, and SingleR, and the incompleteness of databases like PanglaoDB and CellMarker, including insufficient
information on the functional roles of markers, substantially hinder the identification of cell populations and require additional
efforts to achieve meaningful results. Aim. To systematize markers of T- and B-cells of the adaptive immune response to facilitate
scRINA-seq data annotation. Materials and Methods. An analysis of 30 scientific publications from PubMed, Scopus, and Web of
Science (2008-2024) and marker data from PanglaoDB and CellMarker was conducted. Results and discussion. Key and additional
T-cell (CD3D, CD3E, CD3G, CD4, CD8A, CD8B, FOXP3, GZMA, TBX21) and B-cell (CD19, MS4A1, CD27, IGHM, IGHD)
markers, their roles in immune processes, including activation, cytotoxicity, and regulation, were examined. Subpopulations such
as Th1 cells (T-bet, IFN-y), follicular helper cells (CXCR5, BCL-6), and regulatory B-cells (CD24, IL-10) and their functions in
health and disease were described. Conclusion. The systematization of T- and B-cell markers was developed to improve the quality
of single-cell sequencing data annotation and is applicable for enhanced typing of cell functional states in health and pathological
conditions, including infectious, autoimmune, and oncological diseases. This opens opportunities for a deeper understanding of
immune processes and the development of immunotherapy approaches, such as CAR-T therapy. However, the limited specificity
of markers and the lack of standardized annotation algorithms highlight the need for further research to refine typing methods.
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Introduction

Deciphering immune cell composition and function
is key to understanding both normal immunity and
its disruption in disease [1]. Modern sequencing
technologies, such as single-cell RNA sequencing
(scRNA-seq), provide unprecedented opportunities
to investigate immune populations by enabling the
analysis of gene expression profiles, ligand—-receptor
interactions, and differentiation trajectories at single-
cell resolution [2]. In the field of cancer research, the
analysis of immune cell types through scRNA-seq holds
great importance, as the makeup and functional traits of
the tumor microenvironment (TME) affect molecular
diagnostics, the creation of targeted treatments, and
the prognosis of the disease. For instance, identifying
T-cell subpopulations with exhaustion markers (PD-1%,
LAG-3") in the TME indicates immunosuppression,
making immune checkpoint inhibitors, such as anti-
PD-1 antibodies, a preferred therapeutic strategy to
restore immune function. High infiltration of CD8+
cytotoxic T cells is associated with favorable prognosis
in breast cancer and other malignancies, whereas
a predominance of regulatory T cells (FOXP3*, CD25")
may necessitate combined approaches, such as CTLA-4
inhibitors or CAR-T cell therapies, to overcome
immunosuppression [1, 3]. Identifying markers such
as CXCR5" and BCL-6" for follicular helper T cells
aids in assessing humoral immune activity and selecting
patients likely to respond to immunotherapy [3, 4].

The advancement of single-cell sequencing
technologies has led to the development of numerous
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computational tools, including automated annotation
methods such as CellTypist, Azimuth, and SingleR,
which aim to streamline and standardize this
process [5—7]. While these tools are widely used
for basic immune cell population typing, they have
limitations in performing detailed subpopulation
analysis. They often lack information on expression
variability across different physiological states and do
not provide insights into the origin or functional roles of
specific markers. As a result, accurately distinguishing
clusters into biologically meaningful cell populations
can be challenging. To achieve higher-resolution
annotations, manual reclustering is frequently required,
typically guided by expert knowledge and supported
by curated cell marker databases such as PanglaoDB,
CellMarker, and MonacolmmuneData [8-10]. However,
these resources often lack detailed information on the
functional roles and expression contexts of markers,
limiting the depth and accuracy of annotations and
necessitating additional manual literature searches.
Emerging tools such as CellMeSH, which utilize
indexed scientific literature for probabilistic cell
type annotation, offer a promising solution to these
challenges but have not yet become part of standard
practice [11].

Given the limitations of current automated
annotation methods and the incomplete characterization
of immune cell markers in existing databases, this
review aims to systematize key markers of T and B
lymphocytes within the adaptive immune system,
taking into account their developmental origin,
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functional roles, and transcriptional context. As central
mediators of adaptive immunity, T and B lymphocytes
play critical roles in shaping the antitumor immune
response, thereby influencing treatment outcomes and
disease prognosis. Markers of innate immune cells
will be discussed in a forthcoming publication. This
review serves as a complementary resource for the
accurate annotation and interpretation of single-cell
RNA sequencing (scRNA-seq) data, supporting more
reliable identification of immune cell populations.

Hematopoietic cell
i,

e \
()
-

Common lymphoid

T cells

T cells are central components of the adaptive
immune system, providing protection against pathogens
and maintaining immune homeostasis. They originate
in the bone marrow from a common lymphoid
progenitor (CLP) and undergo maturation in the thymus
through processes of positive and negative selection,
ultimately giving rise to functionally competent CD4*
and CD8" T cells (Figure) [3].
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Figure. Markers of adaptive immune cell populations. The figure shows a scheme of adaptive immune cell differentiation,
with key markers indicated at various stages. Colors represent the maturation sites of different cell populations
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T-cell development in the thymus

T cell differentiation begins with the migration of
hematopoietic progenitor cells from the bone marrow to
the thymus, where they undergo maturation and selection.
In the thymus, thymocytes undergo development through
three main stages: double-negative (DIN), double-
positive (DP), and single-positive (SP).

At the double-negative stage (DN, DN1-DN4),
thymocytes lack expression of CD4 and CD8A/CD8B
coreceptors but exhibit variable levels of CD44 and
IL2RA. A critical milestone is the DN3 stage, where the
proto-TCR (PTCRA) begins to be expressed, enabling
progression to the double-positive stage [3, 12].

During the double-positive (DP) stage, T cells co-
express CD4 and CD8A/CD8B and undergo selection
based on the specificity of their T cell receptor (TCR).
Depending on the outcome, cells differentiate into CD4*
or CD8" lineages. At this stage, molecules such as CCR7
and PTPRC are expressed, playing key roles in cell
migration and functional maturation [13].

At the single-positive stage (SP), T lymphocytes
acquire either a CD4" or CD8" naive T-cell phenotype.
The differentiation trajectory is determined by TCR
interactions with MHC class I or II molecules.
The cytokine microenvironment and activation of
transcription factors, such as Runx3 for CD8" and
GATA-3 for CD4", are pivotal in this process [14].
Following the SP stage, NKT cells may emerge,
serving regulatory functions at the interface of innate
and adaptive immunity.

Peripheral activation
and memory cell formation

Following their maturation in the thymus, naive
T cells circulate to peripheral lymphoid tissues, where
antigen presentation triggers their activation and
differentiation into effector T cells. Some activated
T cells directly eliminate pathogens or infected cells,
while others differentiate into memory T cells, including
central memory, effector memory, and tissue-resident
memory subsets. These memory cells persist in
lymphoid organs and tissues, ensuring a faster and
more effective response upon re-exposure to antigens.
During memory formation, both CD4* and CD8" T cells
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may express similar markers, such as SELL, CCR7,
and PTPRC [13].

T-cell activation and specialization are orchestrated
by networks of transcription factors (e.g., TBX21,
GATA3, FOXP3), epigenetic mechanisms (e.g., DNA
methylation, histone modification), and metabolic shifts,
such as transitions between glycolysis and oxidative
phosphorylation [14].

CD4" T-helper cells differentiate into various
subpopulations under the influence of specific
cytokines and signaling pathways: Tfh, Th1, Th2,
Th9, Th17, and Tregs. Follicular helper T cells (Tth),
expressing CXCR5, PDCD1, and BCL6, regulate B-cell
maturation and germinal center formation [3, 15]. Th1
cells, characterized by TBX21 expression and IFN-y
production, are critical for defense against intracellular
pathogens by activating macrophages [3]. Th2 cells
express GATA3 and produce IL4, IL5, and 11.13,
promoting humoral immunity and stimulating B cells to
produce antibodies [3]. Th9 cells, associated with IRF4,
SPI1, and IL9, contribute to defense against helminths
and are involved in allergic responses [14]. Th17 cells,
expressing RORC and producing IL17A and IL22,
protect mucosal surfaces against fungi and bacteria [3].
Regulatory T cells (Tregs), expressing CD4, IL2RA,
and FOXP3, suppress excessive immune responses
and prevent autoimmune reactions by secreting IL-10
and TGF-f [3, 16, 17].

CD8" cytotoxic T cells are key in eliminating virus-
infected and transformed cells through the production of
cytotoxic proteins (granzymes, perforin) and antiviral
cytokines, such as IFN-y. Upon activation, they form
pools of effector and memory cells, regulated by
transcription factors TBX21 and EOMES [3].

Additional subpopulations include y6 T cells,
which express TRDC, TRGC1, TRGC?2 and are
capable of rapid antigen recognition independent of
MHC presentation. [18, 19]. These cells are divided
into subsets such as V617 (tissue surveillance) and
V89VE2* (mucosal protection). NKT cells combine
features of NK and T cells, expressing CD3D, CD3E,
CD3G and NK markers (NCAM1) [20]. They recognize
lipid antigens presented by CD1D and differentiate
into functional subsets: NKT1 (TBX21, IFNG), NKT2
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(GATA3, IL-4), and NKT17 (RORC, IL-17) [21]. Two
types of NKT cells are distinguished: invariant NKT
(iNKT) and variable NKT (vNKT). iNKT cells express
an invariant TCR composed of the TRAV10, TRAJ18
a-chain and co-express markers such as CD3D, CD3E,
CD3G, NCAM1, KLRBI1, and CXCR6. They recognize
lipid antigens via CD1D and swiftly secrete diverse
cytokines such as IFN-y, IL-4, and IL-17, bridging
innate and adaptive immunity [20,22]. vINKT cells
have more diverse TCRs (e.g., TRAV12-2, TRAJ9,
TRAV1-2, TRAJ7, TRAV8-1, TRAV11) and express
CD3D, CD3E, CD3G, NCAM1, FCGR3A, CD2, and
CD28. These cells produce proinflammatory mediators
such as TNF-a and IL-2, playing a significant role in
infection control and tumor immune surveillance [20].

T-cell functional activity is defined by various
markers. Cytotoxicity is characterized by the

expression of granzymes (GZMA, GZMB), PRF1,
FASLG, and TNFSF10, particularly in CD8" and y6 T
cells [23]. Cytokine secretion, such as IFN-y, TNF-q,
IL-2, and IL-17, varies by subpopulation, with Th1
cells producing IFN-y and Th2 cells producing IL-4
and IL-5 [1]. T-cell activation and proliferation are
accompanied by the expression of IL2RA and MKI67,
reflecting cell division in response to antigenic
stimulation. Apoptosis is regulated by molecules
such as FAS, TNFRSF10A, TNFRSF10B, and CASP,
preventing excessive inflammation [3]. In conditions of
chronic antigenic stimulation, such as viral infections
or tumors, T cells may exhibit exhaustion, marked
by the expression of inhibitory receptors like PD-1,
CTLA-4, TIM-3, and LAG-3 [24]. A list of T-cell
subpopulation markers and their functional significance
is provided in Table 1.

Table 1
Markers and functional significance of T-cell subpopulations
Subpopulation/Stage Main markers Additional markers Functional significance of markers References
Absence of CD4 and CD8 indicates
Double negative cells CD44, IL2RA (CD25), f:éh’l:t‘z"rf:i‘;ﬁg:ﬁ)“:ai%“;;?%g%g 3.12]
(DN1-DN4) PTCRA (pre-TCRa) on DN1-DN4 substages; PTCRA on
DN3 initiates transition to DP stage
CD4, CD8A, CD8B, TCR, CCR7, Simultaneous expression of CD4 and
Double positive cells PTPRC (CD45RA), CD8 reflects TCR specificity testing; [13]
(DP SELL (CD62L), CD3D, CD3E, CD3D/E/G form TCR complex; CCR7
CD3G, IL7R (CD127) supports migration
Single positive CD4, CD8A/CDSB, TCR, CCR7, quIfofr? ri?lqg?;g?c:r?ta/i?r?‘u:é? I??;
] PTPRC (CD45RA), SELL CD27,CD28 . [14]
cells (SP), naive T-cells MHC-I; CCR7 and CD62L ensure
(CD62L), IL7R (CD127) N .
migration to lymphoid organs
. Support B-cell maturation and germi-
CD4* Tth (follicular CXCR5, PDCD1 (PD-1), BCLS, o .
helper) ICOS, CDA0LG (CDA0L) MAF, IL21R nal center for_matlon, ensure antibody [3,15]
class switching
TBX21 (T-bet), IFNG (IFN-y) IL18R1, IL18RAP, | Activate macrophages; form antiviral
CD4*Th1 STAT4, CXCRS, IL2RA (CD25) CXCR6 |mmun|ty and.lmmunlty against intra- [3]
cellular infections
R GATA3, IL13, PTGDR2 Support humoral immunity; stimulate
CD4*Th2 (CRTH2), STATG, IL4R, IL5RA | 'LTOILTRLIEST2) | o hibody production (IgE) (3]
R STATS5, STAT6, Protection against helminths; partic-
CD4*Th9 IRF4, SPIT (PU.1), IL9 TGFBR1 (TGF-BR) ipation in allergic reactions [314]
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Ending tabl. 1

Subpopulation/Stage Main markers Additional markers Functional significance of markers References
Protection of mucosal surfaces
CD4*Th17 R?ng (ggggtéﬁ;?,g';,:) IL21, CCL20 from fungi and bacteria; regulation of [3]
! ! ! neutrophil recruitment and activation
Treg CD4, IL2RA (CD25), FOXP3, | CD127,IL10, TGFBT t'lsounps”’;?ﬁz:;ni‘g%'mg?g;iiafo 3. 16]
(regulatory T-cells) CTLA4, TIGIT, IKZF2 (Helios) (TGF-B) autoantigens (via IL-10, TGF-B)
CD8A, CD8B, PRF1 (Perforin), Destruction of infected and tumor
CDB8+ cytotoxic GZMB (Granzyme B), cells via perforin and granzymes;
(effector T-cells) IFNG (IFN-y), GNLY, NKG7, GZMK, KLRGT participation in antiviral immunity 3.23]
TBX21 (T-bet), EOMES (via IFN-y synthesis)
TRDC, TRGC1, TRGC2, Rapid antigen response without MHC
) FCGR3A (CD16), presentation; tissue surveillance
v6 T-cells NCAMT (CD56), CD3D, CD3E, ILT7A, CCRS (V61+) and mucosal protection [18,19]
CD3G, KLRG1, NKG7 (V69V62+)
Combine functional properties of T-
NKT-cells CD3D, CD3E, CD3G, and NK-cells; secretion of cytokines 20, 21]
NCAMT1 (CD56), TCR, CD1D (IFN-y, IL-4, IL-17) in response to lipid !
antigens
CD3D, CD3E, CD3G, NCAM1
. . - (CD56), TRAV10, TRAJ18 (TCR IFNG (IFN-y), IL4, Immunoregulation, rapid cytokine
INKT (invariant) Va24-Ja18), KLRBT (CD161), IL17A (IL-17) response, antitumor activity. [20,22]
CXCR6, NCAM1
TRAV12-2, TRAJY, TRAVT-2,
TRAJ7, TRAV8-1,
TRAV1T (TCR Va3.2-Jas, Antiviral and antitumor activity, im-
VNKT (variable) Val-Ja7, Va8, Vail), TNF, IL2 mune response modulation Y. [20]
FCGR3A (CD16), CD3D, CD3E, P :
CD3G, NCAMT1 (CD56),
CD2, CD28
Ensure enhanced and rapid second-
5 CD45R0, CD62L, CCR7, SELL ary immune response; divided into
Memory T-cells (CD62L), IL7R (CD127), CD27 KLRGT, CX3CR1 | chiral (TCM), effector (TEM), and (3]
resident (TRM) cell
roco1 (P01 crig et Yool drtoncion tnde
Exhausted T-cells HAVCR2 (TIM-3), LAG3, TIGIT, EOMES, CD244 (2B4) 1Ic antigel . . [3,24]
TOX ors, viral infections); loss of effective
proliferation and cytotoxic response

Notes: Main markers are associated with the specific subpopulation, functionally relevant, and used for cell identification in flow
cytometry and scRNA-seq. Additional markers are less specific, support biological interpretation, may vary depending on the cell
state, and are validated by the CellMarker 2.0 and PanglaoDB databases.

B cells

B cells are key components of adaptive immunity,
responsible for humoral responses through antibody
secretion and antigen presentation. Derived from
CLPs they mature in the bone marrow through

CELL BIOLOGY

immunoglobulin (Ig) gene rearrangement, forming
unique B-cell receptors (BCR). Their heterogeneity is
reflected in diverse functional subtypes, differentiation
stages, and activation statuses, identifiable by distinct
surface and transcriptional markers [25, 26].
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B-cell development in the bone marrow

B-cell development is divided into early (pro-B,
pre-B) and late (immature, mature) stages. In the bone
marrow, pro-B cells, characterized by CD34, CD109,
and the transcription factor PAX5, initiate heavy-chain
immunoglobulin gene rearrangement under the influence
of EBF1 and RAG1/2 enzymes [25,27]. Successful heavy-
chain rearrangement leads to pre-B cells, which express
CD19, MS4A1, MME, and components of the pre-B cell
receptor (pre-BCR) including IGHM (p chain), VPREBI1
and IGLL1 (A-like chain). The pre-BCR comprises an
immunoglobulin p heavy chain and a surrogate light
chain formed by VPREB1 and A5 proteins. Interactions
between these components activate signaling pathways
via adapter molecules Iga and Igf3, promoting pre-B cell
proliferation and initiating light-chain gene rearrangement
[25, 28]. During B cell development, cells expressing
IGHM, CD19, MS4A1, MME, and CD22, undergo
negative selection to eliminate autoreactive clones,
a process mediated by BCR recognition of autoantigens
and signaling through CD79A [25, 28]. Mature B cells,
co-expressing IgM and IgD, complete maturation and
migrate to peripheral lymphoid organs, such as lymph
nodes and the spleen, guided by chemokines like CXCR4
[25, 27]. Mature B cells remain naive until antigen
encounter and are generally defined by the absence of
CD27 and the presence of IGHD expression [25].

Peripheral activation
and memory cell formation

In peripheral lymphoid organs, mature B cells are
activated upon antigen binding to the BCR, triggering
signaling cascades via CD79A/CD79B and activation of
transcription factors such as NFKBI and IRF4. T-dependent
activation requires co-stimulation from T-helper cells
through CD40-CD40L interactions and cytokine secretion
(e.g., IL-4, IL-21, BAFF), activating STAT5 and STAT6
pathways to promote proliferation and differentiation.
This process leads to germinal center formation, where
B cells expressing BCL6 undergo somatic hypermutation
and class-switch recombination, producing high-affinity
antibodies of IgG, IgA, or IgE isotypes. T-independent
activation, induced by polyvalent antigens like bacterial
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polysaccharides, relies on signals through CD21 and
Toll-like receptors, activating NF-kB. Activated B cells
express CD69 and HLA-DRA/HLA-DRBI, reflecting their
proliferative and antigen-presenting status [25, 28].

Upon activation, B cells differentiate into plasma cells
expressing SDC1 and PRDM1, which secrete antibodies
(IgM, IgG, or IgA) to neutralize pathogens. Others become
memory B cells, marked by CD27 and BCL6, ensuring
faster and stronger immune responses during subsequent
encounters with the same antigen [25, 29].

B cells demonstrate considerable functional and
phenotypic diversity, resulting in the formation of
specialized subpopulations with unique immunological
functions (Figure 1). Follicular B cells, expressing FCER2
and BCL6, localize in lymph nodes and participate in
T-dependent immune responses, forming germinal
centers. Marginal zone B cells, predominantly in the
spleen, express high levels of CR2, IGHM and CDlIc,
providing rapid T-independent responses to blood-borne
pathogens. B1 cells, located in serous cavities, produce
natural antibodies (IgM™) and express CD5, playing a key
role in early immune responses to infections [25, 27].

Regulatory B cells (Bregs) are critical for
maintaining immune tolerance, suppressing excessive
Th1/Th17 responses through the secretion of IL-10,
TGF-B, and IL-35. They express CD19, CD24, CD38,
and CDZ27 and are activated by CD40L, CpG, and IL-21
signals [26, 30, 31].

B-cell functional activity encompasses three main
roles. First, antibody production is carried out by plasma
cells expressing SDC1 and PRDM1, which secrete
IgM, IgG, or IgA antibodies to neutralize pathogens.
Second, antigen presentation is mediated by activated
B cells expressing HLA-DRA/HLA-DRB1 and CD69,
which efficiently interact with T-helper cells to enhance
adaptive immune responses. Third, immunosuppression
is driven by Bregs and transitional B cells through IL-10,
TGF-f, and IL-35 secretion, as well as PD-L.1 expression,
suppressing effector T cells and preventing autoimmune
reactions. These functions are regulated by transcription
factors (PAX5, BCL6, PRDM1, IRF4, NFKB1) and
epigenetic modifications, such as DNA methylation [25,
29]. A list of B-cell subpopulation markers and their
functional significance is provided in Table 2.
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Table 2
Markers and functional significance of B-cell subpopulations
Subpopulation/Stage Main markers Additional markers Functional significance of markers References
Pro-B cells CD34, CD19, PAX5 DNTT (TdT), RAGT, RAG2 | Mitiate heavy chain immunoglobulin [25,27]
rearrangement for BCR formation
! CD19, MS4A1 (CD20), Complete light chain rearrangement,
Pre-B cells MME (CD10), EBF1 CD794 (Iga), CD798 (19B) | £4rming a functional BCR (25,27, 28]
) IGHM (IgM), CD19, Undergo negative selection to elimi-
Immature B-cells MS4A1 (CD20), MME (CD10) CD22, CD79A (1ga) nate autoreactive clones [25,27, 28]
’Gggg(;ggﬂp)ngcg;??Aggw PTPRC (CD45), CD79A Maintain antigen-independent status,
Naive (Mature) B-cells ’TCL1A’ IL21I’? ’ (Iga), CD79B (IgB), MS4A1 | readiness for activation in peripheral | [25, 27, 28]
TNFRSF13C (BAFFR) (CD20) lymphoid organs
. ’ CD19, MS4A1 (CD20), CD23, Participate in T-dependent responses,
Follicular B-cells IGHM (IgM), IGHD (IgD) BCLG form germinal centers [25.27]
CD19 CD21 Provide T-independent response to
Marginal zone B-cells ! ! MS4A1 (CD20) pathogens circulating in peripheral [25, 27, 29]
IGHM (IgM), CD1C biood
B1-cells CD19, CD5, ITGAM (CD11b), cD43 Prodyce nat.ural antibodies, partici- [25, 27]
IGHM (IgM) pate in early immune response
CD19, CD27, MS4A1 (CD20), CD72,CD79B (IgB), CD82,
BCL6, CD22, TNFSF13B FAS (CD95), EBI2, ITGAX Secondary immune response. reac-
Memory B-cells (CD30L), CD37, CD39, CD44, (CD11c¢), PDCD1 (PD-1), tion to re Zated anti enp ! [25, 27, 29]
CD73, CD80, CD86, CXCR3, CD274 (PD-L1), TBX21 P 9
CXCR5, FCRL4 (T-bet), ZEB2
SDCT (CD138), PRDM1 BHLHE40, CDT9, CD27, Produce antibodies after terminal
Plasma cells (BLIMP-1), XBP1, IRF4, CD38, CD45R0, ITGA4 (CD49d), differentiation [25,27,29]
IL6R, ILTOR, IL21R CD69, CD71, FAS (CD95)
CD19, CD24, CD38, CD274 (PD-L1), TGFB1 . .
Regulatory (Breg) CD27, 1L10 (TGF-B), CD5 Suppress inflammatory reactions [26, 29, 31]
CD19, CD69, CD86, NFKBT,
MS4A1 (CD20), CD21, CD22,
. ) CD23, CD27, CD38, CD39, Ensure proliferation and antigen
Activated B-cells CD40, CD71, CD72, HLA-DRA, AICDA, BACH2 presentation [25, 28]
HLA-DRB1 (HLA-DR),
IRF4, MYC

Notes: Main markers are associated with the specific subpopulation, functionally relevant, and used for cell identification in flow
cytometry and scRNA-seq. Additional markers are less specific, support biological interpretation, may vary depending on the cell
state, and are validated by the CellMarker 2.0 and PanglaoDB databases.

Conclusion

The rapid development of scRNA-seq has enabled
deeper insights into cellular heterogeneity and immune
cell function. Yet, the value of these insights' hinges
on precise and reliable cell type annotation. This
review provides a systematic overview of markers for
adaptive immune cells, ranging from early progenitors
to functionally specialized subpopulations. These
marker panels can significantly improve the accuracy
of automated annotation by reducing the rate of false

CELL BIOLOGY

positives and false negatives. Such standardization has
important practical implications in oncoimmunology,
facilitating a better understanding of disease
pathogenesis, more accurate prediction of responses
to immunotherapy, and the identification of novel
therapeutic targets. Nevertheless, a comprehensive
understanding of the immune system requires
the analysis of both adaptive and innate immune
compartments. The systematization of markers for
innate immune cells will be the focus of future work.
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TMﬂMpOBaHMe KNeToK aganTUBHOro UMMyYHUTETa: MapKepbl
I'IOI1y11$ILI,VIﬁ n ux d)YHKU,MOHaHbHoe 3Ha4YeHue

A.A. ®depopos! ‘g, A.A. ®epopenko! , ML.P.IlarbimieBa! , T.C. I'epaimjenko’-

! Hay4Ho-ucc/efioBaTe/IbCKU MHCTUTYT OHKOIOTMH, TOMCKUIM HallMOHa/IbHBIM UCC/Ie[0BaTe/IbCKUN MeAWLIMHCKUM LJeHTp,
2. Tomck, Pocculickas ®edepayus
2 PoCCHIACKUM YHUBEPCUTET IPY>KObI HAapofioB, 2. Mockea, Poccutickas ®@edepayust
B anton.fedorov.2014@mail.ru

AnHoTanms. AkmyaabHocmb. TeXHOIOTMY CeKBeHUPOBaHUS eIMHUYHBIX K1eToK (SCRNA-seq) OTKpBIBAaIOT YHUKA/IbHbIE
BO3MOKHOCTH [IJ151 U3yUeHHsI TeTepOreHHOCTH MMMYHHBIX TTOIYJISILIMH, TT03BOJISIST aHA/IM3UPOBAaTh SKCIIPeCCUOHHbIE ITPOGUIIH,
JIUTaH/[-peLierTOpPHbIe B3aUMOZENHCTBUA 1 TpaeKToprH JuddepeHIIPOBKY Ha YPOBHE OT/eNbHBIX Ki1eToK. O/fHaKO KaueCTBO
THUITUPOBAHUS KJIETOK CYILIeCTBEHHO 3aBUCHT OT TOUHOCTH aHHOTAL[MHU JJaHHBIX. HeoIHO3HaUHOCTh MapKepoB, BaprHabebHOCTb
YX 9KCTIPeCCHUH B 3aBUCHMOCTH OT (PU3M0JIOTMUeCKOT0 KOHTEKCTa, OTPaHNUeHHsT aBTOMaTUYeCKIX MHCTPYMEHTOB, TaKUX Kak
CellTypist, Azimuth u SingleR, a Takxe HeronHOTa 6a3 faHHbIX PanglaoDB u CellMarker, Bk/itouasi He[[OCTaTOK CBeJ|eHUI
0 (yHKIIMOHAJIBEHOH PO/ MapKepoB, 3HAUNUTE/IbHO 3aTPYAHSIOT WeHTU(HHUKALMIO KJIeTOUHBIX TIOMY/ISILAN ¥ TPeOYIOT 10TOTHU-
TeJIbHBIX YCHIUM JIJIs1 [OCTHKeHHs 3HAaUMMBbIX pe3ysibTaToB. Lleas. CrucremMaTt3npoBarh Mapkepsl T- 1 B-KeTok afianTuBHOTO
MMMYHHOTO OTBeTa JijIsl yIIPOILeH sl aHHOTalWu JaHHbIX SCRNA-seq. Mamepuanbi u memoobl. [IpoBesieH anamu3 6osee 30
Hay4JHBIX mybnukaimii u3 6a3 PubMed, Scopus 1 Web of Science 3a 2008—2024 rozel, a TakKe JJaHHbIX MapKepoB u3 6a3
PanglaoDB u CellMarker. Pe3yabmambt u obcyscoeHue. PaccMOTpeHbI K/TtoueBbIe U JOTIOTHHTe/TbHbIe MapKepbl T-K/IeToK
(CD3D, CD3E, CD3G, CD4, CD8A, CD8B, FOXP3, GZMA, TBX21) u B-xknetok (CD19, MS4A1, CD27, IGHM, IGHD), ux ponb
B MIMMYHHBIX [TPOLieCCax, BK/IIOYasi aKTUBALWI0, IMTOTOKCUYHOCTB U Pery/siiuio. OnucaHbl CyOrony/syy, Takue Kak Thl-knetku
(T-bet, IFN-y), dpommkynsipabie xenmepsl (CXCR5, BCL-6), perynsitopabie B-knetku (CD24, 1L-10), u ux GyHKUIUN B HOpMe
Y MaTosiorud. Bbigoobl. CrctemMaTr3alst MapkepoB T- 1 B-K/ieTok pa3paboTaHa /jjis ymyullieHust KaueCTBa aHHOTALAK IaHHBIX
CeKBEHWPOBaHMUsI eJUHUYHbIX K/IeTOK U TIPUMEHNMa ZIJIs1 paclIMpPeHHOr0 TUITUPOBaHUs (PyHKIMOHAIBHBIX COCTOSIHUM KJ/IETOK
B HOPME U TpY MaTooruy (MHGEKLUOHHBIe, ayTOMMMYHHBIE M OHKOJIOTHUecKHe 3a00/ieBaHusT). DTO OTKPbIBAaeT BO3MOXXHOCTH
[J1s1 yrIyOIeHHOTO MOHUMaHUsI IMMYHHBIX TIPOLIeCCOB U pa3paboTKU MOAX0I0B K UMMYHOTeparvy, Bkmrodasi CAR-T-Teparto.
OpHako orpaHuueHHas Crel()UUHOCTh MapKepOB M OTCYTCTBHE CTaH/|apTH3UPOBAHHbIX a/ITOPUTMOB aHHOTALMH TT0UepKUBaIOT
HeoOX0oAMMOCTb JlabHeHIINX UCCIe/JOBAHUM /7S COBEPIIEHCTBOBAHHS METOJOB THITUPOBAHUSI.

KiroueBble ciioBa: T-kieTky, B-kieTky, afjlanTHBHBIN KMMYHUTET, CEKBEHUPOBAaHNE eIMHUYHBIX KIeTOK, UIMMYHHbIe
MapKepbl, TUITHPOBaH1e

Mudopmanms o puHancupoBaHuu. [JaHHbIN poekT Obit ogepkaH Poccuiickim Hayuneiv ®ongiom [rpaHT Ne 22-75-10128].
Bxkraz aropoB: ®eziopoB A.A. — cO0p 1 aHa/M3 TUTEepaTypbl, MOATOTOBKA Tab/uLI, HarrcaHue Tekcta; ®efopeHKo A.A. — aHasu3
0a3 JlaHHbIX, HarMCcaHue TeKCTa; [1aTbinieBa M.P. — KOHIIeTLIs, aHau3 IaHHbIX, peflakTipoBanue; [epairenko T.C. — peljeH-
3UpOBaHKe U Pe/laKTHPOBaHKe PYKOMMCH. Bce aBTOPBI BHEC/M CyIleCTBeHHBIM BK/IaZ B pa3paboTKy KOHLIEILMH, TPOBe/ieHNe
WCCTIe/I0OBaHMS Y MTOATOTOBKY CTaThH, IPOYIMA M Of00PHIM (PUHAIBHYIO BEPCHIO TIepe/] MyOMKaLyen.

