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CLONAL HAEMATOPOIESIS AND IONIZING RADIATION: RISKS FOR HEMATOLOGICAL MALIGNANCIES
AND SOMATIC DISEASES

Anastasiia A. Zherniakova'™, Oleg B. Krysiuk'?, Yevgeny O. Kunevich'

"Russian Research Institute of Hematology and Transfusiology, St. Petersburg, Russia
2 Saint-Petersburg State University, St. Petersburg, Russia

Introduction. The influence of radiation-induced genetic instability on the formation of clonal expansion is a relevant problem in health monitoring and pre-
ventive diagnostics of oncohematological and somatic pathology in individuals exposed to long-term low-dose anthropogenic irradiation, such as nuclear
industry workers and radiation diagnostics doctors.

Objective. Identification of possible application points of preventive diagnostics of genome instability markers and clonal hematopoiesis in groups of individu-
als exposed to long-term low-dose anthropogenic irradiation.
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KJNTOHAJIbHOE KPOBETBOPEHUE N NOHU3WPYIOLLIEE N3/TYYEHMUE:
PUCKW PA3BUTUA OHKOMEMATOJTIOMMYECKOW Y COMATUYECKOW MATONIOM N

A.A. XKepHsikoea'™, O.b. Kpsbictok'?, E.O. KyHeBny'

" Poccuirickunii Hay4YHO-UCCNenoBaTENbCKMN UHCTUTYT reMaTonorm 1 TpaHcdyaunonorum PeaepanbHoro Meinko-61onorMieckoro areHTCcTBa,
CaHkT-lNeTepbypr, Poccust

2 CaHKT-MNeTepbyprekumin rocyaapcTBeHHbIR yHBepeuTeT, MeauumHekuii HeTuTyT, CaHkT-TeTepbypr, Poccus

BBepeHue. BnvsHne paavauoHHO-MHOYLMPOBAHHON reHETUHECKON HECTabNNBHOCTH Ha (HOPMUPOBaHNE KNTOHASbHON 9KCMaHCUM akTyaslbHO A1 MOHUTO-
PUHra 300pOBbSA 1 MPEBEHTUBHOM AMArHOCTUKN OHKOreMaToorM4eckon 1 CoOMaTn4ecKor NaTonorim y nnL, NoABEPratoLMXCsa ANUTENbHOMY BO3AENCTBUIO
TEXHOreHHOro 06y4eHUst B Masbix 403ax (PabOTHUKN aTOMHOW MPOMBILLNIEHHOCTY ¥ BPa4n Ny4eBON ANArHOCTUKN).

Llenb. BbigBneHre BO3MOXXHbIX TOYEK MPUIOXKEHUS MPEBEHTUBHOM AMarHOCTUKU MapKepoB HECTAbUIbHOCTU reHoMa W KNoHabHOMO KPOBETBOPEHWS
y rpynn vy, NoABEPratoLLmUXcs ANMTENbHOMY BO3AECTBMIO TEXHOFEHHOro 001yHeHrs B Masibix 4O3ax.

O6cyxpaeHue. leHeT4eckas HeCTabuNbHOCTb B reHax anureHeTndeckon perynaummn (DNMT3A, TET2, ASXLT), curHanbHbIX nyTen n KNeTo4Hor nponmde-
paumnn (JAK2, FLT3), perynsaTtopos penapauunn OHK (TP53, PPM1D), dakTtopos crnnaincuHra PHK (SF3B1, SRSF2) Hambonee 4acTo MHULMNPYET KoHaNbHoe
KPOBETBOPEHNE, peanmayoLeecs vatle MUenonaHbiMu 1 pexe NMMMOOVAHbIMU Heonnasnsamn. BansHne KNoHanbHOro KPOBETBOPEHUS HA Pa3BUTUE CO-
MaTu4eckyx 3aboneBaHnin ONoCpPefoBaHO COHETaHHbIM LENCTBUEM HOCUTENBCTBA YKa3aHHbIX MyTaumii 1 NpoLeccamm XpOHUYECKOro Bocnanenust. IoHn-
3vpytoLee nsny4eHne B Masbix 403ax CNoCO6HO MHULIMMPOBAaTL KNOHASIbHYIO 9KCMaHCUIO MPEenMyLLECTBEHHO 3a cHeT MyTaumi B reHax DNMT3A v TET2.
ViccnegoBaHnii MO OLEHKe MOBbILLEHNS 3a601eBaeMOCTH Ha (hOHE PasBUTUSH KIIOHANBHOMO KPOBETBOPEHMSA B rpynnax npoecCcnoHansHoro prcka Bos-
LecTBUS MasbiX [03 MOHM3UPYIOLLEro nanyyenunst (paboTHUKN aTOMHOW MPOMBILLIEHHOCTN 1 BpayX fly4eBON AMArHOCTUKM) B HACTOSILLEE BPeMsi Maso,
4TO TPEebyeT AanbHenero nay4eHuns.

BbiBoAbI. /IccnenoBaHnst N0 BbIABIEHMIO MapKEPOB prcKa pocTa 3ab0n1eBaeMoCT Ha hOHE PasBUTUS KIIOHAIBHOIO KPOBETBOPEHWA B rpynnax paboTHM-
KOB, NOABEPraloLLMXCH ANNTENBHOMY TEXHOFEHHOMY AENCTBUIO NOHU3MPYIOLLErO U3YyHEeHNs B Manblx 03aX, MO3BONAT CPOPMUPOBATL KOrOPTHO-OPUEHTU-
pOBaHHYt0 NporpamMmy NpPounakTUk 3aboneBaHmin y AaHHbIX L.

KnioueBble cnoBa: reHeT4eckas HeCTabunbHOCTb; KOHabHOE KPOBETBOPEHKE; KNIOHa/lbHOE KPOBETBOPEHNE HEYCTAHOB/IEHHOIO noTeHuuana; Manbie
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INTRODUCTION

Research into the radiation-induced genetic instability and
its interrelation with clonal expansion is a relevant direc-
tion with regard to health monitoring of nuclear industry
workers and radiologists. Identification of risk factors in the
emergence of adverse consequences in these categories
of individuals, along with dispensary monitoring and timely
prophylaxis, may contribute to combating the development
of related pathologies [1].

On a daily basis, human beings are exposed to low-
dose ionizing radiation (IR) emitted both by natural (en-
vironmental radionuclides found in the atmosphere, soail,
and water) and artificial or man-made sources. The cu-
mulative effect of all types of natural radiation is defined
as the natural radioactive background. The global average
values of such radiation in different regions of the world
range from 2.4 to 4.0 mSv/year, with the average level
in the Russian Federation comprising 3.36 (from 2.10 to
8.60) mSv/year [1-3].

The impact of IR on humans is realized through the in-
fluence of the natural radioactive background, occupational
exposure at the workplace, as well as when receiving med-
ical care (medical exposure). The widespread use of IR in
medical and other industries, primarily in the nuclear power
industry, contributes to an increase in radiation exposure of
workers. Thus, for a certain list of industries, where addi-
tional anthropogenic exposure to IR is possible, the limit of
permissible effective IR dose reaches 5 mSv/year for Group
B personnel and 20 mSv/year for Group A personnel [3].

At present, the immediate and delayed consequences
of human exposure to high-dose IR in technogenic catas-
trophes, characterized by critical changes leading to de-
fects in the functioning of organs and systems, have been
studied and described in sufficient detail. At the same time,
exposure to low-dose IR, although without clinical manifes-
tations of radiation damage, may also induce damage at
the genetic and epigenetic levels, with the effect depending
on the radiation dose in a non-monotonic polymodal char-
acter. The recent data points to the effect of low-dose ra-
diation on genome instability, modifying cellular and tissue
processes. This may eventually contribute to changes in
the body sensitivity to the action of additional non-radiation
factors [4-6].

Over the past decade, research interest has been re-
volving around clonal hematopoiesis (CH), considering it as
a biological condition predisposing to the development of
malignant blood disorders (MBD), solitary tumors, cardio-
vascular pathology, autoimmune diseases, and other pa-
thologies [7-9].

This work aims to identify the possibility of preventive
diagnostics of genome instability markers and CH mark-
ers in work groups exposed to long-term low-dose tech-
nogenic irradiation.

RESULTS AND DISCUSSION
General understanding about clonal hematopoiesis

Hematopoietic cells of the bone marrow (BM) exhibit the
highest proliferative potential. The processes of blood cell

proliferation and differentiation in BM are carried out con-
tinuously. About one ftrillion blood cells are formed daily.
The basis of hematopoiesis are hematopoietic stem cells
(HSCs), which have the ability to differentiate into all ma-
ture cells of peripheral blood. It was first postulated by Prof.
A.A. Maximov in 1909. The hematopoiesis model proposed
by Maximov was confirmed by experimental data obtained
in the era of active study of radiation effects on the human
body [10].

Over the past decades, our understanding of the
hematopoiesis system has been significantly extended
[10-13]. Thus, numerous studies have advanced the idea
of continuous differentiation landscapes having a few or
no discrete differentiation stages and smooth cell state
transitions. In this context, cells in a heterogeneous pool
of progenitors differentiate along multiple potential trajec-
tories that contain some branching points determining the
fate of a particular cell. However, the notion that the prog-
eny of a single HSC represents a clone of a particular HSC
remains unchanged. The normal hematopoietic system is
polyclonal that assumes production of “own” cell clones
by different HSCs and maintenance of their number as
well as the ratio of cells with varied degrees and directions
of differentiation in BM within stable limits. Hematopoietic
cells with a high proliferative activity are characterized by
accumulation of genetic “breaks” with increasing number
of divisions [14].

Upon human aging, physiological quantitative and qual-
itative changes occur in hematopoiesis, including a de-
crease in the total proliferative HSC activity with a relative
increase in their total number, an increase in the erythroid
precursors number, a decrease in the lymphoid precursors
number with age-related changes in the immune system
function. In general, hematopoiesis tends to oligoclonality
[158]. Genetic and epigenetic processes most likely underlie
the age-related changes in BM. The age-related decrease
of HSC regenerative potential [16], specific changes in ex-
pression of transcription regulator genes, accumulation
of somatic mutations [17], and pronounced shortening of
telomeric chromosome parts [18] were noted. In addition,
in elderly people, increased expression of genes involved
in the regulation of apoptosis and inflammation in the he-
matopoiesis system was detected; however, in young peo-
ple, the activity of genes regulating the processes of prolif-
eration and metabolic activity of hematopoietic progenitor
cells is high. All the described trends are manifestations of
regular processes characterizing changes in hematopoie-
sis in the process of aging of the organism [19].

At the same time, the accumulation of mutations can
lead to a CH with activated proliferation of one HSC or more
differentiated hematopoietic progenitor cell and with forma-
tion of a progeny clone carrying gene mutations. While CH
is not an independent nosology, it can be an intermediate
stage between normal hematopoiesis and MBD [20]. It has
been shown that CH can arise as a result of neutral drift or
directed selection. In the case of neutral drift, all cell clones
initially have equal chances of their contribution to the for-
mation of the pool of self-renewing HSCs; the decisive in-
fluence is exerted by random processes, such as depletion
of the stem cell pool. In the case of directed selection, so-
matic changes influence the selective growth advantage in
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certain HSC clones relative to others, with the subsequent
clonal expansion [21].

In 2014, two independent groups published the results
of large-size studies conducted using next-generation se-
quencing (NGS). According to the data obtained, CH is
associated with somatic mutations most frequently occur-
ring in three genes of epigenetic regulation of transcrip-
tion. These include DNMT3A — a gene encoding a protein
that performs de novo methylation; TET2 — encoding a
protein that catalyzes the conversion of the modified DNA
base methylcytosine into 5-hydroxymethylcytosine and
participates in the transcription process regulation; and
ASXLT — encoding a nuclear protein involved in the epi-
genetic regulation of gene expression and in the process
of chromatin remodeling. The obtained results were con-
firmed in a study of groups of patients with different types
of MBD and solid neoplasms [22, 23]. The work by M. Xie et
al. convincingly demonstrated that mutations in DNMT3A,
TET2, ASXL1, and TP53 genes occurred most frequently
and almost in all analyzed nosological subgroups [24].

In 2015, on the basis of the accumulated data, the
term “clonal hematopoiesis of indeterminate potential”
(CHIP) was coined. Thus, CHIP is defined in the presence
of a hematopoietic cell clone with a gene mutation associ-
ated with the risk of MBD in the absence of cytopenia and
criteria of other hematological diseases, according to the
classification of the World Health Organization. The allele
load level of the indicated gene should be not less than
2% (the value is accepted as the minimum clinically sig-
nificant threshold level for the next-generation sequencing
method — NGS), and for X-linked genes in men — not
less than 4% [25, 26]. The frequency of mutation detection
increases with age, and their presence is associated with
an increased risk of MBD. It was determined that about
15-20% of people over 70 years of age without oncohe-
matological diseases have somatic mutations associated
with an increased risk of oncopathology [27]. Later, the
term “age-related clonal haematopoiesis” was proposed
for such changes, which is defined in elderly patients with
a somatic mutation in genes regardless of its clinical sig-
nificance and allele load level, as well as with no changes
in the hemogram and MBD criteria [23, 27].

The term “clonal haematopoiesis of oncogenic poten-
tial” (CHOP) was introduced to designate the state of car-
rying mutations that can act as a direct driver of MBD [28,
29]. The allocation of such a category and the approach
to the division of genes according to their direct role in the
development of MBD (i.e., their oncogenic potential) is cur-
rently rather tentative and debatable, thus requiring data
accumulation and analysis.

The term “clonal cytopenia of undetermined signifi-
cance” can also be found in the scientific literature, which
is characterized by the presence of somatic mutations in
the gene(s) associated with MBD, with an allele burden of
at least 2% (or 4% in men in the case of X-linked genes
mutations); absence of criteria for MBD, other causes of
cytopenia and molecular aberrations; persistent cytope-
nia in more than one hematopoietic growth (hemoglobin
less than 100 g/L, neutrophils less than 1.8x10%L, plate-
lets less than 100x10%L) for at least four months. The
term “idiopathic cytopenia of undetermined significance”
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(idiopathic cytopenia of undetermined significance) is also
proposed to be used in the presence of persistent cyto-
penia in more than one hematopoietic growth and in the
absence of criteria for myeloid neoplasm and other blood
system diseases [30].

Clonal hematopoiesis and oncohematological
diseases

It has been proven that individuals with CH are more
likely to show signs of genetic instability due to somatic
mutations in epigenetic regulation genes (DNMT3A, TET2,
ASXLT), RNA splicing genes (SF3B1, SRSF2, ZRSR2), sign-
aling pathways and cell proliferation (JAK2, FLT3), genes
related to metabolism and cell differentiation (IDH1, IDH2),
and in DNA repair regulation genes (TP53, PPM1D). In
comparison with the overall population, such individuals
are also frequently diagnosed with cytopenia of unclear
etiology. Mutations in DNMT3A, TET2, and ASXLT genes
account for about 80% of CHIP cases [22, 23].

Mutations characteristic of myelodysplastic syndrome
(MDS), myeloproliferative neoplasms, and acute myeloid
leukemia are observed in JAK2, PPM1D, TP53, SRSF2, and
SF3BT1 genes, being less frequent [26]. The frequency of
detection of these mutations is much higher than the inci-
dence of MBD; nevertheless, CH can be considered as an
event preceding the development of hemoblastosis. Signs
of CH are revealed in 50% of patients with aplastic ane-
mia; CH-specific DNMT3A and ASXLT gene mutations are
found in 15% of patients [31, 32]. Another example of CH
with its transformation into a pathological process is parox-
ysmal nocturnal hemoglobinuria. In this disease, the clone
arisen from HSCs with glycosyl-phosphatidylinositol defi-
ciency is less susceptible to T-cell-mediated destruction in
comparison with normal HSCs [30, 33].

In addition, CH with point mutations or structural vari-
ations, such as gene copy number changes, leads to a
ten-fold increase in the risk of MBD. The role of antitumor
immunity disorders in the transformation of CH into MBD
requires further investigation [22]. At the same time, the
presence of CHIP is associated with a 13-fold increase in
the risk of hemoblastosis, with the frequency of its occur-
rence in 0.5-1% of patients per year [8].

In most cases, CHIP is benign, especially when the
clone size is small and multiple, without driver mutations
[20]. The main risk factors for the development of the dis-
ease (not only hematologic but also somatic) into CHIP in-
clude: a significant clone size (10% or more) and its growth
acceleration, clonal changes in more than one cell line,
multiple driver mutations, TP53 gene mutations, and chro-
mosomal aberrations [34].

Until recently, the accumulated information and expan-
sion of detectable genetic mutations spectrum has not al-
lowed differentiation of mutations that initiate the onset of
CH from those that are an early event in the development
of MBD, as well as to identification of second-order mu-
tations that make the most significant contribution during
the disease progression. Thus, the isolation of driver mu-
tations, passenger mutations, and background and coop-
erating mutations has been proposed [20, 22]. The works
published in 2024 indicate that methods have already been
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developed to identify driver mutations, such as “a method
for enriching nonsynonymous mutations over neutral syn-
onymous mutations” or machine learning based algorithms
[35, 36].

Thus, in accordance with modern concepts, mutations
of genes associated with CHIP is a predisposing factor in
MBD. Appearance of such mutations leads to transforma-
tion of normal HSC into “pre-leukemia” neoplastic HSC.
Altered HSC gives rise to small subclones and, itself, does
not practically differ from normal HSC. The frequency of
mutation detection increases with age, being a natural
biological process accompanying aging. However, “pre-
leukemia” HSC has an increased risk for transformation
into leukemia HSC at acquisition of additional molecular-
genetic damages. Factors in such transformations require
further study. Classification of genetic breakages accord-
ing to their oncogenic potential is also an area of interest
for current research. The CH model presented in Fig. 1
summarizes our ideas about driver, cooperating, passen-
ger, and background mutations, as well as the causes of
genetic instability that determine clonal evolution with the
development of MBD.

Clonal hematopoiesis and somatic pathology

The development of CHIP is an independent risk factor
concerning not only various hemoblastoses, but also car-
diovascular diseases, Alzheimer’s disease, type 2 diabetes
mellitus, thrombosis, autoimmune processes, and other
pathologies [7]. The clonal expansion of HSC encounters
no anatomical restrictions, with clone cells circulating in the
bloodstream in large numbers [21]. Thus, CH is associated
with an increased risk of developing both MBD (more often
myeloid and less often lymphoid) and various somatic pa-
thologies [21, 37].

A number of publications have convincingly demon-
strated that CHIP correlates with the risk of acute leuke-
mia, MDS, and other hemoblastoses, as well as with such
adverse cardiovascular events, as acute cerebral circula-
tory disorder and acute myocardial infarction [38-40]. Two
independent meta-analysis studies also showed the link of
CHIP with a high risk of atherosclerosis and cardiovascular
disease [40, 41].

The presence of CHIP contributes to the acceleration of
atherosclerotic vascular lesions. This fact was confirmed
in animal models, and similar conclusions were obtained
for humans [41-43]. The mutations characteristic of CHIP
accelerate the atherosclerotic process, which was noted
even under a slight increase in their allele load [41]. An ex-
perimental model of CHIP in mice showed that an athero-
sclerotic lesion of the aorta was 60% more pronounced in
the experimental animals compared to the control group
[43]. Such modeling of CHIP showed its exceptional re-
producibility in other animal experiments [43, 44]. Similar
results were obtained when modeling CHIP associated
with JAK2V617F mutation. The presence of this mutation
in animals caused an increase in erythrophagocytosis in
atherosclerotic plaques, which accelerated their desta-
bilization [45]. In addition, this mutation was associated
with a higher frequency of thrombosis in atherosclerotic
plaques [45, 46].

Clonal hematopoiesis of indeterminate potential in-
creases not only the risk of acute cardiovascular events,
but also aggravates the course of heart failure (HF) [40, 45].
In a study by Sano S et al., mice were transplanted with
10% Tet2-/- BM cells, and the association of inactivated
driver gene with high incidence of HF development was
found [43]. A detailed transcriptomic analysis of heart tis-
sues in animals demonstrated an increased expression
of NLRP3-inflammasome-related genes, as well as IL1B
gene. The use of NLRP3 inhibitor decreased the incidence
of cardiac remodeling and the risk of developing HF in mice
[44, 47, 48]. Thus, driver mutations of CHIP were demon-
strated to intensify the proinflammatory response leading
to the development of cardiovascular pathology [7, 45, 48].

At the same time, new data continues to emerge, stim-
ulating further studies regarding the role of CHIP in the
development of various variants of the course of type 2
diabetes [7], Alzheimer’s disease [7, 49], autoimmune dis-
eases [7, 50], thrombosis [7, 46], and other pathologies.
The decisive role in somatic pathology is attributed to the
combination of effects of somatic mutations characteris-
tic of CHIP with chronic inflammatory process, prolonged
hyperactivation of the immune system, concomitant pa-
thology and its therapy, lifestyle, as well as the impact of
external factors [46].

lonizing radiation as an inductor of genetic instability
and clonal hematopoiesis

The action of IR leads to disruption of repair processes, in-
terphase or mitotic reproductive cell death, and increasing
deficit of differentiated cells with the formation of determinis-
tic effects of irradiation. The latter consist in the direct dam-
aging effect of IR on cells and tissues, manifesting them-
selves only after irradiation above the threshold dose with
clinically significant consequences, both deterministic (tissue
reactions) and stochastic. The degree of damage severity
increases rapidly as the radiation dose accumulates. [51, 52].

When exposed to low-dose IR, stochastic effects de-
velop. Low doses in this case are commonly understood as
follows: a single equivalent dose of up to 0.1 Sv or 10 rem;
an absorbed dose of up to 0.1 Gy or 10 rad; an effective
equivalent dose of up to 0.1 Sv/year, which approximately
corresponds to the exposure dose of 750 pR/h [1, 6]. In
case of such exposure, when an insignificant damage to
cells under the IR influence occurred but was completely
eliminated by regenerative processes, the cells retain viabil-
ity but acquire genetic mutations. The probability of such
damage at a single exposure to low doses of Il is minimal,
although sharply increasing with increasing the effective
equivalent dose and duration of exposure. Consequently,
stochastic effects are characterized by the absence of a
dose threshold and are assumed to occur with a probability
linearly proportional to the influencing IR dose. Stochastic
effects include the development of MBD and solid tumors,
as well as hereditary pathologies [4, 6, 51].

Thus, the main reaction of the body to the chronic effect
of low-dose IR is a disorder of genome stability and regula-
tory processes. In the setting of genetic instability, various
reactions of the organism to the impact of external factors,
up to death, are possible. An increase in the number of
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chromosomal aberrations may precede the development
of secondary immunodeficiency, premature aging, neopla-
sia, including MBD, as well as somatic pathologies. Low-
dose IR is a stress factor for the organism, with the distant
consequences of its long-term chronic exposure consisting
in the depletion of compensatory capabilities of the organ-
ism [7, 52].

The number of publications on occupational exposure
effects, including low-dose IR in a certain professional con-
tingent (workers in the nuclear industry, radiologists, etc.)
is currently growing. In this regard, a study by Jasra S et al
published in 2022 seems noteworthy. The researchers an-
alyzed the effects of chemical substances and dust partic-
ulate matter on 481 rescue workers involved in combating
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the disaster in the World Trade Center on September 11,
2001. A significant increase in the CH risk in these indi-
viduals was determined, with the most frequent mutations
affecting the DNMT3A and TET2 genes. The frequency of
their detection increased with age in comparison with 255
employees from the comparison group [53].

Another large-scale study, conducted in 2019 among
atomic bombing survivors without an MBD diagnosis,
found the radiation influence to result in blood cell clonal
expansion. This led to a long-term increase in circulating
monocytes in the group of people older than 60 years [54].
Also in 2022, the results of a study analyzing the pres-
ence of CH driver genes mutations in NASA astronauts
were published. The study identified 34 nonsynonymous
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mutations in 17 driver genes, with the highest frequency
of occurrence in the TP53 and DNMT3A genes [55].

A recent research focus has been the occupational
IR impact on oncologic and cardiovascular pathologies
in employees of the nuclear industry and radiologists.
Thus, a large meta-analysis found the absorbed IR dose,
above which the mortality from circulatory system diseases
in these categories of workers increases, to be equal to
0.5 Gy [56].

A meta-analysis study (data from 15 countries) on the
total mortality and mortality from all malignant neoplasms
for workers in the nuclear industry, as well as for workers
in contact with the most toxic heavy metals and chemical
compounds, revealed no obvious increase in mortality from
all malignant neoplasms compared to the population [57].
In a meta-analysis of data on the risks of cardiovascular pa-
thologies, the authors also noted no significant differences
with the population [58]. However, in the context of the ef-
fect of low-dose IR on the CH in these categories of indi-
viduals, no information is currently presented in large-scale
works on the identification of mutations associated with
CH. The majority of domestic studies are centered around
the characteristics of IR and a retrospective analysis of
morbidity, as well as the survival of employees exposed
to long-term low-dose IR. Consequently, the possibility of
identifying mutations associated with CH is of greatest in-
terest for current research.
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THREATS AND RISKS TO HEALTH IN EMERGENCY SITUATIONS: BIOMEDICAL, PREDICTIVE
ANALYTICAL, AND MATHEMATICAL ASPECTS

Oleg A. Melnikov™, Sergey A. Kraevoy, Vasily N. Bolekhan

Centre for Strategic Planning, Federal Medical and Biological Agency, Moscow, Russia

Introduction. The methodology for assessing health threats and risks is becoming increasingly in demand in the public management of the sanitary and
epidemiological welfare of the population. New biomedical, predictive analytical, and mathematical approaches are being developed to assess and analyze
health threats and risks in emergencies, including within biological risk monitoring. These issues require a scientifically based comprehensive consideration
drawing on various scientific fields, including medicine, biology, management, prediction, sociology, and mathematics (probability theory, set theory, measure
theory, etc.). To solve this problem, the authors adopted a convergent approach, paying special attention to the role of effective threat and risk management,
which has a significant impact on the quality of life of people exposed to adverse factors in emergency situations.

Objective. To improve the technology for analyzing and predicting threats and risks to human health in emergencies using a convergent multidisciplinary
approach.

Materials and methods. The authors searched electronic bibliographic databases in the Russian (eLibrary and CyberlLeninka) and English (Web of Science,
Scopus, PubMed, Google Scholar, and Cochrane Library) languages. The database “Regulatory Legal Acts on Radiation, Chemical, and Biological Monitor-
ing” created at the Centre for Strategic Planning of the Federal Medical and Biological Agency served as the basis for analyzing regulatory documents. As the
information platform in this study, the authors used the information system of the Federal Information and Analytical Center for Monitoring Biological Risks,
which aggregates data on the monitoring of biological risks falling within the competence of the Federal Medical and Biological Agency, The predictive and
analytical part of the study was scientifically justified using the database “Methods of Scientific Prediction” created at the Centre for Strategic Planning, which
contains systematized methodological prognostic information. The theoretical methods used in the study include logical methods (analysis and synthesis of
knowledge; analogy method), mathematical methods (modeling, probability theory, measure theory, graph theory, and set theory), and the method of theoreti-
cal generalization.

Results. In the study, the existing approaches to assessing health threats and risks arising in emergency situations are summarized and systematized; their
main characteristics and key parameters are considered. The phases of the process involving the emergence of threats and risks to health and the specifics
of their management are analyzed. The scientific medical and biological point of view on the essence and general characteristics of health threats and risks
is presented. The predictive analytical and mathematical aspects of the problem under consideration are outlined. An example algorithm for predictive and
analytical calculation of indicators characterizing the resource capability and readiness of the healthcare system to adequately respond to a biological threat
is described in detail. The required bed capacity of medical organizations is assessed, as well as the need for artificial lung ventilation devices in case of an
epidemic; the final values are calculated. The analysis of the specified issues using a comprehensive convergent approach creates the prerequisites for effec-
tive management of health threats and risks in emergency situations.

Conclusions. Predictive and analytical approaches are based on advanced ideas and mechanisms, including risk-based technologies, digital certification of
territories and objects, active use of geoinformation developments, assessment procedures drawing on the combination of estimated and field data, situation
modeling under changing or specified conditions, consideration of combined impact factors, etc. Characterizing the risk through a health hazard measure
that combines the probability of health threats occurring in an emergency and the consequences of adverse effects for life and health, the authors define the
value of risk as the mathematical expectation of the product of a function for assessing damage (consequences) to the health of an organism/population and
the probability of combined impact of adverse factors in an emergency.
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YIPO3bl U PUCKU 300POBbIO NP YPE3BbIYANHbLIX CUTYALIUAX:
MEONKO-BUONOIMM4ECKUE, MPOrHO3HO-AHAJIMTUHMECKUE N MATEMATUHECKUE ACIMEKTDI

O.A. MenbHukos™, C.A. Kpaesoit, B.H. BonexaH

LleHTp cTpaTern4eckoro nnaHMpoBaHnUs 1 ynpasneHus Meamnko-61MonornieckmMmn pruckamm 300posbio eaepanbHoro Meamnko-01Monornieckoro areHTCTea,
Mocksa, Poccust

BBepeHue. MeTo[on0rMs OLEHKN Yrpo3 U PUCKOB 340POBbI0 CTAHOBUTCS BCe 60Mee BOCTPEO0BaHHONM B PeLLeHNM 3a4a4 rocyjapCTBEHHOrO yrpaBeHns
CcaHUTapHO-3NUAEMMNONOMMHYECKM Bnarononyyrem HaceneHus. Pa3BnBaroTcs HoOBble MeanKo-b1onornieckme, NporHo3Ho-aHaNMTUYeCcKe 1 MaTemartmye-
CKMe Noaxofbl K OLEHKE 1 aHanmay yrpo3 1 PUCKOB 3[0PO0BLIO NP YpedBblHaiiHbix cuTyaumax (HC), B TOM 41cie B pamMmkax MOHUTOPUHra O1MONOrn4ecKimx
pUCKOB. MNosiBNSIETCS HEOBXOANMOCTb HayYHO 0BOCHOBAHHOMO PACCMOTPEHWS YyKa3aHHOM NpobnemMaTuki, MCNonb3yst B EAMHOM KOMIMIIEKCE 3HaHWS U3 pas-
JINYHBIX Hay4HbIX obnacTen, BKoHas MeguLmMHy, 61onoruto, ynpasneHue, NPOrHO3MpoBaHmne, CoLMOSOro, MaTemMaTky (TEOpUIO BEPOSTHOCTEN, TEOPUIO
MHOXECTB, TEOPUIO Mepbl 1 Ap.). [Ana pelleHns aToi 3agaqu aBTopbl B NPOLIECCE UCCNeAoBaHNS OCHOBbLIBAIMCH Ha MPUHLIMNE KOHBEPreHTHOro NOAXoaa,
yAenss ocoboe BHUMaHWe ponn 3eKTUBHOIO ynpaBieHns yrpo3amu 1 pyckamu, KOTOPOe OKa3bIBaeT CyLLECTBEHHOE BIINSIHUE HA KAYECTBO XXM3HW Jto-
e, nonagatoLmx nog Bo3aencTane HebnaronpusaTHbix hakTopos npu HC.

Llenb. CoBepLIEHCTBOBAHNE TEXHONOMMM aHanmn3a 1 NPOrHO3MPOBaHNS YIPO3 1 PUCKOB 3[0POBbLIO YeloBeKa NMpw YpesBblHaiHbIX CUTyaUmax Ha OCHOBE
KOHBEPIreHTHOro MyNbTUANCUMNANHAPHOMO NoAX0aa.

© O.A. Melnikov, S.A. Kraevoy, V.N. Bolekhan, 2024
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MaTepuanbl n metoabl. B Ka4ecTBe OCHOBbI A9 aHanM3a HOPMAaTUBHO-MPABOBbLIX MaTtepunanos UCNonb3oBanacb cosfgaHHas B PreY «LCr» ®MBA
Poccun 6asa aaHHbIX «<HopMaTMBHbIE NPaBOBble aKTbl PaaMaLMOHHOro, XMMUYECKOro U B1ONOrMYecKoro MOHUTOPUHra». VIHhopmMaumoHHON NnaThopMoi
0N NCCNeaoBaTeNnbCkon paboTel MOcnykuna MHdopmaumoHHas cuctema ®egepansHoro MHPOPMALIMOHHO-aHaIMTUYECKOTO LIeHTPa MOHUTOPUHIa 61o-
norndecknx puckos PMBA Poccuu, arpermpytolas AaHHble MOHUTOPUHIA BUONIOrMHECKINX PUCKOB, OTHOCALLMXCH K komneTeHumn ®MBA Poccun. [Ansa Ha-
YYHOrO 060CHOBaHMS MNPOrHO3HO-aHANUTUYECKON YacTu MCCNeaoBaHNS MCNoNb3oBanach co3faaHHas B ®rbY «LICT» PMBA Poccun 6a3a faHHbIx «MeToabl
Hay4HOro MPOrHO3MPOBaHWS», COAePXKAaLLAs CUCTEMATU3NPOBAHHYIO METOLONOMMYECKYIO MPOrHOCTUYECKYO MHbopMauwmio. K MeTogam TeopeTn4eckoro
YPOBHS, NCMOSIb30BaHHbIM B CCNEA0BaHNN, OTHOCATCH IOrMY4ECKME METOAb! (QHAN3 1 CUHTES 3HAHWI, METOA, aHasorWi), MateMaTn4eckme MeToapl (Moae-
NMPOBaHWS, TEOPWI BEPOSTHOCTEN, TEOPUK MePbI, rpacpoB, MHOXECTB) 1 METOL, TEOPETNHECKOrO 0606LLEHNS.

PesynbTtaTbl. B xofe nccnefoBaHns 0600LLEHbI 1 CUCTEMATU3MPOBAaHb! CYLLIECTBYIOLLME MOAXOAbI K OLEHKE YrpO3 U PUCKOB 340POBbIO, BO3HMKAIOLLME
NPV Ype3BblHarHbIX CUTYaLMSX, PACCMOTPEHbI NX OCHOBHbIE XapakTePUCTVKIN 1 KNoYeBble NapameTpbl. [NpoaHann3nposaHsl Pasbl Npouecca, CBA3aHHOro
C BO3HUKHOBEHWEM YrpO3 V1 PUCKOB 3[10POBbIO, 1 0COBEHHOCTW YNpaBneruns UMu. 13noxxeHbl MPOrHO3HO-aHaIMTUYECKME U MaTeMaTYecKme acnekTbl pac-
cmaTtpuBaemMor NpobnemMaTvkn Ha NpYMepe anropuTtma NPOrHO3HO-aHaMTUYECKOro pacyeTa NokasaTenen, XxapakTepnayoLLMX PECYPCHYIO BO3MOXKHOCTb
1 FOTOBHOCTb CUCTEMbI 3APaBOOXPAHEHNS K aleKBATHOMY OTBETY Ha yrpody Groforn4eckoro xapaktepa. NponssedeH pacHeT NOTPEOHOCTN KOEHYHOro
hoHaa MeANLIMHCKIX OpraHn3aumii 1 annapatoB UCKYCCTBEHHOM BEHTUMSALMM NIErK1X Npvt aNMAEMUN, BbIMMCIEHbI KOHEYHbIe 3HaYeHNs. KOHCTaTMpoBaHo,
4YTO PACCMOTPEHWE BbILLIENEPEHNCIEHHbBIX BOMPOCOB Ha OCHOBE KOMMIEKCHOMO KOHBEPrEHTHOro Noaxofa (hopMUpyeT MPeAnoChIKX ANs peanvaaumm ad-
(PEKTVBHOIO yNpaBieHNs yrpo3amu 1 PUCKamu 300POBLIO MPU YPe3BblHaiHbIX CUTYaLMSX.

BbiBoAbl. [1POrHO3HO-aHANTUYECKME NOAXOAbI 6A3MPYIOTCA Ha NEPefoBbIX NAEAX U MexaHU3Max, BKIoHas PUCK-OPUEHTVPOBaHHbIE TEXHONOrUK, Lnd-
POBYIO MacnopTU3aLIMIO TEPPUTOPUIA U OOBEKTOB, aKTMBHOE UCMOb30BaHNE reoMHMOPMAaLIMOHHBIX Pa3paboToK, METOAMKM OLIEHKW Ha 6a3e COMPsKeHns
pPacHeTHbIX N HATYPHbIX AaHHbIX, CUTYaLMOHHOE MOAEIMPOBAHME NMPU N3MEHSIIOLLMXCH NN 3a4aBaeMblX YCNOBUAX, Y4ET (DaKTOPOB CO4ETAaHHOro BO3AeN-
CTBUA U T. A. XapakTepuayst pUcK Yepes Mepy OnacHOCTY 340POBbI0, COHETAIOLLYIO BEPOSTHOCTL peanmaaunm yrpo3s 340poBbto npu HC 1 nocneacTsrs no-
parkaloLLyx BO3AENCTBUIN 15 XKU3HN 1 300POBbS, aBTOPb! ONPEAENOT 3HaYeHMe pUCKa Kak MaTemaTnyeckoe oxmaaHne nponsseaeHns yHKLmMM oLEeHKN
yuepba (MocneacTeuii) 3L0POBLIO OpraHM3ma/HaceneHns 1 BEPOATHOCTY COBOKYMHOro BO3AENCTBMSA nopaxkatoLmx daktopos HC.

KntoyeBble cnosa: yrpo3bl U PUCKN 300POBbIO; YpesBblHaiHasa CUTyaLmns; ynpaBneHe puckamu; NporHo3nMpoBaHmne yrpo3 1 PUCKOB; BEPOSTHOCTb Yrpos;
anngemun; annapat VBJT; koedHbIn (hoHa,

Ans untuposanus: MensHrkos O.A., Kpaesoit C.A., BonexaH B.H. Yrposbl 1 prckn 300p0oBbIio NpW Ype3BblHariHbix CUTYaLMSaX: MEANKO-Bronornieckume,
NPOrHO3HO-aHaNUTUYeCKe 1 MaTeMaTUYeckne acnekTbl. MeauumHa akcTpemasibHbix cuTyauymi. 2024;26(4):13-20. https:/doi.org/10.47183/mes.2024-
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INTRODUCTION

The methodology for assessing health threats and risks is
currently becoming increasingly in demand in the public
management of sanitary and epidemiological welfare of the
population [4]. The relevance and significance of this issue
can be primarily attributed to the fact that the health of the
Russian population is considered to be the main value of
the country and one of the most important national security
criteria. This makes it important to study the essence of
threats and risks to human health.

Within the general methodology, new biomedical, pre-
dictive analytical, and mathematical approaches are being
developed both in the system for biological risk monitor-
ing of the Federal Medical and Biological Agency (FMBA)
of Russia and in the state system for socio-hygienic mon-
itoring to assess and analyze health threats and risks in
emergencies. These issues require a scientifically based
comprehensive consideration drawing on various scientific
fields, including medicine, biology, management, predic-
tion, sociology, and mathematics (probability theory, set
theory, measure theory, etc.). To solve this problem, the
authors used a convergent approach, paying special at-
tention to the role of effective threat and risk management,
which has a significant impact on the quality of life of peo-
ple exposed to adverse factors in emergency situations.

The present work aims to improve the technology for
analyzing and predicting threats and risks to human health
in emergency situations using a convergent multidiscipli-
nary approach.

MATERIALS AND METHODS

The database “Regulatory Legal Acts on Radiation,
Chemical, and Biological Monitoring” created at the Centre
for Strategic Planning (FMBA) served as a basis for analyz-
ing regulatory documents [7]. As the information platform
in this study, we used the information system of the Federal
Information and Analytical Center for Monitoring Biological
Risks, which aggregates data on the monitoring of biologi-
cal risks falling within the FMBA competence. The predic-
tive and analytical part of the study was scientifically justi-
fied using the database “Methods of Scientific Prediction”
created at the Centre for Strategic Planning (FMBA), which
contains systematized prognostic methodological informa-
tion [8].

The theoretical methods used in the study include
logical methods (analysis and synthesis of knowledge;
analogy method), mathematical methods (modeling,
probability theory, measure theory, graph theory, and
set theory), and the method of theoretical generaliza-
tion.
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RESULTS

Primary source and evolution of the health risk
concept

The primary source of the risk concept is considered to
be the medieval work “The Salerno Code of Health” by the
alchemist Arnold de Villa Nova (Arnoldus de Villa Nova,
1235-1311) from the Salerno Medical School near Naples,
which is claimed to be the oldest medical school in Europe.
In his work, the scientist presented data on various factors
leading to diseases, considering, among other things, their
combined effect, thus laying the foundation for a system-
atic approach to diseases [17].

Subsequently, the understanding of the essence and
assessment of health risk factors underwent repeated
evolutionary changes resulting from the adoption of vari-
ous foreign (USA and Europe) and Russian approaches
(in the late 20th century and at the dawn of the 21st cen-
tury). Empirical research has long used attributive risk as-
sessment to determine what part of the current disease
burden is due to the accumulated effect of all previous
exposures [1].

It is currently relevant to address issues related to the
probability and severity of biomedical consequences that
occur following the emergence of physical, chemical, and
biological factors and exposure to them.

The article considers physical, chemical, and biologi-
cal threats and risks to the health of citizens in natural or
man-made emergencies. The concept of an emergency
situation is defined in GOST R 22.0.02-2016 as a situation
in a territory that has developed as a result of an accident,
a dangerous natural phenomenon, a catastrophe, a natural
or other disaster that may or have led to human casualties,
damage to human health or the environment, significant
material losses, and disruption of people’s livelihoods. The
risk of an emergency is defined as a measure of danger
in an emergency situation, combining the probability of an
emergency and its consequences [3].

Definitions of threats and risks: analysis of modern
legislation of the Russian Federation

We analyzed the modern legislation of the Russian
Federation, including the main normative legal acts and
standards defining the concepts of threats and risks. The
following documents were identified from the list: the Law
of the Russian Federation No. 2446-1 as of 03/05/1992
“On Security”; Federal Law No. 492 as of 12/30/2020
“On Biological Safety in the Russian Federation”; Decree
of the President of the Russian Federation No. 97 as of
03/11/2019 “On the Fundamentals of State Policy of
the Russian Federation in the Field of Chemical and
Biological Safety for the Period up to 2025 and Beyond”;
“Guidelines for Assessing the Risk to Public Health
when Exposed to Chemicals Polluting the Environment”
(R 2.1.10.1920-04); Federal Law No. 184 as of 12/27/2002
“On Technical Regulation”; “Guidelines for Assessing the
Risk to Public Health when Exposed to Chemicals Polluting
the Environment” (R 2.1.10.3968-23); Federal Law No. 7
as of 01/10/2002 “On Environmental Protection”; GOST
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R 22.0.02-2016; GOST R 70620-2022; GOST ISO 12100-
2013, etc.

The conducted study shows that the conceptual frame-
work related to the categories of “threats and risks” in the
Russian legislation can be found in a single information
space; exhibits equally structured logical semantic (essen-
tial) relationships between these concepts, which repre-
sent the risks of consequences depending on the types
and nature of threats; exhibits no contradictions; differs
logically depending on the application areas.

Here are some definitions. In general, the “safety
threat” is defined in the Law of the Russian Federation “On
Security” as a set of conditions and factors that pose a
danger to the vital interests of the individual, society, and
the state [5].

In the Federal Law “On Biological Safety,” a biological
threat (danger) is the presence of potentially dangerous
biological objects, as well as the presence of internal (locat-
ed on the territory of the Russian Federation) and external
(located outside its territory) dangerous biological factors,
that can lead to the emergence and (or) spread of diseases
with the development of epidemics, epizootics, epiphytot-
ics, and mass poisoning, exceeding the permissible level of
biological risk. Biological risk is defined as the probability
of harm (taking into account its severity) to human health,
animals, plants, and (or) the environment as a result of ex-
posure to dangerous biological factors [16].

In R 2.1.10.3968-23, danger is a set of properties of en-
vironmental factors (or a specific situation) that determine
the ability to cause adverse health effects under certain ex-
posure conditions. In this case, risk is considered a char-
acteristic of danger depending on the level of exposure to
a chemical factor and the specifics of its actual or potential
effects under specific conditions. Risk is the probability of
harm to the life and health of citizens, property of individu-
als and legal entities, state or municipal property, as well as
habitat, life, or health of animals and plants, taking into ac-
count the severity of this harm. Health risk is the probability
of harm to human life and health or a threat to the life or
health of future generations, taking into account the sever-
ity of this harm, due to the impact of environmental factors
[14]. In other words, health risk is defined as a combination
(product) of the damage probability and the severity of this
damage [9].

R 2.1.10.1920-04 clarifies that the risk, unlike danger,
is the result of actual or potential exposure to a chemical
compound and depends on exposure and the specifics of
particular exposure conditions [13].

World Health Organization (WHO): health hazards
and risks

In the WHO practical guidelines for biological safety under
laboratory conditions, a dangerous factor is defined as
an object or situation that can lead to negative conse-
quences when an organism, system, or group (subgroup)
of the population is affected by it. The concept of risk is
defined as a combination of the incident probability and
the severity of harm (consequences) if this incident oc-
curs. It is emphasized that a dangerous factor does not
become a “risk” until the probability and consequences
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of this dangerous factor causing harm are taken into ac-
count [19].

The fourth edition of WHO guidelines presents the re-
sults of research on how the likelihood and consequences
of danger affect health risk [11]. For example, the likelihood
of exposure to cigarette smoke, which is a common hazard,
depends on the situation. The impact will be greatest for a
smoker, moderate for passive smokers, and smallest for a
person using respiratory protection or staying in smoke-
free areas. The effects of exposure to cigarette smoke can
vary from mild nausea and irritation of the respiratory tract
to various heart and lung diseases, cancer, and even a fa-
tal outcome, depending on cigarette toxicity, the frequency
and duration of exposure, as well as other factors related to
human sensitivity.

Phases of threats and risks to health in emergencies

The study logic required the identification of three main
phases of the process involving the emergence of health
threats and risks and their management; the relevant data
are presented in Figure 1.

The phase involving the emergence of the threat and
potential risks (1) includes the following stages:

1) occurrence and development of emergency situa-
tions (as a source of threats);

2) occurrence of adverse factors of physical (including
radiation), chemical, and biological nature and their mani-
festations;

3) existence of circumstances and creation of condi-
tions under which the contact of a dangerous chemical,
physical, or biological agent with the human body is pos-
sible.