Hudopmanys 0 KOHGIMKTe HHTEPecoB. ABTOPHI 3asB/ISIFOT 00 OTCYTCTBUM KOH(JIMKTA UHTEPECOB.

JTHYecKoe yTBep)KAeHue — HelIPUMEHUMO.

biarogapHoCcTH — HENpUMeHNMO.

HudopmupoBaHHoe coryiacue Ha my0/IMKaLUI0 — HeTPUMeHUMO.
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Study of the neuroprotective effect of conditioned medium
from human iPSCs-derived glial progenitor cells in a model
of glutamate excitotoxicity
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Abstract. Relevance. In modern biomedicine, therapeutic strategies for neurological disorders are increasingly focused
on the development of multitarget therapeutic approaches. Among the promising avenues, preparations based on conditioned
media stand out. In the present work, for the first time, a genome-wide transcriptomic analysis of differential gene expression
was performed in primary cortical neuron cultures incubated with conditioned medium from human glial progenitor cells under
conditions of induced glutamate excitotoxicity. This study allows us to infer potential molecular mechanisms underlying the
observed protective effect. Materials and methods. Conditioned medium was collected from human glial progenitor cell cultures
and subjected to purification and concentration by tangential ultrafiltration. Excitotoxic glutamate exposure was modeled in
primary cortical neurons from newborn (P0) rats by adding sodium glutamate to a final concentration of 100 pM. Cell viability
was assessed using the MTT assay. Transcriptomic libraries were sequenced on the NextSeq 1000 platform (Illumina, USA); read
quality control was performed with the FastQC tool. The R package edgeR was used for differential gene expression analysis
(FDR < 0.05). Results and discussion. The conditioned medium was found to exert a dose-dependent neuroprotective effect: at
a preparation concentration of 45 pg/mL, cell viability recovered to the level of the intact control. According to transcriptomic
profiling data, the addition of conditioned medium against a background of glutamate stress was accompanied by upregulation
of 173 genes and downregulation of 479 genes. The identified genes were grouped into functional categories with statistical
significance. Among the most represented biological processes associated with activated genes were regeneration, cell—cell
adhesion, response to oxidative stress, inhibition of apoptosis, and stimulation of the TGF-beta signaling pathway. Downregulated

© Shedenkova M., Gurianova A., Sudina A., Guguchin E., Karpulevich E., Fatkhudinov T., Goldshtein D., Salikhova D., 2026
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genes were predominantly linked to calcium transport, glutamatergic signal transmission, and regulation of neurite outgrowth
and branching. The results obtained may indicate that components of the conditioned medium trigger antioxidant defense and
repair cascades in neurons while simultaneously limiting excessive activation of glutamate receptors and calcium ion influx.
Conclusion. The conditioned medium exhibits neuroprotective properties under conditions of glutamate-induced excitotoxicity.
Presumably, this effect is based on the simultaneous induction of genes promoting survival and suppression of genes mediating
glutamatergic neurotransmission. The totality of the data obtained confirms the promise of further development of therapeutic
agents based on conditioned media from human glial progenitor cells for the treatment of neurological disorders.
Keywords: conditioned medium, glutamate excitotoxicity, transcriptome analysis, glial progenitor cells, iPSCs
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Introduction
Glutamate is a key excitatory neurotransmitter of
the central and peripheral nervous system, involved
in neurotransmission and synaptic plasticity, which
determines its fundamental role in the physiology of
nervous tissue and cognitive functions. The signaling
function of glutamate is realized through binding
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to ionotropic and metabotropic receptors, which
trigger cascades of intracellular reactions controlling
axonal growth, dendritic branching and dendritic
spine formation, mechanisms of neuroplasticity, as
well as the mitochondrial pathway of apoptosis [1].
Maintaining the homeostatic concentration of glutamate
in the synaptic cleft is a necessary condition for stable
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neuronal functioning. An increase in the amount of
glutamate in the extracellular space (excitotoxicity)
results in overstimulation of the receptors of this
neurotransmitter, leading to the opening of voltage-
gated calcium channels and an avalanche-like influx of
Ca?" into the cell [2]. An excess of free Ca2" disrupts
the homeostasis of this ion and initially overloads
the cytoplasmic buffer system, followed by the
mitochondrial system, which functions via the calcium
uniporter [3]. The consequence is depolarization of the
inner mitochondrial membrane, leading to an increase
in the number of molecules associated with oxidative
stress, such as reactive oxygen species, free radicals, or
hydrogen peroxide [4]. This disrupts the function of the
electron transport chain, ATP production, and triggers
endoplasmic reticulum (ER) stress, contributing to
the accumulation of misfolded proteins within the cell
and destabilizing the redox balance [5]. Furthermore,
mitochondrial dysfunction leads to a decrease in NAD*
levels, which is necessary for the proper function of the
DNA repair system [6]. All of these impairments lead
to the activation of intracellular cascades of caspase
proteins responsible for programmed neuronal cell
death. Cell death via apoptosis leads to extensive
damage to nervous tissue, often culminating in necrosis,
and is also accompanied by cognitive dysfunctions.
Dysregulation of the glutamatergic system exerts
a profound negative impact on neuronal physiology
and acts as a key pathogenetic factor in a range of
neurological disorders, such as dementia, stroke,
traumatic brain injury, and amyotrophic lateral
sclerosis [3, 7]. Given the multifactorial nature of the
excitotoxic action of glutamate, the current strategy
for pharmacotherapy of neurodegenerative diseases
is increasingly shifting towards the use of drugs with
a multimodal mechanism of action, allowing for the
simultaneous modulation of various components of
the pathological process.

Conditioned media (CM) are currently considered
as novel multicomponent agents that target several
pathological pathways simultaneously. Using a model of
glutamate excitotoxicity, the neuroprotective properties
of CM derived from mesenchymal stem cells, neural
stem cells, oligodendrocytes, and astrocytes have already
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been demonstrated [8—10]. Owing to their diverse
composition, which includes extracellular vesicles,
microRNAs, proteins, peptides, and metabolites,
CM exhibit multitargeted effects aimed at stabilizing
oxidative stress, inhibiting apoptosis, and reducing
ER stress. Previously, our laboratory demonstrated
the therapeutic properties of conditioned media from
glial derivatives of human induced pluripotent stem
cells (GPCs) in a stroke model and a neuritogenesis
model [11-14].

The aim of this study: evaluation of the
neuroprotective effect of CM derived from human glial
progenitor cells and analysis of the main biological
pathways and signaling cascades contributing to
neuroprotection in a glutamate excitotoxicity model
using transcriptomic analysis.

Materials and methods

Preparation of conditioned media from glial
progenitor cells (CM-GPC)

The cellular material for obtaining the conditioned
media from glial progenitor cells preparation (CM-GPC)
consisted of glial progenitor cells previously derived
from induced pluripotent stem cells of a healthy
donor according to the protocol described in [15].
GPCs were cultured in a media of the following
composition: 1% N2, 1 mM L-glutamine, 50 U/mL
penicillin/streptomycin (PanEco, Russia), 1% fetal
bovine serum (Gibco, USA), supplemented with
growth factors: 10 ng/mL FGF-2, 20 ng/mL EGF, and
20 ng/mL CNTF (Peprotech, USA). Upon reaching
80-90% confluence, the cells were washed three times
with Hanks' solution (PanEco, Russia) to remove
residual serum and transferred to a media devoid of
serum, N2, and growth factors for 16 hours. After
incubation, the conditioned media was collected
and then centrifuged for 30 minutes at 10,000 X g to
remove apoptotic bodies and debris. Subsequently, the
supernatant was collected and subjected to sequential
vacuum filtration through membrane filters with
pore diameters of 0.45 pm and 0.22 pm (Millipore,
Germany), after which it was concentrated by tangential
ultrafiltration using a Labscale TFF system (Millipore,
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Germany) with a Pellicon XL 3 kDa cartridge to a final
protein concentration of 250 pg/mL. The finished CM
preparations were stored at—80 °C. Protein concentration
was measured using a ready-to-use Quick Start™
Bradford Protein Assay kit (Biorad, USA).

Establishment of a Neuroglial Culture and
Induction of Glutamate Excitotoxicity In Vitro

Modeling of glutamate excitotoxicity in vitro was
performed on primary neuroglial cultures of the cerebral
cortex isolated from newborn rat pups (P0) [15]. Cells
were cultured in Neurobasal medium (Gibco, USA)
supplemented with 1 mM L-glutamine, 50 U/mL
penicillin-streptomycin (PanEco, Russia), and B27
supplement (Gibco, USA). On day 10 after plating,
CM-GPC preparations were added to the cultures at final
concentrations of 5, 15, and 45 pg/mL. An equivalent
volume of serum-free DMEM/F12 medium was used
as a negative control to exclude any neuroprotective
effect of the vehicle medium itself. On the following
day (11 DIV), glutamate excitotoxicity was induced
according to a previously described protocol [15]. The
experimental protocol involved the use of three types
of solutions:

(1) a normalized buffer (140 mM NaCl, 5 mM
KCl, 2 mM MgCl,, 1 mM CaCl,, 5 mM glucose, 20
mM HEPES) for washing the cultures;

(2) a glutamate solution (100 pM glutamate, 10
mM glycine, 2 mM CaCl, in normalized buffer);

(3) a calcium-free solution (normalized buffer with
2 mM MgCl, and without CaCl, addition).

The modeling procedure was as follows: after
removing the growth medium and washing with solution
(1), solution (1) was left in the control wells, while the
experimental wells received solution (2), followed by
incubation for 1 hour. After incubation, the cells were
washed twice with solution (3) and the previously
collected native culture medium was returned to the wells.

Assessment of Cell Viability by
a Biochemical Method (MTT Assay)
Assessment of cellular metabolic activity
was performed using the MTT assay. For this
purpose, the reagent (3-[4,5-dimethylthiazol-2-yl]-
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2,5-diphenyltetrazolium bromide; Merck, Germany) was
preliminarily dissolved in dimethyl sulfoxide (DMSO,
ThermoFisher, USA) and added to the culture medium
to a final concentration of 0.1 mg/mL. The samples
were incubated for 1 hour in a CO, incubator at 37 °C.
Following incubation, the supernatant was removed, and
the formed formazan crystals were dissolved in DMSO.
The absorbance of the resulting solution was measured
using a ClarioStar plate spectrophotometer (BMG Labtech,
Germany) at 520 nm and 690 nm. The final optical density
values were expressed as a percentage relative to the
control (intact cultures were taken as 100%).

Statistical analysis

Each experiment was repeated at least four times
using cultures derived from unrelated cells. Data
processing was performed using GraphPad Prism 10
software (GraphPad Software, USA). Comparisons
between groups were conducted using one-way analysis
of variance (one-way ANOVA) followed by Dunnett's
post hoc test for multiple comparisons correction. The
Shapiro—Wilk test was used to assess the normality
of distribution. Final values are expressed as mean +
standard deviation (Mean + SD).

Transcriptomic Analysis
Isolation and Purification of Total mRNA

To identify intracellular signaling pathways
modulated by the CM-GPC preparation under conditions
of glutamate excitotoxicity, total RNA sequencing was
performed. CM-GPC was added to the cultures 24 hours
prior to damage induction, and glutamate stress was
induced the following day according to the procedure
described above. Four hours after completion of the
glutamate incubation, total RNA was isolated using the
RNeasy Plus Mini Kit (Qiagen, Germany) according
to the manufacturer's protocol. The obtained samples
were stored and transported at—80 °C.

Residual genomic DNA was removed from the
RNA preparations using the Turbo DNA-Free Kit
(Thermo Fisher Scientific, USA) in a reaction volume
of 50 pL. Subsequent nucleic acid purification was
performed using Agencourt RNAClean XP reagent
(Beckman Coulter, USA), strictly following the

KJTETOYHAA BOJ10T A



Shedenkova M et al. RUDN Journal of Medicine. 2026;30(3)

manufacturer's instructions. RNA concentration
was measured fluorometrically using the Quant-iT
RiboGreen RNA Assay Kit (Thermo Fisher Scientific,
USA). The integrity and quality of the isolated RNA
were assessed on an Agilent bioanalyzer using Agilent
RNA 6000 Pico Chips (Agilent Technologies, USA).

Preparation of Transcriptomic Libraries
and RNA Sequencing

Procedures for library preparation and
bioinformatic analysis were performed according to
approaches previously validated in our studies [16].
Starting aliquots of 250 ng of total RNA were used
for transcriptomic library synthesis. Libraries were
prepared using a poly(A)-mRNA enrichment module
on magnetic particles (NEBNext) and the KAPA
RNA Hyper Kit (Roche, Switzerland) according to
the manufacturer's instructions. Intermediate RNA
purification was performed using RNA Clean XP,
and final purification of the completed libraries was
carried out using Agencourt AMPure XP magnetic
particles (Beckman Coulter, USA). Fragment size
distribution and quality parameters of the libraries
were determined using the Agilent High Sensitivity
DNA Kit (Agilent Technologies); quantification was
performed fluorometrically using the Quant-iT DNA
Assay Kit, High Sensitivity (Thermo Fisher Scientific).
The resulting libraries were pooled in equimolar ratios
to a final pool concentration of 750 pM. Sequencing was
performed on a NextSeq 1000 platform (Illumina) using
a NextSeq 1000/2000 P2 Reagents Kit (200 cycles) v3
with the addition of 2% PhiX control.

Bioinformatic Processing of Sequencing Results

Initial read quality assessment was performed
using the FastQC utility [17]. Low-quality regions
and technical adapter sequences were removed
using Trimmomatic [18]; additional read processing
was conducted using the Cutadapt utility with the
parameter — nextseq-trim 20. Quantification of
gene expression levels was performed using Salmon
(mapping-based mode) [19]. The complete transcript
set for the R. norvegicus genome assembly rn6 from
the ENSEMBL database version 106 was used as the
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reference transcriptome. During reference transcriptome
indexing, the genomic nucleotide sequence was included
as a decoy sequence to prevent erroneous read mapping.
Aggregation of expression values from the individual
transcript level to the gene level was performed using
the R package tximport [20]. Statistical analysis of
differential gene expression between compared groups
was performed using the R package edgeR with
the glmLRT test [21]. The threshold for statistical
significance was set at FDR < 0.05.

Results and discussion

Assessment of the Neuroprotective Effect
of CM-GPC

Twenty-four hours after exposure to 100 pM
glutamate on primary rat cortical neuron cultures,
a significant decrease in the number of viable cells was
recorded. Their viability relative to the intact control
(taken as 100%) decreased to 61.7 + 12% (Figure 1).
In this case, pre-incubation of cultured neurons for
24 hours with CM-GPC at concentrations of 5, 15,
and 45 pg/mL led to a significant increase in the
number of viable neurons to 86.2 + 15% (p = 0.0005)
for 15 pg/mL and to control values upon addition of
45 pg/mL (p < 0.0001). Furthermore, upon addition of
DMEM/F12 medium alone as a negative control (since
glial progenitor cells were incubated in DMEM/F12
during conditioned medium preparation), no difference
was observed compared to the group incubated with
glutamate only (Figure 1).

Transcriptomic analysis of neuroglial cultures
in a model of glutamate excitotoxicity

Analysis of differential gene expression upon
addition of conditioned medium to the cultures against
the background of glutamate exposure

The addition of conditioned medium led to
a statistically significant change in the expression
of 652 genes: of these, 173 exhibited upregulated
transcription in the group treated with conditioned
medium from glial progenitor cells (CM-GPC),
whereas 479 genes, conversely, showed downregulated
expression (p < 0.05, FC > 1.5; FC <-1.5).
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Figure 1. Determination of the viability of cortical neurons using the MTT-test

Note: Intact — intact group, Glutamate — addition of glutamate (100 pM), Glutamate+DMEM/F12 — addition of DMEM/F12 24 hours
before glutamate, Glutamate+CM-GPCs (5, 15, 45 ug/ml) — addition of CM-GPCs (5, 15, 45 pg/ml) 24 hours before glutamate. Data
were analyzed using one-way ANOVA with Dunnett's post-hoc test. Data are presented as means and standard deviations.

Functional annotation of differentially expressed
genes using the Gene Ontology and KEGG databases
revealed their significant enrichment in categories related
to regeneration, wound healing, negative regulation of
apoptosis, response to oxidative stress, and response
to growth factors. Specifically, the upregulated genes
were grouped into the following functional clusters:
positive regulation of cell adhesion (24 genes, including
FbiIn2 and Fstl3, which encode proteins involved in
brain extracellular matrix remodeling during reparative
processes; Lgalsl and Fnl — the genes encoding
galectin-1 and fibronectin, which are essential for the
growth of damaged axons; Efemp2, whose product
ensures the structural organization of the extracellular
matrix [22—-25]); wound healing (16 genes, including
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Nog and Igf1, which control neuronal differentiation and
survival; Csrpl — a regulator of the actin cytoskeleton;
Timpl — a metalloproteinase inhibitor that activates
anti-apoptotic genes of the Bcl-2 family; Ccnl, which
stabilizes synapses during brain development and under
neurotoxic conditions [26—-30]); regeneration (12 genes:
Spp1, required for mitochondrial function and activated
upon neuronal injury; Ptpru, whose phosphatase
dephosphorylates [3-catenin, thereby affecting intercellular
adhesion and stabilizing focal contacts; Bace2 — an
a-secretase that reduces f-amyloid production and its
associated toxicity [31, 32]); gliogenesis (11 genes:
Oligl — a transcription factor of oligodendrocytes
that promotes astrocyte survival and axonal growth;
Metrn, which acts as a neurotrophic factor, stimulating
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the proliferation of neural precursors and neuroblast
migration; Apcdd1 — a potent inhibitor of the Wnt/(3-
catenin and BMP signaling pathways, which play
a key role in neuronal development and differentiation
[33-35]); and response to axon injury (8 genes: Spp1,
the same osteopontin whose expression is upregulated
in motoneurons upon axonal damage and stimulates
regeneration; Tspo — the gene encoding the 18 kDa
mitochondrial translocator protein, which is involved in
neurosteroidogenesis [36, 37]). The increased expression
of these gene groups indicates that CM-GPC initiates
programs aimed at maintaining intercellular adhesion and
restoring damaged processes, which is critically important
for preserving the integrity of neuronal networks and the
overall viability of nerve cells.

The presence of the CM-GPC preparation also
contributed to an increase in the expression of genes
associated with the response to oxidative stress, the
regulation of cellular respiration, and apoptosis.
These genes were reliably classified into the following
categories: Response to oxidative stress (14 genes:
Gpx3 — the gene encoding glutathione peroxidase 3,
one of the key antioxidants; G6pd — the gene for
glucose-6-phosphate dehydrogenase, which plays
a crucial role in neurons by ensuring NADPH
production; Txnl — the gene for thioredoxin 1, another
antioxidant in nerve cells; Atox1 (Antioxidant 1) encodes
a chaperone protein that plays a critical role in copper
transport in neurons to maintain homeostasis and
protect against oxidative damage [38—41]); Calcium ion
transport (14 genes: Rgs4 — its protein interacts with the
G-protein of metabotropic receptors, reducing calcium
influx; Bestrophin-1 (Best1) is a calcium-activated
anion channel that controls the transmission of calcium
signals from glutamate [42, 43]); Glucose homeostasis
(12 genes: Serpinfl — the gene for pigment epithelium-
derived factor (PEDF), which maintains glucose
homeostasis in neurons; VGF — a gene induced by
neurotrophins that regulates energy balance and glucose
metabolism [44, 45]); Cellular response to decreased
oxygen levels (10 genes, including Higd1a (Hypoxia-
inducible gene domain family-1a), a mitochondrial
protein that plays a crucial role in ensuring neuronal
survival under hypoxic stress [46]); Response to reactive
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oxygen species (10 genes, including the aforementioned
peroxidase and thioredoxin genes); Negative regulation
of apoptotic processes (9 genes: Hspb1 (heat shock
protein beta-1) — a critical chaperone gene that acts as
a neuroprotectant by maintaining proper protein folding;
Ier3, a gene encoding a protein activated by ER stress,
which plays a role in protecting cells from apoptosis;
Uchll — a gene encoding a protein that contributes
to the recovery process after neuronal injury [47,
48]); and ATP metabolic processes (8 genes). The
increased expression of these gene groups ndicates that
the presence of CM-GPC promotes the activation of
protective mechanisms in response to oxidative stress
and cell death against the background of glutamate
toxicity. These mechanisms are associated with the
stabilization of cellular respiration and ATP production,
as well as the activation of antioxidant production,
which facilitates the elimination of reactive oxygen
species. Furthermore, genes were identified that reduce
the influx of free calcium ions into the cytoplasm,
thereby inhibiting the intracellular stress that leads to
apoptosis.

Genes with increased expression related to the
response to growth factors were also identified. Among
the categories, the following can be highlighted:
Regulation of cellular response to growth factor
stimuli (10 genes: Fstl3 (follistatin-like 3) — a secreted
glycoprotein that functions as a regulator of TGF-[3
family signaling pathways; Dok5 — a gene required
for the NT-3 signaling pathway, which helps block
TrkC-induced neuronal apoptosis; Tgfb1lil — the gene
encoding the focal adhesion protein Hic-5, associated
with the structural, neuroprotective, and regenerative
role of the TGF-B1 signaling pathway; Fgfbp3
(fibroblast growth factor-binding protein 3) — a secreted
protein responsible for neurodevelopment, particularly
for the formation and regeneration of motor neurons,
through the modulation of FGF signals [49-52]). The
activated genes also included 6 genes associated with the
response to nerve growth factor, among them CorolA,
whose product is required for proper axon navigation
and branching during development [53], and 6 genes
involved in neuropeptide signaling. The increased
expression of these gene groups demonstrates that the
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addition of CM-GPC activated processes associated
with the effects of various growth factors. This suggests
that CM-GPC contains growth factors that activate
intracellular signaling cascades within nerve cells,
promoting survival and regeneration (Figure 2a).

For a more detailed investigation of the intracellular
signaling pathways activated by the preparation,
the upregulated genes were mapped onto canonical
signaling cascades using the KEGG database. The

Neuropeptide signaling pathway °

Response to nerve growth factor- o
ATP metabolic process 0
Response to axon injury- ¢

Response to reactive oxygen species

Negative regulation of apoptotic signaling pathway-
Regulation of cellular response to growth factor stimulus- [ J
Cellular response to decreased oxygen levels- °
Gliogenesis- '

Glucose homeostasis-

Regeneration-

Calcium ion transport-

Response to oxidative stress-

Wound healing-

Positive regulation of cell adhesion-

TGF-beta signaling pathway-|
Cell adhesion molecule (CAM) interaction-|

Phagosome-

b

analysis revealed significant enrichment in the
categories "Phagosome" (10 genes), "Cell adhesion
molecules (CAMs)" (7 genes), and "TGF-f signaling
pathway" (6 genes). These results are consistent with
the classification data based on biological processes,
as the identified cascades are functionally associated
with intercellular adhesion and growth factor signal
transduction (Figure 2b).
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'@
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Figure 2. Results of classification of genes whose expression was increased in the group with the addition of CM-GPC

Note: a — classification with the Gene Onthology database; b — classification with the KEGG 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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Conversely, the genes whose expression was found
to be decreased in the group treated with CM-GPC were
functionally grouped into categories associated with
the processes of neuronal activation during synaptic
transmission. Among these, the following categories
stood out: positive regulation of cellular projection
organization (37 genes, including Clip1, encoding
the CLIP-170 protein, a multifunctional regulator
of microtubule dynamics that tracks their plus ends;
Zeb2, which is actively expressed in the peripheral
nervous system and controls process branching; Sirt1,
which stimulates neurite elongation and branching;
Enpp?2, also responsible for neurite branching; Shtn1,
involved in the generation of asymmetric intracellular
signals that determine neuronal polarization and neurite
outgrowth [54-58]); axonogenesis (30 genes: Tnr,
whose product modulates interactions with extracellular
matrix components, which can lead either to stable
adhesion and differentiation or to repulsion and
inhibition of neurite growth; Ephb1 — a regulator of
directed axon migration; Sema5a — a bifunctional axon
guidance signal whose activity depends on proteoglycan
sulfation; PIxnb3 (plexin-B3), a receptor for SEMAS5A
involved in axon growth direction and cell migration;
Nfasc (neurofascin) — an ankyrin-binding cell adhesion
protein implicated in neurite outgrowth, synaptogenesis,
myelination, and neuro-glial interaction; Robol,
a receptor for SLIT1/SLIT2 that mediates responses
to guidance cues during axonal navigation [59-64]);
regulation of cellular response to stress (29 genes,
including Tmem33 — an ER stress-inducible molecule
that modulates the unfolded protein response cascade
and associated apoptosis; Nfe2l1 — another gene
activated under ER stress conditions; Rockl and Rock2,
associated with the execution of the apoptotic program
[65—67]); dendrite development (28 genes: Mef2c and
Mef2a, which regulate the formation and elimination
of dendritic spines, especially under conditions of
excitotoxicity; Ppp1r9a (neurabin-1), which interacts
with F-actin and is involved in neurite formation [68,
69]); regulation of synapse organization (26 genes:
Septin1l, which plays a role in neuronal cytoarchitecture,
including dendritic branching and spine formation, as
well as in GABAergic synaptic transmission; Afdn —
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a component of the adhesion system that presumably
acts together with the cadherin-catenin complex
in the formation of intercellular contacts [70, 71]);
calcium ion transport (18 genes: Cacnalc, Cacnald,
Cacna2dl, Ryr2, encoding key ion channels and
transporters that control Ca?" entry into the neuronal
cytoplasm [72]); postsynapse organization (21 genes:
Homerl, a scaffolding protein of the postsynaptic
density; Tanc2, a gene encoding a dendritic spine
protein involved in the formation of stable postsynaptic
contacts [73, 74]); negative regulation of organelle
organization (22 genes); microtubule polymerization/
depolymerization (17 genes: Mapt, Map2, Mapla,
Kif21a, whose products regulate microtubule
homeostasis and dynamic reorganization [75]); neuronal
projection organization (13 genes); axo-dendritic
transport (11 genes, predominantly encoding motor
proteins of the kinesin family that mediate organelle
transport along processes: Kif5c, Kif3a, Kif21b, Kif2a,
Kif21a, Kif5b); as well as processes related to the glial
component, in particular astrocyte differentiation (10
genes: Plp1 — the major myelin proteolipid protein of
the CNS; Qki — a regulator of myelination [76, 77])
(Figure 3a).

Analysis of signaling cascades using KEGG
confirmed the suppression of a few key pathways: cCAMP
signaling pathway (15 genes), MAPK signaling pathway
(15 genes), axon guidance (14 genes), regulation of
actin cytoskeleton (14 genes), glutamatergic synapse
(9 genes), dopaminergic synapse (9 genes), and long-
term potentiation (6 genes) (Figure 3b).

The regenerative potential of the brain is
extremely limited, as the complete restoration of lost
nervous tissue remains unattainable to date. This
circumstance significantly complicates the treatment
of neurological diseases, including ischemic stroke,
traumatic brain injury, traumatic spinal cord injuries,
and progressive neurodegenerative pathologies [78,
79]. Existing therapeutic approaches for these
conditions are primarily aimed at alleviating symptoms
and improving the quality of life of patients but do not
ensure the recovery of lost functions [80-82]. In this
regard, there is an urgent need for the development
of fundamentally new therapeutic strategies for
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diseases of the central nervous system. Cell therapy
is regarded as one of the most promising directions,
largely driven by progress in the field of induced
pluripotent stem cells (iPSCs) and the development
of protocols for their directed differentiation into
various cell types, including neuronal and glial
lineages. Numerous studies have confirmed the
efficacy of cell therapy with various routes of stem

cell administration [83-85]. However, studies have
shown that the therapeutic effect is largely attributable
to the paracrine activity of the transplanted cells rather
than their replacement of vacated cellular niches [86].
Thus, the use of conditioned medium may serve as
a promising alternative to the direct implantation of
stem cells. It contains growth factors, neurotrophins,
and exosomes with therapeutic potential [87, 88].
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Figure 3. Results of classification of genes whose expression was decreased in the group with the addition of CM-GPC

Note: a — classification with the Gene Onthology database; b — classification with the KEGG 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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To date, the therapeutic effects of conditioned
medium from many cell lines have been studied;
however, the role of the glial cell conditioned medium
in the restoration of brain function in neurological
diseases remains insufficiently explored. One of the
key characteristics of glia is their ability to exert
neuroprotective effects through paracrine mechanisms
mediated by the secretion of extracellular vesicles,
cytokines, and other signaling molecules [89]. Through
these factors, glial cells regulate CNS activity by
performing metabolic, structural, and homeostatic
functions, including the control of synaptic transmission,
maintenance of neuronal homeostasis, and regulation
of blood-brain barrier permeability [90]. The activation
of these mechanisms contributes to the maintenance of
normal neuronal activity and ensures the protection of
nervous tissue from damaging influences. Consistent
with previous studies on PC12 cells, neuroprotective
properties of conditioned medium from glial progenitor
cells against the toxic action of glutamate have also
been demonstrated in rat cortical neurons. The decrease
in the level of cell death observed in the presence of
CM is consistent with the transcriptomic data, which
revealed increased expression of genes associated
with the negative regulation of apoptosis, including
genes encoding chaperone proteins. Furthermore, it
was previously shown that the presence of CM reduces
oxidative stress in PC12 cells exposed to glutamate
in vitro and promotes the increased expression of
a number of genes responsible for the activation
of the antioxidant defense system, among them
Hmox1 [91]. The results obtained in the present study
are consistent with the transcriptomic data showing
that the presence of CM under conditions of glutamate
excitotoxicity is accompanied by increased expression
of genes classified according to Gene Ontology into
the categories “Response to oxidative stress” and
“Response to reactive oxygen species”. Among the
activated genes were those encoding glutathione
peroxidases, thioredoxins, and a number of antioxidant
proteins. Moreover, these results align with evidence on
the protective functions of glial cells and their ability
to stimulate the synthesis of antioxidants, leading to
the protection of neurons from oxidative stress [92,
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93]. Presumably, such a neuroprotective effect may
be associated with the activation of TGF-beta growth
factor signaling cascades in nerve cells, as the addition
of CM increases the expression of the Tgfb1 gene.
According to studies, this growth factor is secreted by
astrocytes and, by interacting with its receptors on the
plasma membrane of neurons, activates the c-Jun/
AP-1 signaling cascade, which leads to enhanced
neuronal survival by activating the antioxidant
defense system [94].