The phase of threat realization and occurrence of real
risks (Il) is characterized by the adverse effects of physical,
chemical, and biological factors on the body. The concep-
tual apparatus of this phase (for example, with chemical
exposure) includes “exposure, dose/concentration, effect.”

The phase of managing real risks and eliminating the
consequences of an emergency (lll) involves the provi-
sion of medical and sanitary assistance, which is intended
to prevent and eliminate damage to health. For example,
when the body is exposed to chemicals, the conceptual

Threats (T)

occurrence and development
of emergency situations
(as a source of threats)

exposure

P (T) — probability
of a threat

occurrence
of adverse
factors

|. Phase involving the emergence
of the threat and potential risks

The figure was created by the authors

Fig. 1. Phases of threats and risks in case of emergency

dose

Il. Phase of threat realization
and occurrence
of real risks

apparatus of the phase includes “response, disease, and
outcome.”

Biomedical view of physical, chemical, and biological
threats and risks in emergencies

Depending on the type of emergency, the phases have
clear or blurred boundaries since the emergent adverse ef-
fect may be of a short-term (sometimes instantaneous) or
prolonged temporary nature. Short-term effects occur, for
example, when lightning strikes a group of people standing
under a tree (lightning discharges of natural origin). Adverse
factors can manifest themselves in various forms: electro-
magnetic pulses, light radiation, high-temperature effects,
and shock waves. All systems of the body can be affected:
musculoskeletal, respiratory, cardiovascular, genitourinary,
endocrine, nervous, sensory, visual, etc. Aside from vision
loss, seizures, paralysis, stroke, and heart attack, this can
sometimes cause chronic headaches and memory prob-
lems.

It is generally believed that natural emergencies are
hard to predict. However, it is possible to predict the oc-
currence of adverse factors and take preventive measures
against them, thus reducing the likelihood of threats and
risks, as well as the level of their impact on health, that is, to
manage health threats and risks.

For example, the typical natural emergencies of Yakutia
are spring and summer floods. The flood changes the
structure and functional connections of natural foci and
leads to a wide spread of pathogens of bacterial, viral, and
rickettsiosis infections, thus significantly increasing the in-
tensity of contacts between the population and natural foci.
During a flood, the risk of infectious diseases (viral hepati-
tis A, dysentery, and typhoid fever) rises. In flooded areas,
water supply is disrupted, and the risk increases of the river
being polluted from sewage, cattle burial grounds, and
cesspools; from warehouses by pesticides and petroleum
products, etc. As a result, the probability of epizoaotics rises,
and the risk of people contracting infectious and parasitic
diseases increases (leptospirosis, tularemia, hemorrhagic
fever with renal syndrome, yersiniosis, pseudotuberculosis,
toxoplasmosis, etc.). The burden on infectious hospitals
grows. Due to overcrowding, the airborne transmission of

Risks of Consequences (RC)

P (RC)=P (T) x P (CP)
effect
response
desease

outcome

P (CP) — conditional probability
of consequences

lll. The phase of managing real
risks and elliminating the
consequences of an emergency
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ARVI (acute respiratory virus infection) and other pathogens
increases.

Yakut specialists analyzed factors associated with
the maximum water levels during the spring flood; the
combination of these factors often leads to catastrophic
floods. In order to make effective decisions aimed at
minimizing risks, a mathematical solution using Bayesian
networks was proposed. In particular, the Bayesian net-
work was used to analyze the probability of certain con-
ditions with various combinations of selected factors and
investment amounts in the form of preventive measures
[15].

All emergencies that result in chemical pollution are as-
sociated with long-term exposure: for example, industrial
waste incineration at a landfill, accompanied by emissions
into the atmosphere and the spread of toxic combustion
products toward the residential area. Threat prevention
can be accomplished through proactive measures: from
landfill remediation to the evacuation of population from the
predicted spread area. According to experts, despite the
extensive regulatory framework developed in the Russian
Federation for the permissible content of chemicals in the
atmospheric air (1300 maximum permissible concentra-
tions and 450 approximately safe impact levels), most ex-
amined sources of pollutants entering the atmosphere are
not currently regulated by legally approved hygienic stand-
ards [12]. This fact complicates the early and short-term
planning and management of health measures to eliminate
the consequences; in other words, risk planning and man-
agement.

Recent years have seen an increase in the number of
diseases associated with new pathogenic viruses, with
the exacerbation of diseases caused by them and the in-
volvement of new regions previously untouched by these
diseases. Experience shows that infectious diseases
caused by new strains of viruses, which had high viru-
lence and the potential for multiple mutations, had a rather
severe course in the early stages, with a high mortality
rate per the total number of infected people, and were
also difficult to treat with the use of chemotherapy drugs
[2]. About 20% of patients needed artificial lung ventila-
tion. During this period, planning and risk management
were objectively insufficient, which affected the epidemi-
ology of morbidity [10]. According to the authors, the lack
of immunization among doctors and nursing staff had a
negative impact on the situation since a sharp reduction in
the number of available qualified staff increased the risk of
a severe course and outcome of diseases in patients. The
most popular ways to prevent threats caused by epidem-
ics and pandemics are scientifically based sanitary and
anti-epidemic (preventive) measures: preventive vaccina-
tion, emergency prevention, disinfection, and restrictive
measures.

Scientific and practical assessment of health threats
and risks and their main characteristics

Health risk assessment constitutes one of the compo-
nents of risk analysis, which includes risk assessment,
risk management, and risk communication. From the
scientific point of view, risk assessment is a consistent
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systematic consideration of all aspects of the impact
that the analyzed factor has on human health, includ-
ing the justification of acceptable exposure levels. In
scientific and practical applications, the rationale for
the risk assessment task consists in obtaining and
summarizing information about the possible environ-
mental health impacts; in the hygienic justification of
the optimal management decision to eliminate and
mitigate risk; in optimizing the control of exposure lev-
els and risks [14].

Proceeding from the above, the threat to health in an
emergency is defined as a set of phenomena, processes,
and factors that contribute (in the context of the occur-
rence and development of natural or man-made emer-
gencies) to the emergence of adverse effects of harmful
physical, chemical, and biological factors on the body.
The health risk in an emergency is also characterized as
a measure of danger to health, combining both the likeli-
hood of health threats in an emergency and the conse-
quences of adverse effects for human life and health and
future generations.

Predictive and analytical aspects

The basis of information and analytical support for the de-
velopment and implementation of management decisions
consists in the monitoring of physical, chemical, and bio-
logical risks, as well as social and hygienic monitoring.

The stages and components of analytical and practi-
cal monitoring are as follows: data collection, identifica-
tion of threats and risks, their verification and analysis,
situation modeling, prediction of how the situation is going
to develop in the present and future periods, and develop-
ment of appropriate solutions. The analysis and prediction
results serve as a reliable basis for developing medical,
sanitary-epidemiological, hygienic, socioeconomic, or-
ganizational, and technical measures for effective man-
agement aimed at eliminating and localizing threats and
risks of emergencies.

In the modern theory and practice of prediction, a sig-
nificant number of different methods are available [8], as
well as approaches to their application. These approach-
es are not limited to using a single method. It is common
to use a combination of various prediction methods: for
example, information and computer modeling in combi-
nation with probabilistic and statistical methods, etc. The
combined approach in prediction should be considered
the most promising. To increase the reliability and ac-
curacy of predictions, a scheme is used to compare the
results of various prediction methods that validate and
complement each other or demonstrate any discrepan-
cies in the obtained predictive estimates for their cor-
rection.

Predictive and analytical approaches are currently
based on advanced ideas and mechanisms, including risk-
based technologies, digital certification of territories and
objects, active use of geoinformation developments, as-
sessment procedures drawing on the combination of es-
timated and field data, situation modeling under changing
or specified conditions, consideration of combined impact
factors, etc. [20].
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Mathematical aspects of assessing and predicting
health threats and risks in emergencies

Characterizing the risk through a measure of health haz-
ard that combines the probability of health threats occur-
ring in an emergency and the consequences of adverse
effects for life and health, we define the risk value as the
mathematical expectation of the product of a function for
assessing damage (consequences) to the health of an or-
ganism/population and the probability of combined impact
of adverse factors in an emergency (Fig. 1).

R(X) = [ Flx) x P(x) dx, (1)
Note: R — risk;
X — adverse effects;
R(x) — integral risk measure;
F(x) — function for assessing damage (consequences) to
health with exposure to an adverse factor;
P(x) — the probability of an adverse effect occurring in an
emergency.

If a probabilistic approach and, accordingly, a proba-
bilistic function are used to determine the measure, then
the laws of probability theory and mathematical statistics
should be applied in the calculation method. In this case,
the function F(x) is probabilistic in character. The resulting
integral function R(x) is also probabilistic, and its values R(x)
are always less than or equal to one.

Let us denote the threat by T, the probability of the
threat (more precisely, the occurrence probability of an
adverse effect) is P(T). The risk of health consequences is
denoted by CR. Then, the probability of a consequence
risk — P(CR) — will be expressed through the product for-
mula:

P(CR) = P(T) < P(CP), @

where P(CP) — conditional probability of consequences
(given the occurrence of a probabilistic event, i.e., the im-
pact of an adverse factor).

It follows from Eq. (2) that the lower the probability of
a threat, the lower the risk. In the absence of a threat, the
risk is zero. Similarly, the lower the conditional probability of
consequences that an adverse effect can have, the lower
the risk of these consequences. In the absence of conse-
quences, there is no risk.

The additional probability of a disease associated
with the combined effect of climatic and chemical fac-
tors is calculated from the modeling of cause-and-effect
relationships using multiple regression analysis. The
construction of mathematical models uses data on mor-
bidity in the context of classes of diseases or nosologic
forms, which are affected by both climatic factors and
chemicals, with the latter, in turn, being influenced by
climatic factors [9, 18].

Hygienic approaches and calculations distinguish
between a priori (predictive) risk based on dose-ef-
fective hygienic-normalized effects and a posteriori
(real) risk based on a statistical assessment of actual
events.

An example algorithm for predictive and analytical
calculation of indicators characterizing the resource
capacity of the healthcare system to adequately
respond to a biological threat

Let us consider a specific example and calculate the fi-
nal values. Problem statement: in the city of Z with a
population of ten thousand people, during the period (T)
1000 people contracted an infectious disease “X” dur-
ing an epidemic, 200 people were hospitalized, and 20
people were placed on a ventilator due to the severe
course of the disease — (E). During the same period, T
depends on the diseases characteristic of this city and
time of year: 100 patients were reported (N), ten people
were admitted to hospital (C), and two patients required
a ventilator (F). It is necessary to perform a predictive
calculation of the hospital bed capacity and artificial lung
ventilation (ALV) units for the city R with a population of
twelve thousand people and the impending epidemic of
“X” for the same period (T) if it is known that socioeco-
nomic and sanitary characteristics in cities are similar.
All events that involve contracting different diseases are
incompatible.

To solve this problem, we will construct a predictive
graph, a tree of elementary events, using a group of logi-
cal and a class of formalized prediction methods [6]. First,
we will calculate an a posteriori estimate for the city of Z
using a graph in which elementary events are represented
by the vertices of chains running from the original vertex
Z to the final vertices. The corresponding data are shown
in Figure 2.

The probability of the disease spreading through
the city of Z during an epidemic is calculated as follows:
P, = M/Z = 1000/10,000 = 0.1. By analogy: the prob-
ability of contracting a characteristic nosologic disease
is P, = 0.01; the probability of hospitalization during an
epidemic is P,,, = 0.2; the probability of hospitalization
with characteristic diseases is P, = 0.1; the probability of
a medical organization using ALV during an epidemic is
P .. = 0.1; the probability of ALV use in patients with charac-
teristic diseases is P, = 0.2.

Let us transform the event tree into a probability graph,
where the edges of the tree are the probabilities of chain
events (Fig. 3).

In order to find the probability of an elementary event,
that is, a chain, it is necessary to multiply the conditional
probabilities along this chain. So, the probability of hos-
pitalization due to an infectious disease “X” is equal to
Poua = Poy x Pya =01 x 0.2 =0.02, where P, is the prob-
ability of disease caused by an epidemic; P,,, is the condi-
tional probability of hospitalization due to the disease “X.”

The probability of hospitalization in the city of Z
is equal to the total probability of elementary events:
Priose = Pavat Pane = Py * Pya+ Py x Py = 0.021. By ana-
logy, the probability of ALV use in the city of Z amounts to
R = Povae + Poyor = 0.0022.

For the city of R with a population of twelve thousand
people and the impending epidemic of “X,” the predictive a
priori calculation of hospital bed capacity and ventilators for
the period of T is performed as follows:

e Hospital bed capacity: R x P = 12000 = 0.021 = 252.

HOSP
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Fig. 2. Graph showing the tree of elementary events

Note: the number in parentheses indicates the number of people involved
in elementary events: those who are ill, hospitalized, and placed on ALV; the
dashed line represents a transition to alternative and/or insignificant events to
be considered.

e Reserve of ALV devices: R x P, , = 12000 x 0.0022 =

ALV
= 26.4; that is, at least 27 devices.

Another prediction method acceptable for calculations
under epidemic conditions is modeling using compartment
models (in particular SIR models) that describe the spread
of the disease and divide the population into groups called
compartments. SIR (Susceptible—Infected—Recovered)
models are based on a system of differential equations that
express the dynamics between different epidemiological
conditions of the population, with recovery providing rela-
tively long-term resistance.
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SUBSTANCE P AND STRESS ARE ASSOCIATED WITH THE DEVELOPMENT OF CHRONIC URTICARIA
Natalya V. Mikryukova'™, Natalia M. Kalinina'?

"Nikiforov Russian Center of Emergency and Radiation Medicine, St. Petersburg, Russia
2First Pavlov State Medical University of St. Petersburg, St. Petersburg, Russia

Introduction. Allergic diseases are a pressing challenge in practical healthcare, attracting increased attention of various medical specialists. The pathogen-
esis of stress-induced urticaria is driven by neurogenic immune inflammation, accompanied by an increase in the level of neuropeptide substance P (SP).
Objective. Assessment of the relationship between stress factors and substance P levels with the purpose of justifying the use of SP as a biomarker for as-
sessing the clinical course and prognosis of the disease in patients with chronic urticaria.

Materials and methods. The study was involved 165 adults aged 18-68 years. The main group included 97 patients with the confirmed diagnosis of
chronic urticaria (CU) who were treated in a hospital setting in the period from 2018 to 2023. The comparison group included 68 practically healthy indi-
viduals, comparable in gender and age with the study group of patients. The level of substance P in the blood serum was estimated by immunoenzymatic
techniques (Infinite F50 Tecan, Austria), using a CEA393Hu test system. Statistical processing of the results was performed using the STATA 18 software
package (StataCorp LLC).

Results. An increase in the production of substance P to 220.62 pg/mL in CU patients, compared to 96.57 pg/mL in the reference group (p < 0.001), was
observed. The logistic regression revealed an association between stress and substance P levels in CU patients. Thus, an increase in the concentration of
substance P by 1 pg/mL led to a 1.02-fold increase in the CU risk. The CU risk increased by 3 times in the presence of a stress situation as a trigger.
Conclusions. The constructed multivariant logistic regression model produced positive values of the model parameters (p < 0.01). This indicates the correla-
tion between the increased blood levels of substance P under the impact of stress factors and the risk of chronic urticaria development. The data obtained
suggests that the concentration of substance P in the blood of CU patients can be considered as a potential diagnostic biomarker. This biomarker can be
recommended for extending panel screening tests to clarify the pathogenesis of the disease, thus improving the differential diagnosis of the disease and
facilitating early detection of patients with stress-induced urticaria.
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CYBCTAHLSA P U CTPECC ACCOLIMMPOBAHbI C PASBUTUEM XPOHUYECKOWN KPAMBHULLbI

H.B. Mukptokosa'™, H.M. KanuHnHa'?

"Bcepoccunckmin LIEHTP aKCTPEHHOW 1 paavaLmoHHON MeauLmHbl M. A.M. Hukndoposa MYC Poccun, CankT-lMeTepbypr, Poccus
?[Mepebln CaHKT-MNeTepbyprekunii rocyaapCTBEHHbIN MeAnUMHCKIWIA yHBepcuTeT uM. .11, Masnosa, CaHkT-MNeTepbypr, Poccus

BBepeHue. Annepriuyeckie 3a60neBaHNs SBNSOTCS akTyasbHOM NPo61eMoin NPakTUYeCKOro 34paBoOOXPaHeHVs U B MocneaHee AeCaTuneTne npusnexatoT
BCe Hoee npucTanbHoe BHUMaHWe Bpader pasnnyHbix crneumansHocTe. BedyLm 3BeHOM B NaToreHese CTpecc-nHAYLMPOBaHHOW KPanvBHMLbI SBASeTCA
HEeNporeHHoOEe MMMYHHOE BOCMaeHre, CONPoBOXAAIOLLIEECS NOBbILIEHNEM YPOBHS HerponenTuaa cybctanuum P (SP).

Llenb. AHann3 B3aMMOCBSA3W MeXy CTPECCOPHbIM (hakTOPOM 1 YpOBHEM cybCTaHLmmn P ¢ nocnepytowM 060CHOBaHEM NMokasaTensi B ka4ecTse 61o-
Mapkepa AN OLEHKM KIIMHNYECKOrO TeYEHNS 1 MPorHo3a 3aboeBaHns y NaLMeHTOB C XPOHUYECKOM KpanvBHULEN.

MaTepuanbi u meTogbl. /IccnegosaHne NpoBeaeHO ¢ y4acTnem 165 B3pocsbix B BO3pacTe OT 18 0o 68 neT. B 0CHOBHYtO rpynny 6blan BKAOYeHb 97 na-
LIMEHTOB C NMOATBEPXKAEHHBIM AMArHO30M XPOHMYECKOM KpanmBHULb! (XK), NpoxoamBLIKX NleHeHne B KNnHvke B nepuog ¢ 2018 no 2023 r. Mpynny cpaBHeHUs
CcoCcTaBWM 68 MPakTUYeCKM 300POBbIX /L, CONMOCTaBMMbIX MO MOJTY U BO3PACTy C UCCNeayeMoi rpynnor NaumMeHToB. YpoBeHb Cy6cTaHLmmn P B CbIBOPOTKe
KPOBW ONpeaensanm MeTogoM MMMyHobepmeHTHoro aHanuaa (Infinite F50 Tecan, ABcTpus) ¢ ncnonb3dosaHnem TecT-cuctemsl CEA393HuU. Ctatnctundeckyto
06paboTKy pesynsTaTtoB OCYLLECTBAANM C UCMONb30BaHeM nporpammHoro komrnekca STATA 18 (StataCorp LLC).

Pe3ynbratbl. OTMEYanock NosbileHne Npoaykumn cybcTaHumm Py naumeHToB ¢ XK 220,62 nr/Mn no OTHOLWEHWIO K rpynne cpaBHeHus — 96,57 nr/mn,
p < 0,001. Mpu aHann3e NOrMCTU4ECKON PErPeccum BoisiBIIEHa accoLmaLms Mexay CTPeccoM, ypoBHeM cyocTaHumm Py naumeHTos ¢ XK 1 yCTaHOBNEHO,
YTO MPW YBENMYEHNI KOHLEHTpaLuun cybcTaHumm P Ha 1 nr/mn waHc Bo3HnkHoBeHuA XK yBenudmBancs B 1,02 pasa, npu Hanm4um CTPecCoBOW CUTyaLm
B Ka4ecTBe Tpurrepa pmck pa3sutuns XK nosbiwancs 8 3 pasa.

BbiBopbl. C MOMOLLLIO MOCTPOEHUS MYSIETUBAPUMAHTHOW MOLENM IOMMCTUHECKON PErPeCcCUn NoNyHeHbl MOOXKNUTENbHbIE 3HAYEHVS NapaMeTpoB MOAEN
(c ypoBHem 3Ha4mumocTn p < 0,01), ykasbiBaloLme Ha TO, YTO MMEHHO BO3LENCTBME CTPecc-hakTopa 1 NoBbILLEHWE KOHLEHTpaLmn cybcTaHumm P B Kpo-
BW aCCOLIMMPOBAHO C YBENMYEHVEM LUAHCA BO3HUKHOBEHMS XPOHNYECKOW KpammBHULLbl. Ha OCHOBaHWM MOMyHeHHbIX AaHHbBIX KOHLEHTPpaLmMs cybcTaHLmm
P B kpoBM nauneHToB ¢ XK MOXET paccMaTpmBaTbCs B Ka4eCTBE MOTEHLMAIBHOIO AMarHOCTUHECKOro 6roMapkepa, KOTOPbIA MOXHO PEKOMEH0BaTb
0N pacLUMPEHVs NaHeNM CKPUHUHIOBbLIX TECTOB, YTOYHSIOLLYMX MNaToreHe3 BO3HMKHOBEHUST 3a00N1eBaHNs, HYTO NMO3BOMUT yyyLnTb AnddepeHLmanbHyo
[MarHoCTUKY HO30/10rMn 1 06eCneynTb PaHHee BbiSBNEHME NaLMEHTOB CO CTPECC-UHAYLIMPOBAHHOW KPanvBHULEN.

KniouyeBble cnosa: Cy6CTaHLI,I/IFI P; CTPECC; XpOHUYeCKasa KpanmBHMua; Ty4Has Knetka

Ans yutupoBaHusa: Mukptokosa H.B., KannHuHa H.M. CybctaHumsa P 1 cTpecc accoummpoBaHbl C pa3BUTUEM XPOHUYECKO KpanmnBHULbl. MeauumHa aKc-
TpemasibHbIx cutyalmni. 2024;26(4):21-26. https:/doi.org/10.47183/mes.2024-26-4-21-26
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®duHaHCcMpoBaHue: NccnefoBaHve BbiNoHeHO Npu hnHaHcoBon nogaepxke BLIOPM nm. A.M. Hukndgoposa MHC Poccum B pamkax HUP «KnnHuko-nabo-

paTopHasa anarHoCcTnka XpOHI/IHeCKOVI KpannBHMUbl 'y B3POCIIbIX».

CooTBeTCTBME NPUHLMNAM 3TUKU: CCreaoBaHne ofobpeHo Ha 3acedaHnin He3aBMCMMOro aTn4eckoro kommteta GreY BLUOPM nm. A.M. Hukudoposa
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INTRODUCTION

Allergic diseases as an urgent problem of practical health-
care have been attracting increased attention of physicians
of various specialties. At present, the interrelation of immu-
nologic and neurogenic links is considered as the leading
mechanism in the formation of inflammatory response in
allergic diseases.

Urticaria is a serious problem in modern allergology,
ranking third after allergic rhinitis and bronchial asthma
in terms of incidence [1]. Stress is a umbrella term denot-
ing a number of physiological reactions of the organism in
response to adverse environmental factors [2]. Such a re-
sponse encompasses three interrelated concepts: stimuli
(both internal and external) that cause stress; physiologi-
cal and behavioral reactions activated in response to these
stimuli; and pathological consequences of excessive stim-
ulation. Psychogenic factors act as a link in the sequence
of immunologic events and lead to disease exacerbation,
being in close connection with the main factors of patho-
genesis [3].

At present, immunologists adhere to the concept of
neurogenic inflammation as the main link in the formation
and exacerbation of chronic urticaria (CU), which is caused
by excessive release of hypothalamic neuropeptides con-
jugated to skin neuropeptides produced in keratinocytes,
endothelial cells, etc. Most researchers agree that men-
tal factors may potentiate the course of allergic diseases.
Some authors also emphasize the possibility of urticaria
aggravation by psychoemotional stress under the influence
of negative emotions [4]. In this case, activation of cortical
areas due to stress leads to changes in the production of
substance P (SP) by the adrenal glands and descending
autonomic fibers [5].

Recent studies confirm the importance of stress in the
development of CU [6, 7]. A high incidence of post-trau-
matic stress disorders under the action of anxiety among
patients with this nosology was established [8, 9]. A signifi-
cant proportion of CU patients have a history of stressful
situations long before the onset of symptoms and signs of
this disease [10]. Psychogenic factors stimulate the hypo-
thalamus-pituitary axis, associated with activation of auto-
nomic nervous system centers and release of neurotrans-
mitters (neuropeptides and hormones) affecting the effector
systems of the body (immune, cardiovascular, and skin) [5,
11]. Chronic stressors lead to an increase in the density of
cutaneous nerve fibers, increased production of mast cells,
nerve growth factor (NGF), and certain neuropeptides [12].

Wang et al. [13] demonstrated the activation of mast cells
(MCs) of both brain and skin under exposure to stress fac-
tors in animal experiments.

Mast cells express a variety of receptors that allow them
to recognize and respond to a wide range of infectious
pathogens and endogenous molecules produced by dam-
aged tissues. For example, the high-affinity immunoglobu-
lin E receptor (FceRI) and the tyrosine kinase receptor (KIT)
are expressed on MCs, which play an important role in the
development of allergic reactions and in the immune re-
sponse during worm invasion [14]. At the same time, mast
cells express microbial pattern recognition receptors, i.e.,
the Toll-like receptor (TLR) and the NOD-like receptor [14].
MCs participate in Th2-type immune inflammation through
alarmin receptors of the interleukin family, such as for IL.-33
and receptor for thymic stromal lymphopoietin (TSLP) [15].
Mas-related G-protein coupled receptor X2 (MRGPRX2)
recognizes neuropeptides, antimicrobial peptides, and in-
sect venom peptides. In addition, these receptors are also
present on other effector cells of the immune system, such
as basophils and eosinophils [16].

Membrane protein of the adhesion G protein-coupled
receptor E2 (ADGRE2) group is a mechanical sensor in
mast cells. It induces degranulation in response to vibration
exposure in people suffering from vibration urticaria, being
a signal of helminth penetration and migration through the
skin [17]. Thus, mast cells play an important role in human
defense against helminths, bacteria, as well as animal and
insect venoms. The release of corticotropin-releasing fac-
tor from eosinophils and sensory neurons (under stress)
leads to MC degranulation via corticotropin-releasing hor-
mone receptors [12].

The development or relapse of urticaria is frequently
caused by stress factors. The leading link in its pathogen-
esis is neurogenic immune inflammation, accompanied by
an increase in the level of neuropeptide substance P (SP)
[12]. SP is a neuropeptide of the peripheral endings of sen-
sitive C fibers of the skin, having a wide range of direct and
indirect biological effects leading to pathophysiologic re-
sponses such as edema, vasodilation, and pruritus [17]. SP
is expressed in the central and peripheral nervous system
and immune cells. It is a neuropeptide whose biological ac-
tivity is manifested through two receptors on the cell mem-
brane — neurokinin G-protein coupled receptor (NKR) and
MRGPRX2. It is known that MCs in patients with chronic
urticaria express MRGPRX2 in greater amounts [18], and
the neurotransmitter SP is the most informative diagnostic
marker in patients with chronic urticaria [19]. NKR activation
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mediates neural signaling pathways associated with the oc-
currence of sensations and various emotional responses.

SP plays an important role in the feeling of pain due to
its function of transmitting information about tissue dam-
age from peripheral receptors to the central nervous sys-
tem, where it is converted into pain sensations. While pain
signals are transmitted along the axons of the somatosen-
sory region of the brain, sensory neurons also release SP in
the area of damaged tissue [20]. This subsequently leads to
mast cell degranulation, vascular dilation due to relaxation
of vascular smooth muscle, and chemotaxis of immune
system cells. This interaction between the immune and
nervous systems is referred to as neurogenic inflammation
[21]. In addition, SP was shown to increase the expression
of endothelial and leukocyte adhesion molecules on micro-
vascular endothelial cells, leading to leukocyte diapedesis
[22]. There are examples of synergistic action of various
mast cell triggers. Thus, Tarakanova et al. showed that SP
increases the expression of IL-33 ST2 receptor, and I-33
increases the expression of NKR on human mast cells [23].
This leads to an increase in the secretion of IL-1p, which is
a key proinflammatory cytokine.

Despite the achieved progress, the mechanism of neu-
rogenic inflammation in CU remains to be elucidated. This
link of pathogenesis continues to be underestimated in the
modern clinical protocols for the management of CU pa-
tients.

In this research, we set out to analyze the relationship
between stress factors and substance P levels in order to
justify the possibility of using SP as a biomarker for assess-
ing the clinical course and prognosis of the disease in CU
patients.

MATERIALS AND METHODS

The study was carried out using the facilities of the Nikiforov
Russian Center of Emergency and Radiation Medicine.
The study involved 165 adults aged 18-68 years, with
89 men and 76 women. The main group included 97 pa-
tients (45 men and 52 women) with a confirmed diagno-
sis of chronic urticaria, treated in a hospital setting in the
2018-2023 period. The comparison group consisted of 68
practically healthy individuals, comparable in gender and
age with the main group, without urticaria symptoms and
other allergic/somatic pathology [24].

The criterion for inclusion of patients in the main group
was the presence of recurrent urticarial rashes and/or angi-
oedema for more than six weeks. The diagnosis of chronic
urticaria was established in accordance with the Federal
Clinical Guidelines for the Diagnosis and Treatment of
Urticaria [25].

In the course of the study, the patients’ medical and life
history was collected. The questions that formed the basis
for the formation of a group of risk factors for the devel-
opment or exacerbation of chronic urticaria were clarified
during the interview. Special attention was paid to stress
factors as potential triggers for the onset or exacerbation
of CU.

The serum level of SP was determined in patients
with chronic urticaria and in the comparison group by
enzyme immunoassay (Infinite F50 Tecan, Austria) using
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a CEA393Hu test system (Cloud-Clone Corp., China).
Blood samples for serum preparation were collected
into a vacutainer with a clotting activator and centrifuged
at 3000 rpm for 10 min. Serum samples were stored in
Eppendorf type tubes at —80 °C. All kit components and
serum samples were kept at room temperature +22 °C
prior to testing.

Statistical processing of data was performed using the
STATA 18 software package (StataCorp LLC). Data sam-
ples were compared using the Mann-Whitney U-criterion.
The critical level of significance was taken as p < 0.05.

RESULTS AND DISCUSSION

An examination of the CU patients revealed all of them to
be in the stage of disease exacerbation at the time of the
study. Both study groups were comparable in terms of de-
scriptive characteristics (gender and age).

In the course of the study, statistically significant dif-
ferences in SP serum levels of patients with CU were ob-
tained. Thus, the SP level in CU patients was more than
56% higher than in the comparison group. The descriptive
characteristics of the patients and SP neuropeptide con-
centrations are presented in Table 1.

In order to independently assess biomarkers and the
probability of developing chronic urticaria, a multivariate
regression model with direct sequential inclusion of statisti-
cally significant variables of prognostic factors (SP serum
concentrations, presence of a stressful situation, age, and
gender) was constructed. The characterization of multi-
ple logistic regression is presented in Table 2. The posi-
tive values of model parameters (with a significance level
of p < 0.01) indicate that exposure to a stressor and an
increased concentration of SP in the blood are associated
with an increased risk of chronic urticaria. The influence of
other factors was not significant.

According to the regression analysis data presented in
Table 2, a 1 pg/mL increase in the concentration of SP in-
creased the chance of CU by 1.02 times. In the presence
of a stressful situation as a trigger, the risk of CU increased
by 2.873 times. The data on the increase of SP levels in
patients with urticaria relapse as a result of a stressful situ-
ation indicated the possibility of using the quantitative level
of neurotransmitter SP as a biomarker to identify a trigger
of CU.

In order to determine the effectiveness and quality of the
model for calculating the risk of CU, a ROC curve (Receiver
Operator Characteristic) was constructed and the AUC
(area under the curve) was calculated. The corresponding
data are presented in Fig. 1.

The multivariate logistic regression model can be used
to predict the probability of a relationship between the de-
velopment of chronic urticaria and exposure to risk factors
(stress, gender, age, increased concentration of SP). In the
logistic regression model, the cut-off point allows us to
suggest the association or absence of the disease. Thus,
if the predicted probability exceeds the cut-off threshold,
the disease is present; otherwise we conclude that it is ab-
sent. The quality of correct diagnosis of the presence or
absence of the disease is assessed by the sensitivity of the
model Se (the proportion of correctly predicted cases of
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Table 1. Descriptive characteristics and SP levels in patients with chronic urticaria and in the comparison group

Indicator/characteristic

Comparison group, n= 68

Patients with chronic urticaria, n =97

Age, years

41.10+12.52

38.59+8.96

Gender m/f 44/24

45/52

Substance P, pg/mL

96.57 [78.04-138.16]

220.62 [127.30-302.65] *

Table prepared by the authors using their own data

Note: data are presented as Me [Q1-Q3].

* — statistical significance of the differences between the main and comparison groups, p < 0.05.

Table 2. Multivariate logistic regression model including age, gender, trigger stress, substance P level

Chronic urticaria Odds ratio p-value [95% confidence interval]
Stress 2.873 0.014 0.15-0.81
Substance P 1.015 0.000 1.01-1.02
Gender 0.611 0.210 1.01-1.02
Age 1.0309 0.100 0.99-1.07

Table prepared by the authors using their own data

the disease) and specificity Sp (the proportion of correctly
predicted cases of the disease absence).

The overall sensitivity of the model was evaluated using
the ROC curve showing the dependence of sensitivity on
the value of 1 — specificity. The overall sensitivity of the
model was defined as the area of the AUC figure under
the ROC curve (its value was 0.8326). This value exceeds
0.8, which allows us to conclude that the model has a high
prognostic power. The optimal cutoff threshold was deter-
mined as a balance point between sensitivity and specific-
ity of the model. The most optimal was the cutoff criterion
of 0.7, since it showed the most optimal ratio of specificity
and sensitivity of the risk model of CU development de-
pending on prognostic risk factors.

1.00 4

0.75 1

Sensitivity
o
()
o
1

0.25 -
Area under the ROC curve = 0.8326
0.00 T T T 1
0.00 0.25 0.50 0.75 1.00

1 — specificity
Figure prepared by the authors using their own data

Fig. 1. ROC curve constructed to evaluate the association model of stress,
substance P, gender, and age with chronic urticaria

The greatest value for the diagnosis of urticaria was
found for stress factors and SP concentrations. The data
on the increase of SP concentration in patients with urticar-
ia exacerbation as a result of a stressful situation indicate
the possibility of using the neurotransmitter SP as a bio-
marker to identify the trigger of CU. The presence of clinical
symptoms and elevation of SP in the bloodstream indicate
the disease, which makes it possible to adjust therapy to
achieve a more sustainable effect.

SPis a proinflammatory stress-related neuropeptide re-
leased from sensory nerve endings, being a key mediator
in CNS-skin communication. It causes mast cell degranula-
tion and the appearance of blisters and/or angioedema in
CU. SP is one of the key neurotransmitters that is the first
to respond to a stressor, thus contributing to the ongoing
inflammation in the skin with a neurogenic component [19].

The increase in the level of SP in patients suffering
from CU in relation to the comparison group was statisti-
cally significant, which is consistent with the data of other
studies [26, 19, 27, 28]. Some studies [29, 30] investigated
the relationship between the level of SP and the severity
of depression in patients with CU. This data confirmed the
causal relationship between the development of CU and
depression. However, the identified relationships require
further in-depth research.

In our study, according to the developed statistical
model, elevated blood levels of SP and stress exposure
were predictive risk factors for the development of chronic
urticaria. Stress-induced CU may accompany various so-
matic diseases, aggravating their course. An analysis of
SP dynamics in other pathologies may improve the current
understanding of the relationship between stress and the
disease in terms of immune interactions, thus forming the
basis for targeted interventions and improved approaches
to disease diagnosis and treatment.

It is important to assess the impact of stress in patients
with CU for their timely referral to a psychotherapist for psy-
chological or psychopharmacological support to reduce
the severity of urticaria manifestations.
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CONCLUSION

Thus, the study revealed a statistically significant increase
in the serum neuropeptide substance P in patients with
CU. By constructing a multivariate logistic regression mod-
el, positive values of the model parameters (with a signifi-
cance level of p < 0.01) were obtained, indicating that it is
the effect of the stress factor and an increase in the sub-
stance P blood level that is associated with an increase in
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Introduction. The development of improved formulations of antidotes and remedies, which can be used not only by qualified medical personnel, but also in
self- and mutual assistance, is an urgent task for extreme medicine.

Objective. Evaluation of the possibility of using nanoscale polymer delivery systems for medicines and antidotes intended for intranasal administration (into
the nasal cavity) in extreme medicine.

Discussion. The main submicron-sized polymer carriers which are promising as the basis for the creation of an intranasal form of antidotes are identified. The
bioavailability of the substance delivered is dependent on the physico-chemical properties of the carrier, the conditions for its production, as well as physiological
and anatomical factors. Data is presented regarding possible ways of correcting these factors in order to increase bioavailability. Examples of the use of polymer
nanocarriers in the treatment of poisoning with heavy metals and rocket fuel components, as well as lesions caused by radioactive substances, are presented. It
is shown that carriers (dendrimers, cyclodextrins) can act as antidotes in certain cases. The study presents a list of antidotes approved for use within the territory
of the Russian Federation, for which the development of intranasal forms is possible, taking their physico-chemical and pharmacokinetic properties into account.
Conclusions. Following a review of literature sources, the most promising submicron-sized polymer carriers for the intensification of intranasal delivery of
drugs and antidotes are herein proposed: dendrimers, liposomes, nanocapsules, nanoparticles, and cyclodextrins. Using the list of antidotes approved for use
in the Russian Federation as an example, promising drugs that can be potentially developed on the basis of these carriers are proposed.
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NMEPCMNEKTUBbI MPUMEHEHUA NHTPAHA3AJIbHBbIX HAHOPA3SMEPHbIX NMOJIMMEPHbIX
CUCTEM OOCTABKW NEKAPCTBEHHbIX MPEMNAPATOB 1 AHTUAOTOB B MEOVULIMHE
SKCTPEMAJIbHbIX CUTYALIUI

E.B. ®enotosa**, [1.B. KpusopoTtos', A.C. Paaunos'

"Hay4Ho-vccneaoBaTenbCKuii UHCTUTYT FUrMeHbl, MpodnaToiorvn 1 3Koorumn Yenoseka GegepanbHOro MeanKo-61oornyeckoro areHTCTea, JIeHMHrpaackas
obnactb, Poccus

2LleHTp xuMmndeckom nHxerepum, Yrusepcutet TMO, CaHkT-IMNeTepbypr, Poccus

BBepenue. CosfaHmne ycoBEpLLEHCTBOBaHHbIX JIEKAPCTBEHHbIX (hOPM aHTWUAOTOB 1 CPEACTB Tepaniiv, MPUMEHEHNE KOTOPbIX BO3MOXKHO He TONbKO KBanndw-
LIPOBaHHbIM MEAULIMHCKMM NePCOHaIoM, HO 1 B MOPSAAKE CamMo- 1 B3aUMOMOMOLLM, SBMSETCS akTyanbHOW 3adadert MeamLUMHbl SKCTPeMasibHbIX CUTYaLni.
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INTRODUCTION

In pharmacology/toxicology, an antidote is usually any
drug which can neutralize a toxicant and eliminate its
pathological effect. For speed of action, such drugs are
usually developed and produced in formulations of injec-
tion solutions. Despite the successes and achievements
of the modern pharmaceutical industry, for objective phar-
macoeconomical reasons, there is now more than ever a
shortage in both the global pharmaceutical market and in
Russia of a number of medicines used in the treatment of
acute and chronic poisoning with heavy metals, narcotic
and organophosphorus compounds (OPCs), cyanides
and hydrazine.

Antidote therapy is part of the comprehensive treat-
ment of acute poisoning of both a domestic and tech-
nogenic nature. It is used by specialists in toxicological
teams at the pre-hospital stage, physicians of medical
institutions at the hospital stage, as well as in the order
of self- and mutual assistance in peacetime and wartime.

Over the past decade [1], the growing need for con-
venient and effective medicines for the treatment and re-
lief of intoxication effects has led to significant progress
in pharmaceutical technologies. The number of improved
formulations of antidotes and remedies has increased sig-
nificantly. They can be used not only by qualified medical
personnel, but also in self- and mutual assistance. A grow-
ing trend is the use of modern delivery systems to modify
the detoxification properties of antidotes. When develop-
ing new formulations of known antidotes, differences need
to be taking into account regarding the pharmacokinetic
parameters relative to traditional, mainly injectable drugs.
The greatest interest in this aspect is linked to the use of
intranasal forms of medicines. They allow the neutraliza-
tion of the differences in speed between invasive and non-
invasive dosage forms of administration, albeit not proving
adequate bioavailability and therapeutic effect in all cases.
One of the possible solutions for the development of intra-
nasal medicines is the use of polymer micro- and nano-
capsules as carriers for antidote delivery. This formulation
is one of the current trends in the treatment of metal poi-
soning, as well as the prevention of severe poisoning with
narcotic substances and alcohol [2, 3].

The development of non-invasive dosage forms of an-
tidotes, in particular intranasal forms using polymer nano-
carriers, may not only increase the effectiveness of known
drugs, but also expand the scope of their medical use.
However, the drug delivery system, including nanoscale
delivery, should not change the initial properties of the
antidote/drug substance or lead to side effects [4]. For
example, this could be respiratory depression caused by
the undesirable delivery of loperamide to the central nerv-
ous system (CNS) resulting from co-administration with
P-glycoprotein inhibitors [5]. On the contrary, the most
promising application of the intranasal form of drug ad-
ministration in the treatment of acute poisoning with neu-
rotoxicants is due to its potential to intensify the transport
of the active substance into brain tissue, bypassing the
blood-brain barrier (BBB) and the metabolism phase in
internal organs. For example, in the case of poisoning with
OPGCs, the low ability of pralidoxime to penetrate through

the BBB as an antidote has little effect on centrally medi-
ated respiratory depression caused by the OPC action.
However, when administered intranasally in the form of
cationic liposomes, pralidoxime chloride (2-pyridine al-
doxime methyl chloride or 2-PAM) as a carrier is able to
reduce brain damage and mortality in rats with their poi-
soning with paraoxone [6].

Intranasal forms of antidotes may be promising in the
choice of therapy for poisoning caused by pulmonotoxi-
cants, vesicants and nerve agents, as well as in acute ra-
diation injuries [7, 8]. Therefore, for the relief of nausea and
vomiting syndrome, the nasal form of antiemetics signifi-
cantly simplifies the provision of assistance to the victim,
when the administration of traditional remedies in the form
of dispersible tablets or buccal films would be impossible.

Modern nanocarriers proposed for drug modifica-
tion include: nanoparticles such as carbon nanoparticles
(nanotubes, graphenes); non-carbon nanoparticles (iron,
gold particles); nanoparticles made of biopolymers (cap-
sules, liposomes), nanorobots and nanochips [9-12]; den-
drimers — three-dimensional branched monodisperse
polymers; and clathrates — beta cyclodextrin complexes.
Liposomes are biocompatible and biodegradable bilayer
lipid vesicles up to 0.5 microns in size, capable of encap-
sulating both polar and nonpolar compounds [13, 14].

The main distinguishing characteristic of these na-
nomaterials is their size and composition. They initially
determine the primary physical and chemical properties
of the future carrier: solubility in water and biological flu-
ids, surface charge, sorption, aggregation and adhesion
abilities, intermolecular interactions, interaction with cell
membranes and proteins, cytotoxicity [15].

Drugs based on polymer micro- and nanocarriers can
be administered in various ways: orally, buccally, trans-
dermally, nasally, parenterally, etc.

In the case of intranasal administration, the absorp-
tion of substances occurs mainly in the nasal cavity [16,
17] and depends on the various factors shown in Figure
1, the features of which and ways to correct them will be
discussed further.

A characteristic feature of intranasal administration is
the absence of the effect of the first passage through the
liver. Due to the anatomical features of the nasal mucosa,
substances enter directly into the arterial bloodstream.
High bioavailability, ease of use and high rate of effect
development allow this route of administration to be con-
sidered as promising for the delivery of drugs based on
polymer micro- and nanocatrriers.

This work is aimed at evaluating the possibility of using
nanoscale polymer delivery systems for medicines and
antidotes intended for injection into the nasal cavity (intra-
nasally) in extreme medicine.

RESULTS AND DISCUSSION
Physical and chemical factors of substance
absorption in the intranasal administration route and

methods of their correction

The bioavailability of substances in the intranasal ad-
ministration route depends of the physical and chemical
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properties of nanocarriers, such as surface-to-mass ratio,
strength, conductivity, solubility, stability, and reactivity [17].

The development of synthetic carriers capable of cap-
turing target biomacromolecules is one of the directions
for creating a new generation of antidotes. In nature, in-
teractions between biomacromolecules are realized due
to weak electrostatic, hydrophobic, hydrogen, and Van der
Waals forces. When creating antidote carriers capable of
capturing target molecules, multipoint electrostatic inter-
actions are simulated by including functional monomers
(chelating ligands). For example, nanoparticles made of
poly(ethylene-co-glycidylmethacrylate) functionalized with
triethylenetetramine, N,N-di(2-pyridylmethyl)Jamine, 8-hy-
droxyquinoline or 8-hydroxyquinoline-2-sulfonic acid can
be used as antidotes for copper poisoning [18].

Polymer capsules can include hydrophilic and hydro-
phobic antidotes, forming both covalent and non-covalent
bonds with them. Polymer nanocapsules are able to pro-
tect the antidote from its degradation caused by blood
proteins or enzymes (peptidases, phospholipases) of the
blood-brain barrier. The release of the antidote from mi-
cro- and nanocapsules depends on the physico-chemical
characteristics of the drug (particle size, concentration
and solubility) and the polymer itself (structure, molecular
weight, porosity and mechanical strength).

Anatomical and physiological factors of substance
absorption in the intranasal administration route and
methods for their correction

The physical chemical characteristics have a significant im-
pact on the further pathways of the drug after intranasal
administration. If the drug is more than 1 kDa in size, does
not dissolve in the nasal mucosa, or has a pronounced
negative charge (repels from a negatively charged mucous
membrane), then it will not be able to penetrate the mucous
membrane of the nasal sinuses. The penetration of sub-
stances through the mucous membrane can occur in sev-
eral ways, for example, transcellular penetration and par-
acellular (between cells). Lipophilic substances carry out
transcytosis by passive diffusion and are rapidly absorbed
by vesicular transport mechanisms. Therefore, the use of
lipophilic delivery systems for non-lipophilic antidotes can

charge

dissociation lipophilicity
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significantly increase their effectiveness. Polar antidote de-
livery systems pass through the epithelium paracellularly.
The latter is less effective for large molecules (more than
1000 Da) [16].