Furthermore, according to the transcriptomic
data, the addition of CM reduces the expression of
genes classified by the Gene Ontology database into
the categories “Regulation of calcium ion transport
into the cell”, “Regulation of synapse organization”,
and “Postsynaptic organization”, which included
genes encoding calcium channel proteins within the
postsynaptic membrane. A number of genes with
decreased expression upon CM addition were assigned
by the KEGG database to the groups “Glutamatergic
synapse” and “Long-term potentiation”, which
included genes of glutamate receptors. These results
are consistent with previously obtained data on the
effect of CM proteins on calcium transport into
neurons during glutamate exposure. Using real-time
calcium imaging, it was demonstrated that proteins
of the conditioned medium from glial progenitor cells
reduce the efficiency of calcium ion entry into the
neuronal cytoplasm upon glutamate exposure [95].
Such an effect may be associated with the decreased
expression of genes encoding calcium transporters and
glutamate receptors and a corresponding reduction in
these channels on the postsynaptic membrane of cells,
which also serves as a protective mechanism against
glutamate hyperstimulation and the pathological
accumulation of free calcium in the cell cytoplasm,
consistent with the findings of other researchers.
It has been shown that astrocytes protect neurons
from excessive calcium influx into the cytosol and
subsequent excitotoxicity by maintaining ionic
homeostasis, especially after glutamate excitotoxicity,
through the regulation of the ionic environment of
neurons and the synthesis of neurotrophic factors that
promote neuronal survival [94-97].
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The investigation of the mechanisms underlying
the neuroprotective action of conditioned media derived
from various cellular sources remains one of the key
challenges in modern cell biology and neurobiology. The
data accumulated to date indicate that conditioned media
possess a number of advantages over other therapeutic
agents, which is attributable to their multi-target
mode of action and their ability to modulate a broad
spectrum of intracellular signaling cascades. A detailed
elucidation of the mechanisms by which CM influences
nerve cells provide a foundation for the development
of innovative and effective therapeutic agents intended
for the treatment of neurological diseases.

Conclusion

The obtained data indicate that human CM-GPC
exerts a neuroprotective effect mediated through the
activation of mechanisms associated with counteracting
oxidative stress, the suppression of calcium ion entry
into the cytosol, and the stimulation of growth factor
signaling pathways, in particular transforming growth
factor beta (TGF-3). The use of this therapeutic agent
allows for the partial compensation of the consequences
of pathological glutamate excitotoxicity, which opens
up prospects for improving the efficacy of therapy for
neurodegenerative diseases.
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AHHoOTanMsA. AKTyanbHOCTh. B coBpeMeHHO OMOMeUIMHe CTpaTeruy JieueH!sl HeBPOJIOTHUeCKUX PaCcCTPOWCTB BCe
yarje OKyCHPYIOTCS Ha pa3paboTKe My/IBTUTAPTeTHBIX TeparieBTHUeCKHX Mozxo0B. Cpesiy epCcrieKTUBHBIX HarpaB/ieHUH
BBIJIEJISTIOTCSI TIperaparhl Ha OCHOBe KOH/MLIMIOHUPOBAHHBIX cpell. B 1aHHOM paboTe BriepBbIie OCYILeCTB/IEH TTOJTHOreHOMHBIN
TPaHCKPUIITOMHBIN aHau3 JuddepeHiiaIbHON KCIIPeCCUY TeHOB KIeTOK MepBUYHON Ky/IbTYPhl KOPTUKA/IBHBIX HEMPOHOB,
TIPOMHKYOMPOBAHHBIX C KOHJULIMOHUPOBAHHOM CPe/IOl OT TVIMA/IBHBIX K/IeTOK-TIPEIIeCTBEHHUKOB Ue/loBeKa Ha (hoHe WHIYKLIUU
[TyTaMaTHOM 3KCaUTOTOKCUYHOCTH. [laHHOe HCC/iefloBaHKe MO3BOJISeT MPe/I0/IOKUTE NOTeHLMaIbHbIE MOJIEKY/ISIPHbIE MeXaHU3MBbI
HabJTF07[aeMOoro0 3aIUTHOTO AelcTBus. Mamepuaibl u Memoobl. KOHUIMOHIPOBAHHYIO Cpefly COOMpPaH OT Ky/IBTyPhl IIHAILHBIX
TIpe/illIeCTBEHHUKOB YeJIOBeKa 1 TI0/IBePrasii OUMCTKe ¥ KOHIIeHTPHPOBAHMIO MeTO/IOM TaHTeHI[UaIbHOM yABTpadUIbTpaLivu.
JKCaUTOTOKCHUYeCKOe BO3ZleliCTBHe ITyTamaTra MO/e/IMpPOBaIv Ha IepBUYHBIX KOPTHKA/IbHBIX HeMpOHax HOBOPOXKeHHBIX (P0)
KpBIC TTyTeM BHeCeHVsl HATPUEeBOH COJIM IyTamMaTa B KOHeuHOH KoHteHTparuu 100 MKM. YKu3HecrocoOHOCTE KITeTOK OLieHHBa/IA
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¢ nomoibto MTT-Tecta. TpaHckpunToMHble 6ubMOTEKM cekBeHrpoBany Ha myiatgopme NextSeq 1000 (Illumina, CIIIA),
KOHTPOJIb KaueCTBa MPOUTEeHUH MMPOU3BOUIIN C TTOMOLbI0 yTHUTHI FastQC. [I1s1 oLeHKH fuddepeHIanbHON SKCIpeccun
reHoB ObL1 MCrob30BaH R-makeT edgeR (3Hauenue FDR menee 0,05). Pesyibmambt u 06cyscoeHue. ViccienoBaHume mokasaso,
yto f06aBeHre 45 MKI/MJT KOHJULMOHUPOBAHHOM CPe/ibl BOCCTAHABIMBAET YPOBEHb BBDKMBAEMOCTH KJIETOK JI0 KOHTPOJIbHBIX
3HAUeHHWH, TO eCTh Tpenapar 00/aaeT [0303aBUCHMbIM HEMPOMPOTEKOPHBIM JiefcTBrEM. 10 pe3yabTaTaM TPaKCKPUIITOMHOIO
nipocdunrpoBanus fobaBneHre cpe/bl Ha (hOHe ITyTaMaTHOTO CTPecca MPUBOAWIIO K TIOBBIILIEHUIO KCIpeccuu 173 reHoOB
v niogiaBnieHuto 479 reHoB. [IuddepeHrriaapsHO IKCIIpeCcCUPOBaHHbIE TeHbl CTaTUCTUYeCKH /I0CTOBEPHO K/IaCTepr30BalvCh
1o GyHKIMOHAMBHBIM rpynaM. K urcny Hanboree mipeAcTaBIeHHBIX OMOIOrMYeCKUX MPOLIeCCOB, CBSA3aHHBIX C aKTUBUPO-
BaHHBIMU T'€HAaMU, OTHOCU/TUCh PereHeparusi, MEe>XKK/JIeTOUHas a/ire3usi, OTBET Ha OKUCJIUTE/bHBIN CTPeCC, UHTHOUPOBaHUe
arioriro3a u aktrBauus TGF-B-curHanbHoro Kackazja. I'eHbl, SKCIIpeccrsi KOTOPBIX CHUKalach, PEMMYIIeCTBEHHO Y4aCTBOBaIN
B TPaHCIIOPTe MOHOB Ka/blYs, [JIUTaMaTepruuecKoii Heliporepejade U peryyisiLui pocTa 1 BeTBIeHUs HelpuToB. [ToyyeHHbIe
JlaHHBIE TI03BOJIAIOT MPEJII0/I0KNUTh, YTO KOMIIOHEHTHI KOH/JULIMOHUPOBAHHOM Cpe/ibl 3aMyCKaloT B HelipoHax NporpaMMbl
AQHTUOKCUJAHTHOM 3allJUThI U BOCCTAHOB/IEHUS], OJHOBPEMEHHO OrpaHUYMBasi Ype3MepHYIO aKTUBALIUIO TJIyTaMaTHBIX PeLielTOPOB
Y TIPUTOK MOHOB KajibLiusi. Bbi8oObl. ViccnemyeMblii mperapaTr KOHAWLMOHUPOBAHHOW cpe/ibl 00/1a/jaeT HelponpOTeKTOPHBIMU
CBOMCTBaMH B YCJIOBUSIX TJIyTaMaT-UH/YLIMPOBaHHOM 3KCaWTOTOKCUUHOCTH. [Ipe/ronioxKuTe/TbHO, B OCHOBE [JaHHOTO 3¢ deKTa
JIeXKUT OJJHOBpEMeHHasi MHAYKLMsI IKCTIPeCCHY TeHOB, CITOCOOCTBYIOLMX BEDKUBAHUIO, U TI0/jaB/IeHHe TeHOB, 00eCIieunBaroIux
IlyTaMaTepruyeckyo HelipoTpaHCMUCCHE0. COBOKYTTHOCTb MOMyUeHHBIX JaHHbIX T0ATBeP)K/aeT epCreKTUBHOCTD JanbHeuen
Pa3paboTKH JIeKapCTBEHHBIX CPEICTB Ha Oa3e KOHAWLMOHUPOBAHHBIX CPe/l ITHATbHBIX KJIETOK-TIPEIIeCTBEHHUKOB Ue/loBeKa
JI71S1 Tepary HeBPOJIOTMUeCKHX PacCTPOMCTB.

KnroueBble €/10Ba: KOHULIMOHUPOBAHHAS CpeJia, IVIyTaMaTHasi 3KCaliTOTOKCUYHOCTb, TPAHCKPUIITOMHBIN aHa/IU3, [JIabHble
K/eTKU-TipeAecTBeHHUKH, nlICK

Nudopmarius o puHaHcupoBanuu. PaboTta BhINoyiHeHa 1py GUHAHCOBOM oA IepKKe MUHUCTEPCTBA 00pa30BaHUs ¥ HAYKU
Poccuiickoit ®enepauyu KBK: 075 0110 47 2 HO8 70440 621. Kop HayuHol Tembl: FSSF-2025-0004.

Bkiap aBropoB. [lleenkoBa M.O. — au3aiiH sKCriepuMeHTa, aHa/li3 JaHHbIX U HalMcaHue TekcTa; ['ypbsiHoBa A.A. — aHanu3
nanHbix; CynuHa A.K. — HamnvcaHue TekcTa U nepeBo/, Tekcrta; MakcumoB .M. — nepeBog, TekcTa; I'yryuns E.I1. — ananus
nanHbix; KaprnyneBuu E.A. — aHanu3 gannbix; @axyauHoB T.X. — uzes ucciefoBanus U au3aid; Tonpamreiin [1.B. — unes
ucciegoBanus U ausaii; Canuxosa .. — HayuHOe peflakTHpPOBaHWe TeKCTa, uzest UCCae[loBaHus U u3aiiH. Bce aBTOpbI
BHECJTH CYIIIeCTBEeHHbIN BKJIa/ B [IPOBEIEHKHE MCC/Ie[OBAHMUs U MIOJTOTOBKY PYKOIUCH, IIPOUUTA/IA U O00pH/IN OKOHYATE IbHYIO
BEpCHIO Tiepe/] myO/IuKarye.

I/IdeopMaI.[l/Iﬂ (1] KOH(l)J'lPlKTe HHTEPEeCOB: dBTOPLI 3aABJIAI0T 00 OTCYTCTBHU KOHCbI[I/IKTa HWHTEepeCOoB.

JTHuecKoe yTBepKAeHue. DKCIIepUMeHTh] Ha )KUBOTHBIX [IPOBOAUIMCH B COOTBETCTBUY C STUUeCKUMU IIPUHLMIIAMUA U HOpMa-
TUBHBIMH IOKyMEHTaMH, peKOMeHI0BaHHbIMU EBpornelickum HayuHbiM GonzoM (ESF) u leknaparyeii o ryMaHHOM 06palieH|n
C )KUBOTHBIMH, a TAaK)Xe B COOTBeTCTBUH C ITpnkazom Mun3apascorpa3sutus Poccun ot 23 aBrycta 2010 . Ne 7081 «O6 yTBepxK-
IeHuHr 1abopaTOpHOM MPAKTUKK». YXO[ 38 )KUBOTHBIMH, UX Pa3BeJjeHHe U SKCIIePUMEHTaIbHbIE TIPOLIeAYPhI TIPOBOJUIUCH
B COOTBETCTBUU C TpeOOBaHMSIMU JTUYeCKOro KoMuTeTa HayuHo-1cCre0BaTeIbCcKoro HHCTUTYTa MOP(OIOTUHY YerioBeKa UMeH!
akaziemuka A.IT. AeupiHa ®TBHY «Poccuiickuii HayYHbIi LIeHTp XUpypruv uMeHu akagemuka b.B. ITerpoBckoro». ITpoTokon
Ne 38(14) ot 31.05.2022. Ha B3sTHe GHOIICHI KOXKU Y JJOHOPOB MOJIy4eHO MH()OPMHUPOBAHHOE COT/IacHe BCeX Mal[ieHTOB,
yuacTBOBABUIMX B UcciefoBaHuy. [Iporienypa ogo6peHa MIHCTUTYLIMOHA/IBHBIM 3THYeCKUM KOMUTETOM Me/IMKO-TeHeTUYe CKOro
HayuHoro 1eHTpa (ITporokon Ne 2019-2/3 ot 13 okTsibpst 2020 1.).

BJiarogapHoCTH — HEIPUMEHHUMO.
HudopmupoBanHoe coryiacue Ha MyOIMKaLui0. Y MalyeHTa ObLIo MoayueHo Jo6poBo/ibHOE HH(OPMUPOBAHHOE COT/IacHe
Ha yJacTHe B UCC/Ie[IOBaHUH COTVIaCHO XeTbCUHKCKOM /leKapaiuy BeeMupHoi MequLHCcKol accorparii (WMA Declaration

of Helsinki — Ethical Principles for Medical Research Involving Human Subjects, 2013), 06paboTKy nepCcoHa/IbHBIX AaHHBIX
U CcOoIVIacHe Ha MyOuKaruio.
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Intronic enhancers: regulatory roles
in tissue differentiation and human diseases
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Abstract. Relevance. Intronic enhancers are cis-regulatory DNA elements located within introns of protein-coding or
non-coding genes. Although introns were historically regarded mainly as non-coding interruptions removed during pre-mRNA
splicing, contemporary functional genomics has shown that they are repositories of regulatory information. Intronic enhancers
can control the expression of their host genes, neighboring genes, or even distant genes. Their activity is usually cell-type-specific
and is associated with open chromatin, transcription-factor binding, enhancer-associated histone modifications such as H3K4mel
and H3K27ac, recruitment of coactivators, enhancer-promoter looping, and in many cases transcription of enhancer RNAs.
Results and discussion. This article reviews the biological significance of intronic enhancers with particular attention to two
areas: tissue differentiation and disease. During differentiation, intronic enhancers integrate lineage-determining transcription
factors, developmental signals and determine tissue specificity. They contribute to hematopoietic, endothelial, muscle, adipocyte,
neuronal, and immune-cell identity by controlling the timing, intensity, and specificity of gene expression. In disease, intronic
enhancers are vulnerable sites for pathogenic single-nucleotide variants, insertions, deletions, copy-number changes, epigenetic
disruption, and aberrant enhancer hijacking. Examples include GATA?2 enhancer mutations in immunodeficiency and myeloid
malignancy predisposition, FTO intronic variants affecting IRX3/IRX5 regulation in obesity, and oncogenic enhancer activation
near TAL1 in T-cell acute lymphoblastic leukemia. Conclusion. Thus intronic enhancers should not be treated as secondary
regulatory elements merely because they lie inside genes. Instead, they represent a major layer of genome regulation, connecting
non-coding variation to developmental biology, complex traits, and disease mechanisms. Their study is increasingly important
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for precision medicine, functional interpretation of genome-wide association studies, and future enhancer-targeted therapeutic
strategies.

Keywords: intronic enhancers; cis-regulatory elements; tissue differentiation; chromatin; enhancer RNA; GATA?2; FTO;
TAL1; non-coding variants; disease genetics
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Introduction

The human genome contains approximately 20,000
protein-coding genes, yet protein-coding sequences
occupy only 1,5% of total genomic DNA [1-3]. The
larger biological question is not simply where genes
are located, but how they are regulated in time and
cellular microenvironment. A neuron, a hepatocyte,
a myoblast, an endothelial cell, and a hematopoietic
stem cell carry essentially the same genome, but they
use different regulatory instructions. Enhancers are
among the most important of these instructions. They
are cis-regulatory elements that increase transcription of
target genes independently of their orientation and often
at considerable genomic distance from the promoters
they regulate.

Importantly, the localization of enhancers within
introns allows modulation of gene expression without
altering the amino acid sequence of the genome. As
a result, intronic enhancers are considered an important
source of evolutionary variation in gene regulatory
programs [4].

MEDICAL GENETICS

In addition to intronic enhancers, enhancers can
be classified according to their genomic location into
intergenic and promoter-associated enhancers. Unlike
intronic enhancers, intergenic enhancers are located
within non-coding regions between genes. Among
intergenic enhancers, a subset known as distal enhancers
can be distinguished. These regulatory elements are
typically located at considerable distances from the
promoters they regulate— up to 500-1000 kilobases in
the human genome — whereas intronic enhancers are
generally situated much closer to their target promoters,
usually within 1-10 kilobases [5,6]. Promoter-associated
enhancers are located in close proximity to the promoter
of the gene whose transcription they enhance (Figure 1).

Intergenic distal enhancers are more frequently
involved in the formation of complex regulatory
networks, in which a single enhancer may
simultaneously regulate the expression of multiple
genes. In contrast, intronic enhancers generally exhibit
a closer functional relationship with a specific gene or
a group of closely related genes [6].
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a. Classical Distal Intergenic Enhancer
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Tens to Hundreds of Kilobases
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Initiation of transcription
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b. Intronic Enhancer within the Host Gene
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(embedded in a host-gene intron)
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Figure 1. Distal intergenic and intronic enhancers. (a) Comperison of classical distal intergenic enchancer and entronic enhancer
within the host gene. Classical intergenic enhancers are located in gene-poor genomic regions and regulate target promoters
via long-range chromatin looping across large genomic distances. (b) Intronic enhancers are embedded within introns of
protein-coding genes and operate within compact chromatin domains, forming short-range regulatory interactions with nearby
promoters in the context of host gene transcription

Significantly, the functional differences
associated with enhancer localization within the
genome. Intronic enhancers have been shown to
predominantly regulate the expression of tissue-
specific genes involved in cellular differentiation
and specialized biological functions, often referred
to as luxury genes. In contrast, intergenic and
promoter-associated enhancers are more commonly
linked to genes responsible for cellular homeostasis
and basic cellular functions, commonly known as
housekeeping genes [6]. Notably, the proportion
of intronic enhancers increases substantially from
approximately 38—40% across the human genome as
a whole to 63-74% in certain tissues characterized
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by complex cellular organization and a high degree
of cellular differentiation, including blood, muscle,
and nervous tissues. This observation was confirmed
through bioinformatic analyses of publicly available
genomic datasets from both humans (Homo sapiens)
and rats (Rattus norvegicus) [5-9]. A more detailed
comparison of intronic, intergenic and promoter-
associated enhancers is presented in Table.

This comparison further demonstrates that enhancer
function may depend on its genomic location and
highlights the strong association between intronic
enhancers and tissue-specific biological functions,
particularly in tissues characterized by complex cellular
differentiation.
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Table
Comparison of intronic, intergenic, and distal enhancers
Enhancer . . Distance from Tissue Role in cell Ov_era” I_3roport|on
Genomic location e . - proportion in the in human
category promoter specifi-city differen-tiation -
human genome neural tissue
From several
Intronic |  Within gene introns hundred to tens High _ Oftenregulate ~ 38-40% ~ 63-74%
of thousands of tissue-specific genes
nucleotides
More often involved
Between two genes From tens of Can be both in general processes
Intergenic | in a non-coding region | kilobases to several : g proce = 50-58% = 22-35%
) ) 4 high and low (homeostasis
that is not intronic megabases )
maintenance)
Promoter- Nea_r prompters n Minimal —up to 1-2 | Usually low or o
) exonic and intronic ) Low =2-3% -
associated regions kilobases moderate

More detailed analyses of embryonic and postnatal
samples of blood, muscle, and nervous tissues revealed
a shift in the proportion of predominant enhancer
classes from intergenic enhancers during embryonic
development to intronic enhancers in postnatal tissues.
These findings suggest an important role for intronic
enhancers in the establishment and maintenance of
differentiated cellular identities [6].

Intronic enhancers should also be distinguished
from intronic splicing enhancers. The latter are RNA
sequence motifs that influence splice-site recognition
after transcription. Intronic enhancers in the sense used
in this article are DNA regulatory elements that influence
transcription. The two categories can overlap because
transcription, chromatin state, elongation, and splicing are
coupled processes. Confusing those leads to a common
but serious error: interpreting every intronic functional
sequence as a splicing element when many intronic
regions act at the chromatin and transcriptional level.

Intronic enhancers are biologically important for
several reasons. First, their position within genes makes
them efficient platforms for coordinating host-gene
expression with broader regulatory networks. Second,
because introns can be very large, they provide extensive
sequence space in which lineage-specific transcription-
factor binding sites can evolve. Third, intronic enhancers
may be insulated within topologically associating
domains, allowing them to contact specific promoters
while avoiding inappropriate activation of unrelated
genes. Fourth, they are frequent locations of disease-
associated non-coding variants discovered by genome-

MEDICAL GENETICS

wide association studies. A variant inside an intron may
be mistakenly assumed to be harmless if analysis is
restricted to protein sequence or canonical splice sites. In
reality, such a variant can disrupt a transcription-factor
motif, alter chromatin accessibility, change enhancer-
promoter contact frequency, and modify disease risk.
Intronic enhancers are particularly important
for the development and maintenance of the nervous
system, especially the brain. A study published in 2014
demonstrated that disruption of enhancer activity in
the genomes of embryonic mouse brain cells resulted
in severe neurodevelopmental abnormalities and
irreversible defects in brain formation that were
incompatible with normal organismal development
and survival [10]. Furthermore, accumulating evidence
suggests that dysfunction of enhancers and other
non-coding regulatory elements may contribute to
the pathogenesis of various neuropsychiatric and
neurodegenerative disorders [11-13].

Mechanisms of intronic enhancer function

It is known that introns occupy 24% of all DNA
compared to 1.5% for exons [6]. Intronic enhancers
are enhancers embedded within introns. The intron
belongs structurally to a gene, but the enhancer within
it may regulate the host gene, a neighboring gene, or
a distant gene. A sequence may be "inside" one gene
in genomic coordinates but functionally assigned to
another gene through chromatin looping and three-
dimensional genome organization.
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This distinction has become central in modern
genomics. Large-scale projects such as ENCODE,
Roadmap Epigenomics, and FANTOMS5 have
demonstrated that active enhancers can be identified
using combinations of chromatin accessibility,
transcription-factor binding, histone marks, enhancer-
associated transcription, and enhancer-promoter
correlations. ENCODE classified candidate cis-
regulatory elements using marks such as DNase
hypersensitivity, H3K27ac, H3K4me3, and CTCF
binding. FANTOMS5 used cap analysis of gene
expression to detect transcribed enhancers across
a wide panel of human tissues and cell types.
These resources have revealed that enhancers are
not randomly distributed; many show strong tissue
specificity, and substantial fractions occur within
introns [14-16].

According to some researchers, enhancers represent
the most abundant class of regulatory elements in the
human genome, exceeding promoters, silencers, and
insulators in number [17].

Importantly, intronic enhancers share many
functional mechanisms with other classes of enhancers;
however, their localization within introns confers several
distinctive regulatory features.

Cells achieve differential gene expression through
complex gene regulatory networks. In many cases,
activation of a target gene requires the participation of
specialized regulatory proteins known as transcription
factors (TFs). These proteins recognize and bind
specific DNA sequences within enhancer regions and
recruit additional regulatory complexes involved in
transcriptional activation [18].

The primary mechanism of intronic enhancer
function is believed to be the enhancement of
transcription through physical interactions with the
promoter of a target gene. Experimental evidence
indicates that enhancers can establish direct contacts
with promoters even when located at considerable
genomic distances from their target genes. These
interactions are mediated by the formation of chromatin
loops during transcriptional activation and were directly
visualized using advanced microscopy techniques in
2022 [19].
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The interaction between an enhancer and its target
promoter is a highly complex process that remains
incompletely understood despite extensive research
conducted throughout the 2020s [20]. This process
critically depends on the recruitment of transcription
factors and numerous additional regulatory
proteins. Many of these proteins are involved in
altering chromatin conformation and include co-
regulators, chromatin remodelers, and chromatin-
modifying enzymes. In addition, RNA polymerase II
(RNAPII) plays a central role in enhancer-mediated
transcriptional activation. Conservative estimates
suggest that enhancer function may involve interactions
with up to 200 proteins [21]. Although not all of
these proteins are likely to be indispensable, many
of them cooperate to mediate a series of molecular
interactions and biochemical processes that ultimately
result in activation of the target promoter and increased
transcriptional output.

The function of an enhancer is largely determined
by its underlying nucleotide sequence, which typically
contains dense clusters of transcription factor binding
sites. The functional potential of an enhancer depends
on several factors, including the types of transcription
factors capable of binding to the enhancer sequence,
their binding affinity, orientation, arrangement, number,
and spacing of individual binding sites, as well as the
surrounding DNA sequence context [5].

A single enhancer often contains multiple
transcription factor binding sites. From an evolutionary
perspective, the clustering of binding sites within the
same regulatory element is advantageous because the
cooperative binding of several transcription factors can
substantially increase the transcriptional activity of
a target gene. Furthermore, such an organization enables
a single enhancer to function in different cell types
by integrating distinct combinations of transcription
factors. The availability of multiple transcription factor
binding sites allows different cell types to utilize the
same enhancer while regulating the timing, magnitude,
and context of its activity according to their specific
transcriptional programs. Importantly, a single enhancer
may regulate multiple target promoters, while the
promoter of a single gene can be controlled by several
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enhancers acting simultaneously. This property of
enhancers as cis-regulatory elements contributes to
the precise and robust control of gene expression. In the
case of intronic enhancers, such regulatory flexibility
is thought to facilitate tissue-specific gene expression
programs and cellular specialization. This phenomenon
is particularly evident in blood, nervous, and muscle
tissues, which are characterized by a high abundance
of active intronic enhancers [6].

In addition to DNA and proteins, non-coding RNAs
constitute another essential component of enhancer
function. One example is enhancer RNA (eRNA),
a class of non-coding transcripts produced from active
enhancer regions. Researchers have reported that
vertebrate cells contain tens of thousands of distinct
eRNAs, with their number potentially exceeding that
of matrix RNAs (mRNAs) [5]. The transcription of
eRNAs often precedes promoter activation or occurs
simultaneously with transcription of the target gene.
eRNAs are generally short-lived molecules, and both their
biogenesis and abundance are regulated by other classes
of RNA [22]. Notably, a subset of polyadenylated eRNAs
has been reported to interact with promoters located on
different chromosomes and contribute to the regulation
of target gene transcription [21]. Some researchers have
proposed that eRNAs may serve as markers of enhancer
activity. The prevailing view is that eRNAs contribute
to maintaining an open chromatin conformation at
active enhancers, thereby facilitating transcription.
However, alternative hypotheses suggest that eRNAs
may represent a by-product of enhancer activation rather
than functional regulatory molecules [21]. Several studies
have demonstrated that enhancers producing eRNAs
tend to exhibit stronger regulatory activity than those
that do not [23]. Furthermore, eRNAs have been shown
to interact with key components of enhancer-mediated
transcriptional regulation, including the mediator
complex, transcriptional activators and co-activators,
as well as proteins involved in epigenetic chromatin
remodeling [21].

It is important to note that transcriptional activity
is also influenced by the efficiency of pre-mRNA
splicing. Splicing and transcription are functionally
interconnected processes, and accumulating evidence
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suggests that splicing can enhance transcription through
a positive feedback mechanism. In general, genes
undergoing more efficient splicing tend to exhibit higher
transcriptional activity. One proposed mechanism is
that splicing factors associated with nascent RNA
transcripts interact with RNA polymerase II (RNAPII),
thereby promoting the formation and stabilization of
the transcription initiation complex and enhancing
transcriptional output.

Enhancers can be either inducible (active only in
response to specific stimuli) or constitutive (active
continuously). Constitutive enhancers most commonly
promote the expression of so-called housekeeping
genes, which are expressed in virtually all cell types
regardless of their differentiation status [24]. Inducible
enhancers are considerably more abundant in the human
genome than constitutive ones [24]. The interaction of
extracellular signaling molecules with specific cell-
surface receptors initiates a variety of intracellular
signaling cascades. The ultimate outcome of these
pathways is the activation of transcription factors
that bind to enhancer elements. In some cases, these
signaling molecules are hormones, including steroid
hormones. It is well established that nuclear hormone
receptors, such as the progesterone receptor, androgen
receptor, glucocorticoid receptor, and estrogen receptor,
undergo conformational changes upon ligand binding
and subsequently interact with specific hormone
response elements located within enhancers [25].
However, their strong association with tissue-specific
gene expression suggests that a substantial proportion
of intronic enhancers are activated only in particular
cellular contexts and at specific stages of organismal
development. Such activation promotes the expression
of luxury genes, thereby contributing significantly to
cell differentiation and tissue-specific gene regulation.

Therefore, intronic enhancers regulate gene
expression through interactions with transcription
factors, the formation of physical contacts with
promoters, and participation in maintaining an open
chromatin state. Their activity may be associated
with co-transcriptional splicing processes. Enhancer
RNAs (eRNAs) also play an important role in
transcriptional regulation. A substantial proportion of
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intronic enhancers are activated only under specific
conditions, such as hormonal stimulation. Collectively,
these mechanisms ensure precise spatiotemporal
regulation of gene expression, which is essential for
cell differentiation and the establishment of tissue-
specific functions.

The logic of intronic enhancer function is particularly
visible during tissue differentiation. Differentiation
requires a stable but flexible transition from one
transcriptional state to another. A progenitor cell must
silence some genes, activate others, and maintain a subset
in a poised state. Enhancers mediate this by responding to
lineage-determining transcription factors and extracellular
signals. Intronic enhancers are prominent in this process
because they often lie within genes that are themselves
involved in development, signaling, chromatin control,
or transcriptional regulation. For example, the GATA?2
locus contains intronic enhancer elements required for
hematopoietic regulation; the FTO locus contains intronic
regulatory sequences that influence IRX3 and IRX5
during adipocyte biology; and muscle differentiation
involves extensive enhancer activation by MyoD and
related transcription factors [26].

The role of intronic enhancers in disease follows
naturally from their developmental role. If an enhancer
determines when and where a gene is expressed, then
mutations in that enhancer can cause disease without
altering protein-coding sequence. Disease mechanisms
include loss of enhancer activity, gain of enhancer
activity, creation of novel transcription-factor binding
sites, disruption of chromatin loops, enhancer adoption
by oncogenes, and epigenetic reprogramming. These
mechanisms are particularly important in cancer,
immunological disorders, developmental syndromes,
metabolic and neurodegenerative diseases.

Intronic enhancers in tissue differentiation

General principles of enhancer-mediated
differentiation
The proper functional activity of tissues is ensured
by the stepwise differentiation of cells from less
differentiated progenitor cells. It is evident that all cells
contain an identical set of genetic material, whereas their
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specialization is achieved through epigenetic regulation
of the genome. Intronic enhancers play a key role in
the epigenetic regulation of cellular differentiation.

Enhancers exhibiting tissue-specific activity are
highly enriched within non-coding intronic regions and
regulate the expression of genes involved in tissue-specific
functions, whereas housekeeping genes are more frequently
controlled by intergenic enhancers shared across multiple
tissues. Notably, during the transition from developmental
to adult stages, the predominant class of active enhancers
shifts from intergenic to intronic. The most highly
differentiated tissues contain a greater proportion of
intronic enhancers responsible for the establishment of
tissue-specific characteristics and the activation of the
corresponding luxury genes, whereas the lowest proportion
of intronic enhancers is observed in embryonic stem cells.
Researchers have concluded that the genomic location of
active enhancers is a key determinant of tissue-specific
gene expression control. This concept was demonstrated
by the research group led by Beatrice Borsari through
the analysis of genomic data from 70 human cell types
generated within the Encyclopedia of DNA Elements
(ENCODE) project using computational and bioinformatic
approaches [6, 27]. It is also well established that epigenetic
features, including enhancer activity, can change
throughout an individual's lifetime. During development,
embryos undergo extensive morphological and functional
transformations. These changes determine cell fate and
cellular identity through tightly regulated transcriptional
programs, thereby generating the remarkable diversity of
cell types characteristic of multicellular organisms [28].
Most genes associated with tissue-specific functions are
actively transcribed in more than one tissue; however, they
differ in their expression levels as well as their temporal
and spatial expression patterns, suggesting that their
regulatory mechanisms vary among tissues. Nevertheless,
approximately 10—-20% of all genes are ubiquitously
expressed housekeeping genes that participate in the
fundamental processes required for cellular maintenance
and survival [29].

During differentiation, enhancers often are
modified in different ways. A future enhancer may
be in a closed or inactive state. It may then become
primed, marked by factors such as H3K4mel but
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lacking strong H3K27ac. When differentiation cues
activate lineage-determining transcription factors,
the enhancer may gain chromatin accessibility,
recruit p300/CBP coactivators, acquire H3K27ac,
and contact a promoter through chromatin looping.
This transition from inactive or primed enhancer to
active enhancer is one of the molecular foundations
of cell-fate commitment [30].

Intronic enhancers participate in this process
in several ways. Some regulate the same gene in
whose intron they reside. This arrangement may
allow feedback or feed-forward regulation, especially
when the host gene encodes a transcription factor
or signaling protein. Other intronic enhancers
bypass the host gene and regulate a different gene.
This is common in loci where three-dimensional
chromatin architecture brings an intronic element
into contact with a distal promoter. Therefore, the
physical position of an intronic enhancer does not
automatically determine its target.

Tissue-specific intronic enhancers are often
enriched for motifs recognized by lineage-
determining transcription factors. In myogenesis,
these include MyoD, MYF5, myogenin, MEF2, and
related regulators. In hematopoiesis, GATA, RUNX,
TAL1, LMO?2, and ETS-family factors are important.
In adipogenesis, C/EBP and PPAR-family factors
play major roles [31]. In neuronal differentiation,
proneural factors, bHLH proteins, and activity-
dependent transcription factors contribute to enhancer
selection. Intronic enhancers act as genomic landing
platforms for these factors.

A useful way to understand intronic enhancers
is to view them as regulatory “switchboards”.
A promoter may define where transcription begins,
but enhancers determine whether transcription occurs
strongly, weakly, transiently, or in a specific lineage.
Intronic enhancers can also help fine-tune expression
rather than simply turning genes on or off. This is
critical in differentiation, where dosage matters. Too
little expression of a developmental transcription
factor may prevent lineage commitment; too much
may produce aberrant proliferation or inappropriate
differentiation.
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Intronic enhancers
and three-dimensional genome organization

Enhancer function cannot be fully understood from
linear genome coordinates alone. Enhancers usually
regulate genes through physical proximity created by
chromatin folding [32]. The genome is organized into
compartments, topologically associating domains,
and smaller enhancer-promoter loops [33]. Intronic
enhancers operate inside this architecture (Figure 2).

A major implication is that an intronic enhancer
may regulate a gene located tens or hundreds of
kilobases away. It may even skip the promoter of its
host gene. This is not an exception but a basic property
of enhancer biology. The target gene is determined
by chromatin contacts, boundary elements, promoter
compatibility, transcription-factor context, and cell type.
Thus, assigning intronic enhancers to genes solely by
nearest-gene annotation is often misleading.

This matters during differentiation because
chromatin architecture itself changes. As cells commit
to a lineage, some enhancer-promoter contacts are
strengthened while others weaken. A progenitor cell
may contain poised enhancer-promoter configurations
that become active only after differentiation signals.
In other cases, differentiation reorganizes the
local chromatin environment, allowing intronic
enhancers to contact promoters that were previously
inaccessible.

Intronic enhancers may also contribute to regulatory
insulation. If an enhancer lies inside a gene within
a particular chromatin domain, it may act only on
promoters inside that domain. Boundary proteins
such as CTCF and cohesin help shape these domains.
Disruption of boundaries can allow intronic enhancers to
activate inappropriate genes, a mechanism that becomes
especially important in disease [34].

Enhancer RNAs
and intronic enhancer activity
Many active enhancers are transcribed into
short non-coding RNAs called enhancer RNAs,
or eRNAs [23]. These RNAs are often unstable,
bidirectional, and non-polyadenylated, although
exceptions exist. The presence of eRNA transcription
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is frequently correlated with enhancer activity. In
the context of intronic enhancers, eRNA biology is
especially complex because enhancer transcription
occurs within or near a host gene transcription unit.

There are at least three possible relationships
between intronic enhancer transcription and host-
gene transcription. First, the enhancer may produce its
own eRNA independently of host-gene transcription.
Second, the enhancer may influence transcription
elongation through the host gene. Third, enhancer-
associated transcription may interact with splicing,
RNA polymerase II pausing, or local chromatin
modifications.

The functional role of eRNAs remains debated,
but several mechanisms have been proposed. eRNAs
may stabilize enhancer-promoter loops, recruit

coactivators, facilitate transcription-factor residence,
modulate chromatin accessibility, or help release
paused RNA polymerase II at target promoters [35,
36]. In differentiation, eRNA production can serve as
a sensitive marker of enhancer activation, sometimes
preceding measurable changes in mRNA abundance.
This makes eRNA profiling useful for identifying
lineage-specific enhancers.

Intronic eRNAs also create interpretive challenges.
RNA-seq signals inside introns may be dismissed as
unspliced pre-mRNA or transcriptional noise. However,
some intronic transcription signals represent active
enhancers. Distinguishing these requires integration
of chromatin marks, strand specificity, and enhancer-
associated histone modifications.
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Hematopoietic differentiation
and the GATAZ2 locus

One of the best-studied examples of intronic
enhancer function in differentiation is the GATA2
locus. GATA2 encodes a transcription factor
essential for hematopoietic stem and progenitor cells,
vascular biology, and immune-cell development. Its
expression must be precisely regulated: insufficient
GATA2 impairs hematopoietic stem-cell function,
while dysregulated expression can contribute to
malignancy [37].

The GATAZ2 locus contains conserved intronic
enhancer elements, including the well-known
+9.5 or +9.8 kb enhancer region, depending on
species and coordinate convention. This enhancer
binds hematopoietic transcription factors and is
necessary for proper GATA2 expression in specific
developmental contexts. Experimental and clinical
evidence shows that disruption of this enhancer can
cause GATA? haploinsufficiency [38]. Patients with
GATA?2 deficiency may develop immunodeficiency,
monocytopenia, susceptibility to infections,
lymphedema, myelodysplastic syndrome, or acute
myeloid leukemia.

The importance of this example is broader than
one gene. [t demonstrates that an intronic enhancer
can be clinically equivalent to a coding mutation. If
an enhancer is required for expression of a dosage-
sensitive transcription factor, then enhancer disruption
can produce disease even when the coding sequence is
intact. It also shows why non-coding regions must be
included in genetic diagnosis when phenotype strongly
suggests a regulatory defect.

During hematopoietic differentiation, GATA?2
regulation is stage-specific. Hematopoietic
stem cells and progenitors require GATA?2, but
differentiation toward mature lineages involves
coordinated changes in GATA-factor expression.
Intronic enhancers help implement this timing. They
allow transcription-factor networks to maintain
progenitor identity while preparing for lineage-
specific transitions. In this sense, intronic enhancers
do not merely activate genes; they help define
developmental competence.
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Muscle differentiation
and myogenic enhancer networks

Skeletal muscle differentiation provides
another clear model of enhancer-driven lineage
commitment. Myogenesis is controlled by a hierarchy
of transcription factors, including MyoD, MYF5,
myogenin, and MEF2 [39]. These factors bind to
enhancers and promoters to activate muscle-specific
genes while repressing alternative lineage programs.
Genome-wide studies have shown that myogenic
differentiation involves widespread enhancer
activation, including enhancers located in intronic
regions.

MyoD is especially important because it can act
as a pioneer-like factor in muscle gene regulation. It
binds E-box motifs and recruits chromatin modifiers to
establish active enhancer states. During the transition
from myoblasts to myotubes, many enhancers gain
H3K27ac and show increased accessibility. Some
of these enhancers are located within introns of
genes involved in muscle structure, metabolism, and
differentiation.

Intronic muscle enhancers often contribute to
fiber-type specificity and developmental timing.
For example, enhancers within or near muscle
genes can distinguish expression in slow, fast, or
intermediate fibers. This is biologically important
because skeletal muscle is not one uniform tissue. It
contains fibers with different contractile properties,
metabolic profiles, and responses to exercise or
injury. Intronic enhancers help encode this diversity
by responding to transcription-factor combinations
and physiological cues.

Another important feature of muscle enhancer
biology is regeneration. Adult skeletal muscle
contains satellite cells that can activate myogenic
programs after injury. Enhancers involved in
embryonic or developmental myogenesis may be
reused, modified, or supplemented by regeneration-
specific enhancers [40]. Intronic enhancers therefore
contribute not only to initial differentiation but also
to tissue repair.
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Adipocyte differentiation
and the FTO/IRX regulatory landscape

The FTO locus is one of the most famous examples
of non-coding variation associated with a complex trait.
Variants within introns of FTO are strongly associated
with body mass index and obesity risk. For years, the
intuitive assumption was that these variants affected
FTO itself. Functional studies later showed that the
regulatory story is more complex: intronic sequences
within FTO can form long-range contacts with IRX3
and IRX5, genes involved in adipocyte biology and
energy balance [26, 41].

This example is important for differentiation
because the disease-associated regulatory effects are
linked to adipocyte precursor cells. The risk-associated
enhancer state can influence the balance between
energy-dissipating and energy-storing adipocyte
programs. In simplified terms, non-coding variants in
the FTO intronic region can alter enhancer activity and
change expression of IRX3 and IRXS5, thereby affecting
adipocyte function [41].

The FTO case illustrates three general principles.
First, an intronic enhancer does not necessarily regulate
its host gene. Second, disease-associated variants can
act during a specific developmental window, such as
precursor-cell differentiation, rather than in mature
tissue alone. Third, enhancer-mediated disease risk may
involve quantitative shifts in cell-state programming
rather than complete loss of gene function.

Adipogenesis depends on transcription factors
such as PPARy and C/EBPq, which establish and
maintain adipocyte identity. Intronic enhancers in
adipogenic genes contribute to this regulatory program
by integrating hormonal, metabolic, and developmental
signals. The result is a transcriptional network that
determines whether precursor cells become mature
adipocytes and what functional subtype they adopt.

Endothelial, neural
and immune differentiation
Intronic enhancers also play important roles in
endothelial, neural, and immune-cell differentiation.
Endothelial cells require precise regulation of genes
controlling vascular identity, angiogenesis, barrier
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function, and response to shear stress. Intronic
enhancers within vascular regulatory genes can
confer endothelial-specific expression by binding
ETS-family transcription factors and other endothelial
regulators [42].

In neural development, intronic enhancers
contribute to the differentiation of neurons and glia.
Neural genes are often large, with long introns that
contain regulatory elements. These intronic enhancers
may regulate temporal waves of neurogenesis, regional
identity, synapse formation, and activity-dependent
transcription. Because the nervous system requires
exceptional cell-type diversity, it relies heavily on
combinatorial enhancer logic. Intronic enhancers
provide sequence space for this complexity.

In immune-cell differentiation, intronic enhancers
are involved in lineage specification, activation, and
memory formation. B cells, T cells, macrophages,
dendritic cells, and innate lymphoid cells each use
distinct enhancer landscapes. Activation of immune
cells by fragments of bacterial cell wall or viruses
can rapidly remodel enhancer states, creating de novo
enhancers or activating latent enhancers [43-50].
Some of these elements reside in introns of cytokine
genes, transcription factors, or signaling molecules.
This allows immune cells to respond quickly to
environmental stimuli while maintaining lineage
identity.

Intronic enhancers as fine-tuners
rather than simple switches

A simplistic model would describe enhancers as
switches that turn genes on or off. This is sometimes
useful, but it is incomplete. Many intronic enhancers act
as fine-tuners. They regulate expression level, timing,
cell-type specificity, responsiveness to signals, and
robustness against transcriptional noise.

Fine-tuning is especially important in
differentiation. A developmental gene may need to
be expressed at low levels in progenitors, high levels
during commitment, and reduced levels after maturation.
A single promoter cannot easily encode all these states.
Multiple enhancers, including intronic enhancers, can
provide modular control. Some enhancers respond to
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early signals, others to late differentiation factors, and
others to tissue-specific physiological inputs [51].

This modularity also creates redundancy. Several
enhancers may regulate the same gene, forming
shadow enhancers or enhancer clusters. Redundancy
can buffer development against mutations or
environmental variation. However, it can also
complicate functional interpretation: deleting one
enhancer may have modest effects under laboratory
conditions but strong effects under stress, during
development, or in a specific tissue [45].

Intronic enhancers are therefore part of the
regulatory grammar that allows multicellular organisms
to generate stable but adaptable cell identities. Their
location inside introns is not incidental; it reflects the
dense regulatory use of gene as platforms for chromatin-
based control.

The influence of intronic enhancers
in disease

Non-coding variation and the disease problem

Most disease genetics initially focused on coding
mutations because they are easier to interpret. A missense,
nonsense, or frameshift mutation can be linked directly
to protein structure. Intronic variants, by contrast, were
often treated as variants of uncertain significance unless
they affected canonical splice sites. This approach is
no longer adequate. Many disease-associated variants
identified by genome-wide association studies lie in
non-coding regions, including introns. A substantial
fraction of these variants likely influence gene regulation
rather than protein sequence [52].

Intronic enhancer variants can cause disease
through several mechanisms. A variant may disrupt
a transcription-factor binding motif, reducing enhancer
activity. It may create a new motif, increasing enhancer
activity or changing the cell type in which the enhancer
functions. It may alter chromatin accessibility, DNA
methylation, nucleosome positioning, or histone
modification. It may affect enhancer RNA transcription
or enhancer-promoter looping. Structural variants may
delete an enhancer, duplicate it, reposition it, or place
it near an oncogene.
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These mechanisms are difficult to interpret
computationally because enhancer function is context-
dependent. A variant may have no effect in one cell
type but strong effects in another. A variant may affect
a gene that is not the nearest gene [53]. A variant may
act only during differentiation, inflammation, hypoxia,
hormonal stimulation, or other conditions. Therefore,
functional validation often requires disease-relevant
cell types, developmental stages, and perturbation
methods [54].

GATA2? intronic enhancer mutations
and hematological disease

GATA2 enhancer disruption is one of the clearest
examples of intronic enhancer disease. Germline
mutations in the conserved intronic enhancer of
GATAZ2 can lead to GATA?2 haploinsufficiency [38, 55].
Clinically, this is associated with immunodeficiency,
monocytopenia, dendritic-cell and natural-killer-cell
defects, pulmonary alveolar proteinosis, lymphedema,
myelodysplastic syndrome, and acute myeloid leukemia
predisposition.

The mechanistic logic is direct. GATA?2 is dosage-
sensitive. If an intronic enhancer required for GATA2
expression in hematopoietic cells is disrupted, the
coding sequence may remain normal but total functional
expression is insufficient. This produces a phenotype
similar to loss-of-function coding mutations. In
diagnostic practice, this means that sequencing only
exons may miss pathogenic regulatory variants [56].

The GATA2 example also reveals why enhancer
disease can be pleiotropic. Because GATA2 acts
in multiple developmental and immune contexts,
enhancer disruption can affect several tissues and cell
lineages. The phenotype may vary depending on the
exact mutation, genetic background, environmental
exposures, and stochastic effects in hematopoietic
stem-cell populations.

From a broader perspective, GATA2 disease
demonstrates that intronic enhancers can be essential
developmental elements. They are not optional
decorations of gene architecture. In some loci, they
are required for life-long maintenance of stem-cell
systems.

367



Radaev N.E. et al.

Bectnuk PYJH. Cepusa: Mepgnumna. 2026. T. 30. Ne 3

Intronic enhancers in cancer

Cancer is fundamentally a disease of dysregulated
growth, survival, and cell identity. Enhancers are
deeply involved in all three. Cancer cells can acquire
new enhancer activity, amplify enhancer regions,
hijack existing enhancers, or become dependent on
super-enhancers that drive oncogene expression.
Intronic enhancers contribute to this process in multiple
cancers [57].

One prominent example is TAL1 activation in
T-cell acute lymphoblastic leukemia. TAL1 is normally
involved in hematopoiesis, but aberrant TAL1
expression in T cells contributes to leukemogenesis.
Studies have shown that non-coding mutations
can create or strengthen enhancer activity near
TAL1, including enhancer mechanisms involving
transcription-factor recruitment and monoallelic
expression. Such mutations can generate oncogenic
regulatory elements without changing the TAL1
protein sequence [58].

Cancer-associated enhancer activation may involve
several molecular events. A small insertion or point
mutation may create a binding motif for a transcription
factor such as MYB or ETS-family proteins. A structural
variant may bring an enhancer into contact with an
oncogene. Epigenetic reprogramming may activate
enhancers that are normally silent in the relevant tissue.
Enhancer clusters or super-enhancers may drive very
high expression of oncogenic transcription factors [59].

Intronic enhancers are also relevant to tumor
suppressor genes. Loss or methylation of an intronic
enhancer can reduce expression of a gene needed for
differentiation, DNA repair, apoptosis, or immune
recognition. In this case, the disease mechanism is not
enhancer gain but enhancer loss. Because many tumor
suppressors are dosage-sensitive, partial regulatory
reduction may contribute to cancer risk or progression.

Another major issue is enhancer dependency.
Cancer cells may depend on specific enhancer-driven
transcriptional circuits. This creates therapeutic
possibilities. Drugs targeting chromatin regulators such
as BET proteins, CDK7, CDKS9, or p300/CBP may
preferentially affect enhancer-dependent oncogenic
programs [60]. However, enhancer-targeted therapy
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remains difficult because enhancers are not proteins
with simple active sites. The more realistic near-term
approach is to target coactivators or transcriptional
dependencies rather than individual DNA elements.

FTO intronic enhancer variants
and metabolic disease

The FTO obesity locus is a classic case of how
intronic regulatory variants can influence complex
disease. Obesity-associated variants within FTO introns
were initially interpreted as implicating FTO. Later
functional work showed that these variants are part of
a regulatory landscape affecting IRX3 and IRX5. These
genes influence adipocyte differentiation and energy
metabolism [26].

The disease mechanism is not a simple Mendelian
loss of function. Instead, risk alleles modify enhancer
activity in adipocyte precursor cells, shifting
transcriptional programs related to thermogenesis, lipid
storage, and adipocyte identity [61]. This is characteristic
of many common disease variants: they produce modest
but biologically meaningful changes in gene regulation,
often in a specific cell type or developmental state.

The FTO example has several implications. First,
intronic location does not identify the disease gene. The
disease-relevant target may be distant. Second, enhancer
variants can affect disease through developmental
programming, not merely adult tissue function. Third,
functional genomics can revise gene-trait assumptions
produced by association studies. Without chromatin
interaction data and enhancer assays, the regulatory
connection to IRX3 and IRX5 would be difficult to infer.

This case also illustrates why intronic enhancers are
important for metabolic medicine. Metabolic traits are
often polygenic and regulated through tissue-specific
networks in adipose tissue, liver, pancreas, muscle, and
brain. Intronic enhancers are likely to explain many risk
loci whose coding consequences are absent or weak [62].

Intronic enhancers in autoimmune
and inflammatory disorders
Autoimmune and inflammatory diseases are
strongly enriched for non-coding risk variants [63].
Many of these variants map to enhancers active in
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immune cells. Because immune-cell activation involves
rapid enhancer remodeling, intronic enhancer variants
can alter immune responsiveness without causing
obvious developmental defects [64].

For example, a variant in an intronic enhancer of
an immune regulatory gene may increase transcription-
factor binding after cytokine stimulation [65—69]. The
result may be excessive inflammatory gene expression.
Another variant may weaken enhancer activity and
impair tolerance, pathogen response, or immune-cell
differentiation. Because immune enhancers are highly
cell-state-specific, a variant may act only in activated
T cells, macrophages exposed to microbial products,
or B cells undergoing differentiation.

Intronic enhancers also participate in the formation
of immunological memory. After stimulation, some
enhancers remain epigenetically primed, allowing
faster response to future stimuli [70]. Variants that alter
such enhancers may influence chronic inflammation,
autoimmunity, or vaccine response. This area remains
challenging because disease-relevant cell states are often
transient and difficult to capture in patient samples.

Neurological and developmental disorders

The nervous system is particularly sensitive to
regulatory variation. Neural genes are often large and
contain long introns enriched for regulatory elements.
Brain development requires precise temporal and spatial
gene expression across many cell types. Consequently,
intronic enhancers are plausible contributors to
neurodevelopmental disorders, psychiatric disease,
epilepsy, and neurodegeneration.

Enhancer disruption can affect neuronal
proliferation, migration, axon guidance, synapse
formation, neurotransmitter identity, and activity-
dependent plasticity [71]. In developmental disorders,
enhancer mutations may alter gene expression during
a narrow embryonic window, leaving only indirect
traces in adult tissue. This creates a major diagnostic
challenge: the pathogenic effect may occur in a cell
type that is unavailable for testing.

Structural variants are especially important in
neurodevelopmental disease [72]. A deletion may
remove an intronic enhancer; a duplication may increase
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enhancer dosage; an inversion may separate enhancer
and promoter; a translocation may expose a gene to an
inappropriate enhancer. These mechanisms can produce
disease even when all coding exons are intact.

Because brain tissue is difficult to sample, induced
pluripotent stem cells, organoids, and single-cell
epigenomic methods are increasingly used to model
regulatory disease. These approaches are imperfect,
but they allow functional testing of intronic enhancer
variants in more relevant developmental contexts than
blood-derived DNA alone.

Copy-number variants, enhancer dosage,

and structural rearrangements

Intronic enhancers are not affected only by
single-nucleotide variants. Copy-number variants and
structural rearrangements can have strong effects [73].
A deletion may remove an enhancer, reducing target-
gene expression. A duplication may increase enhancer
dosage or create ectopic contacts. An inversion may
change regulatory topology. A translocation may place
an enhancer near a new promoter.

Enhancer dosage is particularly important for
genes that require precise expression levels [74].
Developmental transcription factors, signaling
molecules, and chromatin regulators often fall
into this category. Too little expression may cause
haploinsufficiency; too much may cause overgrowth,
cancer, or inappropriate lineage specification.
Intronic enhancer CNVs can therefore produce both
loss-of-function and gain-of-function regulatory
phenotypes.

Structural variants can also disrupt topological
domains. If a boundary is deleted, an intronic enhancer
may escape its normal regulatory neighborhood and
activate a gene in an adjacent domain. This mechanism
is sometimes called enhancer adoption or enhancer
hijacking. It is well established in developmental
disorders and cancer [75].

Epigenetic dysregulation of intronic enhancers
Not all enhancer disease is caused by DNA
sequence mutation. Enhancers can also be
dysregulated epigenetically. DNA methylation,
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histone modifications, chromatin accessibility, and
nucleosome positioning can alter intronic enhancer
activity. In cancer, enhancer landscapes are often
globally reprogrammed [76]. In inflammatory disease,
chronic stimulation can reshape enhancer states. In
aging, enhancer activity may drift, contributing to
altered tissue function.

[lustration of results of epigenetic changes and
mutations in intron enhancers shown in figure 3.

Epigenetic enhancer dysregulation is difficult to
classify because cause and consequence often overlap.
A cancer cell may activate an intronic enhancer because
of oncogenic transcription factors, but the enhancer
may then help maintain the malignant state. Similarly,

a. Epigenetic masking of intronic enhancers

Tss

Q

H3K4me1
(enhancer mark) i

inflammation may activate enhancers that further
promote inflammatory gene expression, creating a self-
reinforcing loop.

Epigenetic reversibility makes these mechanisms
therapeutically attractive [77]. In theory, enhancer
activity can be modified without changing DNA
sequence. In practice, current epigenetic drugs are
broad and can affect many genes. More precise
strategies, such as CRISPR-based epigenome editing,
may eventually allow targeted repression or activation
of disease-relevant intronic enhancers [78]. However,
delivery, specificity, durability, and safety remain
major barriers.

Intronic
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Priming mark typical of
enhancers and promoters

ChIP-seq H3K27ac

histone marks < (active enhancer) ]

H3K36me3

(gene body
transcription)

ATAC-seq
(open chromatin)

Active enhancer mark,
shared with promoters
and active gene bodies

Mark of transcriptional
elongation across
gene body (Pol II)

Accessible chromatin
in enhancer and
transcribed regions

>

Zone of ambiguity
Overlap of enhancer and gene body
transcriptional signatures

b. Evolutionary substrate: the SHH ZRS intronic enhancer
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Human GGAGACAAGGGTGGTCCATGGAAGTGGGTCA
Mouse GGAGACAAGGGTGGTCCATGGAAGTGGGTCA
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Figure 3. Epigenetic and evolutionary landscape of intronic enhancers. (a) Intronic enhancers show overlapping enhancer-
associated and transcription-associated chromatin signatures, creating a zone of epigenetic ambiguity that complicates
functional annotation. (b) The evolutionarily conserved SHH ZRS intronic enhancer illustrates how mutations in non-coding
intronic regulatory elements can drive major morphological changes such as polydactyly, highlighting their role as key
modulators of vertebrate evolution

370

MEOAVMUNHCKAA TEHETNKA



Radaev NE et al. RUDN Journal of Medicine. 2026;30(3)

Methods for studying intronic enhancers
in disease

Interpreting intronic enhancer function requires
multiple methods. No single assay is sufficient.
Chromatin accessibility assays such as ATAC-seq
and DNase-seq identify open regulatory regions [79].
ChIP-seq or CUT&Tag for H3K27ac, H3K4me1, p300,
and transcription factors helps distinguish active or
poised enhancers [80]. CAGE, GRO-seq, PRO-seq,
and related methods detect enhancer-associated
transcription. Hi-C, Capture-C, promoter capture
Hi-C, and related methods identify physical enhancer-
promoter contacts [81].

Functional validation is essential. Reporter assays
can test whether a sequence has enhancer activity, but
they remove the element from its native chromatin
context. Massively parallel reporter assays allow
high-throughput testing of many variants, but they also
have context limitations. CRISPR deletion, CRISPR
interference, CRISPR activation, base editing, and prime
editing can test enhancer function at the endogenous
locus [82]. These approaches are especially valuable for
intronic enhancers because the native genomic position
strongly influences target-gene selection.

Expression quantitative trait locus analysis can link
genetic variants to gene expression, but cell-type specificity
is a limitation. A variant may show no eQTL effect in bulk
blood but strong effects in a rare immune subset or during
differentiation. Single-cell multi-omics is beginning to
address this by connecting genotype, chromatin accessibility,
and gene expression in specific cell populations.

Disease interpretation increasingly requires an
integrated framework: variant location, chromatin state,
transcription-factor motifs, evolutionary conservation,
enhancer-promoter contacts, gene expression, phenotype
relevance, and experimental perturbation. Intronic
enhancer variants should not be dismissed because
they are non-coding. They should be prioritized when
they overlap active enhancers in disease-relevant cells
and connect to plausible target genes.

Databases are being created using systems biology
approaches to systematize molecular genetic features in
various diseases for accurate diagnostics and precision
medicine [83-85].

MEDICAL GENETICS

Therapeutic implications

Intronic enhancers create both diagnostic and
therapeutic opportunities. Diagnostically, they
expand the search space for pathogenic variants.
Whole-genome sequencing is superior to exome
sequencing for detecting enhancer mutations,
structural variants, and deep intronic regulatory
changes [86]. However, interpretation remains the
bottleneck. Many intronic variants are found; few
can be confidently classified.

Therapeutically, several strategies are possible.
One is indirect targeting of enhancer-dependent
transcription through chromatin regulators. This is
already being explored in cancer. Another is correction
of causal variants through genome editing, although this
remains technically and ethically complex. A third is
epigenome editing, in which catalytically inactive Cas
proteins are fused to repressors or activators to modify
enhancer states without cutting DNA [87]. A fourth is
oligonucleotide-based intervention when enhancer-
associated transcription or splicing interactions are
involved.

The most realistic near-term impact is improved
diagnosis and patient stratification. For example,
identifying a pathogenic GATA2 intronic enhancer
mutation can change clinical surveillance, family
testing, and transplant decisions [88]. In complex
disease, enhancer variants may help define molecular
subtypes or predict response to therapy. Over time,
enhancer maps may become as clinically important as
coding-gene panels are today.

Conclusion

Intronic enhancers are central components of the
regulatory genome. Their location within introns once
made them easy to overlook, but functional genomics
has shown that introns contain dense regulatory
information. Intronic enhancers can regulate host
genes, neighboring genes, or distant genes through
chromatin looping and three-dimensional genome
organization. Their activity is highly dependent on
cell type, developmental stage, chromatin state, and
transcription-factor context.
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During tissue differentiation, intronic enhancers
help establish and stabilize cell identity. They integrate
lineage-determining transcription factors, extracellular
signals, enhancer-associated transcription, and
chromatin remodeling. Examples from hematopoiesis,
myogenesis, adipogenesis, endothelial biology, neural
differentiation, and immune-cell activation show that
intronic enhancers are not rare exceptions but a recurring
regulatory strategy.

In disease, intronic enhancers provide a mechanistic
explanation for many non-coding variants. They
can be disrupted by point mutations, indels, copy-
number changes, structural rearrangements, enhancer
hijacking, and epigenetic reprogramming. GATA?2
enhancer mutations demonstrate that intronic enhancer
disruption can cause severe Mendelian disease. FTO
intronic variants illustrate how enhancer variation can
influence complex metabolic traits through distal gene
regulation. TAL1 enhancer activation in leukemia shows
how non-coding enhancer changes can drive oncogene
expression.

The main conclusion is that intronic enhancers
should be treated as functional genomic elements with
direct biological and clinical relevance. Exome-centered
thinking is insufficient for many diseases. Future
research should combine whole-genome sequencing,
single-cell epigenomics, chromatin interaction mapping,
and endogenous enhancer perturbation. The long-term
goal is not merely to annotate intronic enhancers but
to understand their causal roles in development and
disease. Once this is achieved, intronic enhancers may
become important targets for precision diagnostics, risk
prediction, and regulatory therapeutics.
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MHTpOHHDbIE 3HXaHCepbl: perynaTopHas ponb B auddepeHunpoBke
TKaHel U BIMsIHUE Ha 3aboneBaHUsa YenoBeKa

=

H.E.PagaeB' ', M.M. A3oBa' ', H.K. [DxynymanueBa’ ~, C.B.I'ypbpsaiHoBa'?