The possibility of axonal transport, which enables by-
passing of the BBB, is important for the intranasal delivery
of many analgesics and antispasmodics, for example, as
well as for the relief of various syndromes caused by the
action of toxicants. However, with this pathway, the carrier
must be capable of retrograde and anterograde movement
in axons and dendrites [19]. Important physical chemical
characteristics of nanocarriers in this penetration pathway
are their size and chemical composition of the surface.
Nanoparticles of 20-50 nm in size are able to penetrate
directly into the central nervous system by axonal transport
and can enhance bioavailability [20]. Negatively charged
nanocarriers are attracted by the membranes and synaptic
slits of neurons. Therefore, such carriers may be applicable
for the intraneural delivery of drugs. Positively and neutrally
charged nanocarriers are characterized by slow axonal
transfer, while negatively charged carriers are character-
ized by rapid transfer [21].

The effect of the production conditions of dosage
forms on the substance absorption in the intranasal
administration route

Substance absorption during the intranasal administra-
tion route depends on the production conditions of a
nanoscale delivery system. The development of each
separately selected system also requires an individual
approach and a study of its toxicity. The use of toxic or-
ganic solvents (as in the case of the use of ethylene glycol
in the formation of some nanocapsules) the desired size
reduction to be achieved. However, in certain cases, it
can lead to increased toxicity if not completely removed.
The method for obtaining a nanocarrier is based on the
physical and chemical properties of the drug included.
The selected method of preparation should not negatively
affect the substance carried (contribute to its degradation
or modify its properties).

A competent choice of the nanocarrier polymer ma-
terial includes the following conditions: polymers should

barrier penetration mucociliar clearance
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Figure 1. Factors affecting the absorption of drug delivery systems during intranasal drug administration
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not be toxic, carcinogenic or mutagenic, and should be
biocompatible. Some branched polymers (polypropyl-
enimine dendrimers (PPI), polyamidamine (PAMAM) and
polylysine (PLL)) are known to have significant cytotoxic-
ity due to the high content of terminal amino groups [22].
Therefore, the most often used carriers are no higher
than the 4th generation. In most cases, the toxic effects
caused by polymer nanocarriers are associated with an
increase in their cytotoxicity, namely: a decrease in cell
viability, an increase in apoptosis, DNA destruction, rup-
ture of the cell membrane and activation of lipid peroxi-
dation [23].

One of the significant disadvantages of intranasal
administration of most drugs is the relatively low perme-
ability of the nasal mucosa to large macromolecules and
intensive mucociliary clearance. The use of bioadhesive
polymers (such as chitosan, carbopol, cyclodextrin and
pluronic), which are part of the nanocarrier, will increase
the residence time of the drug in the nasal cavity, thereby
improving absorption. The nature of the polymer affects
its bioadhesive qualities. In addition, the bioadhesive poly-
mer must be polar and have sufficient viscosity. Polymer
mucoadhesion is significantly dependent on the flexibility
of the polymer chain (rigid crosslinking of polymer chains
significantly limits their diffusion through membranes and
interaction with mucin), molecular weight (the lower the
molecular weight, the easier the permeability through the
mucosa), the degree of swelling, and the ability to form hy-
drogen bonds.

Since the nasal mucosa is lipophilic, the degree of ab-
sorption of lipophilic carriers can be assumed to be more
effective. In order to ensure adequate pharmacokinetics of
the polymer necessary for the realization of the therapeutic
effect during intranasal administration, special solvents and
penetrant substances which increase the ability to pen-
etrate biological membranes are used, as well as various
systems of carrier particles of various nature, shape, and
size. For example, chitosan supplementation can increase
the paracellular transport of substances with intranasal
administration of 0.5% chitosan and 1% atropine sulfate
drops in the treatment of organophosphorus poisoning
[24]. Cyclodextrin (dimethyl-beta-cyclodextrin) may also be
of interest as a carrier due to its ability not only to transfer
medicinal substances, but also, like chitosan, to increase
their paracellular transport [25].

Despite a number of significant differences in the phar-
macokinetics of parenteral and intranasal methods of ad-
ministration, the latter has a significant advantage, namely,
noninvasiveness of the antidote administration procedure,
the possibility of dose reduction due to better bioavailabil-
ity, simplification of production technology, and the pos-
sibility of self-administration [18, 20].

At the same time, promising carriers can simultaneous-
ly deliver various groups of drugs (for example, antiemetics
and analgesics). The use of carriers for medicines enables
their physical and chemical properties (increase hydrophi-
licity, permeability of biological barriers) to be modified, and
biocavailability increased, thereby optimizing the pharma-
cokinetic parameters.

From the entire variety, we selected what we consider
to be four of the most promising submicron carriers for the

nasal administration route: liposomes, dendrimers, nano-
capsules, and cyclodextrins.

Use of nanocarriers to intensify the penetration of
drugs and antidotes through the blood-brain barrier

Many substances dangerous to humans (narcotic sub-
stances, organophosphorus pesticides, nerve agents, etc.)
easily overcome the blood-brain barrier (BBB) and pene-
trate into the tissues of the central nervous system. At the
same time, only a small part of the medicines used in medi-
cine are capable of effectively overcoming the BBB, which
makes it difficult for antidotes for CNS-active substances to
be developed. In most cases, only hydrophilic compounds
with a molecular weight of less than 150 Da and hydropho-
bic compounds with a mass of less than 600 Da are able
to penetrate the BBB by passive diffusion [26-28]. Thus,
many of the drugs used are not able to provide effective
protection of the central nervous system in cases of intoxi-
cation of various origins.

The penetration rate of drugs through the BBB deter-
mines the adequacy, timeliness, and effectiveness of thera-
peutic action [28]. For example, the experimentally estab-
lished rate of naloxone intake into the brain is 8-10 times
higher than the rate of morphine intake [29], which explains
its pronounced antidote effect. However, in the case of
poisoning by centrally active toxicants rapidly penetrating
through the BBB, the antidote activity of naloxone is sig-
nificantly reduced [30]. At the same time, the combination
of effective delivery systems and nasal administration can
significantly enhance the effect of traditional antidotes and
ensure their use not only by qualified medical personnel,
but also in self- and mutual assistance [28].

Nanocarrier-based delivery systems can provide drugs
with improved penetration efficiency through the BBB in
four ways: by accumulating on the walls of brain blood
capillaries, thus increasing the concentration gradient of
the antidote between the bloodstream and central nervous
system tissues; by passing in free form or together with
the carrier due to the disclosure of dense connections be-
tween brain endothelial cells; by endocytosis of endothe-
lial cells and the subsequent release of the antidote in the
endothelial layer and diffusion into the brain tissue; and
through transcytosis through a layer of endothelial cells
into the brain [31]. Nanoparticles made of biodegradable
polymers such as polylactide glycolide (PLGA), human
serum albumin (HSA), and chitosan are most often used
as carriers for drug delivery to the brain [32]. For example,
quercetin, used as an antidote to arsenic, encapsulated in
PLGA nanoparticles, is capable of crossing the BBB, which
enables the depletion of brain cells in poisoning [33] to be
neutralized.

Dendrimers (three-dimensional branched monodis-
perse polymers) capable of passing through the BBB
have proved to be promising polymer nanocarriers for
antidotes of neurotoxicants [32]. Thus, conjugates of the
low molecular weight antidote of the OPC pyridine-al-
doxime with polyamidamine dendrimer (PAMAM) of the
5th generation have shown their effectiveness in a mice
model of paraxone intoxication [34]. Polyester dendrim-
ers 2,2-bis(hydroxymethyl)propanoic acid (bis-MPA) are
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capable of binding organophosphorus compounds, in par-
ticular dichlorvos, allowing such a polymer nanocarrier to
be considered as an independent antidote to OPC [35].

The use of polymer nanocarriers for heavy metals
poisoning

The group of heavy metals includes mercury, lead, cadmi-
um, arsenic, chromium, cobalt, molybdenum, nickel, anti-
mony, zinc, scandium, manganese, vanadium, strontium,
barium, and tungsten. Their organic and inorganic com-
pounds are found in many industries and are actively used
in agriculture and everyday life. The mechanism of action
of many heavy metals is based on the blocking of sulf-
hydryl, amine, and carboxyl groups of proteins-enzymes
and structural proteins. As a result, protein, carbohydrate,
and fat metabolism in the body is disrupted. The develop-
ment of new antidotes and chelates for the treatment of
heavy metal intoxication remains an important and press-
ing task [36].

Chelation therapy is one of the ways to treat heavy met-
al poisoning. It is based on the formation of an insoluble,
less toxic metal complex easily excreted from the body.
Therefore, a promising direction in the treatment of heavy
metal poisoning is the use of polymer nanoparticles both
as delivery carriers and independently, taking the chelating
properties of these compounds into account.

Cyclodextrins are natural polymer delivery systems.
They are representatives of a separate class of macrocyclic
ligands in supramolecular chemistry [36], characterized as
non-toxic substances capable of forming complexes with
many toxicants (Fig. 2).

The use of cyclodextrin as an independent antidote
became known for the first time in 2002, when its ability
to neutralize the effects caused by muscle relaxants was
demonstrated [38]. This allowed the development of a
drug for the reversal of neuromuscular blockade based on
modified gamma-cyclodextrin administered intravenously
at doses from 1 to 16 mg/kg. The administration route and
dosage allow the possibility of an intranasal route of cyclo-
dextrin administration to be considered as an alternative,
particularly given that these compounds have the ability to
bind to many xenobiotics, in particular opioid analgesics.
Therefore they can be used as detoxifying substances in
poisoning with long-acting opiates such as methadone,
for which there are no available antidotes [39]. Since the
outer surface of natural cyclodextrins contains primary and
secondary hydroxyl groups which can covalently bind to
heavy metal ions, they can also act as promising antidotes
for poisoning with heavy metals such as copper, lead (the
strongest affinity) and cadmium [40]. Since certain cyclo-
dextrins are also allowed for use in the food industry in
the production of specialized food products, they can be
recommended as a therapeutic and preventive nutrition for
employees of enterprises in contact with heavy metals.

Chelation therapy with dimercaptosuccinic acid
(DMSA), ethylenediaminetetraacetic acid (EDTA), 2,3-di-
mercaptopropanol (BAL), and D-penicillamine is proposed
for the treatment of chronic poisoning with heavy metals (in
particular lead). However, their main disadvantages include
weak solubility in water, low bioavailability when ingested
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Figure 2. Structural formula of beta-cyclodextrin

(orally), and a short half-life, which significantly limits their
clinical use [41]. At the same time, heavy metal adsorbents
used in industry, such as mesoporous silicon nanoparticles
(MSN) [10], can potentially be used as a drug adsorbent in
the body, for example, in the treatment of cases of poison-
ing with thiol poisons. Thus, MSN nanoparticles modified
with EDTA chelator showed a good effect on iron intoxi-
cation [42]. Curcumin encapsulated in chitosan nanocap-
sules with a diameter of 50 nm is also being considered
for the treatment of heavy metal poisoning. The chitosan
shell protects the compound from absorption by the re-
ticuloendothelial system (RES), increases its bioavailability,
and allows longer circulation in the blood. This approach
permits the dose of curcumin to be significantly reduced
when administered orally for the effective removal of heavy
metals from the body [43]. Similarly, encapsulation of se-
lenomethionine in PLGA nanocapsules resulted in a 7-fold
increase in its detoxifying efficacy against mercury-con-
taining substances compared with the traditional method
of administration [44].

The use of dendrimers and dendrigrafts as carriers
enables certain hydrophobic substances to be rendered
hydrophilic. Their use in complexation with water-soluble
chelators such as DMSA allows hydrophilic complexes with
optimal bioavailability [41] to be obtained. Water-soluble
complexes of dendrimers with polyphenol quercetin pro-
vide the ability to penetrate the BBB, thus being promising
for combating oxidative stress in arsenic poisoning [33, 45].

Use of polymer nanocarriers for the delivery of
antidotes and radioprotectors

Pyridoxine (vitamin B,) is considered the only effective
antidote for poisoning with unsymmetrical dimethylhydra-
zine (UDMH) [46]. This drug relieves convulsive syndrome
and reduces the toxic effect of UDMH and its metabolites
on the central nervous system. The neurotoxic effect of
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asymmetric dimethylhydrazine is manifested in a decrease
in the content of pyridoxal phosphate due to its interaction
with pyridoxal contained in brain tissue cells. As a result,
toxic pyridoxal hydrazones are formed which inhibit the ac-
tivity of pyridoxal kinase and thereby block the synthesis of
pyridoxal phosphate in the cell [46].

The structure of vitamin B, contains a hydroxyl group,
suggesting the possibility of electrostatic interaction with
polymer carriers having positively charged functional
groups, for example, dendrimers. The polyphenol cur-
cumin, enclosed in a nanoliposomal form (NLC), has also
proven itself as a therapy for dimethylhydrazine poisoning
in mice. The administration of nanoliposomal curcumin at
a dose of 150 mg/kg significantly reduced serum alanine
aminotransferase (ALT) and lactate dehydrogenase (LDH).
This increased under the action of dimethylhydrazine, at
the same time as significantly increasing the level of gam-
ma-aminobutyric acid (GABA) in the hippocampus [47].

Salts of hydrocyanic acid are highly dangerous to
humans. At the same time, liposomal methemoglobin
(MetHb@Lipo) has shown its effectiveness as a new anti-
dote for cyanide poisoning [48], significantly increasing the
survival of animals after contact with hydrogen sulfide. This
is achieved by maintaining the activity of cytochrome C oxi-
dase and suppressing metabolic acidosis [13].

Damage by radioactive substances can occur only in
non-standard emergency situations (waste transportation,
testing and work on machine with radioactive elements).
The development of a non-invasive form of radioprotectors
is also an important task. For example, Amifostin, the most
well-known and effective radioprotector, can currently be
administered only parenterally, but with this method of ad-
ministration it is quickly eliminated from the body. Therefore,
researchers around the world are actively developing a new
form of antidote which could provide more effective dosing
of the drug and reduce its toxicity. Mandal TK et al. devel-
oped hybrid microcapsules of PLGA and chitosan, enabling
Amifostine to be effectively capsulated. This composition of
the microcapsule ensured a 45% reduction in the drug re-
lease rate. In addition, the introduction of chitosan into the
shell is believed to increase the absorption of the drug and
increase its bioavailability [49].

Use of polymer nanocarriers for the development of
symptomatic therapy

A number of chemicals cause poisoning by a wide range
of pathophysiological life-threatening processes. In such
cases, the simultaneous use of both etiotropic therapy and
pathogenetic, symptomatic therapy is required, in order to
eliminate individual symptoms of intoxication. The improve-
ment of therapeutic drugs for symptomatic therapy through
the development of delivery systems can presumably not
only significantly facilitate the procedure of their administra-
tion, but also increase the effectiveness of treatment. For
example, modified antiemetic drugs can be used to inhibit
the gag reflex in acute radiation injuries and OPC poisoning.
Currently, the classic routes of administration of this group
of drugs are oral and parenteral. The intranasal administra-
tion of antiemetics can significantly simplify the procedure

of drug administration and neutralize the effect of the first
passage through the liver [50]. In the study by Ozsoy Y, and
Gungor S, nasal administration of metoclopramide in-situ
in the formulation of poloxamer 405 gels increased its bio-
availability by 19% compared with oral administration [51].
The high level of efficiency with intranasal administration of
ondancetron and granisetrone was obtained due to their
inclusion in chitosan microparticles crosslinked with glu-
taraldehyde [52]. Granisetron preparation encapsulated in
microparticles based on cyclodextrin and carboxymethyl-
cellulose showed high antiemetic activity during intranasal
administration [53].

In the case of poisoning with irritating substances,
burns, and in dental and surgical practice, analgesics (opi-
oid and non-opioid analgesics of central action, adjuvant
analgesics, nonsteroidal anti-inflammatory drugs) are used
to treat pain. However, many analgesics have a short pe-
riod of action, leading to an increase in the administration
frequency to the patient. In this case, the use of a deliv-
ery system may allow for a gradual low-dose controlled
intake of the drug into the victim’s body while maintaining
effectiveness and reducing side effects. For example, the
inclusion of Benzocaine® in polymer nanoparticles (PLGA,
PLA, PCL) makes it possible to prolong the analgesic effect
when compared with a conventional drug [54].

No less important in acute poisoning with many toxi-
cants is the relief of convulsive syndrome. The use of an-
ticonvulsants, such as carbamazepine in the formulation
of carboxymethyl chitosan nanoparticles, with intranasal
administration makes it possible to ensure the necessary
concentration of the drug in the brain and, accordingly, in-
crease the effectiveness of treatment [55].

Proposals for the modification of antidotes approved
for use in the Russian Federation

Based on the review of domestic and foreign literature,
as well as taking the structural and physical and chemical
characteristics of drugs recommended for use as antidotes
into account, we have proposed possible polymer carriers
for modifying some antidotes currently allowed for use in
the Russian Federation (Table 1).

Obviously, there is no a need to develop all antidotes
need in an intranasal form. For example, drugs such as
ethyl alcohol or calcium gluconate were initially excluded
from our analysis. Moreover, the development of intrana-
sal forms for some antidotes is initially undesirable, since
it can enhance the effect of the drug and lead to possible
dangerous side effects. For example, in the case of the an-
ticholinesterase drug proserin, it is undesirable to increase
its effect on the central nervous system. Some of the anti-
dotes used in medicine (such as atropine sulfate, Cuprenyl®
and pyridoxine hydrochloride) with good bioavailability and
efficacy in conventional forms do not need significant mod-
ifications, except for convenience of use. Nevertheless, the
development of an intranasal form of pyridoxine, for exam-
ple, may prove promising as a possible preventive antidote
for workers who have professional contact with rocket fuel
components. The structure of both pyridoxine and atropine
technically allows them to bind electrostatically to the end
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groups of the dendrimer and, based on our assumptions,
such a delivery system can demonstrate greater efficiency
due to the intensification of absorption and penetration
through the BBB. This will allow the antidote to be adminis-
tered in emergency situations by means of self- and mutual
assistance.

In some cases, a less invasive intranasal form may be
an alternative to parenteral and oral administration and find
its application, for example, in pediatrics. A well-known an-
tidote such as Vikasol is used for overdose with vitamin K
antagonist drugs (warfarin, fenindione, acenocumarol). The
development of intranasal dosage forms of synthetic vita-
min K may have potential in pediatrics for the prevention of
vitamin K-dependent hemorrhagic syndrome in newborns.
Parenteral administration of the antidote to children with
this syndrome leads to excessive traumatization, while the
liposomal intranasal formulation of vitamin K will not only
resolve the problem of simplifying the administration of the
drug to patients, but also ensure its effective delivery to the
body.

The expediency of developing non-invasive dosage
forms currently approved for use in the Russian Federation
[56], taking into account their physical and chemical and
pharmacokinetic properties, is considered in Table 1.

CONCLUSION

The conducted research allows us to conclude that the
most promising nanoscale polymer delivery systems for
drugs and antidotes intended for intranasal administration
are dendrimers, liposomes, cyclodextrins, and nanocap-
sules.

The absorption of the drug and antidote delivery sys-
tem during intranasal delivery depends on the physical and
chemical characteristics of the carrier (surface-to-mass
ratio, strength, conductivity, solubility, stability, and reac-
tivity), the physiological and anatomical factors (ability to
penetrate the BBB), as well as the conditions for obtaining
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carriers (presence or absence of impurities in the form of
solvents and penetrant substances).

It was shown that some carriers can act as antidotes.
Thus, dendrimers are capable of reacting with OPC (as in
the case of the bis-MPA polyester dendrimer and dichlor-
vos), while cyclodextrins are antidotes for muscle relaxants.

At the moment, not only modified chelating substances
(such as mesoporous silicon nanoparticles modified with
EDTA), but also chitosan nanoparticles containing curcum-
in and selenomethionine encapsulated in PLGA nanocap-
sules have shown a high level of efficiency in heavy metal
poisoning.

The intranasal method of administration may be con-
venient for radiation injuries, when oral administration of the
antidote is difficult (due to vomiting). Increasing the effec-
tiveness of known radioprotectors and reducing their toxic-
ity while simultaneously administering them non-invasively
is also a promising and still unresolved area in this field.

The possibility of using polymer nanocarriers in order
to improve therapeutic drugs for symptomatic therapy (an-
tiemetics, anti-inflammatory, anticonvulsants, painkillers
and antihistamines) was evaluated. The possibility of pro-
longing the analgesic effect of the drug is demonstrated by
the example of inclusion of benzocaine in PLGA nanopar-
ticles.

This review provides suggestions for modifying the
reserve of antidotes used in the Russian Federation. For
many of them, it is shown that the intranasal form of admin-
istration is the most promising due to its non-invasiveness
(parenteral administration causes additional traumatization
of the affected tissues and can serve as an entrance gate
for secondary infection), ease of use, as well as the rapid
speed of drug delivery. This work also notes that micro-
capsulation allows, if necessary, programmable release
of the drug to be achieved. Most nanocarriers have both
undeniable advantages and limitations. In this regard, the
issues of searching for the most effective intranasal carriers
remain open today.

Table 1. Assessment of the prospects for the development of non-invasive formulation of certain antidotes approved for use in the Russian Federation, taking into

account their physical and chemical and pharmacokinetic properties

Cholinolytic poisoning

J— It is soluble in
O N chloroform
H _\//] pKa 8.32
HO

Antidote name and indica- Formulation, Physlca_l and . Feasibility of developing non-invasive dosage
. chemical Absorption
tions dose N forms
properties

Galantamine Sol. for intra- M = 368.27 g/mol | Galantamine relieves Liposomes and dendrimers with a particle size

venous and cerebral cholinergic of 3-5 microns effectively deliver drugs to the
O subcutaneous Slightly soluble syndrome. brain. Based on the physical and chemical

/ administration in water and properties of the drug, the development of its

1 mg/mL alcohol The absolute oral liposomal formulation by hydration/rehydration

bioavailability is about
90%.

Half-life: 7 h

of a thin film is promising due to its weak solubil-
ity in water and alcohol, but good solubility in
chloroform.

The reactive hydroxyl group of galantamine
can bind electrostatically to dendrimers having
positively charged amino groups, in particu-
lar to a third-generation polylysine dendrimer
capable of penetrating the BBB. The resulting
electrostatic bond is rather fragile and will al-
low for a smooth release of the drug from the
carrier molecule. Effective delivery of the drug
to the central nervous system is expected with
intranasal administration, which may make it
possible to provide the necessary therapeutic
dose of galantamine.
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Table 1 (continued)
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Antidote name and indica- Formulation, Phy5|ca_l and . Feasibility of developing non-invasive dosage
. chemical Absorption
tions dose N forms
properties
Glucagon® Lyophilisate for M = 3485 g/mol With i/v glucagon 1 mg/ | Consideration of the structure, physical and chem-
injection. Hydrophobic mL, the maximum ical properties of glucagon allows us to expect the
NH,-His-Ser-GIn-Gly-Thr-Phe- | 1 mg blood level 7.9 ng/mL is | inclusion of this peptide in the hydrophobic part

Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-
Leu-Asp-Ser- Arg-Arg-Ala-
GIn-Asp-Phe-Val-GIn-Trp-Leu-
Met-Asn-Thr-COOH

Overdose with calcium chan-
nel blockers

The solutions

of the drug are
stable for 48 h at
a5°C

pKa 7,1

reached after 20 min.
With i/m administra-
tion, the maximum level
6.9 ng/mL is reached
after 13 min.

With intranasally glu-
cagon 3 mg, the maxi-
mum level 6130 pg/mL
is reached after 15 min.

of the liposome, which can provide its protection
from the effects of enzymes and degradation.

The charged reactional end groups of the peptide
(NH2 and COOH) suggest the possibility of forma-
tion of electrostatic interactions with charged
dendrimers.

When administered intranasally, such liposome-
based or dendrimer-based drugs can provide the
required concentration of glucagon necessary to
ensure therapeutic action.

Carboxim®

o HC,

OPC poisoning

Solution for injec-
tion 15% — 1 mL
(150 mg)

M = 413.35 g/mol
Hydrophilic

Central nervous system
cholinesterase reac-
tivator.

Restores
neuromuscular
conduction.

Due to its structure, Carboxim does not pass
through the BBB well. A large dose is required

for intramuscular delivery of this drug. The use

of a properly selected drug carrier can signifi-
cantly reduce its high dose while maintaining the
therapeutic effect. At the same time, ensuring
optimal bioavailability with intranasal administra-
tion of Carboxim may make it possible to create an
antidote convenient for use within the framework of
self- and mutual assistance.

Some functionalized cyclodextrins are stoichio-
metrically capable of absorbing OPC. The
intranasal delivery system «acetylcholinester-
ase reactivator — cyclodextrin» will ensure the
paracellular transport of the drug and, probably,
will make it possible to increase its effective-
ness.

Since Carboxim and other acetylcholinesterase
reactivators are hydrophilic drugs, they can be
included in both nanocapsules and liposomes.
However, the most promising solution is the
formation of a dendrimer-carboxim complex

due to charged fragments of the molecule. This
can increase the efficiency of the passage of
carboxim through the BBB. In addition, the den-
drimer is able to react independently with some
OPC, which will also increase the effectiveness of
the antidote.

Naloxone

Narcotic analgesics poisoning

Injection for solu-
tion, 0.4 mg/mL,
1 mL, ampoules

M = 327.4 g/mol
Hydrophilic

pKa 7.9

u-opioid receptors
antagonist

Half-life:
1-1.5h

Oral bioavailability is up
to 20%

Nalmefene

Alcohol addiction treatment

Film-coated
tablets, 18 mg

M = 339.4 g/mol
Hydrophilic

pKa 7.6

A long-acting opioid
antagonist with affinity
for the k-opioid recep-
tor and the m-opioid
receptor.

It is not subjected to
presystemic metabo-
lism.

Liposomal and dendrimeric formulations of opioid
receptor antagonists with intranasal administration
make it possible to maximize the bioavailability

of active substances by increasing their absorp-
tion by simple diffusion, necessary for a reliable
therapeutic effect in cases of poisoning with
narcotic analgesics. At the same time, the lack of
bioavailability with this method of administration
is compensated by the direct entry of antagonists
into the tissues of the central nervous system
which provides a therapeutic effect no worse than
that of their injectable drugs.

On the contrary, in the treatment of socially
significant diseases (various types of addictions),
microcapsulation in biodegradable polymers such
as PLGA or chitosan is the most promising, which
usually provides a slow prolonged effect of such
drugs when administered in depot form and pro-
vides their protection from the effects of RES.

The table was prepared by the authors using PubChem data [37]
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PERIMENTAL MODEL OF CONVULSIVE SYNDROME BASED ON PHENYLCARBAMATE

Aleksandra S. Melekhova, Alisa V. Belskaya, Veronika N. Zorina™, Margarita V. Melnikova, Larisa G. Kubarskaya, Olga N. Gaikova

Golikov Research Center of Toxicology, Saint-Petersburg, Russia

Introduction. Carbamates are widely used in the pharmaceutical industry, agriculture, and household chemicals. Being reversible cholinesterase inhibitors,
carbamates can cause the development of generalized convulsive syndrome. Untimely treatment contributes to the emergence of persistent neurological
disorders. In order to develop and adequately assess in preclinical studies the specific activity of new drugs for the relief of convulsive syndrome in acute
intoxication with this group of substances, an easily reproducible experimental model of convulsive carbamate-induced syndrome is required.

Objective. Development of an experimental model of generalized convulsive syndrome in rats using phenylcarbamate as a model toxicant for testing in pre-
clinical studies of therapies for poisoning with cholinesterase inhibitors.

Materials and methods. The study was performed using mongrel sexually mature male rats, aged 3 months (80 animals), divided into 4 groups (3 experi-
mental and 1 control). At the first stage, the parameters of convulsive syndrome caused by model toxicants were compared: phenylcarbamate 1 mg/kg bw,
corazol 65 mg/kg bw, and thiosemicarbazide 8 mg/kg bw. The following parameters were studied: motor activity (open field test), neuromotor functions (grip
strength test), cognitive functions (conditioned avoidance responses, CAR), and cardiovascular indicators (ECG and cardiac rhythmogram assessment). The
severity of the convulsive syndrome was identified by Racine stages. Additionally, the structure of brain tissues was evaluated by histological methods. second
stage, biochemical parameters were studied in three experimental (with toxicants) and control groups. Some biochemical parameters were studied in the
blood serum, assessing the function of the liver, kidneys, prooxidant and antioxidant systems. At the third stage, the activity of cholinesterase in the blood
and brain was studied in 30 control and 30 experimental rats after phenylcarbamate exposure. Statistical processing of the results was carried out using
Statistica v.10.

Results. When modeling convulsive syndrome in rats, phenylcarbamate is comparable to corazol in terms of the onset of the latency period, duration and
intensity of seizures. When implementing the model, a significant decrease in heart rate was recorded 48 h after administration. The CAR test found that the
introduced substance increases the time of the first entry into the dark compartment before training. Significant changes in markers of liver function (ALT,
bilirubin, cholesterol, triglycerides), lipid peroxidation and the antioxidant system (MDA, GPx) confirm the complexity of mechanisms responsible for the de-
velopment of seizures and neurological disorders. The results of histological examination of brain tissues indicate that phenylcarbamate induces pronounced
disorders of the brain structure in an experiment on rats.

Conclusions. The developed experimental model of phenylcarbamate-based convulsive syndrome in rats is easy to reproduce, thus being recommended
for preclinical studies of new drugs for the relief of convulsive syndrome in poisoning with cholinesterase inhibitors.

Keywords: carbamate; convulsive syndrome; cholinesterase inhibitor; experimental model; preclinical studies
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OKCMNMEPUMEHTAJIbHAA MOAEJIb CYOOPO>XHOIO0 CUHAPOMA HA OCHOBE ®EHUJIKAPBEAMATA

A.C. MenexoBa, A.B. Benbckas, B.H. 3opuHa™, M.B. MenbHvkoBa, J1.I. Kybapckas, O.H. lankosa
Hay4HO-KNMHUYeCKNiA LEHTP TOKCMKONOrn nMenn akagemuka C.H. fonvkosa ®efepanbHoro Meamko-6ronorudeckoro areHtTcTsa, CaHkT-IMNeTepbypr, Poccus

©A

BBepeHue. KapbamaTb! LLMPOKO NCNOMb3YOTCA B (PapMaLeBTUHECKON MPOMBILLIEHHOCTU, CENIbCKOM XO3ANCTBE 1 BbITOBON XUMUW. ABNSACH 0BpaTUMbIMm
NHrMBUTOPaMM XONMHICTEpas, kapbamaTbl MOryT Bbl3blBaTb Pa3BUTVE FreHepanM30BaHHOMO CyLOPOXKHOIO cuHApPOoMa. HecBoeBpeMeHHoe NeyeHne crnocob-
CTBYET (DOPMUPOBAHMIO CTOMKIMX HEBPONOrMHECKMX HapyLUeHWA. [ns paspaboTku 1 afekBaTHOW OLIEHKM Cneumdu4eckon akTUBHOCTH B AOKIMHUYECKMX
1CCnefoBaHNsIX HOBbIX CPEACTB KYMMPOBaHUS CYLOPOXHOrO CYHAPOMA NPU OCTPbLIX MHTOKCUKALIMSX AAHHON rpynroi BeLLecTB Heobxoamma nerko Boc-
Npoun3BoAMMAas SKCNeprMeHTaNlbHas MoLeNb CyA0POXHOMO CMHAPOMAa Ha OCHOBE KapbamaToB.

Llenb. PagpaboTka aKcnepuMeHTanbHOM MOAENN FreHepanM30BaHHOIro CYA0OPOXXHOr0 CUHAPOMA Ha KpbiCax C MpUMeHeHreM heHnnkapbamara kak Moaenb-
HOr0O TOKCUKaHTa 4118 TECTUPOBaHUS B AOKIMHUYECKIX NCCNEA0BaHNSX CPELACTB Tepanvun npu oTpaBaeHnn MHIMOUTopaMmn XoMHaCcTepas.

MaTepuanbl u metopbl. ViccnenoBaHve NpoBefeHO Ha 6eCropoAHbIX MONOBO3PENbIX Kpbicax-caMmuax Bo3pacTom 3 Mecsua (80 XMBOTHbIX), pacnpe-
AeneHHbiX Ha 4 rpynnbl (3 onbITHbE U 1 KOHTPONbHaS). Ha nepBoM aTane cpaBHVBaIM NapaMeTpbl CYA0POXHOMO CYHAPOMA, Bbl3bIBAEMOrO MOAENbHLIMM
TOKCVKaHTaMu: heHnnkapbamaTom B 4o3e 1 MI/Kr M.T., KOPa3oaoM B fo3e 65 MI/Kr M.T. U Tnocemmnkapbasmaom B 4o3e 8 Mr/kr M.T. /I3yyeHbl: ABuratensHas
aKTMBHOCTb (B TecTe «OTKPbITOE Mosie»), HeMPOMOTOPHbIE (DYHKLIMK (TECT Ha CUIY XBaTa), KOrHUTUBHbIE (DYHKLMI (MO YCNOBHOW peakLmmn NacCBHOMO 13-
6eraHns 6onesoro pasgpaxenus — YPI) n nokasaTtenu cepeqHo-cocyamncTon cuctemsl (oueHka OKI 1 putMorpammbl cepaua). BelpaxxeHHOCTb cyno-
POXHOMO CUHAPOMa onpeaensnu no wkane Racine. JoNonHUTENBHO OLIEHBANM CTPYKTYPY TKaHE MO3ra rMcTonormieckmm Metogamu. Ha BTopom aTane
13y4anm BUoXMMMYecKre NokasaTenn B 3-X OMbITHbIX (C TOKCUKaHTaMM) U KOHTPONBHOM rpynnax. B cbiBOPOTKe KPOBM U3yHeHbl HEKOTOPble BUOXUMUYECKIE
nokasartenu, oueHmBaoLLme QyHKLUMIO NeYeHn, NOYeK, MPOOKCUOAHTHON 1 aHTUOKCUAAHTHOW CUCTeM. Ha TpeTbeM aTane nay4ann akTMBHOCTb XONIMHACTe-
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pasbl B KPOBU 1 rONOBHOM Mo3re Y 30 KOHTPOJIbHBIX 1 30 OMbITHBIX KPbIC NOCNe BO3AeNCTBUA (peHnnkapbamara. Ctatuctuydeckas obpaboTka pesynsrtaTtoB
ocyLecTBnanack ¢ noMmoLubto Statistica v.10.

Pe3ynbraThl. [py MOAENMPOBaHMN CYAOPOXHOIO CUHAPOMA Y KPbIC MO BPEMEHW HACTYMNIEHMA NaTEHTHOrO Neproaa, MPOAOIKUTENBHOCTA N UHTEHCMBHOCTM
cypopor deHnnkapbamaT conocTaBnM ¢ KOpadosnoM. [pu peanmaaummn Mogenn 3anKCMpoBaHO 4OCTOBEPHOE CHUKEHNE HYacTOTbl CepAEYHbIX COKPaLLEeHWiA
Yepes 48 4 nocne BeeaeHns. B Tecte YPT ycTaHOBNEHO, YTO BBELIEHVE YBENNHMBAET BPEMS NEPBOro 3ax0a B TEMHbIN OTCEK [0 06y4eHus. [JOCTOBEPHbIE 13-
MEHEHUSA MapKepoB yHKLIM nedeHn (AJTT, BunmpyOunH, XonecTepuH, TPUFNLEPUabI), MEPEKNCHOrO OKNUCNEHNS NUNAOB 1 aHTUOKCUAAHTHOM cucTembl (MAA,
['T1) nogTBEPXKAAKOT HANMMYME KOMMIEKCHBIX MEXaHV3MOB PasdBUTUS CYZOPOr 1 HEBPOIOrMHECKMX HapyLLEHNUI. PedynsTaTbl M’MCTONOrMY4eCcKoro NccnefoBaHms
TKaHei Mo3ra CBUAETENbCTBYHOT, YTO heHnnKapbamaT NPOBOLMPYET BblpaXKEHHbBIE HAPYLLIEHWSI CTPYKTYPbI MO3ra B SKCMEPVIMEHTE Ha KPbICax.

BbiBoAbl. PazpaboTaHHas akcnepMeHTanbHas Moaesb CyA0POXHOro CUHAPOMA Y KPbIC Ha OCHOBE heHunkapbamara npocTa B BOCNPOU3BEAEHNN N MO-
XKET aPPEKTUBHO NPUMEHATHLCSA B AOKIMHUYECKNX NCCNEA0BAHNSAX HOBbIX CPEACTB KyNMPOBaHUS CyAOPOXHOIro CHAPOMa Npu OTPaBNeHn MHrMbuTopamm
XONMHAaCTEpas.

Kniouesble cnosa: Kap6amaT; Cy,D'OpO)KHbIIh CHOPOM; I/IHI'I/I6I/ITOp XOJIMH3CTEpPasbl; 3KCNnepnMeHTanbHasa Moaenb; JOKNIMHNYEeCKMe nccnenoBaHns

Ana uutnposaHuaA: Menexosa A.C., Benbckas A.B., 3opuHa B.H., MenbHukoBa M.B., Kybapckasa JI.I, Tankosa O.H. HoBas akcnepu-
MeHTanbHas MOAENb CyAOPOXHOIMO CUHAPOMa Ha OcCHoBe (eHunkapbamata. MeauumHa aKcTpemasibHeix cutyauymi. 2024;26(4):38-48.
https://doi.org/10.47183/mes.2024-26-4-38-48
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INTRODUCTION

Carbamates are derivatives of carbamic acid, the amino
and carboxyl endings of which are replaced by structurally
diverse alkyl, aryl, or alkyl-aryl groups [1]. Carbamates are
structurally similar to amides and esters. Due to their chem-
ical and conformational stability, resistance to proteolysis,
as well as the ability of many representatives of the group to
pass through the cell membrane and the blood-brain bar-
rier, carbamates are increasingly used in the pharmaceuti-
cal industry both as an active component of dosage forms
and as carriers replacing peptides in finished dosage forms
[2]. In addition to the pharmaceutical industry, carbamates
are actively used in agriculture and as part of household
chemicals, which often causes accidental or even inten-
tional poisoning.

A number of carbamic acid derivatives belong to highly
toxic compounds, reversible (unlike organophosphorus
compounds, OPs) cholinesterase inhibitors, leading to
the formation of the so-called “cholinergic crisis” associ-
ated with the development of generalized convulsive syn-
drome, in severe cases ending in coma and death. Under
the action of carbamates during acute intoxication, due to
the rapid hydrolysis of the C = O bond (decarbomylation
of the enzyme), the activity of cholinesterases in survivors
is restored within several hours; complete restoration of
cholinesterase function is observed after 24-48 h [3]. At
the same time, poisoning with cholinesterase inhibitors re-
sults in inflammatory reactions in the tissues of the nervous
system, apoptosis of nerve cells, and neurodegenerative
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changes that potentiate the development of persistent neu-
rological disorders in survivors.

It should be noted that the levels of mortality and dis-
ability in acute carbamate poisoning are rather high. Thus,
according to WHO data from 2019, more than 1600 people
died globally as a result of deliberate suicide using carba-
mates alone, the number of non-fatal poisonings ranged
from several hundred thousand to several million per year
(according to statistics in different countries). As a result
of ineffective or untimely treatment, a significant proportion
of survivors subsequently experience tremors, dizziness,
headaches, partial memory loss, emotional lability, confu-
sion, cognitive impairment, peripheral neuropathy, and au-
tonomic dysfunction [4].

It should be noted that the treatment of acute carba-
mate poisoning relies on the methods similar to those used
in OP poisoning (atropinization, administration of benzodi-
azepine-type drugs to relieve convulsive syndrome in the
initial 10-20 min after exposure) and methods of treatment
of acute attacks of true epilepsy with the development of
seizures refractory to benzodiazepines (administration of
barbiturates, anesthetics) [5]. The effectiveness of antidotes
is high only provided they are used at the earliest stages of
poisoning [6].

Recently, an increasing amount of evidence indicates
that the pathogenesis of carbamate and OP poisoning in-
cludes, among other things, manifestations of noncholin-
ergic toxicity through the induction of reactive oxygen spe-
cies (ROS) and the formation of carbonylated proteins. OPs
and carbamates also interact with mitochondrial transloca-
tion proteins, with androgen, estrogen, and glucocorticoid
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receptors involved in cholesterol metabolism, negatively af-
fecting their functions. At the same time, the mechanisms
and severity of OP and carbamate effects on the body differ
[7, 8]. This justifies the need to develop improved therapies
for carbamate poisoning. However, this task is impossible
to achieve without adequate experimental models capable
of assessing the specific activity of new drugs in preclini-
cal studies. To date, the creation of anticonvulsants has
been carried out mainly for the treatment of true epilepsy;
maximum electric shock, corazol administration, etc., are
used as experimental models [9]. Organophosphorus com-
pounds (diazinon, malaoxon, chlorfenvinphos, and dichlo-
rvos) are commonly used as toxicants—pesticides affecting
cholinesterase activity in experiments to simulate gener-
alized convulsive syndrome in animals [10]. Experimental
models of generalized convulsive syndrome using carba-
mates, which impose significantly lower safety require-
ments during preclinical studies, have not been so far de-
scribed in scientific publications.

Thus, in the present work, we set out to develop an
experimental model of generalized convulsive syndrome in
rats using phenylcarbamate as a model toxicant for testing
of therapies for poisoning with cholinesterase inhibitors in
preclinical studies.

MATERIALS AND METHODS

The study was conducted on white mongrel 3-month-
old male rats, weighing 150-250 g, provided by PLZH
“Rappolovo” of the National Research Center “Kurchatov
Institute,” Leningrad Oblast, Russia. The animals were kept
in standard vivarium conditions [11]. A 12 h lighting cycle
was maintained; food and water were provided ad libitum.

In a series of preliminary experiments, the median lethal
dose (LD,,) of phenylcarbamate (PC) was determined for
intraperitoneal and intragastric routes of administration to
rats, amounting to 1.43 + 0.12 mg/kg of body weight (bw)
and 10.0 + 0.77 mg/kg bw, respectively [12]. For higher re-
producibility of the experimental model of convulsive syn-
drome in preclinical studies, the intraperitoneal route of ad-
ministration of phenylcarbamate was selected. This route
is an alternative to the intravenous route of administration,
enabling 100% bioavailability of the drug. In our previous
work, a convulsive dose of phenylcarbamate of 1 mg/
kg bw was also experimentally selected, which ensures the
induction of convulsive syndrome in 100% of animals with
a minimum percentage of mortality.

The experiment consisted of three consecutive stages.

At the first stage, the nature of the convulsive syn-
drome was assessed. To that end, laboratory animals,
depending on the convulsive agent used, were divided
into four groups and a control group with the introduction
of 0.9% sodium chloride solution. Each group consisted
of 20 heads. The simulation of convulsive syndrome in the
first group was carried out using a reversible acetylcho-
linesterase inhibitor from the carbamate group, namely
phenyl ether of carbamic acid (hereinafter phenylcarba-
mate) 1 mg/kg bw. The original compound was synthe-
sized at the Golikov Research Center of Toxicology un-
der the leadership of AYa. Bespalov. This compound is
protected by the patent of the Russian Federation [13]. In

the second and third groups, the following were used as
model toxicants, respectively: corazol (Pentylentetrazol,
6,7,8,9-tetrahydro-5H-tetrazolo(1,5-a)azepine,  C,H, N,),
produced by Sigma-Aldrich, at a dose of 65 mg/kg bw
and  Thiosemicarbazide  (Hydrazinecarbothioamide,
CH,N,S) at a dose of 8 mg/kg bw, resynthesized in the
synthesis laboratory of the Golikov Research Center of
Toxicology [14]. In each experimental group, 10 animals
were used to study motor activity, neuromotor functions,
and the cardiovascular system; 10 animals were used to
assess cognitive functions.

The severity of convulsive syndrome after administra-
tion of toxicants was determined visually using the upgrad-
ed Racine scale [15].

Motor activity and anxiety were assessed using a com-
puterized Open Field test developed by C.S. Hall (1936) [16]
using the VideoMot2 system, TSE, Germany. The behavior
was evaluated after 24 and 48 h. Seven components of
behavior were recorded during 2 min of observation: hori-
zontal and vertical (rack) activity, grooming, the speed of
movement of animals, and the distance traveled by the ani-
mal during the experiment, total motor activity, the number
of movements in the center of the site and on the periphery.

The study of neuromotor functions, clinically expressed
by general weakness and asthenia, was carried out after
24, 48 h using a Bioseb GS3 grip analyzer, which automati-
cally registers the gripping force of the lattice with the front
paws of the rat and the exact moment of its release.

Cognitive functions were assessed by recording the
parameters of the conditioned avoidance responses (CAR)
2, 24, and 48 h after training in a two-compartment PACS-
30 installation (Columbus Instruments, USA). The follow-
ing parameters were recorded: the time of the first entry
into the dark compartment (before training to assess the
presence of a mink reflex in an animal), the latent period of
entering a dark punishable compartment, the time spent in
the light and dark compartments. The total duration of the
experiment for each animal was 120 seconds. Along with
the time parameters of the CAR, in each group, during re-
peated tests, the number of trained animals was recorded,
in which the latent period of entering the dark compart-
ment was more than 120 seconds (the duration of animal
observation).

To assess the activity of the cardiovascular system, an
electrocardiographic examination (ECG) was performed in
the Il lead on a Poly-Spectrum-8B electrocardiograph vet-
erinary device (Neurosoft, Russia) after 24 and 48 h. The
measured parameters included heart rate (HR), the value of
the R wave, the intervals PQ and QT, calculated according
to the Il standard lead. The heart rhythmogram was evalu-
ated using the Baevsky cardiointervalography (KIG) on the
same device [17].