! Poccuiickuii yHUBEpCUTET ApY»KObl Hapo/ioB, 2. Mockea, Poccutickas dedepayus
2 HarjMoHa/TbHBIM [IeHTpP OXpaHbl MaTePUHCTBA U JIETCTBA, 2. buwkek, Kbipebiackas Pecnybauka
3 MHcTutyT BHMoOpraHnyeckoll XUMUK UMeHHd akazieMUukoB M.M. [lemsikuna u FO.A. OBUMHHHUKOR], 2. Mockea, Pocculickas
®dedepayust
< gurianova-sv@rudn.ru

AnHoOTanus. AkKmyaabHocmb. VIHTPOHHBIE S5HXaHCepPhl — 3TO LIUC-perynsaTopHble 3neMeHTs! [IHK, nokanu3oBaHHbIe
BHYTPY UHTPOHOB T€HOB, KOAUPYIOIUX OesiKy, MO0 BHYTPU MHTPOHOB HEKOAMPYIOIUX TeHOB. XOTs MHTPOHBI UCTOPHUYECKU
paccMaTpUBaMCh B OCHOBHOM Kak He KOZIMPYIOLLMe M0C/e/[0BaTe/IbHOCTH, yAasisieMble BO BpeMs crulaiicudra npe-MPHK,
COBpeMeHHbIe laHHble (PYHKIMOHA/IbHOY TeHOMUKH 110Ka3asl, YTO OHU SIB/SIOTCS PeryisiTopaMy TPaHCKPUMLIUA. VIHTpOHHbIE
SHXaHCEePbI MOT'YT KOHTPOJIMPOBATh 3KCIIPECCHUI0 CBOWX T'€HOB, COCEIHUX WU Jla)Ke /IallbHUX TeHOB. MIX aKTUBHOCTh OOBIUHO
crieiuUUHa /17151 KaKJ,0T0 TUIa KJIeTOK M aCCOLMMPOBaHa C OTKPBITIM XPOMaTHHOM, CBSI3bIBAHHMEM TPaHCKPUIILIMOHHBIX (pakTo-
POB, SHXaHCepP-aCCOLIMMPOBaHHLIMU MeTKaMM r'MCTOHa, TakuMy Kak H3K4mel u H3K27ac, pekpyTupoBaHreM KOaKTHBaTOPOB,
(hopMrpoBaHMeM TeT/el MeX/y SHXaHCePOM U TIPOMOTOPOM, U BO MHOTHX CJTydasix TpaHckpuriueii suxancepHoii PHK (3PHK).
Pe3ynbmambl u 06cyscoeHue. OTa CTaThbsi pacCMaTprBaeT OMOJIOrMUeCKYH0 3HaYMMOCTb MHTPOHHBIX 9HXaHCePOB, yaersis ocoboe
BHUMaHMe /IByM o0macTsM: AuddepeHIialiuy TKaHel 1 3abosieBaHusM. Bo Bpemsi muddepeHIpali MHTPOHHbIE SHXaHCepbl
VMHTerpuUpyroT (haKTOphl TPAaHCKPUIILIUU, OIpe/iesisiolilyie HarlpaBaeHue pPa3BUTHS, Pery/asiTOpHble CUTHa/IbI U (P OPMUPYIOT
TKaHecrenupuuHocTb. OHM CIIOCOOCTBYIOT (POPMHUPOBAHHMIO U/IEHTMUHOCTH KJIETOK TeMOT1033a, SH/J0Te/Hs], MBIIIIL], a/UTIOLIUTOB,
HePOHOB ¥ UMMYHHOW CUCTeMbI, KOHTPOJIUPYS BpeMsl, THTEHCUBHOCTD U CIeLIM(pUKY SKCIIPeCcCcHu reHoB. [1pu 3abosieBaHuUsIX
B MHTPOHHBIX SHXaHCepax 00HapyKUBAIOTCSI O[JMHOYHbBIE HYK/IeOTH/JHbIE 3aMeHbI, BCTAaBKH, /|e/IeLIiH, W3MeHeHUsT UMC/a KOTTHH,
SMUreHeTUUeCKUe HapylleHus 1 aHOMasbHbIN TlepexBar sHxaHcepa. [IprMeps! BK/I0Yar0T MyTariuu sHxaHcepa GATA2 npu
MMMYHOZe(ULUTaX U Npe/ipaciiooKeHHOCTU K MUe/IOU/IHBIM 3710KaueCTBeHHbIM OMyXOJIsIM, MHTPOHHbIe BapuaHThI reHa FTO,
Busitolye Ha perynsanuto IRX3/IRX5 npu o)kupeHnH, 1 OHKOTeHHBIN aKTHBaTop SHxaHcepa Bo3sie TAL 1 npu 0CTpo-K/IMHUUECKOM
mumdobsacTHOM sieriko3e T-KeTok. BeiBobl. IHTPOHHBIE SHXaHCEPHI He C/le/lyeT PaCCMaTpPUBaTh Kak BTOPUYHbIE PEry/IsSTOpHbIe
3/IEMEHTBI JIUILb TIOTOMY, UTO OHH PaCIo/IararoTcst BHYTpH reHoB. OHM CKOpee Mpe/ICTaB/IsIoT OO0 Ba)KHbIE 371eMEHTbI PeryIIsiin
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reHoMa, CBSI3bIBAIOLI[Me He KOAMPYIOIIYIO0 BapUAL[MIO C Pa3BUTHEM, CJIOKHBIMU MPU3HAKAMU U MEXaHW3MaMH 3a00/ieBaHUM.
VX u3yuyeHre CTaHOBUTCS BCe 00Jiee BaXKHBIM I/t TIPELU3MOHHON MeAULUHBI, YHKI[MOHATbHON UHTEePIPeTaLi UCC/IeJ0BaHIM
accoryanyii reHoMa Ha ypoBHe Bcero reHoma (GWAS) u OyyIiux cTpaTeruii Tepanyu, HalleJIeHHbIX Ha SHXaHCephI.

KiroueBble cj10Ba: MHTPOHHBIE SHXaHCEPHI, [IUC-PETy/ISTOPHLIE 3IeMeHThI, quddepeHIIMPOBKa TKaHel, XpOMaTHH,
suxancepHast PHK, GATA2, FTO, TAL1, HeKogupyIolilye BapUaHThl, FeHeTUKa 3a00/1eBaHni

Hudopmanus o hpuHAHCHPOBAHUH. ABTODHI 3asiB/ISIIOT 00 OTCYTCTBUM (DUHAHCUPOBAHUSL.

Bxknap aBropos. Pasaes H.E. — ujes uccinenoBanus, HanucaHue Tekcta; A3osa M.M. — ujiess ucciefjoBaHusl, HallMCaHUe
Tekcra; )xynyianveBa H.K. — Hanucanue tekcta; ['ypesinoBa C.B. — au3aiiH vccieoBaHusi, HarmMcaHue U peJjakTMpOBaHue
TeKcTa. Bce aBTOpBI BHEC/TM 3HAUUTE/TBHBINA BK/Ia/] B Pa3pab0TKy KOHIIEMIIUH, TIPOBe/IeHIe NCC/IeJOBaHUS U TIOATOTOBKY CTaThU,
03HAKOMU/IUCh U OfI00PH/IM OKOHUATe/IbHBIM BapUAHT epe/] ybiuKarye.

Hudopmanus 0 KOHGIMKTe HHTEPECOB: aBTOPbI 3asB/ISIOT 00 OTCYTCTBUY KOH(IMKTA UHTEPECOB.
JTHYeCcKoe YTBep)KAeHne — HelIPUMEeHUMO.

BiarogapHocTH — HelIPUMEHUMO.

HudopmuporaHHoe coryiacue Ha my0/JIMKaLHI0 — HENPUMEHUMO.
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Obstructive sleep apnea among commercial drivers in North India
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Abstract. Relevance. Obstructive sleep apnea (OSA) is the most common medical cause of excessive daytime sleepiness
and is recognised worldwide as a significant risk factor for road traffic accidents when undiagnosed or untreated. OSA presents
a critical occupational health concern in the transportation industry, affecting a substantial proportion of today's transport operators,
especially in the trucking sector. Aim of the study was to estimate the risk of OSA among commercial drivers in North India and
investigate its association with vehicle accidents. Materials and methods. A cross-sectional study was conducted involving 153
commercial drivers aged between 24 and 65 years, each with at least 5 years of driving experience. Participants were selected
through simple random sampling after giving their consent. The collected data included demographic information, driving history
(total years of driving, vehicular collisions due to sleepiness, and vehicular incidents), anthropometric measurements (height,
weight, and neck circumference), and health history. Sleep quality, particularly difficulty in falling asleep or maintaining restful
sleep, was assessed using the Pittsburgh Sleep Quality Index (PSQI). The risk of OSA and excessive daytime sleepiness was
evaluated using the STOP-BANG questionnaire and the Epworth Sleepiness Scale, respectively. Results and discussion. Among
participants, 21.56% were at risk of OSA, while 28.10% exhibited poor sleep quality as per the PSQI, and 15.16% of high-risk
OSA drivers experienced excessive daytime sleepiness. A significant association was observed between the high-risk OSA group
and vehicle collisions (p < 0.05). Conclusion. The prevalence of OSA risk is notably high among commercial drivers, who also
display poor sleep quality. In a country with a population of 1.4 billion, studies on OSA among commercial drivers are limited.
Currently, there are no guidelines for OSA detection in Indian commercial drivers, despite its recognised prevalence in studies
from other countries and related hazards such as an increased risk of motor vehicle collisions.

Keywords: obstructive sleep apnea, commercial drivers, STOP-BANG, Epworth sleepiness scale, PSQI, road traffic
accidents, neck circumference
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Introduction
Obstructive sleep apnea (OSA) is a common sleep

disorder characterized by excessive daytime sleepiness,
loud snoring, witnessed breathing pauses, or frequent
arousals in the presence of at least five obstructive
respiratory events per hour of sleep [1]. There is
a partial or complete cessation of breathing during sleep.
OSA is a critical occupational health concern in the
transportation industry that is underdiagnosed, which
affects a substantial percentage of today's transportation
operators, mainly in the trucking sector. Excessive
daytime sleepiness (EDS) is the most common symptom
and is considered the most critical medical cause of
OSA. Lack of sleep usually leads to impairment in
a person's judgment and hampers their abilities, which
is of utmost importance for driving and hence can cause
motor vehicle crashes [2]. According to Parks et al, there
are 2—7-fold increased chances of vehicular crashes
in drivers with OSA, with an estimated prevalence of
as high as 17% to 28% [3]. According to a systematic
review, subjects having OSA on average have an
increased risk of motor vehicle accidents (MVA) by
1.2 to 4.9-fold [4]. The International Road Federation
World Road Statistics 2022 suggested that India has one

378

of the highest numbers of total deaths due to road traffic
accidents [5]. In one of the studies, the prevalence of
OSA in the Indian male population is estimated to range
between 13% and 19% [6].Although the prevalence in
Indian drivers is mainly unknown. This study aimed to
assess the risk of OSA in commercial drivers in North
India and to find its correlation with vehicle accidents
or near-miss incidents.

Materials and methods

One hundred fifty-three commercial drivers were
enrolled after their consent by a simple random sampling
technique. The study design was cross-sectional. The
study was conducted after institutional approval from
the ethical committee. Inclusion criteria consist of male,
commercial drivers (truck, bus, interstate taxi service)
with a minimum 5 years of driving experience, age
group (25-65 years) who gave informed consent to
participate in the study whereas participants already
being diagnosed as OSA or any known sleep disorders,
psychiatric disorders, drivers who didn't give consent for
the study were being excluded. All the Demographic,
anthropometric, and historical data were obtained. Sleep
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quality, i.e., whether the subject is having difficulty in
falling asleep or maintaining a sound sleep, was assessed
using PSQI. The risk of OSA and excessive daytime
sleepiness (EDS) was assessed using the STOP-BANG
questionnaire and Epworth Sleepiness Scale (ESS),
respectively.

Anthropometric measurements, such as height,
weight, and neck circumference, were measured. Study
questionnaires consisting of demographic characteristics,
clinical history (if any), sleep habits and quality, driving
history including total years of driving and average
hours of driving per day, vehicular collisions occurred
due to sleepiness, near-miss accidents due to sleep,
etc., were obtained. The STOP BANG questionnaire
was used to assess the risk of OSA, and a score >3 was
taken as the cut-off for high risk.

Excessive Daytime Sleepiness was assessed using
the ESS, a self-administered questionnaire with eight
questions about the likelihood of dozing or falling asleep
during eight different activities. Commercial drivers
were asked to rate, on a 4-point scale (0-3), their usual
chances of dozing while engaged in these activities.
An ESS score above 10, i.e., 11-24, indicates a high
risk of EDS. Sleep quality among commercial drivers
was evaluated using the PSQI questionnaire, which
measures aspects such as sleep latency, sleep duration,
and habitual sleep efficiency. It also considers other
factors related to sleep disturbances, including the use
of sleeping medication and daytime dysfunction. The
scores from seven components in PSQI are combined

to produce a single global score that reflects both
sleep quality and quantity. A global score exceeding 5
suggests poor sleep quality. The association of high-risk
OSA with accidents were evaluated. All participants of
the investigation provided informed voluntary consent
to participate in the study according to the Helsinki
Declaration of the World Medical Association (WMA
Declaration of Helsinki — Ethical Principles for Medical
Research Involving Human Subjects, 2013) and personal
data processing.

The data obtained were analysed using SPSS
statistical software (version 24). Quantitative data are
presented as mean + SD or median and compared with
a Fisher t-test, while qualitative data are expressed as
frequencies and percentages and compared using a chi-
square test. A p-value of less than 0.05 was considered
statistically significant.

Results and discussion

Among 153 commercial drivers, the average age of
the participants was 39.9+9.10 years, ranging from 25
to 65 years. Hypertension was observed in 19 (12.2%),
Diabetes mellitus in 7 (4.6%), and hypothyroidism in 3
(2%) participants. Normal Body mass index (BMI) was
identified in 93 (60.78%) participants;12 (7.8%) were
underweight, 42 (27.4%) were overweight, and 6 (3.9%)
were obese as per World Health Organisation(WHO)
classification. Among drivers, 11 reported accidents,
whereas 15 reported near-missed accidents (Table 1).

Table 1
Descriptive characteristics of participants enrolled in the study
Variables Frequency (n) Percentage, % Median IR
Age 38 years 15 years
<50 years 128 83.7 - -
251 years 25 16.3 - -
Observed apnea

No 149 97.4 - —

Yes 4 2.6 - -
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Ending tabl. 1

Variables Frequency (n) Percentage, % Median IR
Age 38 years 15 years
Snoring
No 113 72.4 - -
Yes 40 25.6 - -
Daytime tiredness
No 40 25.6 - -
Yes 113 72.4 - -
Accident / NMA
No 131 85.6 - -
Yes 11/15 7.1/9.8 - -
Alcohol consumption
No 58 37.9 - -
Yes 95 62.1 - -
OSA risk
Low risk 120 78.5 - -
High risk 33 21.5 - -
Smoking
No 61 39.9 - -
Yes 92 60.1 - -
Comorbidities
HTN 19 12.2 - -
DM 4.6 - -
Hypothyroidism 2 - -
BMI
<18.5 12 7.8 - -
18.5-24.9 93 60.7 - -
25-29.99 42 27.4 - -
>30 6 39 - -
Neck circumference
31-40cm 89 58.2 - -
>41 cm 64 41.8 - -
STOP BANG
<3 120 78.4 - -
24 33 21.6 - -
ESS
0-7 108 70.6 - -
8-9 30 19.6 - -
10-15 15 9.8 - -
16-24 0 0 - -
PsaQl
0-5 110 71.9 - -
6-21 43 28.1 - -
380 OV30N0IA
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33 among 153 commercial drivers were at high-
risk of OSA whereas 120 drivers were at low-risk
based on STOP BANG score >3. The bivariate
analysis indicates that larger neck circumference,
BMI, blood pressure, alcohol consumption, incidents
or missed incidents, tiredness, hypertension (HTN),
and snoring were significantly more common in
the high-risk OSA group compared to the low-risk
group. No significant difference was observed among

subjects with diabetes mellitus and hypothyroidism
(Table 2).

Association of OSA risk with accidents

Among participants with a high risk of OSA,
30.30% were involved in motor vehicle crashes
compared to 13.13% in the low-risk OSA group
(p<0.05). An ESS score (>10) was seen in 15.15% of
the high-risk group (p<0.05) (Table 2).

Bivariate analysis between OSA risk (dependent factor) and independent factors Table 2
OSA Risk
Variables Total p value
Low riskN=120 (%) High riskN=33 (%)
Age median (Range) 35(24-65) 49 (32-62) - -
<50 years 112 (93.33) 16 (48.48) 128 -
> 51 years 8 (6.66) 17 (51.51) 25 -
Observed apnea 1(0.83) 3(9.09) 4 0.05
Snoring 13(10.83) 27 (81.81) 40 <0.001"
Tiredness 81 (67.5) 32(96.96) 113 <0.001"
Accident or near miss accidents 16 (13.33) 10 (30.30) 26 <0.001*
Alcohol consumption 72 (60) 23 (69.69) 95 <0.001*
Hypertension 6 (5) 13 (39.39) 19 <0.001*
Diabetes Mellitus 2 (1.66) 5(15.15) 7 0.02
Hypothyroidism 2 (1.66) 1(3.03) 3 0.001
Epworth Sleepiness Scale
<10 118 (98.33) 28 (84.84) 146 -
>10 2(1.66) 5(15.15) 7 <0.001
Neck circumferenceMean (SD) 38.53(1.9) 41.12 (1.34) - -
<40cm 110 (91.66) 10 (30.30) 120 -
>41cm 10(8.33) 23 (69.69) 33 <0.001
Body mass indexMean (SD) 22.7 (3.3) 25.3 (2.5) - -
<185 12 (10) 12 -
18.5-24.9 78 (65) 15 (45.45) 93 -
25-29.9 26 (21.66) 16 (48.48) 42 -
>30 4(3.33) 2 (6.06) 6 <0.001*
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This study revealed that 33 (21.5%) of commercial
drivers were in a high-risk group for OSA based on the
STOP-BANG questionnaire, which is an internationally
validated tool having high sensitivity and specificity
for OSA screening [7]. Obstructive sleep apnea is
a significant health concern in the transportation sector,
which affects a considerable number of commercial
drivers, causing significant morbidity. According
to a previous study in North America, 17-28% of
commercial drivers were expected to have OSA [8].
In a recent survey done in Lusaka, Zambia, 22.8%
of commercial drivers were found to have a high risk
for OSA [9]. The estimated prevalence of OSA in the
Indian population, based on a meta-analysis by Suri
TM et al, was 11% [10]. In another study, commercial
drivers were found to have 2—7 times higher prevalence
of OSA compared to the general population [11].
In our study, a significant number of commercial
drivers were overweight and obese and had a neck
circumference of more than 40 cm. This can be due
to the sedentary lifestyle, long working hours, and
eating habits of commercial drivers, exposing them to
many non-communicable diseases [12]. The average
working hours in our study were 10.30 hours per day.
These long working hours make drivers vulnerable to
prolonged immobility and morbidity. A study among
Australian drivers discovered that 44% of drivers in
the study were obese and 24% were diagnosed with
OSA [13]. In our study, 45% of the participants from
the high-risk group for OSA were under the normal BMI
range; the same findings were also seen in a Japanese
study, where most drivers with OSA were not obese
per WHO international criteria (BMI >30 kg/m?) [14].
Villaneuva et al reviewed the existing literature, which
shows that the Asian population is at a higher risk of
having OSA at the lower level of obesity as compared
to the Caucasian population, showing a high propensity
of OSA in the Asian population [15]. In another study,
weight gain as an anatomical factor plays a vital role
in OSA pathogenesis, along with the contribution of
non-anatomical traits such as low arousal threshold
or poor sleep-related upper airway muscle tone/low
pharyngeal muscle responsiveness [16]. Among the
studied commercial drivers, snoring, BMI and neck
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circumference were significantly higher among high-risk
groups of OSA. These findings are comparable to the
study done by Wahida et al [17].

It has been reported that ~50% of OSA patients have
hypertensionand that ~30% of hypertensive patients
suffer from OSA [18]. In our study, a significant number
of respondents in the high-risk OSA (39.39%) category
were hypertensive. A cohort study from Brazil included
10,101 truck drivers and determined that factors such
as obesity and hypertension that were associated with
OSA were common among drivers [19].

Excessive daytime sleepiness (EDS) is the
most crucial consequence of OSA in the context of
occupational health. It is also a significant cause of
motor vehicle collisions (MVCs) among commercial
drivers. In this study, the Epworth sleepiness scale (ESS)
was used to determine EDS among commercial drivers,
where an ESS score >10 was significantly associated
with high-risk OSA respondents as compared to the
low-risk group. Long-haul truck drivers are a high-risk
population due to their high driving distance/year, i.e.,
increased exposure, frequent sleep debt, and a high
prevalence of OSA[20]. The study by Burks and co-
workers in truck drivers in the United States showed
that drivers with OSA who were non-adherent to CPAP
treatment had a fivefold risk of serious preventable
crashes. In contrast, those adherent to CPAP treatment
showed a crash rate similar to the controls [21]. Between
10-30% of all vehicle crashes are estimated to have
sleepy drivers as a root cause [22]. However, in this
study, almost 85% of high-risk OSA drivers had an
ESS score of less than 10.

In trying to associate OSA with RTAs, we
discovered that out of the 33 drivers that were classified
with a high risk for OSA, 10 had experienced at least
one MVC. These findings show us that the possibility
of accidents happening because of the dozing of
commercial drivers at the wheel and not being able
to concentrate fully on the road could very likely be
because of OSA and EDS. Consistent with the reported
literature, we found a statistically significant association
(p<0.05) between the STOP-Bang score and the number
of accidents and near accidents. However, several
studies depict that the vast majority of OSA patients
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without complaints of EDS were also found to exhibit
attention defects that may potentially expose them to
specific risks of accidents while driving [22, 23].

Our study found that 28.1% of commercial drivers
experienced poor sleep quality, with a PSQI score above
5, including 12 (36.36%) in the high-risk group and 31
(25.83%) in the low-risk group. This aligns with the
study by Kalcina et al., where Obstructive sleep apnoea
patients had higher overall PSQI scores, indicating
poorer sleep compared to a healthy control group [24].
Commercial drivers often work long hours, perform shift
work, lack proper resting facilities during work, and
do not adhere to their permitted daily working hours.

Road traffic accidents impose a significant
burden on the nation's economy and healthcare
systems. Obstructive sleep apnea and EDS are major
risk factors for RTA. Therefore, there should be
appropriate screening and awareness programs, and
strict rules should be followed while issuing or renewing
driving licenses by local transport organizations.
Polysomnography is a gold standard test for diagnosing
OSA, and may be included in the case of individuals
with high-risk factors for OSA before issuing a vehicular
licence.

Limitations

The study is entirely based on self-reporting and
not on any documentary evidence or driving simulation-
based assessments. In addition, the entire data has been
collected at a single time point and not a longitudinal
analysis. The data regarding accidents and near accidents
were collected retrospectively from participants, which
may have led to recall bias.

Conclusion

The prevalence of OSA among commercial drivers
is high in India. Also, the sleep quality is poor among
them. Therefore, there are high chances of road traffic
accidents. There should be guidelines for OSA screening
among commercial drivers for early detection and
treatment of OSA, thereby decreasing fatal events.
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O6CTPYKTUBHOE anHO3 CHa cpeaun BoauTesnie KOMMeEpPUYEeCKoro
TpaHcnopTta B CeBepHou UHauM

Majxy b. bxapasapx |g’ Xpyaananga Mannuk —, Humapnput Kayp
Yuupepcuret umenu [lpu I'ypy ['obunz CuHrxa, e. ['ypyepam, MHOus
<l madhuombhardwaj@gmail.com

AnHoTammsa. AkmyanbHocmb. ObcTpykTrBHOE anHo3 cHa (OAC) siBnisieTcst Hanbosiee pacrpoCTPAaHEHHOM MeTULTMHCKOU
TIPUUMHOM Ype3MepHO# JIHEBHOM COHIMBOCTY M MPU3HAHO BO BCEM MUPe KaK 3HauMTe/bHbIN ()akTop pUcKa JOPOXKHO-TPaHCIIOPTHBIX
TIPOMCIIIECTBUH, €C/TM OHO He IMarHOCTUPOBaHo WK He yieunTcst. OAC nipesicTaBiisieT c000M Ccepbe3Hy0 IpobieMy Aist 37[0POBbsI
PabOTHUKOB TPAaHCIIOPTHOW OTPAaC/IH, 3aTparyuBasi 3HaUMTeIbHYIO YaCTb COBPEMEHHBIX TPAHCIIOPTHBIX OIMEepaTopoB, 0COOeHHO
B CEKTOpe rpy3o0repeBo3ok. Llenb ncceoBaHms cocTosiia B TOM, 4To0bI oLjeHHUTh puck OAC cpeny BouTeneli KOMMep4eCcKoro
TpaHcrnopTta B CeBepHOii VIHAWY U U3YUYUTh €r0 CBSA3b C JOPOXKHO-TPAHCTIOPTHBIMU MTPOUCIIIECTBUAMU. Mamepuaab! U Memoobl.
Bois10 mpoBefieHO ToTIepeyHoe MccaeloBaHue ¢ yuacTueM 153 BoguTe el KOMMepuecKoro TpaHCIIopTa B Bo3pacTe oT 24
110 65 J1eT, KaXK/Ibli CO CTaXKeM BOXK/IeHHs He MeHee 5 jieT. YYaCcTHUKY ObUTM 0TOOpaHbI METO/[OM MTPOCTOM CTydaiiHOW BEIOOPKH
rocrie nojyueHus ux coriacusi. CobpaHHbIe JaHHBIe BK/TIOYAH JeMorpaduuecKyo MHPOPMaLHo, NCTOPHIO BoxKAeHuUs (0011iee
KOJIMUECTBO JIeT BOXK/EHHS1, J0PO’KHO-TPaHCIIOPTHBIE IPOMCIIIeCTBUS M3-3a COHMUBOCTYU U Apyrue [JTTI), aHTporiomeTprueckrie
n3MepeHwst (POCT, BeC U OKPY>KHOCTb 111eM) ¥ UCTOpUIo Oosie3Hu. KauecTBo CHa, B YaCTHOCTU TPYAHOCTH C 3aChIlTaHUeM WIIN
TIOZI/Iep>KaHreM CITOKOMHOTO CHA, OLIeHUBAJIOCH C MoMoIbio [TuTTcOyprekoro nHaekca KayectBa cHa (PSQI). Puck cuHzipoma
obctpykTrBHOTO anHo3 cHa (COAC) u upe3MepHOU JJHEBHON COH/IMBOCTH OLIEHUBAJICS C TTOMOIIbI0 orpocHrka STOP-BANG
Y IIKa/Ibl COHIMBOCTH DIBOPTA COOTBETCTBEHHO. Pe3ynbmambl u obcyscdeHue. Cpeny yuacTHUKOB 21,56 % Haxoqummch
B rpymmne pucka COAC, B To Bpems Kak 28,10 % JeMOHCTpUpOBa/Iy IJ1I0X0€e KauyeCTBO CHa Io faHHbeM PSQI, a 15,16 %
BozuTesel ¢ BbiCOKUM puckoM COAC HcbIThIBaINA Ype3MepHYIO JHEBHYIO COHTMBOCTh. Bblia BhisB/IeHa 3HAUMTe bHasl CBSI3b
MeXK/y TPYTITIOl BBICOKOTO pUcKa 06CTpyKTHBHOTO artHo3 cHa (OAC) U I0pO’KHO-TPaHCIIOPTHBIMY TipouciiiecTBusivu (p < 0,05).
Bbi800b1. PacripocTpaneHHocTh prucka OAC 0cobeHHO BbICOKA CPe/id BOJUTe/Iel KOMMEPUYeCKOTro TPaHCIIOPTa, KOTOPbIe TaKkKe
JIeMOHCTPUPYIOT I7I0X0€ KauecTBO CHa. B cTpaHe ¢ HaceneHveM 1,4 Munnuapa yenoBek uccnefoBanusi OAC cpesiy Bogutenei
KOMMepueCKOro TpaHCIIopTa OrpaHuueHbl. B HacTosiee BpeMst OTCYTCTBYIOT peKOMeH/1alju 1o BbisiBiieHHt0 OAC y UHAUNHCKUX
BOZMTE el KOMMepUeCKOro TPaHCIOpTa, HeCMOTPsI Ha MPU3HAHHYI0 PAacIIPOCTPAHEHHOCTD 3TOTO 3a00JIeBaHMsI B MCC/Ie/[0BAHHUSIX
W3 JPYTUX CTPaH U CBsi3aHHbIe C HUM PUCKHU, TaKUe KaK MOBBILIEHHbIN PUCK JOPO)KHO-TPAHCIIOPTHBIX MPOKMCIIIeCTBUI.

KnroueBble c/10Ba: 0OCTPYKTHBHOE alHO? CHA, BOAWUTEM KOMMepyeckoro TpaHcropta, STOP-BANG, 1mikana COHIMBOCTH
Oneopra, PSQI, 0p0oyKHO-TpaHCIIOPTHBIE POUCLLECTBHUSL, OKPY>KHOCTb LlIer

HNudopmanus o puHancupoBanum. lanHas pabora Oblia mpohuHaHCUPOBAHa.

BKJ'laJJ[ dBTOPOB. BXHP,ELBB,ZL)K M.b.— KOHLIETIHA Y HallCaHre OKOHYATe/IbHOI'O TEKCTA PYKOITHUCH; Manmk X. — HHTEJIVIEKTYa/IbHOE
CoZiep>KaHre PYKOIIHMCH; YTBepPAWU/I OKOHUATe/IbHYI0 BEPCHUIO PYKOITHNCH; Kayp H.— HWHTEeJVIEKTYa/IbHOE COZep>KaHKe DYKOIIHCH;
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yTBep)KZeHNe OKOHUaTeTbHOM BepCHH PYKOIHCH. Bce aBTOPBI BHECTM 3HAUMTE/IBHBIN BK/Ia/, B KOHIIENIHIO, TIPOBeZieH1e
WCCJIe/IOBaHMSI U TIOITOTOBKY CTAaThH, TIPOUUTAJIHM U O/J0OPU/IM OKOHUATE/IbHYH0 BEPCHIO Tiepe myOTuKaruei.

3asBiiende 0 KOH(IHKTe HHTEPeCcoB. ABTOPHI 3asB/ISIOT 00 OTCYTCTBUU KOH(IMKTA UHTEPECOB.

Mudopmanys o KoHGUIMKTe HHTEpecoB. ABTOPHI [IeK/IapUPYIOT OTCYTCTBHE SIBHBIX U TIOTEHL{HAIbHBIX KOH(IMKTOB NHTEPECOB,
CBSI3aHHBIX C ITyOsIMKaLeld JaHHOW CTaTbU.

JtHuyeckoe yreep>xaenue. Homep opobpennst: IEC/FMHS/MD/MS/2023.
BiarogapHocTu. MBI BeIpakaeM 6/1arofjlapHOCTh yUaCTHUKAM Halllero UCCIe0BaHus.

MudopmupoBaHHoe coriacue Ha my0IMKanuIo. Bce yyacTHUKY UCC/eZ0BaHusI NTPe0CTaBUIM MHOPMHUPOBaHHOE 100POBOEHOE
corJiacve Ha yyacTHe B UCC/e/JOBAHUU B COOTBETCTBUM C XelbCUHKCKOM JieK/iapalyeli BceMyupHON MeJULIMHCKOW accoLUaliui
(XenbcuHKCKas Aeknapaiusi BMA — DTuueckye NMPUHLUIBI MeJULIMHCKUX UCCe0BaHUM C yyacTueM yesoBeka, 2013 1.)
1 06pabOTKOM MepCOHAbHBIX IaHHbIX.
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OPUT'MHAJIBHOE UCCJIELOBAHUNE
ORIGINAL RESEARCH

Pa3nnuyHbin apPeKT BAUSHUA NU30MEpOB METUOHMHA
Ha 6MoXMMHUYecKue U LUToNornyeckune noKasaresim Kposu
3KCNepUMEHTaJIbHbIX YXUBOTHbIX

H.H. YyukoBa g, K.A.Ila3unenko ~, M.B. CmeTanuHa ~,

H.B. Kopmuiuna —, O.A.Ila3uHeHKO

V>keBckuii rocyziapCTBeHHBIN MeJULIMHCKUN YHUBEPCHUTeT, 2. Mdicesck, Poccutickas Pedepayus
< mig05@inbox.ru

AnHoTanusa. AkmyaabHocmb. VI30bITOK METHOHHHA, TIOCTYTIAFOLIEro B OPraHu3M (C MULLel, iekapcTBamy, 6uogobaBkaMu),
COTPOBOXK/AeTCsl TOKCHUeCKMM HaKOTIJIeHHeM rOMOLIMCTeNHA U Heb/maronpusiTHeIMU 3¢ deKtamu, MPUBOASLIMME K ()OPMUPOBAHUIO
MaTosioruu psifia cucreM. CpaBHUTE/TBHOMY BJIMSIHIIO M30MEPOB MeTHOHKHA TIOCBSIIIEHO He3HAUUTebHOe KOUUeCTBO Pador.
Leab uccaedoeaHus: yCTaHOBUTE 0COOEHHOCTH OHOIOTMUECKOT0 AeHCTBYS M30MepOB METHOHHWHA, MCII0/Ib3yeMOro B KauecTBe
MHILeBol 6uoz006aBKY, Ha OMOXUMHUUECKHE U LIATOMIOrMYeCKHe TI0Ka3aTesld KpOBU SKCIIepUMEeHTaTbHBIX )KUBOTHBIX. Mamepu-
anbl U MemoOdbl. JKCIIepAMeHTaTbHbIe KPBICHI MOTydYany Z06aBKy K KOPMY C TIOBBILLIEHHBIM COZlep’KaHHeM METHOHHWHA B BU/[E
DL-¢opmei (patemar DL-meTtrnoHuHa, benbrust), 6o L-dopmbr (100 % L-metronnH, Fingres Biotech Inc, Kuraii) B Konuectse
0,15r/100r Macchbl )KMBOTHOTO. Y KOHTPOJIBHBIX )KUBOTHBIX TIPUKOPM He coziepkas 100aBok. Uepe3s 25 fHell y )KUBOTHBIX TI0[,
3()MpHBIM HAPKO30M TpaHCKapUaabHOW MyHKIMelH 3abupay KpoBb. Onpe/iesisiyii: KOHLIEHTPaL|o roMormcTerHa (Axis-Shield
PL.C (BenukobpuTaHusi)); pOBOJV/IN LIATOJIOTHUECKUI aHa13 Oesioli KPOBM M KPAaCHOM KPOBH (FeMaTo/IOrnueCKUi aHa/Tu3aTop
System XS-500i (SIroHwust)); /151 KaueCTBEHHOM OLIEHKH Ma3K/ KPOBH OKPAIlIMBaIM C TIOMOIIIBbI0 TeMaTo/I0THIeCKOT0 KpPaCHUTe st
Jletikopnd-200 (Lachema, Uexust) u mpocMarpuBaay B MUKpockore Carl Zeiss (I'epmanust) pu yBemmuennu % 1000. PaccunTsi-
Ba/lv MH/IEKC a/lJlepru3alii OpraHu3Ma 1 Harpy304HbIi 3pUTPOLMTapHbIN Ko3dduiment. CTaTHCTHUeCKUI aHaM3 POBOAWIN
C WCII0/Ib30BaHHEM MEeTO/0B aHa/Ii3a Ha HOPMasbHOCTh pacripeZiesieHus aHHbIX 1o llanvpo-Yunka, oqHo(aKTOpHbIN Arcrep-
croHHbIM aHam3 ANOVA, MHOXKeCTBeHHbIe CpaBHeHHSI IPOBOWIIFCE C TIOMOLIBIO TecTa ThioKU. Pesyibmambi u obcyscoeHue.
BBegenne pariemuueckoii cMecu DL-MeTHOHMHA MPUBEJIO K TIOBLIIEHHIO TOMOL[MCTeNHA B KpoBH [0 28,9 + 2,65 (p = 0,05),
L-dopwmsi 10 79,38 + 3,91 (p = 0,05) MKkMob/n (B koHTpOse 8,5 + 0,6 MKMOJIB/7T). B KPOBH >KUBOTHBIX 1-i TPYTIIBI OBLIO BBISIBIEHO
TIOBBIILIEHHe a0COJTIOTHOTO UKMC/Ia FPaHy/IoOLUTapHbIX (opM eiikormToB (B 1,4 pasa, p = 0,049), ormeuarcs Helitpoduses. [Tpu
BBe/ieHnH L-popMbl MeTHOHWHA Y KUBOTHBIX OBIIIO Pe3KO CHIPKEHO Kak abco/moTHOe (B 3,7 pa3a B CPaBHEHWH C KOHTPOJIBHOW
rpynmoi, p = 0,01), Tak ¥ OTHOCUTETbHOE KOMMYeCTBO HEUTPO(UIOB, OTMEUEeHO IOsIB/IeHHe THIepCerMeHTHPOBaHHbIX (GopM
HeUTpOoQUIOB 1 He3penbix GopM 303MHOGHUIOB. B 06erx rpynmnax nposiBUIachk ajaiepruiyeckasi HACTPOEHHOCTh OPraHU3Ma,
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OoJiee BbIpa)KeHHasl Y )KMBOTHBIX C BBeJileHHeM L-(hopMbl MeTHOHWHA, UHJEKCa a/lepru3aluy Obll MoBkIiieH Ha 49,2 + 3,61 %
(p = 0,01). IIpu BBegeHuM L-hopMbl CHHXKATOCH KOJIMUECTBO TPOMOOIMTOB; yBesnuuBaiack COJ; Ha 15,7 % (p = 0,043)
TIOBBILIAJICSI HATPY30UHBIN 3PUTPOLIMTAPHBIN KO3PGULIMEHT. Bbigoob!. Takum 00pa3oM, BbIPaKEHHOCTh TUTIEPTOMOLIMCTEMHEMUH,
HarpaeIeHHOCTb OTBETHBIX PeakLuii 6eToi ¥ KpaCHOW KPOBU, KO3 (QUIMEHTOB, OTPa)KAKOIIWX alIepruuecKyto HaCTPOEHHOCThb
opraHu3Ma U QyHKLMOHAbHYIO S3PUTPOLIMTAPHYI0 HAarpy3Ky NPy W30bITOYHOM BBEJ€HUH METHOHMHA B KaueCcTBe 6M000aBKH,
orpeziensitoTcsi HOPMOM M30Mepa, BXO/ISIIIETO B ee COCTaB.

KioueBsle cioBa: DL-MeTHOHUH, L-MeTHOHMH, rMIIeproMoLIACTeMHeMUS, KTMHUYeCKUM aHa/ln3 KPOBU
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Different effects of methionine isomers on biochemical
and cytological indices of blood in experimental animals

Natalya N. Chuchkova g’ Ksenia A. Pazinenko ', Marina V. Smetanina —,

Natalya V. Kormilina ~, Oleg A. Pazinenko

Izhevsk State Medical University, Izhevsk, Russian Federation
< mig05@inbox.ru

Abstract. Relevance. Excess methionine entering the body (with food, drugs, dietary supplements) is accompanied by toxic
accumulation of homocysteine and adverse effects leading to the formation of pathology of some systems. Small amount of
studies are devoted to the comparative effect of methionine isomers. Objective: to establish the features of the biological effect
of methionine isomers used as a dietary supplement on biochemical and cytological parameters of the blood of experimental
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animals. Materials and methods. Experimental rats received a feed additive with an increased content of methionine in the form
of DL-form (racemate DL-methionine, Belgium) or L-form (100% L-methionine, Fingres Biotech Inc, China) for 0.15g /100 g
of animal weight. In control animals, the feed did not contain additives. After 25 days, blood was taken from the animals under
ether anesthesia by transcardial puncture. The following was determined: homocysteine concentration (Axis-Shield PLC (UK));
cytological analysis of white and red blood was performed (System XS-500i hematological analyzer (Japan)); for qualitative
assessment, blood smears were stained with the hematological dye Leukodif-200 (Lachema, Czech Republic) and viewed under
a Carl Zeiss microscope (Germany) at a magnification of x 1000. The body’s allergization index and the erythrocyte loading
coefficient were calculated. Statistical analysis was performed using the Shapiro-Wilk normality analysis of data distribution,
one-way ANOVA analysis of variance, multiple comparisons were performed using the Tukey test. Results and discussion.
Introduction of racemic mixture of DL-methionine resulted in increase of homocysteine in blood to 28.9 + 2.65 (p = 0.05), L-form
to 79.38 + 3.91 (p = 0.05) pmol/I (in control 8.5 + 0.6 umol/l). In blood of animals of group 1 increase of absolute number of
granulocytic forms of leukocytes (by 1.4 times, p = 0.049) was revealed, neutrophilia was noted. When introducing L-form of
methionine in animals there was sharp decrease of both absolute (by 3.7 times in comparison with control group, p = 0.01) and
relative number of neutrophils, appearance of hypersegmented forms of neutrophils and immature forms of eosinophils was
noted. In both groups, allergic predisposition of the organism was manifested, more pronounced in animals with the introduction
of the L-form of methionine, the allergization index was increased by 49.2 + 3.61% (p = 0.01). With the introduction of the
L-form, the number of platelets decreased; ESR increased; the erythrocyte loading coefficient increased by 15.7% (p = 0.043).
Conclusion. Thus, the severity of hyperhomocysteinemia, the direction of the responses of white and red blood, the coefficients
reflecting the allergic disposition of the body and the functional erythrocyte load with excessive administration of methionine
as a dietary supplement are determined by the form of the isomer included in its composition.
Keywords: DL-methionine, L-methionine, hyperhomocysteinemia, clinical blood test
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BeepeHue POBaHMM Pa3/IMYHbIX MAaTOJIOTMYEeCKUX COCTOSIHUM: aTepo-

MeTHOHUH — He3aMeHrMasi aMUHOKUCIIOTa, U3-  CKJIepOTUUYEeCKUX NTOBPEXKAEeHUN, CepeqHO-COCYAUCTON
OBITOK KOTOPOM MPUBOAUT K MOBBIIIIEHHUIO TOMOLIMCTEeN- 1 HeHpOiereHepaTUBHOM MaTo/IOrvH, TPOMOOTHUECKIX
Ha (I'LT) B ruiasame kpoBu. Tokcruueckoe HakorieHue 'L u3meneHuid [ 1-4]. luara3oH rureproMoLycTenHeMUd
WrpaeT KJIOUeBYHO PO/ib B BOSHUKHOBeHWM U niporpeccu-  (rumnepl'l]), paccmaTprBaromuMics Kak npeguKTop
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3a0o/1eBaHUH, OueHb IMPOK. Tak, nmokasarenu ']
ot 15 MEMonw/a1 1o 100 MKMOJB/N 0603HAUArOT Kak
yMepeHHY10, CBbillle 100 MKMOJIb/T — TSDKeNyH0 TU-
nepromMonucTernHeMuto. Tspkenast popma runep 'L,
OTocpeayeTcs IJIaBHbIM 00pa3oM reHeTHYe CKUMH TIPH-
YMHAMM, COTPsDKeHa ¢ fedeKTamu (PoaTHOrO LUKIA,
CBsI3aHa C TsDKeJ/IbIM NTOpa’KeHreM IT0YeK U BCTpeyaeTcst
JocTatoyHo peako. Hanbonee pacipocTpaHeHHOM sB-
nsieTcst ymepeHHasi (hopMa rurepl'Ll, HYKHIOO rpaHuLly
KOTODPOM B HaCTosilIlee BpeMsl Mpe//iaratoT CHA3WTH € 15
1o 10 mxmons/n [3]. Ymepennas runepl 1 sBasieTcs
Cle[CTBUEM JUETUUeCKUX, TTOBeleHUe CKUX U T1aToJIo-
I'MYeCKUX COCTOSTHUM; Ha YPOBEHb ee Pa3BUTHS BIUSIIOT
BO3pacT, I10J1, IpHYeM JIeKapCTBEHHBIX MperaparoB Win
BAloB [5]. OpHako o cuX TIOp He SICHO, SIB/ISIeTCS JIN
yYMepeHHO MOBBIIIeHHas! KOHLeHTpaLyisi TOMOLMCTeNHA
B IU/Ia3Me [1epBOINPUYMHOM WU ITPOCTO MapKepoM CBsI3aH-
HOTO C Hell aToI0rnYeCcKoro COCTOSTHMS, KOTOPOe MOYKET
TIpe/[pacriosiarath K pa3BUTHIO COCYAUCTBIX 3a00/1eBaHHH,
WY UX OCTIOKHEHWH. B CBsI3U C BBIIIEN3/I0)KEHHBIM
aKTya/IbHbIMHU SIB/ISIFOTCS] UCCIIe/I0BAHMS Ha )KUBOTHBIX-
MO/Ie/IsIX C MOBbIIeHHbIM Ko/mnuecTsoM I'1] B kposu. [is
3TOT0 UCIIO/Ib3YIOTCS MOAXO0/bl, CBSI3aHHbIE, HAallprUMep,
C JMeTHYeCKUMH HapylleHusiMU [6, 7], HokayTHbIe MO-
JleJT Mblield U KpbIC [8], Bapyaliy B UCIIOIb30BaHUU
JKMBOTHBIX Pa3HbIX BUZIOB C HEO/JMHAKOBOW UYBCTBU-
TeIbHOCTBIO K METHOHHUHY [9].

MeTHOHUH COZIEP)KUT aCUMMeTpUUeCKUI aTOM
yriepoza, 06/a/jaeT ONTHUeCKOM aKTUBHOCTBIO U CY-
LIeCTBYET B BUJE [IByX SHAHTHOMEPOB (M30MEepOB) —
L- 1 D-meTroHMHA. B >KMBBIX OpraHu3max BCTpevaeTcs
npeuMyirectBeHHO B L-dopme. deHomeH pasnnuust
B GMO/IOTHUEeCKOM /IeMCTBUH JIeKapCTBEHHBIX TIperapa-
TOB, 00yC/IOB/IEHHBIN ONTHYeCKOUW H30Mepuelt Bellje-
CTBa, Xopotio onucad [10, 11]. PasHoHaripaB/ieHHbIe
Y HeoJHO3HauHble 3 (PeKTbl N30MePOB METUOHMHA,
MCII0/Tb3yeMbIX B KadeCTBe MHUILeBoi J06aBKH, 100aB-
JIieMOU B TIPUKOPM >KUBOTHBIM, NIPU OMHAKOBOW UX
GuomocTynHocTy [12] oTpakeHs! B psifie pabot [13, 14].

Iens ucciegoBaHusA — yCTaHOBUTb 0COOEHHO-
CTH GMOJIOTHUeCKOTO [IeHCTBUSI N30MEePOB METHOHHHA,
WCTIO/b3yeMOT0 B KaueCTBe OHOIOruuecKoi 1o6aBKy,
Ha OMOXUMHUeCKHe U LIUTOJIOrMueCcKUe roKa3aTesnn
KPOBU 3KCITIEPUMEHTa/IbHBIX KUBOTHBIX.

PHYSIOLOGY

MaTtepuan n metoabl

OKcrepyMeHT BBITIOJIHEeH Ha 52 GeJibIX KphIcax
Rattus norvegicus Berk oboero mosa, cofepKamuxcst
B BuBapuu ®I'6OY BO VxI'MY, B oceHHe-3UMHUI
nieprof (OKTs10pb—7ekabps). CozeprkaHue XKUBOTHBIX
OCYILIeCTB/ISIZIOCh B COOTBETCTBUU C HOPMAaTUBHBIM
gokymenToMm CII 2.2.1.321814 «CaHuTapHO-
3MUeMuoIornueckrie TpebOBaHUS K YCTPOUCTBY,
0060py0BaHUIO U COZIePKAHHIO IKCTTIePUMEHTa/IbHO-
OuonornueCcKUX KIMHUK (BUBapyeB)» OT 29 aBrycra
2014 r. Ne 51.

Macca >KMBOTHBIX HA MOMEHT BBEJJeHHSI B SKCIIepH-
MeHT cocTassa 220 + 20 r. KpbICkl HAXOOWINCE B OJU-
HAKOBBIX YCJIOBUSIX COJEP KaHUSs, M0JTyYain SKCTPYAu-
poBaHHbI KopM (ITK-120 'OCT P 51849-2001 P.5)
nipy CBOOOZHOM [JIOCTYyTIE K BoJe. Bce sKCTiepuMeHThI
BBITO/IHEHBI B COOTBETCTBUM C 7KeHeBCKOM KOHBEHLIY-
el «Internetional Guiding Principals for Biomedical
Involving Animals» (Geneva, 1990), a Take Xeb-
CUHCKOMU Jlekapaiieii BcemupHoit MequiiiHCKOM
AccoLpanyy 0 TyMaHHOM OTHOLLEHUH K )KUBOTHBIM (pe-
nakius 2000 r.). ViccnenoBanue 0j00peHO KOMUTETOM
1o 6romeauiHCKOM 3THKe PI'BOY BO «IkeBcKas
rocy/japCTBeHHasl MeJULIMHCKas akaZeMus» MuH3pa-
Ba P® (nmpotokon Ne 656 ot 23.04.2019).

JKUBOTHBIM e)XeJHEeBHO UHAUBHUJYAJbHO
CKapMJ/IMBa/y LIapUKKU U3 CbIPOr0 CBUHOTO MsIC-
Horo ¢dapiia Becom 15,0 + 0,5 1. Y KOHTPOJIBHBIX
JKUBOTHBIX TIPUKOPM He Cofiepkasl 1006aBOK, y KpbIC
sKcrepuMeHTabHOU Tpymmnbl Ne 1 B dapm fo6aB-
nssnu DL-meTuonun (DL), comepskaljyii B paBHbIX
konuuectBax D u L ¢popmbl (99 % DL-MeTHOHUH,
Benbrus), y skcneprMeHTanbHOM Tpyrnbl Ne 2 B rpu-
kopM BBoAwU L-metronuH (L) (100 % L-meTnoHuH,
Fingres Biotech inc) B konnuecTBe 0,15r/100r macchbl
>)KMBOTHOT0. OZTHOBPEMEHHO KpbICHI moaydanu 1 %
pacTBOpa COOTBETCTBYIOIel (pOPMbl METHOHHUHA
B BO/Ie B KaueCTBe NMUThs. Yepe3 25 AHeN y 3KcCIie-
PUMEHTAa/IbHBIX )KUBOTHBIX U UHTAKTHBIX KPbIC 10/,
3(UpHBIM HAaPKO30M TPaHCKapAuaJbHON MyHKIUEN
3abupanu KpoBb. KOHIIeHTpALMIO TOMOLMCTeHA
onpezessyii UMMyHO(EPMEHTHBIM METO/0M C UC-
rnoJsib30BaHueM TecT-cucteMmbl Axis-Shield PLC
(BenukoOpuTaHus); KIMHAYUE CKUH ITUTOIOTHYE CKUI
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aHanu3 6es0ii KPOBU M KpPaCHOM KPOBHU IPOBOAUIIN
Ha reMato/jioTu4eckoM aHanusarope System XS-500i
(fImonHus); A/1s1 KaUeCTBEHHOM OLleHKU Ma3KU KPOBU
JIOTIOTHUTE/IbHO OKpalIMBaJX C MTOMOIIbIO TemMaTo-
noruuveckoro Kpacutesns Jlerikonud-200 (Lachema,
Uexus) 1 mpocMaTpuBaau B MUKpockorie Carl Zeiss
Primo Star (Carl Zeiss, 'epmanusi) npu yBesnue-
Huu X 1000. PaccunTbiBamy UHEKC ajaepru3anuu
opranusma (MAO) 1 Harpy30uHbIi S3PUTPOLUTAPHBIN
ko3ppunuent (HOK). MAO onpegensnu o ¢pop-
mysie: Jlumbouutsl + 10 X (Do3uHodunsl + 1)/
(HetiTpogunsr + Mononutsl + bazodunsr) [15].
Mg onipenenenus HOK wvcrmonp3o0Bany nokasareiu
ckopocTHu ocefianus 3putporuToB (CO3) 1 ypoBeHb
remoryiobuHa o gopmymne: CO3D (mm/u) x 10/ Te-
moryiobus, % [16].

CraTtrcTiyeCKUi aHa/Iu3 POBOAW/IM C UCII0JIB30-
BaHMEM MEeTO/[0B aHa/IM3a Ha HOPMa/bHOCTh pacripefe-
neHust AaHHbIX 1o [llanupo-Yunky, ogHO(paKTOPHOTo
nucnepcuoHHoro aHann3a ANOVA, MHOXKeCTBeHHbIe

CpaBHEHUsI POBOJUIUCH C TIOMOIIbIO TecTa ThIOKH.
HanHble cuuTanuch goctoBepHbiMU Tipu p < 0,05.

Pe3ynbraTtbl M 06CyXAEHME

BBejeHue 3KCIleprMeHTaJlbHbIM )XUBOTHBIM
patemuueckoit cmecu DL (50 %/50 %) dopm meTu-
OHUMHA (3KcreprMeHTasbHast rpyrma Ne 1) u 100 %
L-¢hopMbI aMMHOKHUC/IOTHI (3KCIepUMeHTaIbHas Tpyma
Ne 2) nipuBesio K hopmupoBanuto rurnepl'Ll ¢ pa3Hoi
KOHL|eHTpaLMell TOMOLMCTerHa B KPOBU. Tak, y UH-
TaKTHBIX KpPbIC KOHL|eHTpauys '] cocrasuna 8,5 + 0,6,
B 9KCIlepuMeHTanbHOM rpynme Ne 1-28,9 + 2,65
(B 3,4 paza Brie, p = 0,05) B sKcrieprMeHTaIbHOU
rpymrie Ne 2-79,38 + 3,91 mxmons/n (B 9,3 pasa Bbliie
WHTaKTHOro KoHTposs, p = 0,005).

LluTonoruueckrii aHannu3 KpOBY >KUBOTHBIX ¢ DL-
v L-unpayipoBanHoi ¢dopmoii runepl'L] BeisiBUA
CylLlleCTBEHHbIe Pa3/IMuus B KOJIMYECTBe U BUJ|axX rpa-
HYJIOLJUTOB U arpaHy/ioLuToB 6emoii KpoBu. KieTouHbIi
cocTtap 0Oesioi KpoBY TIpe/iCcTaB/ieH B Tabm. 1.

Ta6nuya 1/ Table 1

MokasaTtenu 6enoii KPOBU XKMBOTHbIX Npu BBegeHumn DL (1 akcnepumeHT) u L (2 akcnepuMeHT) popM MeTUOHUHA /
White blood indices of animals with the administration of DL (1 experiment) and L (2 experiment) forms of methionine

Mokasatenn/ KoHTponb/ KcnepumMeHT 1/ JKCNepuMeHT 2/
Indicators Control Experiment 1 Experiment 2
remourion) PR T
S'r"n“;ﬁg;‘;tz;'(%?z i ;/°)/ 6,51 +0,90/50/39 + 5,65 S opasy T 6,04+ 0,03/ 62,04 £2,7
Cl\;tc:;c();tgg/llal/(;)gﬁ/n /%)/Mono- 0,63 +0,23/6,90 +1.76 1,92 t(?)2=45/(;943(‘§ +242 14+ (2;2*0/33?5 +0,98

Mpanynoumtsl (10%/1 /%)/

3,79 £0,42/ 3510+ 4,14

522 £1,03*/ 4510 + 2,53

3,33+ 0,81#/ 28,45 + 0,50

Granulocytes (10°%/1 /%) (p = 0,049)

Hewrpodnnbi(10%/ /%)/ 333 +3,64%/ 63,79 + 36,4 0,71+ 0,34%#/ 20,1 £ 86
Neutrophils(10°/1 /%) 262+082/6913£152 (p=0,01) (*p = 0.01#p = 0,001)
SosuHoduel (10°1 /%)/ 148 +0,20%/28,35 1,70 + 0,87%#/ 50,15 + 182
Eosinophils(10%/1 /%) 087+0,08/229 96 (p = 0,045) (*p = 0,01:#p = 0,02)

Bazodunbi(10°n /%)/
Basophils(10°1 /%)

0,29 +0,02/7,65+1,51

0,41 0,02/ 7,86 + 1,51
(p=0,03)

1,0+ 0,08*#/ 30,03 +10,3
(*p = 0,024 #p = 0,043)

lMpumeyaHue: * — pasnuyna JOCTOBEPHbI B CPaBHEHUN C MHTAKTHbIM KOHTPOJeM, # — pasnnyng 4OCTOBEPHbI MEX Y

OKCNEPUMEHTANIbHbIMU TpyrnnamMm

Note: * — differences are significant in comparison with the intact control, # — differences are significant between experimental groups
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I[Tpu olieHKe MoOKa3artesei 6e/ol U KpacHOW Kpo-
BU MeX/y TpyIiaMy HaOmro/janack CTaTUCTUYeCKU
3HauMMasl pasHulia, ornpezessieMas 1o ofHo(paKTop-
HoMy aHanu3y ANOVA 1719 Ko/MuecTBa J1eMKOLUTOB:
F(2,28) = 9,678, p = 0,001. CornacHo rosyiyueHHbIM
JIlaHHBIM, JIEMKOLIUTO3 PUCYTCTBOBA/ TOJIBKO Y )KUBOT-
HBIX, KOTOPBIM B KOpM Zi00aB/isii DL-¢hopMy nperapara:
B CPaBHEHUU C UHTAKTHBIM KOHTPOJIEM KOJIUUeCTBO
WBC 65110 TipeBbIiieHo Ha 27,5 % (p = 0,046), Torga
Kak BO 2-i rpymrie ux KOJIM4eCcTBO He U3MEHUIOCh.
[ToBeIiIeHre abCOMFIOTHOTO YKC/Ia TPaHY/IOLMTaPHBIX
(hopm TIEUKOLIUTOB OBIIO BBISIBJIEHO TOJTBKO B KCITe-
puMeHTanbHOM rpyrme Ne 1 (B 1,4 pasa, p = 0,049),
CyLL{eCTBEHHbIe Pa3/IM4Ks Kacalnuch UX BUZOB. Tak, B 1-i1
5KCIepUMEeHTa/IbHOW IpyTire KoM4eCTBO HeHTpo(u-
JIOB TIOBBIITIA/IOCK B 1,3 pasa (p = 0,049), s03uHodusion
B 1,7 pa3 (p = 0,045), 6a3zocuos B 1,4 pa3a (p = 0,03).
Bo BTOpOI1 3KCIIeprMeHTaIbHOM rpymre ObL/I0 Pe3Ko
CHIDKEHO Kak abcosoTHoe (B 3,7 pa3a B CpaBHEHUH
C KOHTPOJILHOU Tpy1ioi, p = 0,01), Tak 1 OTHOCUTEJTh-
HOe KOJInuecTBO HelTpoduios (cM. Tabs. 1), 80 %

T'PaHY/IOLIMTOB COCTAB/ISTM 303MHOGUIBI U 6a30¢husibl
(cm. Tabm. 1). Ipu KaueCTBeHHO OIleHKe Ma3KOB KPO-
BU B TpYyIIIe C BBefleHHeM L-dpopMbl MeTHOHMHA ObLIO
OTMeYeHO TIOsiB/IeHHe TUTepCerMeHTUPOBaHHBIX (hOpM
HeUTpo(dUIOB U He3pesbix (hopM 303MHOPUIIOB (pHC.).

W13 arpaHynonuTapHbIX (GopM JTeHKOLUTOB B 00e-
WX KCIIePUMEHTAa/IbHBIX IPYIaxX ObI/I0 yBeJIUYeHO
KO/TMueCcTBO MOHOIMTOB: B 3,04 paza 1-i (p = 0,040),
1 B 2,22 pa3a (p = 0,036) Bo 2-i1 3KCTIeprMeHTaIbHOM
rpytire. M3MeHeHUsI He KacaMCh KOJTMUeCTBa JTUMQo-
LIUTOB B IpyTIIe C BBeZileHHeM L-popMbl MeTHOHHHA.

YuuTeiBasi AucHanaHC B aHa/IM3ax KPOBH 10 Tpa-
HY/IOLUTapHbIM (hopMaMm JIeMKOLIMTOB, OTPasKaroIuii
TIOBBILIIEHHOE COJIep>KaHue 303MHO(GUIOB 1 6a30(huIoB,
MBI pacCuMTaIu MHJEKC ajjaepryu3aluy opraHusma.
MNAO Bo 2-i1 3KCIIepMMeHTa/IbHOW I'pyIINe COCTa-
Bua 10,62 + 1,21 ye (B konTposie 7,12 + 1,02 ye),
TpeBbICKB, TAKUM 00pa30oM, UCXOAHBIN MMOKa3aTelb
Ha 49,2 + 3,61 % (p = 0,01).

OTMyanuch ¥ mokasarenad KpacHOM KPOBU B JKC-
repuMeHTa/bHbIX Tpynmax (Tabsm. 2).

Ma3oK KpoBM KpbIC B rpynne ¢ BefeHneM L-bopMbl METUOHWHA: @ — Aapa HENTPOhUIOB codepXKaT 6onee 5 CErMeHTOB;
6 — KonbLEBUAHbIE Aapa 303MHodMNoB. Nleitkoand-200. YB. x 1000

Blood smear of rats in the group with the administration of L-form of methionine: a — Neutrophil nuclei contain more than
5 segments; b — Ring-shaped nuclei of eosinophils. Leukodif-200. x 1000
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391



Yyuxosa H.H. u op. Bectuk PYJH. Cepya: Megynusa. 2026. T. 30. Ne 3

Ta6nuya 2 / Table 2

Moka3aTenu KpacHO KPOBM YKMBOTHbIX Npy BBegeHun DL- (1 akcnepuMeHT) u L- (2 akcnepuMeHT) popM MeTHOHMHa /
Red blood parameters of animals with the administration of DL (1 experiment) and L (2 experiment) forms of methionine

EaunHuupl SKcnepuMeHTanbHble rpynmnbl/Experimental groups
MokasaTtenu / n3mepeHusi /
Parameters Units of measure- KoHTponb / dkcnepumeHT 1/ dKcnepuMeHT 2 /
ment Control Experiment 1 Experiment 2
- 577 £1,06

3putpouuTbl/Red blood cells (RBC) 10'2r/n10"2 g/l 6,75+ 0,71 6,08 £ 0,49 (p = 0,148) (p = 0,166% p = 0,8404#)
Fremorno6uH/ Hemoglobin (HGB) r/ng/I 120,62 +4,13 113,17 £ 4,94 (p = 0,603) (p= 017%%3 ; 3'35265#)
lematokput/Hematocrit (HTC) n/nl/l 0,36 + 0,03 0,41 +0,003* (p = 0,001) (p=0 ;)92;1 ipoz’oéom #
CpepnHuit pasmep apuTpoLmToB/ demTONUTPDI (1) _ 55,06 + 3,31
Mean Corpuscular Volume (MCV) Femtolters (f1) 54871184 56,37+1,52(p = 0,993) (p =0,912% p = 0,943#)
CpepfiHee cofiepyKaHue reMornobuHa
B aputpouute/Mean corpuscular n;;%rpr?‘r':;;’l (I;r) 17,72 +0,12 18,7 £ 0,34 (p = 0,002) (= 010%';35 * 9'?)‘:'964#)
hemoglobin (MCH) 9 P9 p=5 P=E
LLnpuHa pacnpegene-Hus 1457117
aputpoumuTos/Red cell Distribution % 17,11 £0,33 17,04 £ 0,37 (p = 0,851) (=0 00'1* - ='0 009#)
Width (RDW) p=00%P =0

[pumMedaHus: * — pasindnsa 3Ha4MMbl B CPaBHEHUU C KOHTPOJIbHbIMUW JaHHbIMU, # — pasiinyna sHa4YnMbl MeXAY AaHHbIMN

OKCNEPUMEHTASIbHbIX FPYMr.

Note: * — differences are significant in comparison with the intact control, # — differences are significant between experimental groups.