In animals subjected to planned euthanasia and nec-
ropsy, a histological analysis of the brain was performed at
the first stage of the experiment. The organ sections were
dehydrated, impregnated with paraffin and stained with
hematoxylin and eosin, followed by light microscopy on a
Leica DM1000 microscope, Leica Microsystems Wetzlar
GmbH (Germany) at 400x magnification. CO, inhalation
using Open Science equipment (Russia) was used for eu-
thanasia.
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At the second stage of the experiment, some biochemi-
cal parameters were evaluated, as well as the ionic compo-
sition of animal blood. In the phenylcarbamate group, the
antioxidant status was additionally assessed in compari-
son with the intact group. To that end, a new sample was
formed in which the convulsive syndrome was modeled
with phenylcarbamate at a dose of 1 mg/kg bw, corazol
at a dose of 65 mg/kg bw, thiosemicarbazide at a dose
of 8 mg/kg bw Depending on the time of blood collection
(24 and 48 h; on days 7 and 14), laboratory animals were
divided into four groups for the control of the studied pa-
rameters, including an intact group of 24 heads each.

Blood from animals for biochemical analysis was col-
lected in a dry container after 24 and 48 h, on days 7 and 14.
Next, the selected biological material was centrifuged (cen-
trifuge Z 326 K, manufactured in Germany, series 66110159)
at 3000 rpm, at 4°C for 10 min. For further studies, the
infusion fluid, serum, was selected. A transparent serum
without signs of hemolysis was examined. Biochemical pa-
rameters (triglycerides, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), lactate dehydrogenase
(LDH), alkaline phosphatase (alkaline phosphatase), total
cholesterol, urea, total bilirubin) were determined using a
biochemical analyzer A-25 from BioSystems (Spain) using
kits from Vector-Best JSC (Russia). The analyzer calibra-
tion and internal quality control of the studies were carried
out on calibration and control materials of Vector-Best JSC
(Russia).

To study the antioxidant system, blood plasma and
erythrocyte suspension were used, obtained by centrifu-
gation of whole blood at 3000 g for 3 min, followed by
triple washing of erythrocytes with a saline solution and
step-by-step centrifugation at the specified parameters.
Hemolysate was prepared from the washed erythrocytes in
an appropriate manner for each technique. In erythrocyte
hemolysate, indicators of the antioxidant protection sys-
tem were determined using the Habig WH and Jakoby WB
method [19]: superoxide dismutase (SOD) [18], glutathione
peroxidase (GP), glutathione reductase (GR). To assess the
processes of lipid peroxidation (LPO), the concentration of
reduced glutathione (RG) was determined [20], as well as
the stable end product of LPO — malondialdehyde (MDA)
[21]. The study was conducted on an A-25 biochemical
analyzer (BioSystems SA).

At the third stage, to study the mechanism of action of
phenylcarbamate, the activity of cholinesterase in the blood
and brain was evaluated. Acetylcholinesterase activity was
determined by the Ellman method [22]. The experimental
animals were divided into two groups: the control in the
number of 30 heads and the experimental in the number
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of 30 heads. Male rats from the experimental group were
intraperitoneally injected with phenylcarbamate at a dose of
1 mg/kg bw. Animals from the control group were injected
intraperitoneally with 0.9% sodium chloride solution. After
decapitation, blood and brain tissues were taken from the
studied groups at certain time intervals: 10, 30, 60 min, 6
and 24 h. Six animals were involved at one time point.
Statistical processing of the experimental data obtained
was carried out using the Statistica v.10 statistical analysis
software. A parametric analysis of variance (ANOVA) was
used to assess the reliability of differences between the
groups in functional and biochemical studies. The nonpar-
ametric Mann-Whitney criterion was used to assess the re-
liability of differences in the dynamics of changes in acetyl-
cholinesterase activity in the brain and in the blood of rats.

RESULTS

The main characteristics of the convulsive syndrome ob-
served with intraperitoneal administration of phenylcar-
bamate at a dose of 1 mg/kg bw, in comparison with the
effects observed following administration of corazol and
thiosemicarbazide (TSC), are presented in Table 1.

The time of onset of the latent period of seizures in ani-
mals from the group receiving phenylcarbamate at a dose
of 1 mg/kg bw is comparable to a similar parameter in male
rats receiving corazol at a dose of 65 mg/kg bw (Table 1).
A longer latent period of seizure appearance, manifested
in the form of both clonic and tonic seizures, as well as
extensions, was noted only in animals from the group that
received thiosemicarbazide. In the group of animals using
phenylcarbamate, the intensity of Racine level 5 convulsive
syndrome was recorded in 60% of animals comparable to
animals from the comparison groups (the use of corazol
and thiosemicarbazide). At the same time, the intensity of
Racine level 6 convulsive syndrome was recorded in ani-
mals from the groups with corazol and thiosemicarbazide
models to a greater extent. It should be noted that the dura-
tion of convulsive syndrome at Racine levels 5 and 6 in ani-
mals from the group with the phenylcarbamate model was
comparable to the data in animals from the group with the
corazol model of convulsive syndrome. At the same time, in
animals from the group with the thiosemicarbazide model,
the duration of convulsive syndrome at both Racine levels 5
and 6 was much longer. In addition, the mortality rate in the
phenylcarbamate and corazol groups was 20%, compared
to 33% in the thiosemicarbazide group.

When evaluating behavior and motor activity using a
multi-purpose open field system, it was found that animals
treated with phenylcarbamate had a statistically significant

Table 1. Comparative assessment of the latency period and duration of convulsive syndrome of the studied convulsants

Ne Parameter PC, 1 mg/kg bw Corazol, 65 mg/kg bw | TSC, 8 mg/kg bw
n=20 n=20 n=20

1 The latent period of seizures, min 5.33 +0.33 8.11+0.6 106.8 + 7.34

2 Duration of convulsive syndrome at level 5 according to Racine, min 30+ 0.6 35+1.9 129 + 9.0

3 Duration of convulsive syndrome at Racine level 6, min 13+1.5 12+1.0 150 + 71

Table prepared by the authors based on their own data

Note: the data is presented as the average value and the standard error of the average (M + m).
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two-fold inhibition of motor activity parameters 24 h after
administration compared to the control group of animals. In
addition, when corazol was administered, a statistically sig-
nificant increase in the total motor activity by 2.4 times, the
number of horizontal movements by 4.3 times, and groom-
ing acts by 2 times was observed compared to the control.
In rats treated with thiosemicarbazide, a statistically signifi-
cant increase in the total motor activity was revealed by 1.2
times, the number of horizontal movements by 1.9 times,
the number of racks by 3.1 times, grooming acts by 1.9
times, average distance by 2.5 times, average speed by
2.6 times, and motor activity on the periphery by 6.6 times.

No statistically significant differences were revealed
between grip strength indicators in the animals receiving
convulsive doses of phenylcarbamate or other toxicants
compared to the control group.

An assessment of cognitive impairment in a CAR
test found that animals receiving phenylcarbamate in
a convulsive dose registered an increase in the time of
the first entry into the dark compartment before training.
Thiosemicarbazide showed no statistically significant effect
on learning both when the toxicant was administered a day
before training and when administered a day after training.
Corazole, administered 24 h before training, according to
the results obtained, caused a dose-dependent violation of
short-term memory by affecting the process of information
fixation (memory trace).

When studying the function of the cardiovascular sys-
tem, a significant decrease in heart rate (HR) was recorded
48 h after administration of phenylcarbamate (403.0 + 18.8
versus 484.5 + 8.7 beats per minute in the control group).
When assessing the intensity index according to cardioin-
tervalography data after 24 h, significant differences were
noted between the groups receiving phenylcarbamate
(47715.2 £ 10714.0 vs. 13889.6 + 4623.0 CU) and thios-
emicarbazide (14814.5 + 6278.8 vs. 73743 + 16103.0 CU).

Histological examination of brain tissue samples in ani-
mals treated with phenylcarbamate revealed a large num-
ber of elongated dark cortical neurons without a clear core
boundary 24 h after administration; the nucleolus was not
visualized compared to the control group (Fig. 1).

Focal rarefaction of the neuropile was observed in the
white matter, mainly due to cell processes (astrocytes,

Figure prepared by the authors using their own data

Fig. 1. The cortex of the frontal lobe of the rat brain (magn. x400)
A'is a control animal; B — 24 h after administration of phenylcarbamate.

Note: the arrow indicates a dark elongated neuron without a clear core boundary.

oligodendrocytes, or neurons). The veins in the white matter
are stretched, filled with red blood cells that are not stained
with eosin well, without clear boundaries. Most neurons of
the stem are dark and wrinkled; however, against this back-
ground there are individual cells in a state of acute swelling
(Fig. 2). In the tissues of the cerebellum, Purkinje cells are
dark; the nucleus and nucleolus are not defined. Foci of
parenchymal hemorrhage, loss of cells, foci of elective ne-
crosis are observed. The respective data is shown in Fig. 3.

It is noteworthy that phenylcarbamate, which does not
lead to the development of pronounced disorders of motor
activity and cognitive functions in the first 24 h after admin-
istration (unlike the toxicants of the comparison groups, i.e.,
corazol and thiosemicarbazide), when evaluated in open
field and CAR tests, also negatively affects a number of
biochemical parameters after two weeks after exposure. At
the same time, after exposure to corazole, individual and
less pronounced similar changes were observed.

The data on the biochemical composition of the blood
of experimental animals for 24 h and for a longer period are
presented in Table 2. After exposure to phenylcarbamate,
an increase in triglycerides was recorded in the first days,
whose level normalized by the end of the experimental ob-
servation period. Some of the changes occurred according
to the type of decompensation: an excessive increase in
the concentration of a biochemical indicator and its sub-
sequent sharp decrease in response to exposure to a toxi-
cant. At the same time, on the 14th day, a decrease in the
average values was revealed for such indicators as ALT,
LDH. In addition, on the 14", day an increase in alkaline
phosphatase, urea, and bilirubin, as well as a decrease in
cholesterol levels were observed.

The evaluation of the ionic composition of blood
(Table 3), characterizing, among other things, kidney func-
tion, found that the changes caused by phenylcarbamate
on the first day (a decrease in the concentration of sodium
and magnesium ions) are similar to those observed after
exposure to thiosemicarbazide. This may indicate exces-
sive ion consumption at the time of convulsive syndrome.

Since phenylcarbamate is an acetylcholinesterase
(AChE) inhibitor, it was necessary to assess the level of
its effect on the activity of AChE in the developed mod-
el of convulsive syndrome. Table 4 shows the results of
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Figure prepared by the authors using their own data

Fig. 2. Rat brain stem (magn. x400)
A'is a control animal; B — 24 h after administration of phenylcarbamate.
Note: the arrow indicates cells in a state of acute swelling.

Figure prepared by the authors using their own data

Fig. 3. Rat cerebellum (magn. x400)
A'is a control animal; B — 24 h after administration of phenylcarbamate.

Note: the arrow indicates dark Purkinje cells, the nucleus and nucleolus are not defined.

determining the AChE level in whole blood and the percent-
age of inhibited AChE in the blood and brain after adminis-
tration of phenylcarbamate in a convulsive dose.

An analysis of the data presented in Table 4 revealed
significant inhibition of AChE in the brain and in the whole
blood of white rats within 6 h after administration of phenyl-
carbamate. After 24 h, the enzyme activity was completely
restored. It is important to note that 6 h after administra-
tion of phenylcarbamate, with continued inhibition of AChE
by 42.3% and 30.5% in the central nervous system and
peripheral blood, respectively, seizures in rats completely
stopped.

Additionally, the state of individual components of the
antioxidant system and markers of lipid peroxidation in dif-
ferent time periods after exposure to phenylcarbamate at a
dose of 1 mg/kg bw was studied.

It was found that on the first day after administration
of phenylcarbamate to animals, three of the four studied
parameters changed significantly. At the same time, the
level of malondialdehyde in the phenylcarbamate group on
the first day of observation was reduced by almost twofold
compared to the control group. On the 14th day of obser-
vation, its level significantly exceeded the control indica-
tors; at the same time, the activity of glutathione peroxidase
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showed the opposite direction of changes compared to the
control (Table 5).

DISCUSSION

Due to their specific characteristics, models using OP-
based cholinesterase inhibitors show a greater promise for
the development of antidotes than models for testing an-
tiepileptic drugs [10]. According to our findings, the action
of phenylcarbamate on the body of experimental animals
have a number of specific features that should be con-
sidered when both studying the pathogenesis of poison-
ing and developing respective treatment approaches. The
study of the key characteristics of convulsive syndrome
in acute poisoning for 2 h demonstrated that, in general,
the phenylcarbamate-based model (intraperitoneal admin-
istration) is comparable to the corazole-based screening
convulsive model common in preclinical research practice.
When using phenylcarbamate as a model toxicant, the
intensity of seizures was slightly less pronounced (level 5
in >60% of animals) than that in the comparison groups
(level 6 intensity with the administration of corazol and thi-
osemicarbazide). It is important to note that the severity
of seizures of level 5 on the Racine scale corresponds to
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Table 2. Effect of the studied convulsive toxicants on biochemical parameters in the blood of animals in different time periods

Test characteristic Ob;z:;/:;ion Intanc;gzlz)up PC, 1nn;92/29 bw Corazol,’16=52n‘1‘g/kg bw TSC, ?Ir:gf‘kg bw
Triglycerides, mmol/L 24 h 0.32 +0.03 0.52 + 0.05" 0.45 + 0.06 0.62 + 0.04*
48 h 1.07 + 0.16 1.24 £ 017 0.68 + 0.06* 0.96 + 0.08
7 days 1.43 +0.26 0.87 + 0.08 112+ 0.10 1.32 £ 0.20
14 days 0.83 + 0.07 1.09 £ 0.14 1.32 £ 0.13" 0.76 + 0.09
Lactate dehydrogenase, U/L 24 h 1001.3 + 114.9 916.4 + 112.6 870.8 + 89 754.6 + 32.3
48 h 909.2 +78.6 894.2 + 55.2 792.4 +52.5 867 +62.4
7 days 894.4 +61.2 816.1 + 83.3 1046.9 + 79.9 929.9 +£71.5
14 days 935.7 + 67.3 686.8 + 63.2* 759.4 + 81.3 783.7 + 67.4
Alanine-aminotransferase, U/L 24 h 52.8+2.2 56.4 +5.4 56.4 +2.3 62.5+54
48 h 60.7 + 3.1 62.1+27 65.0 +4.4 58.4+27
7 days 71.4+25 69.2 + 3.9 79.4 71 70.8 + 4.1
14 days 55.5 +3.2 43.6 +2.1* 48.3+1.6 53.3+6.2
Aspartate aminotransferase, U/L 24 h 132.8 + 7.6 156.6 + 12.7 146.0 + 5.1 146.5 + 7.7
48 h 143.5+8.3 153.4 +5.2 150.7 £ 7.9 155.2+7.4
7 days 169.7 + 7.9 160.9 + 12.2 169.1 + 10.9 170,9 + 10.7
14 days 1403+ 7.4 142.7 + 6.7 125.7 + 6.9 150.3 + 14.4
Alkaline phosphatase, U/L 24 h 215.8 +12.5 179.6 + 11* 198.1 £ 15.3 277.3 £ 20.4*
48 h 292.0 +22.8 328.1 +15.9 256.2 + 25.4 258 +29.3
7 days 302.7 £ 27.9 269.7 + 23.2 305.3 + 34.3 343 +25.8
14 days 210.4 £ 18.7 306.5 + 24.7¢ 301.9 + 22* 295 + 461
Cholesterol, mmol/L 24 h 1.61 +0.05 1.40 + 0.08* 1.22 £ 0.08* 1.48 + 0.08
48 h 1.14 £ 0.05 115+ 0.06 1.15+0.05 1.24 + 0.05
7 days 1.10 + 0.08 1.083 £ 0.04 1.24 + 0.07 1.30 £ 0.08
14 days 1.61 +0.07 1.41 £ 0.08* 1.30 £ 0.07* 1.45 +0.08
Total bilirubin, pmol/L 24 h 10.2+ 04 12.0+ 1.0 121 +£13 141 +£1.5*
48 h 18.2+238 20.2+1.8 10.5 + 1.6* 176 + 1.3
7 days 13.8+2.8 144 +23 19.6 + 2.1 179 +2.0
14 days 122 +1 17.6 + 1.8* 18.2 £ 2.7* 143 +1.3
Urea, mmol/L 24 h 4.4 +0.2 3.6 + 0.3* 4.0+0.3 4.7 +0.3
48 h 45+0.3 5.9+0.3" 47+0.6 4.2+01
7 days 52+05 54+0.2 54+0.2 6.4+04
14 days 4.2+0.2 5.6 + 0.3* 4.9 +0.2* 3.9+0.3

Table compiled by the authors using their own data

Note: the data is presented as the mean and the standard error of the mean (M + m).

* — confidence probability of differences relative to the control group (p < 0.05).

generalized convulsive syndrome in humans, which allows
us to recommend phenylcarbamate as an effective toxicant
for modeling severe convulsive syndrome in the develop-
ment of therapeutic treatments.

The revealed changes in heart rate indicate that devel-
opers of carbamate poisoning treatments should pay at-
tention to drugs that affect the functions of the heart and
blood vessels. At the same time, the developed model

based on the administration of phenylcarbamate can serve
as a basis for testing appropriate treatment approaches. In
general, the recorded changes in ECG parameters agree
with the literature data that described the pronounced ef-
fect of carbamates and OP on cardiovascular activity [23].
Standard tests for assessing motor activity and cogni-
tive impairment are low-informative when used on the first
day after exposure to phenylcarbamate. Therefore, it can
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Table 3. The effect of the studied convulsive toxicants on the ionic composition of animal blood in various time periods of convulsive syndrome

Test characteristic Ob:z:;l:;ion An in;a:tzgroup Corazol,nﬁfzngg/kg bw TSC, ir:gikg bw PC, 1;:192/4'1(9 bw
K¢, mmol/L 24 h 4.7 +£0.1 4.5+0.1 4.6 +0.1 4.9+0.1
48 h 4.6+0.2 4.6 +0.1 4.6 +0.1 4.8+0.1
7 days 4.2+ 041 41 +041 4.0+0.1 4.2+ 041
14 days 52+0.2 51+0.1 51+0.2 5.7+0.2
Na*, mmol/L 24 h 160 + 0.9 153.6 + 1.5* 1576 £ 1.4 155.4 +1.2*
48 h 155.3 + 1.3 157.7 £ 1.7 158.6 + 1.2 159.0 + 1.0*
7 days 162.1+1.3 1611+ 1.5 163.5+ 1.0 162.7 £ 1.2
14 days 145.2 + 1.6 1429 +1.9 143 +1.7 1429 +1.9
CI-, mmol/L 24 h 96.6 + 1.5 95.1 £ 1.1 99+ 1.6 99.2 + 1.1
48 h 96.9 + 1.0 94.8 +1.7 96.6 + 0.7 99.2 +£1.2
7 days 93.6+1.5 92.6 + 1.6 929+ 1.2 94.4 + 11
14 days 93.8+0.7 925+ 1.4 923+ 1.7 96.5 + 1.1*
Phosphorus (P), mmol/L 24 h 2.89 + 0.07 2.82 +0.08 2.64 +0.07* 2.85+0.08
48 h 2.65 + 0.05 2.69 +0.10 2.49 + 0.03* 2.94 + 0.06*
7 days 214 £0.07 212+£0.05 214 +0.06 2.29 + 0.07
14 days 2.85+0.08 2.68 +0.06 2.65+0.11 2.63 + 0.04*
Magnesium (Mg), mmol/L 24 h 1.37 £0.25 0.35 + 0.07* 0.94 + 0.01 0.27 + 0.02*
48 h 1.23 £0.19 0.89 + 0.02 0.96 + 0,02 0.90 + 0.02
7 days 1.27 £ 0.19 0.88 + 0.03 119+ 0.18 0.90 + 0.02
14 days 0.56 + 0.03 0.63 + 0.02 0.57 + 0.05 0.67 + 0.02*

Table compiled by the authors using their own data

Note: the data is presented as the mean and the standard error of the mean (M + m).
* — confidence probability of differences relative to the control group (o < 0.05).

Table 4. Dynamics of changes in acetylcholinesterase activity in the brain and blood of white rats after administration of phenylcarbamate

PC (n=6) Control (n = 6)
Time % inhibition, blood | % inhibition, brain
blood AChE, U/mL brain AChE, U/mg blood AChE, U/mL brain AChE, U/mg
10 min 463.1 [365.4; 480.5]" 35.1 [32.7; 38.5]* 757.4 [606.4; 796.4] 78 [70.7; 80.4] 38.9 [36,6; 51,8] 54.9 [50.6; 58.1]
30 min 370.9 [328.8; 396.2]* 66.3 [59.9; 79.7]* 563.7 [656.9; 634.9] 88.4 [87; 92.7] 34.2[29.7; 41.7] 25.11[9.9; 32.3]
60 min 4411 [292.1; 494.7] 63.4 [51.3; 70.6] * 690.1 [469.2; 700.0] 92 [90.6; 104.5] 36.1[28.3; 57.7] 31.0[23.2; 44.2]
6h 492.4 [418.8; 543.8] 68.1 [55.0; 86.2] 698.7 [686.8; 777.6) 120.3 [108; 144.6] 29.5 [22.2; 56.9] 43.4 [28.3; 54.3]
24 h 946.3 [398.6; 996.6] 123.9 [111.8; 134.6] 763.6 [629.8; 798.3] 117.3 [109.9; 126.3] -23.9 [-30.5; 47.8] -5.6 [-14.7; 4.8]

Table compiled by the authors using their own data

Note: the data is presented as median (Me), upper (UQ), and lower (LQ) quartiles.
* — confidence probability of differences relative to the control group (p < 0.05).

Table 5. Effect of phenylcarbamate on the level of malondialdehyde and indicators of the antioxidant system in the blood of laboratory animals

Test characteristic
Experimental groups Observation period
RG, pmol/L MDA, nmol/mL SOD, U/g Hb GP, U/g Hb
Control 0.28 + 0.02 142.3 + 8.3 1131.0 £ 51.3 34.7 £1.3
24 h
PC 0.36 + 0.02* 79.6 + 10.9* 1331.1 £ 70.8 42,5 £ 2.7*
Control 0.13 £ 0.04 188.3+11.8 1274.9 + 141.2 277 +£2.4
48 h
PC 0.21 +0.03 151.3 + 4.2* 1494.5 + 1941 33.7+3.9
Control 0.41 + 0.06 122.6 + 3.9 1297.9 + 76.6 35.8+1.0
7 days
PC 0.40 + 0.04 153.1 £ 9.7* 1096.7 + 81.0 32.3+1.6
Control 0.39 + 0.03 164.0 £ 12.2 1702.8 + 66.9 356+ 1.1
14 days
PC 0.34 + 0.07 197.6 + 8.2* 1504.8 + 59.7 31.6 + 1.3*

Table compiled by the authors using their own data

Note: the data is presented as the mean and the standard error of the mean (M + m).
* — confidence probability of differences relative to the control group (p < 0.05).
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Table 6. Algorithm for the development of an experimental model of convulsive syndrome with a reversible acetylcholinesterase inhibitor

Type of animals

White mongrel male rats aged 3 months, weighing 150-250 g

Number of animals in the group At least 6

Model toxicant

Phenyl ether of carbamic acid [13]

Minimum convulsive dose

1 mg/kg bw (0.9% sodium chloride solution as a solvent)

Method for introducing the toxicant into the body Intraperitoneal

Significant characteristics of convulsive syndrome

Clonic seizures in 100% of cases; latent period of seizures
5-6 min; the intensity of seizures is at least
5 points on the Racine scale for 30 min

When studying the effectiveness of convulsive
syndrome therapy (up to 24 h), additional indicators
may be taken into account

Elevated levels of triglycerides, reduced glutathione, and glutathione peroxidase activity
Reduced concentrations of cholesterol, alkaline phosphatase, urea, Na*, Mg?*, malondialdehyde;
Decrease in heart rate

When studying the effectiveness of therapies for
the long-term effects of convulsive syndrome

(up to 14 days), additional indicators may be taken
into account

Increase in alkaline phosphatase, urea, bilirubin, malondialdehyde
Reduction of cholesterol, lactate dehydrogenase, ALT, glutathione peroxidase

Table compiled by the authors using their own data

be assumed that disorders of the nervous system develop-
ing after such poisoning have a long and complex patho-
genesis, requiring either longer observations or the use of
alternative tests in experimental modeling of poisoning with
carbamate compounds.