CratucTrvuecky 3HaYMMble U3MeHeHUs B MOKa-
3aresIsIX KpaCHOW KPOBY OTMeYa/vCh B FPYIIIe XKU-
BOTHBIX C BBeZileHHueM L-(opmbl MeTHOHMHA. Y KPbIC
3TOM IPYIIbl U3MEHWINCh: KOJIMUeCTBO 3PUTPOLIUTOB
(6b110 cHWKeHO Ha 14,5 + 3,5 %), cpefHss IMPUHA
3PUTPOLIUTOB — MoKa3arejsb RDW — noctoBepHO
cHWKanachk Ha 14,8 % + 4,94, (p = 0,001); remorio-
6un (HGB) He U3MeHsI/ICsI, OIHAKO €r0 KOHL|eHTpaLys
B oziHOM 3puTpouuTe (MCH) 10CTOBEPHO MOBBILIAIACH
Ha 12,6 £ 2,88 % (p = 0,002).

CxopoCTh OCeZlaHWsI SPUTPOLIUTOB COCTaBUJIA:
2,0 + 0,01 Mmm/u B KOHTpObHOM U 2,1 + 0,11 mm/4
(p = 0,943) B 1-ii 3KCIIEpUMeEHTA/ILHOM Tpyre. Bo 2-i1
rpymie CO3 6bi1a noBsieHa o 2,38 + 0,32 (p = 0,915).

K ¢pyHKLIMOHA/NIBHBIM MOKAa3aTe/isiM reMoros3a
oTHOocUTCcst HOK — Harpy30uHbIi 3pUTPOLIMTapHBIN
KO3 puLMeHT. []/151 MHTAaKTHBIX KPBIC B Bo3pacTe 2-X
MecCsLeB 3TOT MoKa3aTeab cocTtaBua 16,6 + 0,3 %;
18,6 £ 0,5 % (moBsitieHune coctasuo 12,0 %, p>0,05)
B 1-ii, u 19,2 £ 0,3 % BO 2-i 3KCTIepUMeHTaTbHbIX
rpynmnax (MoBsllieHre coctaBuio 15,7 % (p = 0,043).
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[IpOTUBOMOIOKHBIMY TT0 HallPaBIEHUIO U3MeHe-
HUH OKa3a/IMCh TI0Ka3aTe/v KOJIMueCcTBa TPOMOOLIU-
TOB B Fpynnax C BBeJJeHMeM pa3/UUYHbIX U30MEPOB
MeTHOHHWHa. Tak, ecu B 1-il 3KCIiepUMeHTaIbHOU
rpyIiie KOTMYeCTBO TPOMOOIIUTOB TIPEBBIILIAJIO UC-
XO/IHbIe ToKa3arenu Ha 19,14 % (B UHTaKTHOM KOH-
Tpone 660,75 + 93,18 x 101 vs B 1 3KciepuMeHTe
787,25 + 68,74 x 10°71), Torma Kak BO IPYU BBeIEHUU
L-¢opMbl METHOHMHA WX KOTMUECTBO ObLIO I0CTOBEPHO
cHwKeHo Ha 37,03 % (416,08 + 59,52 x 10°1). Cornac-
HO ofgHO(akTopHOMY aHamm3y ANOVA Habmoganach
CTaTUCTHUUEeCKHU 3HAUMMasi pa3Hulia B KOJIMUeCTBe
tpomboruToB: F(2,28) = 8,442, p = 0,002.

Takum 06pa3om, ObI/IM BbISIB/IEHBI OT/IMUMS B TI0-
Ka3zareJigX KPOBU SKCIIePUMEHTA/IbHbIX KHUBOTHBIX,
KOTOpbIe COZIep>KaTUCh Ha «AueTe» C Jo0aBKaMU pas-
JMUUHBIX U30(hopM MeTrOHMHAa — DL- 1 L-BapuaHTOB.

HeoayHakoBbI 61o0ornuecKuii 3hGeKT aercTBUs
M30MEepOB XMMHUYECKHX BellleCTB — SIBJIEHUE U3BeCT-
Hoe [10, 11]. AMUHOKHC/IOTa METUOHUH CYILleCTBYeT
B (hopMe MpaBbIX U JIEBBIX M30MEPOB (SHAHTUOMEDOB,
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TayTOMEepPOB), OT/IMYAIOIIUXCS 110 HaTMUHUIO UX B Op-
raHu3Me, aKTUBHOCTH JIeMCTBUs, OHO/IOrnyue CKUM
s¢dexTam. B nprposie aMMHOKHMC/I0TA IIPe/CTaB/IeHa
TIpeuMYyILeCTBEHHO JieBoBpallatoLeii L-¢opmoii. B Ha-
11eM UCC/IeloBaHUY MeTUOHUH UCI0JIb30BaJICs KaK
niiieBast 0nom006aBKa, B pe3y/bTaTe repen30bITKa KO-
TOPOTO y KUBOTHBIX (hopmupyetcs runepl'L]. OaHako,
€CJTH B T1ePBOM JKCIIepUMeHTe MTPUKOPM, 100aB/sIeMbIii
JKUBOTHBIM, COCTOSIJI U3 CMEeCH B PaBHbIX KOJIMYe-
ctBax D- (50 %) u L-dopm (50 %) (kopmoBasi oOaBKa
DL-meTtronuH 99 %, benbrusi), To BO BTODOM — TOJBKO
L-dbopMy amMrMHOKMCIOTHI (Mpou3BoguTeb Fingres
Biotech INC, Kuraii). OKCcriepuMeHTbI 10 OLleHKe
O6uogocTyrmHOCTU U 3PHEeKTUBHOCTH U30MEpPOB Me-
THOHMHA I10Ka3a/Ii OJJMHAKOBYIO UX OMOJ0CTYITHOCTD
[12]. Knaccruecky cuuTaeTcs, 4YTo B opraHusme 61o-
JIOTUYeCKU aKTUBHBI J1eBble L-aMUHOKUC/IOTBL. OfiHAaKO
B TIOCJIe/THUE TOZbI TIOSIB/ISIeTCST BCe Oosbliie pabor,
CBU/eTe/IbCTBYIOLIUX O MHOTOIPaHHOM pOJIY Mpa-
BbIX D-n30mMepoB aMUHOKUC/IOT. VIX paccMaTpuBaroT
B KaueCTBe Pery/asTopoB (hr3n00ruuecKux GyHKLUMN
opranu3moB [13, 17], nmpeayararoT B KauecTBe O610-
MapKepoB 3abosieBaHu [18], yUMTHIBaIOT B TIPOTHO-
3MpPOBaHUU U TepaneBTUUYeCKUX BMelllaTe/lbCTBax,
WCIIOJIb3ysl aHAIM3 XUPaIbHOTO MeTabo/nyeCcKoro
npogunrpoBanus [19].

Ba)xHbIM 10Ka3aTesieM, OTpaykaroL¥M pa3/IMYHbII
buonornueckuii 3¢ exT JeicTBUS U30MepPOB pa3-
JIMYHBIX (HOPM METHOHMHA, SIBJISIeTCS HeOJMHAaKOBast
KOHLIeHTpaL1sl B KpPOBU roMoLjucTerHa. B npoBeseH-
HBIX paHHee KCIepuMeHTax ObIIo oKa3aHo, UTo MpU
BBeieHnH DL-¢dopmbl MeTHOHMHA B TeueHue 8—12-u
HeJiesb [6] KOHIJeHTpaLMsl TOMOLMCTeNHA TI/IaBHO
yBeJIMYMBasach, HO He npesbilana 28—30 MKMOJIB/JI.
B To ke Bpewmsi, ucnonb3oBanue 100 % L-dopmbl
TPUBEJIO K YMEPEHHO-BbICOKUM 3HaUEeHUSM FOMO-
yuctenHa (79,38 £ 3,91 MKMoJIB/JT) y)Ke B TeueHHe
TpeX MepBbIX HeZle/lb UCII0/Ib30BaHUS ero B KaueCTBe
nobaBieHUs K KOPMY.

3HauMMble pa3/iMuvs B OTBETHOUW peakLUu
opraHu3Ma Ha BBeJeHHe /MO0 palieMuueCcKon
CMeCH YHaHTHOMEepOB, MO0 yncToro L-MeTHOHMHA
B IIPUKOPM >KMBOTHBIM CKJ/Ia/bIBAIOTCS U3 U3Me-
HEHHUU B KOJIMYeCTBe, MPOL[EHTHOM COCTOSIHUH,

PHYSIOLOGY

KaueCTBeHHOW XapaKTepUCTHKe KJIeTOK Oenoi
Y KpacHOW KpoBU. OCHOBHAsl HalpaBJ/IeHHOCTh
V3MeHeHUW — ajlepruyeckass HACTPOEHHOCTb Op-
raHv3Ma xapakTepHa /it 00erx rpymim >XUBOTHBIX
Y TIPOSIBJISIETCS B MOBBILIEHWU YMCJIa UMMYHHBIX
KJIeTOK KpoBH (303uHOGduI0B 1 6a3opuios), yBe-
nuueHun MAQO, MOHOLIMTO3€e, HO B Pa3HOM CTeleHU
BbIPa)XEHHOCTH. JIEUKOLUTO3 C He3HAUUTETbHBIM
HelTpo(duie30M NprUCyTCTBOBAJ TONbKO Y )KUBOT-
HBIX MepBOM TPYIIbl, TOTJA KaK y KPbIC 2 TPYMIIbI
Habmrozanace ymepeHHasi HeltponeHus. Sddekr
CHU)KEHHOU (YHKLMOHA/bHOW aKTUBHOCTH MPHU
BO3/|eliCTBHUU BBICOKHMX /103 TOMOLIUCTEHMHA OTMeYeH
Y B Ky/abType KaeTok [20]. [TosgsBneHrne B KpOBU
runepcerMeHTUPOBaHHBIX (OPM HelTpo(duUI0B
MOKeT ObITh 00yC/IOB/IEHO pa3/IMYHbIMU MMPUYHU-
HaMU, BK/IIOYAKOLUUMU AepUiuT HosrueBor Kuc-
JIOTBI 1 BUTaMUHa B12, Butamuna A, nedekramu
JUNUAHOTO0 ooMeHa [21]. OCHOBHON MeXaHU3M,
BBI3BIBAIOIMU TUINepCerMeHTaluio, No-BUAUMO-
MYy, 3aK/0UaeTcs Kak B cOosax B cuHTe3e JJHK,
Tak U B ee MOBPEXJEeHUU, TOTepe CTPYKTYPHOU
1|eJIOCTHOCTH sifipa [22], yTo BIlOHe coryiacyeTcs
C pOJib}I0 METUOHHWHA B OpraHU3Me, B UaCTHOCTH,
obecrieuenuu MmetunupoBanus JHK.

V3MeHsIOTCS ¥ MOKa3aTeau KpaCHOU KPOBH,
YTO CONPOBOXK/AAETCS MOBBILIEHNeM Harpy304HOro
SPUTPOLIMTAPHOTO KO3 PULIMEHTa, OTPa’karolero
(yHKLMOHAaIbHY0 Harpy3Ky Ha remMorios3. OTH u3-
MeHeHHUs TakKe Hanbosiee BbIpaXKeHbl y )KUBOTHBIX
BTOPOU 3KCIepUMeHTaIbHOM IPYIIbI C BBeJeHU-
eM L-meTuoHuHa, HO He nepBoi (DL-u3omepsl
aMMHOKUC/IO0THI). AHanu3 Mopdosornueckux
0Cc00eHHOCTel IPUTPOLIUTOB CUUTAETCS TPOTHO-
CTUYEeCKU 3HAUMMBIM MPU CepeyHO-COCYAUCTBIX
3abosieBanusix [23].

Hesb3s uckiroyaTh BOSMOXXHOCTB TOT'0, UTO B 3KC-
TepuMeHTa/IbHBIX UCCIeoBaHusIX [24], B KOTOPBIX
VICTI0/Ib30BaJICS MULLIeBOM METUOHUH, UHYLIMPYIOLLN
TUTIePrOMOLIMCTeNHEeMUIO, Hab/romaeMble TTIopaske-
HUSI MOIJIU OBbITh BbI3BaHbl HETaTUBHBIM 3¢ deKToM,
CBSI3aHHBIM C U30BITOUHBIM TIOTpeO/ieHreM UMeHHO
METHOHVHA, a He TOIbKO U He CTOJIbKO IOBBIIIEHHBIM
YPOBHEM rOMOLICTEHHA B KPOBU per se.

393



Yyuxosa H.H. u op. Bectuk PYJH. Cepya: Megynusa. 2026. T. 30. Ne 3

3akJiroyeHune

Takum 06pa3oMm, BbIPa>KeHHOCTh TUITePrOMOLIU-
CTeMHEeMWH, HallPaB/JeHHOCTb OTBETHBIX peakIui
Oesoif 1 KpacHOM KpoBH, KO3(h(ULIMEeHTOB, OTpaXka-
IOIMX a/I/IepruyecKyt0 HaCTPOeHHOCTh OpraHu3Ma
Y QYHKLMOHA/IbHYIO SPUTPOLMTAPHYI0 Harpy3Ky Npu
130bITOYHOM BBeJIeHUM METHOHHMHA B KaueCcTBe O1o/i0-
0aBKH, orpeziesiaroTCs GopMoM U30Mepa, BXOSIIEro
B €e COCTaB.
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A new inhibitor binding site in bacterial RNA polymerase
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Abstract. Relevance. Growing resistance of bacterial pathogens to antibiotics is a fundamental threat to healthcare worldwide.
Many antibiotics currently used in clinical practice were developed decades ago, and their efficiency has been declining over
time. Research efforts focusing on identification and optimization of new promising antibacterial compounds and new molecular
targets in bacterial cells establish the foundation for developing new potent antibiotics relevant to modern day clinical needs. The
bacterial RNA polymerase is a validated target for a number of natural, semisynthetic, and synthetic antibacterial compounds.
This essential enzyme maintains a high potential for developing a new generation of antibiotics. Materials and methods. We
prepared a complex of recombinant Escherichia coli RNA polymerase with a new small-molecule transcription inhibitor, and
studied it using cryoelectron microscopy to determine the mechanism of inhibition. Results and discussion. The current work
establishes the molecular basis of RNA polymerase inhibition by the compound N-(9H-fluoren-9-yl)-3-(2-methylpropyl)-[1,2,4]
triazolo[4,3-a]pyridine-8-carboxamide (compound A) that blocks transcription through binding to a previously unknown binding
site. We describe interactions of the compound A with RNA polymerase and reveal its mechanism of action that involves steric
restriction of template DNA binding in the enzyme active site. We demonstrate that the compound A targets only certain types
of transcription complexes since its binding site is formed in part by a dissociable subunit of RNA polymerase. Conclusion.
The results of the study may be used for development of conjugates of rifamycins with the compound A to obtain a new class
of bacterial RNA polymerase inhibitors with a new mechanism of action.
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Introduction

Antibiotics are a pillar of modern medicine; however,
existing antibacterial drugs are increasingly proving
ineffective in treating infectious diseases due to the growing
prevalence of drug-resistant bacterial pathogens [1].
Revolutionary changes in structural biology, particularly
the increasing availability and efficiency of cryo-electron
microscopy, are leading to the rapid accumulation of solved
structures of biological macromolecules, facilitating the
dissemination of methods for the targeted design of
inhibitors of essential target molecules in bacterial cells
for the development of new antibacterial drugs [2—4]. The
structure of a complex of a biological macromolecule with
an inhibitor allows for a detailed study of the molecular
mechanism of inhibition, thereby creating the opportunity
for sequential structural modification and optimization
of the original inhibitor for the rational design of a new
inhibitor with increased affinity and efficacy.

Bacterial RNA polymerase is an enzyme essential
for gene expression, cell growth, and division [5].
During transcription, the bacterial RNA polymerase
core enzyme (with the subunit formula a23'®) binds
the o factor for specific recognition and binding to
the gene promoter and initiates de novo synthesis of
RNA transcript [6]. Bacterial RNA polymerase has
a shape commonly described as a “crab claw”, with
the active site at its base located deep within the main
binding channel for DNA and RNA substrates [7].

PHARMACOLOGY

The catalytic center of bacterial RNA polymerases is
formed by a rather conserved amino acid sequence
that has low homology with the catalytic centers of
eukaryotic RNA polymerases, which allows bacterial
RNA to be used as a target for the development of
broad-spectrum antibiotics with high selectivity [8—14].

Currently, antibiotics that inhibit bacterial RNA
polymerase and are approved for clinical use belong to
two classes: rifamycins and fidaxomicin. Rifamycins,
widely used to treat tuberculosis and other infectious
diseases [15], bind RNA polymerase in a shallow
pocket within the active site and sterically block
elongation of the RNA transcript after it reaches
a length of 2-3 nucleotides [16]. Fidaxomicin, used
to treat Clostridium difficile infections [17], binds to
RNA polymerase at switches, blocking conformational
changes required for the formation of an open promoter
complex [12]. A recent study analyzing components
of a library of small molecules that bind to bacterial
RNA polymerase revealed a novel component, N-(9H-
fluoren-9-yl)-3-(2-methylpropyl)-[1,2,4]triazolo[4,3-a]
pyridine-8-carboxamide (compound A), with
antibacterial activity [18]. This molecule was found to
inhibit transcription in rifamycin-resistant E. coli strains,
and mutations in RNA polymerase associated with
acquired resistance to compound A were located outside
the known binding sites of bacterial RNA polymerase
inhibitors. The aim of this work was to investigate the
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binding site of the inhibitor compound A in E. coli RNA
polymerase and to establish the molecular mechanism
of transcription inhibition.

Materials and methods

E. coli RNA polymerase
E. coli RNA polymerase 670 holoenzyme was
prepared as described previously [9].

Sample preparation for cryo-electron microscopy

An aliquot of E. coli RNA polymerase
070 holoenzyme was thawed on ice, and 10 pL of
20 pM enzyme were mixed with 1 pL of 1 mM N-(9H-
fluoren-9-yl)-3-(2-methylpropyl)-[1,2,4]triazolo[4,3-a]
pyridine-8-carboxamide (Merck; CAS No. 2095432-38-3)
diluted in DMSO (Sigma-Aldrich), 2 pL of buffer (10 mM
Tris-HCI, pH 7.6, 100 mM NaCl, 0.1 mM EDTA, 5 mM
dithiothreitol), and 7 pL of distilled water. After 20 min of
incubation at 25 °C, the complex was immediately applied
to cryo-electron microscopy substrates. Substrates with cryo-
electron microscopy samples were prepared on a Vitrobot
Mark IV autoplunger (FEI/ThermoFisher) at 22 °C and
100% humidity in the blotting chamber. Samples (3 pL)
were applied to 2/1 Quantifoil Cu 300 holey-carbon grids
(Quantifoil), treated for 60 s in a PELCO surface charge
remover (Ted Pella) immediately before application. Grids
with samples were blotted with #595 filter paper disks for 7
s at 22 °C, after which they were flash-frozen by plunging
to liquid ethane cooled with liquid nitrogen. The prepared
grids with the sample were stored frozen in liquid nitrogen
until the beginning of experimental data collection.

Cryo-electron microscopy:
data acquisition and processing

Experimental data were collected at the Rutgers
University Cryo-Electron Microscopy and Nanoimaging
Facility (USA) on a Talos Arctica 200 keV electron
microscope (FEI/ThermoFisher) equipped with a GIF
Quantum K2 direct electron detector (Gatan). Data
were collected automatically using the EPU software
(FEI/ThermoFisher) at a nominal resolution of
130,000x, a calibrated pixel size of 1.038 A/pixel, and
a irradiance of 4.8 electrons/pixel/sec. Video images
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were recorded at 200 milliseconds/frame for 6 sec
(30 frames), resulting in a total cumulative irradiance
dose of 26.7 electrons/A2. The defocus distance ranged
from —1.25 pm to —2 pm. 2000 micrographs were
recorded from one sample substrate over 2 days.
Micrographs were normalized and corrected for
defects. Data processing was performed on a Tensor TS4
Linux GPU workstation equipped with four GTX 1080
Ti video cards (NVIDIA). Dose-dependent correction
of particle motion (3 x 3 tiles; b-factor = 150) was
performed using Motioncor2 [19]. Contrast transfer
function (CTF) estimation was performed using
CTFFIND-4.1[20]. Post-processing of images was
performed using Relion 3.0 [21]. Automatic particle
extraction using a Laplace-Gaussian filter yielded a set
of 364,630 particles. Particles were extracted using
a 250 x 250 pixel extraction square and subjected to
reference-free 2D classification, removing sparsely
populated and misshapen classes. This yielded a set of
107,112 selected particles. This set was then subjected
to 3D classification using C1 symmetry and a de
novo 3D model obtained using 3D_initial_model in
Relion 3.0. Classes with clear density corresponding
to RNA polymerase were combined and subjected to
automatic 3D refinement. The resulting particle set was
further refined using the “solvent flattening” setting
and postprocessed, with a final reconstruction of the
complex at a resolution of 3.9 A, determined according
to the Fourier distribution correlation (FSC) standard.
The initial atomic model was constructed based on
the 070 structure of the E. coli RNA polymerase
holoenzyme obtained by X-ray crystallography (PDB
4KN?7) [9]. The structure of compound A was drawn
in an online graphics editor, converted into a SMILES
formula in an online converter, and processed in the
eLBOW program [22] in PHENIX 1.20.1-4487 [23].
The resulting structure of compound A was manually
fitted into the additional electron density present in
the active site of the initial RNA polymerase model,
after which the model was subjected to several rounds
of manual refinement in Coot [24] and automated
refinement using real-space refinement in PHENIX
1.20.1-4487 [23]. Visualization of the resulting structure
was performed using Coot and PyMOL (Schrédinger).
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Results and discussion

Binding site and mechanism of transcription
inhibition of compound A

In the study identifying compound A as a bacterial
transcription inhibitor [18], mutations leading to
resistance to compound A were clustered in a small
segment of RNA polymerase comprising the [3' and ®
subunits (Figure 1a). For this reason, initial analysis
of the electron density map of the resulting RNA
polymerase complex with compound A expected to see
additional electron density at this site, corresponding to
the bound inhibitor. However, additional electron density,
with a size and geometry consistent with compound A,
was found away from the putative binding site, within
the main RNA polymerase channel near the catalytic
center and the rifamycin-binding site (Figure 1a).
compound A was inserted into this additional electron
density, and its interactions with RNA polymerase were
analyzed (Figure 1 b, c). The binding site of compound
A is a shallow pocket formed by amino acid residues
of the ' and 070 subunits. The ' subunit interacts with
compound A via ' amino acid residues L.255, D256, and
R259, which are part of the conserved structural element,
the ' lid, which contacts the active site RNA during
transcription and promotes the separation of RNA from
DNA in the RNA-DNA hybrid [25]. The 670 subunit
interacts with the inhibitor via 670 amino acid residues
1505, 1511, and F522, which are part of the conserved
domain 3.2 of the basic o-factor (Figure 1 b, ¢). Domain
3.2 of the o-factor interacts with RINA at the early stages
of transcription initiation, preventing its elongation after
reaching a length of 4-6 nucleotides [26] and blocking
the RNA exit channel from the transcription complex,
which triggers o-factor dissociation during the transition
from transcription initiation to elongation [27]. Thus,
since the binding site of compound A is present only
in the free RNA polymerase holoenzyme, the inhibitor
presumably blocks transcription at the stage of promoter
complex formation and is unable to affect transcription
at other stages. Modeling of the DNA open promoter
complex (PDB 4YLP) [28] into the derived structure of
the RNA polymerase complex with compound A shows
that binding of the template DNA strand leads to a steric
clash with one end of compound A (Figure 2), prevents

PHARMACOLOGY

the formation of contacts between the template DNA
strand and the amino acid residues of the f3' cap, and does
not allow the template DNA strand to assume a position
in the catalytic center that promotes optimal placement
of the first two ribonucleotides during the formation
of the first phosphodiester bond during transcription
initiation. The combination of these factors explains
the mechanism of bacterial transcription inhibition by
compound A. However, the obtained structure leaves
open the question of the allosteric mechanism of
resistance to the inhibitor of RNA polymerase variants
with mutations in the ' and w subunits, discovered in
a previous study [18].

Potential of a new binding site for
the development of antibiotics

Given the low affinity of compound A for bacterial
RNA polymerase (Kd ~ 3 pM) [18], the potential of
the inhibitor as a platform for the development of
a new stand-alone antibiotic seems low. However,
in recent years, studies of the activity of drug
conjugates based on drugs used in clinical practice
have become increasingly common in the field of
medicinal chemistry. A recent study provides an
example of the successful development of a new type
of antibiotic by chemical conjugation of rifabutin
with metronidazole, which made it possible to
achieve a synergistic effect and high efficacy in the
treatment of infectious diseases caused by H. pylori,
including drug-resistant strains [14]. We note that
in RNA polymerase, compound A and rifamycin
antibiotics such as 25-O-benzoyl-rifabutin [13]
and TNP-2198 [14] are separated by a distance of
9-12.9 A (Figure 3 a, b). This observation suggests
that compound A and rifamycin antibiotics can be
conjugated using a linker to create novel antibacterial
compounds with enhanced affinity for bacterial RNA
polymerase. Such conjugates may have a different
mechanism of transcription inhibition than both parent
molecules, based on complete steric blocking of the
template-strand DNA loading to the active site of the
RNA polymerase holoenzyme by a linker connecting
the two pharmacophores. The synthesis and testing of
such compounds will be the subject of future research.
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Figure 1. Structural basis of bacterial RNA polymerase inhibition. (a) Model of the transcription initiation complex of E. coli RNA
polymerase. RNA polymerase, rifampin, and compound A are shovvn in gray, red, and green, respectively. The Mg?* ion in the
active site is shown as a yellow sphere. Amino acid residues in the B’ and w subunits, mutations in which lead to resistance

to the inhibitory action of compound A, are shown in the enzyme structure as blue and orange spheres. (b) The binding site of
compound A. Some structural elements of the binding site that obscure the view have been omitted for clarity. The experimental
three-dimensional electron density of compound A is shown as a blue grid with an embedded atomic model of compound
A colored according to atomic composition. The 8" and 670 subunits are shown in gray and orange, respectively. The side
chains of the amino acid residues of the B’ and 670 subunits interacting with compound A are colored according to their atomic
composition. (¢) Schematic representation of the interactions of compound A with the amino acid residues in the binding site.
Van der Waals interactions are shown as blue arcs, hydrogen bonds are indicated by blue dashed lines, and the m-stacking
interaction is marked with the letter T.

Figure 2. Mechanism of bacterial transcription inhibition by compound A. Some structural elements of RNA polymerase that
obscure the overview have been omitted for clarity. compound A, B, B, and 670 subunits are shown as in Figure 1a-b. The DNA
model is shown in blue. The collision of the template-strand DNA with compound A in the open promoter complex of E. coli RNA
polymerase is shown by the red dotted oval
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Figure 3. Relative positioning of compound A and rifamycin antibiotics in the binding sites of bacterial RNA polymerase. Some
structural elements of RNA polymerase that obscure the overview have been omitted for clarity. Compound A, B, 8', and 670
subunits are shown as in Figure 1b. (a) Modeling of compound A and 25-0-benzoyl-ribofabutin in the active site of E. coli RNA
polymerase. The atomic model of 25-0O-benzoyl-ribofabutin is shown in red. The minimum distance between compound A and
25-0-benzoyl-ribofabutin is shown as a dotted line. (b) Modeling of compound A and TNP-2198 in the active site of E. coli RNA
polymerase. The atomic model of TNP-2198 is shown in magenta. The minimum distance between compound A and TNP-2198
is shown as a dotted line.

Conclusion
The obtained results expand the existing list of

inhibitor binding sites in bacterial RNA polymerase and
provide an opportunity for the rational design of new
antibacterial drugs that inhibit bacterial transcription by
binding to this site. Further research in this direction can
be aimed at creating dual inhibitors based on rifamycins
and compound A-like conjugates that bind to bacterial
RNA polymerase at both binding sites simultaneously.
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HoBbiit cauT cBA3bIBaHMSA MHIIM6UTOpPA
B 6akTepuanbHon PHK nonumepase
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AHnHoTanusa. AknyaibHocmsb. PacTyiasi ycTORUMBOCTb OaKTepHabHBIX MAaTOreHOB K aHTHOHMOTHKAM IpeJCTaB/sieT
co6oli GpyHZaMeHTaIbHYIO YTPO3y [jIs1 3[paBOOXpaHeH st BO BceM MUpe. MHOrve aHTUOMOTHKH, UCIO/Ib3yeMble B HACTOSIIIIee
BpeMsi B KIIMHUUECKOU MpakKTHKe, ObI/IM pa3paboTaHbl jeCATUNIeTHs Ha3a/l, ¥ UX 3Q(eKTUBHOCTb CO BpeMeHeM CHIKAEeTCsl.
VicenenoBaHusi, HarpaB/ieHHbIe HA WIeHTU(UKALIMIO U ONTUMU3aLUI0 HOBBIX MePCIeKTUBHBIX aHTHOAKTepUaIbHBIX COeJMHEeHHH
Y HOBBIX MOJIEKY/ISIPHBIX MUILIIeHel B 6akTeprabHBIX KJIeTKax, 3aK/1abIBal0T OCHOBY [ijisl pa3pab0TKH HOBBIX CHITBHOZJEHCTBY-
IOIMX aHTHOMOTHKOB, OTBEUAFOIIMX COBPEMeHHBIM KJIMHIYeCKUM roTpebHocTsiM. bakTepuanbHas PHK-nonuMepasa siesieTcst
TIO/ITBEP)KJeHHOM MHUILLIEHBIO /1751 Psifia IPUPO/HBIX, MOTYCHHTETHYeCKUX U CHHTeTHYeCKUX aHTHOAKTepHalbHbIX COeJMHEHUM.
OTOT BaXKHBIN epMeHT 00s1a/jaeT BBICOKMM TTOTEHIMAIOM Ji/isi pa3paboTKH HOBOTO MOKOJIEHUsI aHTHOMOTHKOB. Mamepuasbl
u MemoOdbl. Ml TIonyuriv Komruiekc pekombuHanTHori PHK-nionumepasel Escherichia coli ¢ HOBBIM HU3KOMOJIEKY/ISIPHBIM
WHTUOWTOPOM TPAHCKPUITLMY Y U3YUH/IH ero C TIOMOILbI0 KPUO3TeKTPOHHON MUKPOCKOMHH /ISl OTIpe/ie/IeHUs] MeXaHh3Ma
uHrubupoBaHus. Pesyibmambi u 0bcyxcoeHue. B nanHOM paboTe ycTaHOB/IeHA MOJIEKy/IsipHasi OCHOBa MHIMOWPOBaHUs
PHK-nonumepas3si coepunervieM N-(9H-duyopen-9-un)-3-(2-metunnponun)-[1,2,4]tpua3zonol4,3-a]nupuaun-8-kapbokca-
MHIOM (coefHeHHe A), KOTOpoe G/IOKHUpYeT TPAHCKPHITLMIO TTYTeM CBSI3bIBAHHsI C PaHee HEM3BEeCTHBIM CaliTOM CBSI3bIBAHMS.
Me1 ornvcbiBaeM B3auMo/ieticTBue coefuHeHusi A ¢ PHK-momMepa3oit ¥ packpbiBaeM ero MeXaHW3M [1eACTBUS], KOTOPBIM
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BKJIIOUAET CTepUUeCKOoe OrpaHUUeHHte CBs3bIBaHUs MaTpuuHOU [THK B akTMBHOM 1]eHTpe hepmeHTa. MBI [eMOHCTPUPYEM, UTO
coeUHEHHe A HarleJIeHO TOJIBKO Ha OTIpe/ie/IeHHbIe TUIThI TPAHCKPHITIIMOHHBIX KOMITJIEKCOB, TIOCKO/IBKY €TI0 CAUT CBSI3bIBAHUS
yacTUYHO 00pa3oBaH Aucconuupyemon cyoseaunuiiert PHK-momumepasbl. BbigoObl. Pe3ynbTaThl UCCIeIOBAHUS MOTYT OBITh
WCTIO0/Tb30BaHBbI /1151 pa3paboTKH KOHBIOraTOB PU(PAMHUIIMHOB C COeTUHEHUEM A C 1]e/TbIO TIOTyUeHUsT HOBOTO K/lacCa MHTMOWTOPOB
6akrepuanbHOi PHK-o/MMepasbl C HOBBIM MEXaHHU3MOM /1€HCTBUS.
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Silver nanoparticles: known and unknown facts
in a review of properties, mechanisms of action,
and medical applications

Denis V.Antonov , OlgaV. Levitskaya ', Elena V. Uspenskaya >

RUDN University, Moscow, Russian Federation
D<) Uspenskaya-ev@rudn.ru

Abstract. Relevance. The review focuses on the current state of the art in the use of nano-objects in medicine and pharmacy.
The relevance of this topic stems from the unique properties of nanomaterials, which exhibit various size-dependent properties
in the range of 1-100 nm, where quantum phenomena come into play. The aim of this work is to outline the main strategies of
modern science for the development and successful stabilization of nanoparticles intended for both the diagnosis and treatment
of pathological diseases. Nanostructured heterogeneous matrices containing highly dispersed particles with sizes corresponding
to the de Broglie wavelength open up promising opportunities for their use in various scientific and clinical studies. The diversity
of the nature, morphology, sizes, and properties of nanoparticles used in medicine for the diagnosis and treatment of diseases
of bacterial, viral, and malignant neoplasm stimulates interest in particles exhibiting quantum size effects (QZE). The QZE of
nanoobjects are characterized by unique optical and magnetic properties that differ from the properties of physical structures in
which particles are larger than 100 nm. Fluorophores based on quantum heterogeneous structures are actively used in medicine
and biology, for example, in systems for labelling and visualizing biological data, including in the detection and control of tumor
cells. Conclusion. This review describes modern approaches to the synthesis and functionalization of nanoparticles based on
top-down and bottom-up principles, as well as the potential mechanisms of action of nanoparticles depending on their morphology,
size, and ionic (atomic) form. The unique physicochemical properties of nanoparticles, which are due to quantum size effects,
are discussed. The article describes various forms of nanoparticles, mechanisms of action, molecular targets, as well as methods
of synthesis and application. These aspects are crucial for understanding the role of nanoparticles in combating infections and
developing new therapeutic approaches, ensuring their continued relevance in modern science and medicine.

Keywords: silver nanoparticles, biocidal properties, antimicrobial surfaces, quantum size effect, oligodynamic effect,
green chemistry
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Introduction

For a long time, silver and its compounds
have been widely used in various fields of human
activity, including medicine and everyday life, due
to their pronounced biocidal properties due to the
high reactivity of the metal [1]. The use of silver for
the treatment of various diseases or to prevent the
transmission of infection dates back to 4,000 years
BC. In the manuscripts, there were mentions of
a dangerous biogenic agent that threatens human
health in enclosed spaces — mold associated with
the so-called “leprosy” [2]. This disease served
as a generalized term for a group of infectious
dermatological diseases caused by bacteria or fungal
spores, which were treated with metals and their
derivatives. Silver and its compounds have been used
to fight various microorganisms since the time of
ancient civilizations. For example, the ancient Greeks
and Egyptians used silver vessels to store drinking
water and other liquids, which significantly reduced
the risk of infection. In the Middle Ages, the well-
to-do sections of the population ate from silverware,
which is believed to have prevented the reproduction
of pathogenic microbes. According to some theories,
such dishes could protect nobles from the devastating
effects of the bubonic plague pandemic [3].

The active introduction of silver compounds
into medical practice began with the use of silver
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nitrate, which was originally used as a solid mass,
known as "lapis lazuli" (from lat. lapis — stone and
lazur — blue): mineral from the class of silicates
with a framework structure of crystal grid, chemical
composition Ca,Na [AlSiO,] [SO,I[S,]. Silver nitrate
was used throughout the 1800s to treat burns, ulcers,
and infected wounds [4]. The use of silver, according
to official European pharmaceutical practice, dates
back to 1881 with the experience of the German
obstetrician-gynecologist Karl Kred, who proposed
a method for the prevention and treatment of neonatal
inclusion blennorrhea in newborns by instilling 1-2%
silver nitrate solution into the eyes [5]. Since the
beginning of the 19th century, silver nitrate solutions
have become even more widespread in medicine:
at the beginning of the 19th century, a dosage form
was proposed that included a 3.4% solution of silver
nitrate with the addition of linseed oil, which was
used to treat pathologies associated with excessive
overgrowth of connective tissues due to inflammation.
This formulation has proven itself to be the standard
for preoperative preparation, although its use declined
after World War II and the advent of antibiotics. This
discovery stimulated doctors, especially surgeons, to
search for new effective ways to use silver nitrate. One
of the key areas was the treatment of wound injuries and
related infectious complications. Biochemist Charles
Lewis Fox (USA) revived the use of silver compounds
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by developing in 1966 an ointment composition based
on a sulfonamide agent, sulfadiazine 1% in combination
with silver (Sulfarginum or Sulfadiazine Silver
C,,H,AgN,0,S) [6, 7] (Figure 1).

A+
QN”

H-N
4-amino-N-pyrimidin-2-yl-benzenesulfonamide silver salt

Figure 1. Structure of sulfadiazine silver solt (lactam form)

Therefore, in addition to the biological properties
of API, the clinical effect also depends on the method
of administration, which is achieved by creating the
appropriate form of the drug. Despite the apparent
biocidal effect of the use of silver compounds, the
description of the mechanisms of biological activity
was first announced in the 1890s with the introduction
of the term “oligodynamic effect”, thanks to the
work of Swiss-German scientist Carl Wilhelm von
Negeli [8]. This means the toxic (from greek oligos —
small, dynamis — force, “acting in small doses™)
effect of metal ions (Ag*, Cu*?, Au*®) on prokaryotes
and eukaryotes in relatively small amounts [9].
Later, when using radiolabeled sulfadiazine, it was
shown that silver in the form of nitrates and salts
with sulfadiazine forms a complex with DNA in vitro
and has the highest degree of bacterial binding. The
interaction between silver and DNA can be described
as a process: there is a weak, reversible intercalative
interaction between DNA and the sulfadiazine moiety,
during which sodium sulfadiazine competes with Ag
for binding to DNA and then a stronger, tightly bound
complex is formed that involves coordination of the
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silver atom [10]. Additional studies have shown that
resistant bacteria are those that are unable to bind
Ag+ ions more strongly to release AgCl [11]. The
antimicrobial activity of silver is based on the ability
of Ag® ions to penetrate bacterial cell walls through
pinocytosis, which leads to increased cellular oxidative
stress followed by protein denaturation and growth
inhibition [12]. Ionic silver also has the ability to
bind to the microbial genome (DNA or RNA), which
inhibits the replication of nucleic acids and prevents
the reproduction of microorganisms.

At the beginning of the 20th century, innovative
forms appeared in clinical practice, such as silver
foil with silver nanoparticles (AgNPs), which proved
their effectiveness in the treatment of burns and
wound defects, including skin grafts. The use of
silver foil not only reduced pain in patients, but also
demonstrated pronounced bactericidal properties,
which accelerated healing processes by stimulating
the formation of granulation tissue. The emergence
of new medical applications for silver is associated
with the development of its unique forms, such as
nanoparticles (AgNPs), and their integration into
various materials, such as polymers and biocompatible
matrices. One of the most important advantages of
antimicrobial coatings is their ability to continuously
disinfect a surface as long as it remains undamaged.
Although this does not eliminate the need for regular
sanitary measures, such coatings provide additional
protection between hygiene procedures. For example,
it has been found that pre-treated silver surfaces are
able to effectively destroy fungi, mold and bacteria
even after ten years of continuous use both at home
and in medical institutions. Table 1 shows the forms
and compounds of silver [13].

A surge of publications on nanoparticles, formed
dispersions, and medical applications can be traced
in international databases since 1995 [14]. During
this period, the first publications appeared in the
Russian-language scientific literature, including
patents for inventions of methods for the treatment
of purulent wounds using a pharmaceutical substance
based on silver (d~nm) nanoparticles stabilized with
polyvinylpyrrolidone (PVP) — poviargolum (Figure 2).
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Table 1
Properties of silver atoms, ions and compounds
Form (ionic/neutral) Electronic formula
- Compounds
of silver (outer energy levels)
Ag° d'os’ Ag nanodispersions
Ag dr Ag,0, [Ag(OH),I, [Ag(H,0),I*, AgF, AgCl, AgNO,, Ag,SO,, Ag,S, Ag(CN),
Ag? d° AgF,, [Ag(C,H,N),I*, AgSO,
Ag* ds [AgF |-, [AgF J*-, rare
H, H
Cc -C
| |n
0
N * Q=) Ag
5'\0\
G,
SRR AN

Figure 2. Binding of polyvinylpyrrolidone (PVP) with Ag nanoparticles

The synergistic effect of silver and PVP is directed
against Gram-positive bacteria: K. pneumoniae,
P. aeruginosa and A. baumannii, resistant to
carbapenems, aminoglycosides, polymyxins and
tigecycline [15].

Structure and properties
of silver nanoparticles

Silver nanoparticles (AgNPs) stand out among
metallic nanoparticles for their unique physicochemical

PHARMACOLOGY

properties and biological effects, which makes
them the subject of close study in the field of
nanobiotechnology [16]. AgNPs particles exhibit various
size-dependent properties in the range of 1-100 nm,
where quantum phenomena are involved. A decrease
in the size of nanoparticles contributes to a more
pronounced manifestation of the quantum size effects
(QZE), which manifests itself in the quantization of
the energy of the excited state of charge carriers — the
electron gas in the nanoparticle system and in the shift of
the conduction band upward in energy levels (Figure 3).
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Figure 3. Discreteness of electron energy

The transition of an electron from one stationary
state (E,) to another (E,) is accompanied by the emission
of a quantum of light with a frequency:

v=AE/h, (@)
where AE is the energy difference between the initial and
final states of the electron, and h is Planck's constant.

The quantum structures of the material are
characterized by unique optical and magnetic
properties that differ from those of physical structures
in which particles have a size exceeding the de Broglie
wavelength (macroscopic bodies). Fluorophores based
on quantum heterostructures are actively used in
medicine and biology, for example, in tagging and
imaging systems for biological objects, including in
the detection and control of tumor cells [17]. These
properties are significantly influenced by factors
such as surface area, surface charge, morphological
diversity (for example, rods, triangles, color-like
structures, spheres), as well as size variations from
1 to 100 nm. For example, spherical AgNPs with
smaller dimensions (d~1-20 nm) exhibit excellent
antibacterial activity due to their increased reactivity.
In contrast, larger spherical particles or particles
with similar sizes but different shapes, such as
triangular nanoparticles with sharp edges, exhibit
different efficiencies, with triangular shapes often
outperforming spherical ones due to their reactive
edge structures (Figure 4).

Figure 4. Different shapes of Ag nanoparticles depending on size:
(a) sphere, (b) a nanocubes, (c) pyramids, (d) prisms, (e) flower, (f) ellipse [21]
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The stated differences in the antibacterial
effectiveness of nanoobjects can be explained by
the anisotropic shape of some silver nanoparticles,
which differ in the dense arrangement of atoms
on the surface, which enhances the effect on
their surface, enhancing the biocidal effect [18].
Experimental data show that quasi-spherical AgNPs
(~20 nm in diameter) and spherical particles with
a smaller diameter (~9 nm) exhibit pronounced
antimicrobial effects. In addition, AgNPs synthesized
in a phosphate-salt buffer in the size range of 5-20 nm
exhibit significant antiviral activity [19]. Thus, the
functional versatility of AgNPs in medicine is closely
related to their size, shape, and surface morphology.
This diversity highlights the need for ongoing
research to optimize their design and application in
this dynamic field of research [20].

The growth of nanoparticles during solution-phase
synthesis proceeds in stages: nucleation — seeding —
growth. One can control the shape of the synthesized
nanoparticles by tuning the thermodynamics and
kinetics at each stage of their solution-phase synthesis
[21]. Thus, the shape and size of the resulting silver
nanoparticles depend on experimental conditions such
as: synthesis temperature, concentration of the starting
materials and stabilizer, pH of the solution, as well as
the approach used (“bottom-up” or “top-down”).

Mechanism of action and targets

Silver nanoparticles (AgNPs) exhibit exceptional
quantum dimensional properties due to their
pronounced surface area, ability to interact with
microbial biomolecules, penetrate cells, generate
reactive oxygen species (ROS) and free radicals, and
interact with microbial signaling molecules [22, 23].
Modification of the surface of AgNPs can enhance
their oligodynamic effects (in small doses), improving
stability and physico-chemical characteristics. Metallic
silver ions become biologically active as a result of
reduction under the action of oxidizing agents — sodium
citrate, glucose, etc. [24]. The restored form binds to
the membranes of bacterial cells, causing structural
damage and morphological changes. Unlike other metal
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nanoparticles, AgNPs minimize toxic effects. The
authors [25] cite research results confirming significant
changes in antibiotic sensitivity and the ability to form
bacteria biofilms (multicellular-like behaviors or forms)
observed during prolonged exposure of pathogens
causing diseases of the genitourinary system to
combinations of chemotherapeutic antibacterial agents
and AgNPs.

For example, copper nanoparticles (CuNPs) exhibit
a more pronounced antibacterial effect, but their cellular
toxicity limits their practical use. Particles CuNPs
destroy bacterial membranes and interfere with electron
transfer during photocatalysis, but their harsh effect
contrasts with the balanced effectiveness of silver. The
paper [26] presents the results of a study of the wound-
healing activity of methylcellulose-based ointments
with different concentrations of copper nanoparticles
measuring 103 nm (71% crystalline copper). It was
found that an ointment containing copper nanoparticles
at a concentration of 0.002% achieves the optimal effect
on wound healing.

The proposed mechanisms of action of
AgNPs include adhesion to cell walls/membranes,
intracellular penetration; disruption of organelles
and induction of oxidative stress and modulation of
signaling pathways (Figure 5).

Silver nanoparticles are able to firmly attach and
accumulate on the surface of gram-negative bacterial
cells, as well as penetrate into microbial cells through
pores, which are water-filled channels located in the
outer membrane of gram-negative bacteria [28]. Porins
play a key role in the passive movement of hydrophilic
molecules of various sizes and charges through the
membrane. On the contrary, the thicker cell wall of
Gram-positive bacteria can prevent the penetration of
silver ions into the cytoplasm [29]. Lipopolysaccharides
present in the cell walls of gram-negative bacteria
probably help maintain their structural integrity, but
also make them more vulnerable to silver nanoparticles.
The negative charge of lipopolysaccharides further
promotes the adhesion of nanoparticles. Some studies
show that silver nanoparticles can adhere to the surface
of bacteria, altering the properties of membranes and
potentially causing damage to bacterial DNA [30].
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A. Adhesion to the cell
membrane

B. Penetration inside
the cell & nucleus

Mitochondria

toxicity

C. ROS generation & cellular

D. Genotoxicity

Figure 5. Ways of biocidal action of AgNPs: (A) alters membrane structure & permeability, leakage of cellular content & ATR,
(B) destabilize and denature proteins, interact with DNA, (C) oxidize proteins & lipids, mitochondrial dysfunction,
ribosome destabilization, (D) DNA base damages, inhibition of replication and transcription [27]

Since the attachment of bacteria to the surface is the
first step in the development of biofilms (polycellular
forms), silver nanoparticles binding to the cell surface
can hinder this process. This aspect is of great practical
importance in the fight against pathogens, indicating that
silver nanoparticles can be useful not only for preventing
infections, but also for combating antibiotic-resistant
strains [31, 32].

Synthesis methods

To obtain nanoparticles with the claimed properties,
a carefully controlled synthesis process is necessary.
Since the advent of nanotechnology, many methods of
producing silver nanoparticles have been developed.
In general, these approaches are divided into two main
categories: “top-down” and “bottom-up” (Figure 6).

The top-down method involves crushing massive
materials into metal nanoparticles using various physical
methods such as mechanical crushing, grinding, as
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well as electrical methods such as electric discharge
and laser ablation. Thermal methods, including vapor
condensation, also play an important role. Physical
methods usually produce nanoparticles of high purity
and uniform size. Although such processes do not
require potentially dangerous chemicals or stabilizers,
they require complex and expensive equipment, as well
as significant energy consumption.

In contrast, the bottom-up method is based on the
assembly of nanoparticles from molecular building
blocks through the processes of growth and nucleation.
Chemical and biological synthesis are widely used in
this approach. Chemical synthesis can be accelerated
and optimized using various energy sources — visible
or ultraviolet light, electricity, microwaves, or
ultrasound — which makes it possible to quickly obtain
nanoparticles of various shapes [34]. However, chemical
synthesis can be accompanied by risks associated with
toxic by-products, which limits its use for medical and
pharmaceutical purposes.
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Nanoparticle production technology

_
top-down bottom-up
physical chemical biological
synthesis synthesis svnthesis
' deposition . . microemulsion . l microbiological
. ablation . electrochemical . . enzymes .
. arc discharge . . plants .
chemical reduction
. spark discharge reduction reactions

Figure 6. The main approaches to obtaining nanoparticles [33]

Biological synthesis is attracting increasing
attention due to its environmental safety and
sustainability. It uses biologically active compounds
such as alcohols, flavonoids, and phenolic compounds
as reducing agents [35].

Traditional methods of nanoparticle synthesis
can be expensive and pose risks to human health and
the environment. To overcome these disadvantages,
researchers are actively exploring so-called “green”
methods using natural materials and their derivatives.
Biological synthesis can be divided into methods using
fungi, yeasts (eukaryotes), bacteria, and actinomycetes
(prokaryotes), as well as approaches based on plants,
plant extracts, and even viruses as templates [36, 37].

The chemical synthesis of silver nanoparticles
consists in the reduction of silver salts in water or
organic solvents. This process is based on three key
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components: reducing agents, metal precursors, and
stabilizing or coating organic polymers. The choice of
reducing agents and coatings is extremely important,
since they can significantly affect the physico-chemical
properties of the released nanoparticles [38, 39]. Despite
these disadvantages, chemical methods provide high
yield, excellent reproducibility, and lower cost compared
to physical methods.

Physical synthesis, as a top-down method, uses
physical effects such as electromagnetic radiation,
plasma, and thermal effects. This method allows
nanoparticles to be evenly distributed on thin films
without contamination with solvents [40]. Vapor
condensation and laser ablation are among the
most common physico-chemical methods. Vapor
condensation is a two — stage process involving
evaporation and condensation in a specialized tubular
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furnace at normal atmospheric pressure; the size of the
resulting nanoparticles varies from 3 to 50 nm [41].
However, physical synthesis is energy-intensive and
time-consuming, which can lead to an increase in
ambient temperature.

Nanodispersions from 10 to 30 nm with a given
morphology and properties can be obtained by laser
ablation in a liquid using an environmentally friendly
and affordable approach [42].

The choice of a method for synthesizing silver
nanoparticles is a critically important decision that
depends on the required characteristics of the final
product and its field of application. Each top-down
or bottom-up approach has its advantages and
limitations, which requires careful analysis in terms
of environmental safety, economic efficiency, and
technological feasibility.

The latest application

More and more studies indicate the occurrence
and stable retention of pathogens (bacteria d>5 mcm,
viruses d~20-200 nm, protein infectious particles
of prions d<5 nm, fungi, yeast and protozoa
d>200 mcm) in patient care in clinical settings,
which can cause infection of hospital patients
and cross-contamination. The infections between
them are nosocomial infections [43]. Widespread
disinfectants alone can stimulate the development
of resistance. For example, quaternary ammonium
compounds (QACs) have long been considered an
effective class of disinfectants that are immune to
bacterial resistance. However, methicillin-resistant
staphylococcus aureus (MRSA) isolates show an
increase of about 30% in their resistance genes.
Disinfection of rooms by exposure to high-intensity
UV light can be effective in destroying most
microorganisms. However, this measure requires
the complete emptying of the room by both staff and
patients during the process in accordance with safety
requirements [44]. As a result, the development of
new materials with surface antimicrobial properties
based on metallic silver nanoparticles is extremely
promising for medical applications.
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Silver has been used in medicine for many decades,
and its antimicrobial activity is recognized as one of
the first effective disinfection technologies [45]. Silver
nanoparticles are widely used in dressings — numerous
studies confirm that they significantly accelerate wound
healing and at the same time prevent the development of
bacterial infections. As already noted, the ability to bind
to various molecular targets in microbial cells provides
silver nanoparticles with a prolonged antibacterial effect.
For example, AgNPs incorporated into the bacterial
cellulose matrix exhibit pronounced bactericidal activity
against gram-negative bacteria such as Escherichia
coli, while not having a toxic effect on epidermal cells,
which makes them ideal for medical use [46].

In modern experimental medicine, the possibility
of synergetic use of silver nanoparticles as powerful
antibacterial agents in combination with various
antibiotics is actively being investigated [47]. However,
it is worth noting that this synergy is not observed for
all classes of antibiotics, which requires further study
of the mechanisms of their interaction.

Despite all the attractive advantages of silver-
based drugs for medicine, it should be remembered
their possible toxic effects and contraindications to
use. Considered [48], that the toxicity of silver is a rare
diagnosis, usually manifested by skin manifestations
in the form of argiria disease (greek. &pyvpog silver).
Long-term deposition of silver compounds (silver dust,
colloidal silver or silver nanoparticles) in a dose of 70 to
1500 mg Ag/kg body weight leads to irreversible strong
skin pigmentation. An in vivo study using radiolabelled
silver showed the onset of accumulation effect 2—8 hours
after exposure, with a half-life period of 2 weeks. Oral
absorption through the gastrointestinal tract may vary
depending on other food components that potentially
affect the bioavailability of silver; absorption is up to
10% [49]. Metal silver presents minimal health risk —
according to the American Conference of Governmental
Industrial Hygienists (ACGIH), the threshold limit
for metallic silver is 0.1 mg/m?, while soluble silver
compounds — an order of magnitude less than 0.01 mg/
m?. A single lethal dose of silver nitrate is estimated
to be about 10 g, an intravenous dose of about 50 mg
of silver causes necrosis of bone marrow, kidneys
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and liver, bleeding and swelling of the lungs [50, 51].
However, such cases are known only among suicidal
or other preventive actions.

In addition to medical purposes, silver nanoparticles
are used as effective heterogeneous catalysts that are
actively used to reduce halogenated organic pollutants.
Their unique catalytic properties also enhance the
bleaching ability of organic dyes. Tubular silver
nanoparticles have high catalytic activity, which expands
their use as effective catalysts for the tasks of green
chemistry and environmental restoration [52—54]. The
particles AgNPs are widely used not only in medicine,
but also in other scientific fields due to their unique
physico-chemical properties — high conductivity and
photocatalytic activity. One of the key areas of their
use is electronics, where AgNPs are used as conductive
materials to create innovative flexible electronics,
sensors and solar panels, opening up new opportunities
for energy-saving technologies.

Conclusion

The metal and oxide nanoparticles have proven
to be an original potential approach for applications in
a wide variety of fields, from medicine to physics and
chemistry. This was made possible by their pronounced
antimicrobial properties and high biocompatibility.
Silver, known to mankind for centuries, has become
an important element in various fields of culture and
medicine, primarily due to its ability to effectively resist
microorganisms. Numerous studies confirm that silver
nanoparticles significantly accelerate wound healing
and prevent bacterial infection due to the high reactivity
of the surface and the ability to interact with cellular
structures of pathogens. The introduction of silver
nanoparticles into medical devices and technologies
is a breakthrough area that requires special attention and
further study. The combination of silver nanoparticles
with traditional antibiotics opens up new horizons in
the treatment of infectious diseases, although additional
research is needed to optimize such synergistic
interactions. Given the growing interest from the
scientific community and industry, silver nanoparticles
remain an important research object, confirming their

PHARMACOLOGY

significant potential for developing effective solutions
that promote sustainable development in a wide variety
of industries.
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CepebpsiHble HAHOYACTULLbI: U3BECTHbIE U HeU3BeCTHbIe GaKTbl
B 0630pe CBOMCTB, MEXaHU3MOB AeiNCTBUSA
U NPUMEHEeHus B MeguLuHe

J.B. AHTOHOB =

, O.B.JIeBunikas ~, E.B. YcneHcKast

Poccuiickuii yHuBepcuTeT [py>k0bl HapofioB, . Mockea, Pocculickas Pedepayus
< Uspenskaya-ev@rudn.ru

AnHoTanua. AkmyanbHocmb. O630p TIOCBSAILEH COBPeMEHHOMY COCTOSIHHIO /ieJT B 006/1aCTH UCIO/TB30BaHUsl HAHOOOBEKTOB
B MefuIuHe U ¢apMalun. AKTyaJbHOCTb 3TOU TeMbl 00yC/IOB/IeHa YHUKAIBHBIMUA CBOMCTBaMUA HAHOMaTeprasioB, KOTOPbIe
JIleMOHCTPHPYIOT pa3/IMuHble pa3MepHbIe 3aBUCUMOCTH B fiuarna3oHe 1-100 HM, I7je BCTYIalOT B UTPY KBaHTOBbIe siBjieHust. []enb
JIAHHOU paboThl — 0003HAYNTH OCHOBHbBIE CTPATErMK COBPEMEHHOM HayKH M0 pa3paboTke U yCIenHou cTabuimM3alyl HaHoua-
CTHII, NTpe/iHa3HaYeHHBIX KaK /s JUarHOCTUKH, TaK U [|Isl JIeUeHHsI TaTo/Iornueckux 3aboneBanuid. HaHOCTPYKTypUpOBHAHbIE
reTeporeHHble MaTpHIIbl, COZieprKallliie BEICOKOMCIIEPCHBIE YACTHL[BI C Pa3MePOM, COOTBETCTBYIOILMM J/IMHE BOJHEI /e Bpoiins,
OTKPBIBAIOT MHOTO00EILaroIIie BO3MOXHOCTH [|JIsl KX UCIIO/Ib30BAHUS B PAa3/IMUHBIX He TOJIBKO B HAYYHBIX, HO K/THHHUYE CKIX
vccefoBaHusIX. PasHoobpasre nmpupo/el, MOPGOIOriU, pa3MePOB U CBOWCTB HAHOYACTHL], TPUMEHsIeMbIX B MeIULMHE 151
[IWarHOCTHUKH U Tepanuu 3aboeBaHuii OaKTepranibHON, BUDYCHOM U 3/10KaueCTBeHHOM 3THONIOTHH, CTUMY/IHUPYeT UHTepec
K YaCTHLaM, TIPOSIBIISTFOLLIM KBaHTOBO-pa3MepHbIi 3¢ dekT. KBaHTOBBIE CTPYKTYpbl HAHOOOBEKTOB XapaKTePHU3YFOTCS YHUKA/Tb-
HBIMU ONTHYeCKUMH Y MarHUTHBIMUA CBOWCTBAMH, OT/IMUHBIMH OT CBOMCTB (M3UUECKUX CTPYKTYP, B KOTOPBIX YaCTULBI UMEFOT
pa3mep, nipesbiaromuii 100 HM (Makpockornyeckue Tesa). @nyopodopbl HA OCHOBE KBAHTOBBIX T€TEPOCTPYKTYP aKTUBHO
TIPUMEHSFOTCS B MeZIMLIMHE, OMOJIOr|Y HarprMep, B CHCTeMax MeueHUst ¥ BU3ya/i3aliy OHOIorHyeCKUX 00BeKTOB B TOM UHC/Ie
Tpy 0OHapy>KeHUH U 60pb0e € OTyXO/IeBBIMH K/leTKaMU. Bbigodbl. B jaHHOM 0630pe OrvcaHbl COBpeMeHHbIe TIOAXO0/bl K CHHTe3Y
Y (yHKIIMOHA/MM3aLMM HAHOYaCTHL] Ha OCHOBe TIPUHLIUTIOB «CBEPXY BHU3» U «CHU3Y BBEPX», a TAKXKe MOTeHIUa/IbHbIe MeXaHU3MbI
JeHCTBUSI HAHOUACTHUL] B 3aBUCHMOCTH OT UX MOP(OJIOriH, pasMepa ¥ HOHHOM (aTOMHOH) popmbl. OOCYKAAFOTCS YHUKAIbHbIE
(hbU3MKO-XUMHUeCKHe CBOMCTBA HAHOYACTHLI, 00yC/IOB/IeHHbIe KBAaHTOBBIMU 3¢ (deKTamu pa3Mepa. B cTaTbe onmchIBalOTCS
pa3nuyHble (POPMbI HAHOYACTHL], MEXaHW3MBbI [JeMCTBHsI, MOJIEKY/ISIPHbIe MHUILIEHH, a TAK)Ke MeTO/Ibl CHHTe3a U IIPUMeHeHMs.
OTH acneKThl UMEIOT pellarolijee 3HaUeHHe [/isi IOHMMaHHs POJTH HaHOYacTHUL] B 60pb0e ¢ HH(EKIMAMM U pa3padoTKe HOBBIX
TepareBTHYeCKUX MOZIXO0/I0B, obecrieunBast X MOCTOSHHYO aKTya/llbHOCTh B COBDEMEHHOU HayKe U MeJULFHe.

KnroueBble c/10Ba: HAHOYACTHUIIBI cepeOpa, OGMOLMHBIe CBOMCTBA, aHTUMHKPOOHbIE IOBEPXHOCTH, KBAHTOBO-Pa3MepHbIH
3¢ dekT, omroarHamuue cKrii 3hHeKT, «3eeHas» XUMUs
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Nudopmarnus o puHancupoBanuu. [Ty6mkanys BeinoHeHa B paMkax npoekta Ne 033322-2-000 Cucrembl TpaHTOBOM
IO eP)KKU HayuyHbIX ITpoekToB PYTH.

Bxksapg aBTopoB. AHTOHOB /I.B. — Au3aiiH ucc/iefoBaHus, 00paboTKa MaTepuara, HarrcaHue paboTel; YcreHckas E.B. — au3aiiH
uccaenoBanusi, 00paboTka MaTepuara, HarMcanue paboTsl; Jlesuikasi O.B. — pegaktupoBanye paboTel. Bce aBTOphI BHECN
3HAUUTE/IbHBIA BK/Ia/| B Pa3pab0TKy KOHILIETILIUK U TIOATOTOBKY CTaThU, MPOYXTA/IN W OF0OPHIN OKOHUATe IbHBINM BADUAHT ITepe/]
ny6nmKarpen.

HNudopmanys o KOHQIMKTe HHTePeCcoB. ABTOPHI 3asiB/ISIIOT 00 OTCYTCTBUM KOH(IMKTA MHTEPECOB.
JTHYecKoe YTBep)KAeHne — HelIPUMEHUMO.

BiarogapHoCThb. ABTODBI BBIPaKatOT 0/1aroZlapHOCTb PYKOBOJCTBY MeAnIIMHCKOr0 MHCTUTYTa PY/IH 3a 0CHalljeHue OT/e/ieHns
BBICOKOTEXHOJ/IOTMUHBIM 000PYyI0BaHHEM JI/IsI TIPOBEIeHUsI HAyYHbIX UCC/Ie[OBaHUI.

HudopmupopanHoe coryiacue Ha My0/JIMKaLHI0 — HENPUMEHUMO.
ITocrynuna 14.06.2025. ITpunsra 14.07.2025.
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