The conducted histological examination of brain tissues
confirm that, despite the absence of pronounced devia-
tions in tests for assessing cognitive impairment in experi-
mental animals in the first 24 h after exposure, the introduc-
tion of carbamates lead to disorders in the structure of the
brain. This information is relevant both to studies into the
pathogenesis of poisoning and to the practice of preclinical
research in the development of treatment approaches to
poisoning.

Some of the revealed changes in biochemical param-
eters may be associated not only with a set of pathogenetic
transformations during intoxication, but also with the indi-
vidual sensitivity of subjects. In our study, the groups were
limited in number, which might have affected the average
values of indicators. However, the results of our study are
confirmed by scientific data obtained when evaluating the
effect of other cholinesterase inhibitors on humans. Thus,
a study by Senarathne R. et al. proposed to use AST and
ALT as alternative markers of carbamate and OP poisoning
[24]. The revealed changes in the activity of liver enzymes,
cholesterol, and triglycerides 14 days after exposure to
phenylcarbamate indicate a violation of liver function. An
increase in the concentration of urea in the blood can be
associated with both impaired liver function and damage
to muscle tissues. In addition, in the process of massive
protein breakdown accompanied by hyperammonemia,
toxic ammonia can cause the development of a number of
neurological disorders.

When exposed to phenylcarbamate, along with mag-
nesium deficiency, the parameters of heart rate changed.
Therefore, it can be assumed that these changes contribute
to convulsive activity independent of interaction with AChE,
given that hypomagnesemia is frequently associated with
myocardial hyperexcitability, tremor, and fasciculations.

The results of studying the content and function of
AChE with the administration of phenylcarbamate are quite

expectable, confirming the effectiveness of using this com-
pound as a model toxicant in experimental modeling of
convulsive syndrome in the setting of poisoning with cho-
linesterase inhibitors.

The studied markers of lipid peroxidation and those of
the antioxidant protection system confirmed the data on
the complex mechanism of the development of seizures
and subsequent neurological disorders after carbamate
poisoning. The previously detected change in the level of
malondialdehyde, formed during lipid peroxidation and as-
sociated with changes in the lipid profile [25], correlates
with the changes in triglyceride and cholesterol concentra-
tions were established in our study. There were differences
in the level of MDA for the first day in the phenylcarbamate
group compared to the control group. However, starting
from the second day and up to the 14th day, an increase
in this indicator was observed compared to the control
group. An increase in the levels of GP and RG on the 1st
and 2nd days of observation was noted in the group of
animals treated with phenylcarbamate, compared to the
control group. This confirms impaired liver function and
cardiovascular system, as well as the development of an
inflammatory reaction in the setting of carbamate poison-
ing, accompanied by activation of antioxidant mechanisms.

Generalizing the results of our study into the develop-
ment of an experimental model of convulsive syndrome
based on the introduction of phenylcarbamate into the
body, the following algorithm of its use can be proposed
(see Table 6).

CONCLUSION

The developed experimental model of convulsive syndrome
based on phenylcarbamate at a dose of 1 mg/kg bw has
demonstrated acceptable characteristics compared to ex-
isting models. Therefore, this model can be recommended
for preclinical studies when studying the pathogenesis of
carbamate poisoning, developing means of relieving con-
vulsive syndrome in acute poisoning, and developing ap-
proaches to prevention and treatment of long-term conse-
quences of poisoning in survivors.
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GENERAL TOXIC EFFECT OF A CHITOSAN-BASED HEMOSTATIC AGENT IMPLANTED IN RATS
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Introduction. Hemostasis of ongoing bleeding during cavitary surgical interventions is an urgent problem both in civil and military healthcare. The develop-
ment of new effective and affordable agents for hemostasis of internal bleeding and their introduction into clinical practice may contribute to increasing the
survival of injured patients.

Objective. Study of general and local toxic effects of a local hemostatic agent (LHA) for intracavitary application.

Materials and methods. The study was performed on 20 mongrel rats (10 males and 10 females) weighing 180-220 g. The experimental group of animals
was implanted with the LHA into the abdominal cavity at a dose of 512 mg/kg body weight (bw). The animals of the control group underwent surgery without
LHA implantation. Data analysis was performed using the Microsoft Excel 2013 and Statistica 10.0 software applications.

Results. The health status, body weight, food and water consumption, and mass coefficients of internal organs in the experimental animals did not differ
from those in the control group. The hematological and biochemical blood parameters showed values within the reference norm. The macro- and microscopic
examination of the internal organs revealed a local irritant effect of the agent under study.

Conclusion. The laboratory animals tolerated the intraperitoneal implantation of the tested local hemostatic agent at a dose of 512 mg/kg bw well. A further
study of its toxic properties and effectiveness is validated.

Keywords: local hemostatic agent; safety; general toxic effects; chitosan; implantation
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W3YYEHUE OBLLETOKCUYECKOIO AENCTBUA Y KPbIC MPU UMMJIAHTALMN FEMOCTATUYECKOIO
CPEOCTBA HA OCHOBE XUTO3AHA

A.M. Hocog', A.A. BoHaapeHrko?®™, I, Katpeukas?, K.IN. fonoeko', A.B. LLynbu?, M.B. Bonkosa®, E.A. 3onotoBepxas?, J1.I. Kybapckas?,
E.[. BaxaHosa?, O.H. laikosa?®

"BoeHHO-MeamnUmMHeKas akanemns umern C.M. Kuposa, CankT-leTepbypr, Poccusi
2 Hay4Ho-KNMHMYecKnin ueHTp Tokeukonormm um. C.H. Nonnkosa ®enepansHoro Mmeamnko-ounonorudeckoro areHTcTea, CaHkT-INeTepbypr, Poccus
3 Xumunyeckasn komnanus «OpuoH», CaHkT-MNeTepbypr, Poccus

BeepeHue. OcTaHOBKa NPOAOMKAIOLLErOCA KPOBOTEHYEHNSA NMPU BbIMOHEHNM MONOCTHbIX ONEPaTVBHbIX BMELLATENLCTB ABIAETCA akTyaslbHOM Npobnaemon
XUPYPrumn Kak rpak JaHCKOro, Tak 1 BOEHHOro 34paBooxpaHeHns. PazpaboTka 1 BHEAPEHNE B KNIMHNYECKYIO MPaKTVKY HOBOIO athEeKTUBHOMO 1 AOCTYMHO-
ro CpefcTBa A1 OCTaHOBKM BHYTPDEHHEr0 KPOBOTEYEHNS ByAeT CMOCOOCTBOBATL MOBbILLEHWIO BbPKMBAHMSA MOCTPaAaBLUMX.

Lenb. /13y4eHne oBLETOKCMHECKOrO N MECTHOIO TOKCU4ECKOrO OENCTBUA MECTHOro remoctarndeckoro cpeactea (MIC) gna BHYTPMNONOCTHOMO Mpu-
MEHEeHNs.

Matepuansl u meTopabl. lccnenosaHve nposeaeHo Ha 20 6ecnopoaHbix kKpbicax (10 camuos 1 10 camok) maccoit 180—220 r. OnbITHOW rpynne XKXMBOTHbIX
MECTHOE reMoCTaTn4eCKoe CPeACTBO MMMIAHTUPOBANM B OPIOLLHYIO NOMOCTL B A03e 512 MI/Kr Macchl Tena (M.T.). 2KMBOTHbIM KOHTPOJIbHOW FPYMMbl MPOBO-
ovnn onepauuto 6e3 nvnnadtauum MIrC. AHanmna gaHHbIX OCyLLECTBASAN ¢ NoMoLLblo Nporpamm Microsoft Excel 2013 1 Statistica 10.0.

PesynbTraTbl. Pe3ynsrarhl OLEHKN COCTOSAHMS OMbITHBIX XKUBOTHBIX, X MaCChl Tefa, KOPMO- 1 BOAONOTPEONEHNS 1 MacCOBble KOSPMULIMEHTLI BHY TPEHHNX
OPraHoB He OTNN4aNINCb OT PE3YNETAaTOB KOHTPOJIbHBIX FPyMnM. OLeHKa reMaTonormieckix n BUOXMMNHECKNX NoKasaTenen KPoBK KpbIC MoKasdana oTcyT-
CTBVE BbIXO[a 3Ha4eHNI 3a Npeesibl pePepeHTHON HOPMbI. [pK Makpo- 1 MUKPOCKOMUHECKOM U3YHEHNN BHY TDEHHNX OPraHOB XXMBOTHbIX 3addUKCMPOBAHO
Hanm4ne MecTHoOpasaparkatoLLEro AeNCTBISA n3y4aemMoro obpasua.

3akntoyeHue. Takmm 06pa3oM, N1abopaToOPHbIE XKMBOTHbBIE XOPOLLO MEPEHeCIV BHY TPUOPIOWMHHYO nMminaHTaumo MIC B gose 512 Mr/kr M.T.; COOTBET-
CTBEHHO fasibHelLlee N3yyYeHne ero TOKCUYECKNX CBONCTB U 3h(HEKTUBHOCTM ABNSETCSA NEPCNEKTUBHBIM.

Knio4yeBble cnoBa: MECTHOE reMoCTaTUHeCKOe CPeCTBO; 6€30MacHOCTb; 0BLLETOKCUYECKOE AENCTBIUE; XUTO3aH; UMMIaHTaLms

Ans yntuposaHusa: Hocos A.M., BoHpapeHko A.A., Katpeukas [T, Tonosko K.IN., LLynb A.B., Bonkosa M.B., 3onotosepxas E.A., Kybapckas J1.I, Baxa-
HoBa E.[., Mankosa O.H. M3yyeHre 06LLEeTOKCNHECKOro AeNCTBUS Y KPbIC NPV UMMNAaHTaLMmM reMOCTaTUYeCKOoro CpeacTBa Ha OCHOBe x1To3aHa. MeauumHa
SKCTpeMasibHbix cuTyaLmi. 2024;26(4):49-57. https:/doi.org/10.47183/mes.2024-26-4-49-57

DuHaHCMpoBaHue: 1CCe0BaHve BbIMOMHEHO B PaMKax peanvaaum nporpammbl CTpaTernieckoro akaaemm4eckoro nuaepctsaa «puoputeT 2030».
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INTRODUCTION

Meticulous hemostasis during surgical interventions re-
mains a pressing surgical issue in the 21st century. This
problem is particularly significant for wounded and pol-
ytrauma patients, in whom timely hemostasis affects not
only the timing of treatment, but also determines the overall
outcome. The statistics of such injuries is contributed by
road traffic accidents, negative crime situation, terrorist at-
tacks, and military conflicts. Thus, a study by Trukhan et
al. [1] found that during terrorist attacks in St Petersburg
and Minsk, fatal injuries as the immediate cause of death
were registered only in 33.3% of cases, while irreversible
blood loss was the immediate cause of death in 66.7% of
the deceased. The most frequent (almost 87.5%) cause of
death in the victims was internal bleeding. In the structure
of deaths from injuries received during armed conflicts,
78.1% of cases accounted for ongoing hemorrhage, with
more than a half of the cases resulting from internal bleed-
ing [2—-6].

Although internal bleeding is almost impossible to stop
at the pre-hospital stage, even timely patient transport to
the operating room requires immediate control of bleeding.
In addition to traumatic shock and hemorrhage, a cascade
of pathophysiological reactions develops, including hypo-
thermia, hypocoagulation, and acidosis (lethal triad). Early
stopping of bleeding is a prerequisite for successful treat-
ment of the wounded not only in the acute period of trau-
matic shock, but also in the third period of traumatic dis-
ease (development of infectious complications) [1]. At the
same time, technical difficulties in intraoperative stopping
of bleeding arise not only in urgent surgery (trauma and
wounds), but also in elective surgery, particularly in patients
with concomitant coagulopathy or those taking antiplatelet
drugs and anticoagulants [7-10].

Various methods are currently used to stop hemor-
rhages occurring during cavitary surgeries, including
wound closure, tight tamponade, electrocoagulation of
various types, and local hemostatic agents in some cas-
es (LHA) [11]. For intracavitary application, LHAs based
on fibrinogen, cellulose, collagen, fibrin, thrombin, plant
extracts, mucopolysaccharides (starches), etc., can be
used [12].

Due to its wide availability and biocompatibility, chi-
tosan is a promising substance for the preparation of
LHAs. Materials based on chitosan and/or modified
chitosan (suspensions, sponges, bandages, etc.) were
found to be effective for stopping bleeding in vitro,
promoting coagulation by activating platelets and/or

agglutinating erythrocytes [13-17]. Previously, we dem-
onstrated the high efficacy of a chitosan-based LHA in
a model of intensive intra-abdominal bleeding in large
biological objects [18].

To date, the action of chitosan and its derivatives
has been extensively studied. However, before introduc-
tion into clinical practice, each newly developed polymer
should be studied not only in terms of its efficacy, but also
with regard to its safety for the potential patient due to the
wide variability of formulation components. In this context,
safety refers to both biocompatibility with the morphologi-
cal structures in the area of direct contact and general
toxicity to the organism. Such studies are also important
due to the possible residue of the material in the human
body.

In this study, we set out to investigate the general and
local toxic effects of a hemostatic agent based on 90% lac-
tic acid chitosan, 5% glycerol, and 5% calcium chloride for
intracavitary application.

MATERIALS AND METHODS

The study was carried out using the facilities of Golikov
Research Center of Toxicology (Saint Petersburg, Russia).
In total, 20 mongrel rats (10 males and 10 females) weigh-
ing 180-220 g provided by the Rappolovo Laboratory
for Animal Nursery of the National Research Center
“Kurchatov Institute” were divided into experimental and
control groups. The experimental group included male
and female animals which were implanted with the local
hemostatic agent (LHA) under study. The control group in-
cluded male and female falsely operated animals. Animals
were assigned to groups by sex and using the body weight
as the main criterion such that the individual body weight
value did not deviate from the mean value within the same
sex by more than 10%. Prior to the study, all animals were
adapted to the housing conditions for five days. During this
period, the general condition of the rats was monitored
daily by visual inspection.

The dose of LHA to be administered to animals was
calculated based on the dose used in an efficacy study,
90 mg/kg (per finished dosage form, FDF) [18]. Considering
the metabolic coefficient, the value of LHA dose for rats
was: 90x37 (metabolic coefficient for a 60 kg human)/6.5
(metabolic coefficient for a 200 g rat) = 512 mg/kg [19].
Thus, the investigated dose of the study sample admin-
istered to rats was 512 mg/kg bw. The mass of implanted
LHA and, accordingly, the drug dose for each animal was
calculated based on the value of its weight. Sterile samples
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(radiation sterilization) of LHA were used in the study. LHA
were implanted into the abdominal cavity of rats in native
form. LHA are plates of light-yellow color with a relief sur-
face and a porous structure, 4-6 mm thick. The appear-
ance of the product is presented in Fig. 1.

The animals in the control group underwent surgical in-
tervention without implantation of the test sample (falsely
operated animals).

Injectable general anesthetic tiletamine/zolazepam
(Zoletil® 100) was used as anesthesia during LHA implan-
tation. This medication has a good analgesic and sedative
effect. The medication was administered intraperitoneally
at a dose of 50 mg/kg bw; complete relaxation and ab-
sence of pain sensitivity occurred 10-15 min after drug
administration. The average duration of anesthesia was
60-90 min.

The surgical field was prepared according to the gen-
erally accepted rules of aseptic and antiseptic surgery.
Lidocaine solution for injection 20 mg/mL in the volume of
0.2 mL was injected subcutaneously into the incision area
for anesthesia. During anesthesia, the eyes of the animals
remained open and a Vidisik® eye gel was applied to pre-
vent the development of dry keratoconjunctivitis.

Surgical procedure. To perform a midline laparotomy,
the animal was in the dorsal position. The skin incision
was performed along the midline from the umbilicus in
caudal direction with the length of about 1 cm, then blunt
dissection of tissues up to visualization of the white line of
the abdomen was performed. The peritoneum was dis-
sected with a scalpel, the edges of the abdominal wall
were grasped with tweezers and lifted upwards for con-
venient visualization of the abdominal organs of the rat. It
should be noted that LHA was applied in a dry form; the
studied material was freely placed in the abdominal cavity
(Fig. 2).

Then the abdominal cavity was stitched layer by layer
(Fig. 3). The experimental animals were placed in a heated
cage with a warm floor for recovery after anesthesia. Full
awakening of the animals occurred 2-3 h after induction
of anesthesia.

During the study, we evaluated the animal survival rate,
clinical picture of intoxication, body weight dynamics, water

&

Figure prepared by the authors

Fig. 1. Appearance of the implemented local hemostatic agent (LHA)

EXTREME MEDICINE | 2024, VOLUME 26, No 4

ORIGINAL ARTICLE | TOXICOLOGY

and feed consumption, hematological and biochemical pa-
rameters. In addition, the macro- and microscopic exami-
nation of internal organs was carried out along with calcu-
lation of the mass ratios of organs and evaluation of local
reactions after LHA implantation [20].

The general condition of the rats was evaluated dai-
ly; deviations in the consumption of food and water by
animals in separate cages were noted. Body weight was
monitored one day before LHA implantation and then
weekly after introduction into the experiment. The body
weight of the starved animal immediately before necropsy
was taken to calculate the percentage of internal organ
weight to animal body weight. Animals were deprived of
food the night before necropsy. Access to water was not
restricted.

Blood sampling for studying hematological and bio-
chemical parameters was performed on the 29th day of
the study by exsanguination of animals after inhalation of
carbon dioxide (CO,).

Biological material was collected from animals after 14—
15 h of fasting. Blood from rats in the amount of 0.5 ml was
collected in blood collection tubes with ethylenediamine-
tetraacetic acid (EDTA). The blood sample was thoroughly
mixed and placed in a refrigerator.

The sample was analyzed 120 min after collecting the
biological material. For general clinical blood analysis, an
automatic hematological analyzer Advia 2120 by Siemens
(Germany) was used. The hematological analyzer is fully
automated for counting blood cells and erythrocyte indi-
ces [21].

To assess biochemical parameters, blood was collect-
ed in a dry vacutainer. To obtain blood serum, whole blood
samples were centrifuged at 3000 rpm at 4°C for 10 min
followed by collection of the supernatant fluid (serum).
Biochemical parameters (total protein, urea, creatinine,
glucose, cholesterol, total bilirubin, alanine aminotrans-
ferase ALT, aspartate aminotransferase AST, alkaline phos-
phatase ALP) were determined on an A-25 biochemical

Figure prepared by the authors

Fig. 2. Implantation of the local hemostatic agent (LHA) into the abdominal
cavity of a rat
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analyzer from BioSystems (Spain) using Vector-Best JSC
kits (Russia). The internal quality control of the studies was
performed using control materials from Vector-Best JSC
(Russia) [22].

Inhalation (CO,) followed by exsanguination was used
as the euthanasia method. An Open Science euthanasia
unit (Russia) was used for euthanasia [23].

On day 29 of the study, the animals were subjected to a
complete necropsy, which included an examination of the
external surface of the body, all passages, cranial, thoracic,
abdominal cavities, and their contents. During the planned
necropsy, the brain, heart, lungs (pair), liver, adrenal glands
(pair), kidneys (pair), spleen, ovaries/testes (pair), and thy-
mus were weighed in all the studied animals. Paired organs
were weighed together. In addition to the absolute weight
of the organs, the ratio of the organ weight to the body
weight of the animal was calculated, presented in percen-
tiles (%o). A histological analysis of the isolated organs and
tissues was performed in the animals with an additional
assessment of the local effect of LHA after its implanta-
tion (peritoneal histology). Tissue samples were collected,
which were dehydrated and impregnated with paraffin. The
prepared sections were stained with haematoxylin and eo-
sin. Histological preparations were examined by light mi-
croscopy using a Leica DM1000 microscope (Germany)
under x100 magnification.

A mathematical and statistical analysis of the re-
sults was performed using the Microsoft Excel 2013 and
Statistica 10.0 software packages. The Mann-Whitney test
(U-test) was used to assess the differences between the
two groups [24]. Descriptive statistics were presented as
a measure of central tendency and dispersion indicators.
The following descriptive statistics of quantitative indicators
were calculated: median (Me), upper (UQ), and lower (LQ)
quartiles. Differences in the indicators of the experimental
animals in relation to the control were considered statisti-
cally significant at p < 0.05.

4

Figure prepared by the authors

Fig. 3. Suturing of the rat peritoneum after implantation of the local hemostatic
agent

RESULTS

After intraperitoneal implantation of the studied sample of
LHA in rats at a dose of 512 mg/kg bw, no lethal outcomes
were registered. The animals did not differ from the control
group in appearance and behavior. The death of one male
in the control group of falsely operated animals due to post-
operative complications was registered. The clinical condi-
tion of the experimental animals was satisfactory during the
entire period of observation. Signs of intoxication were not
observed in any animal. Water and feed consumption in
rats from experimental and control groups did not differ.

The effect of the investigated sample on the body weight
of sexually mature animals was estimated by a comparative
assessment of the body weight of rats after LHA implan-
tation and falsely operated animals at several examination
stages: base (one day before implantation of LHA), 1 week,
2 week, 3 week, and 4 week of the experiment.

The data on body weight of rats in the studied groups
are presented in Figs. 4 and 5. It is important to note that
the initial (base) body weight of both females and males
did not differ significantly between the LHA-implanted and
control groups.

The comparative assessment of body weight of male
rats after implantation of the studied sample and the weight
of animals from the control group in the observation period,
base (day before implantation), 1 week, 2 week, 3 week,
and 4 week, showed no significant differences between
the studied groups using the Mann-Whitney test. At the
same time, statistically significant differences in the body
weight of female rats from the experimental group at 2
weeks of observation (p = 0.022), 3 weeks (p = 0.034), and
4 weeks (p = 0.012) compared to the control were revealed.
An analysis of the data presented in Fig. 5, showed that the
values of body weight of female rats from the experimental
group were statistically significantly lower than those in the
control group at 2 weeks by 7.4%, at 3 weeks by 5.2%, at
4 weeks by 9.9%, although the values did not exceed the
reference values for this type of animals.

Table 1 shows the data of hematologic parameters in
animals of the control and experimental groups. An analy-
sis of the values of hematological parameters in male rats
of the experimental group revealed a statistically significant
increase in monocyte percentage by 18% and absolute
monocyte count of 42% compared to the control group
of animals. At the same time, the study and subsequent
evaluation of the values of hematologic parameters in fe-
males in the experimental group compared to the control
revealed a statistically significant decrease in hemoglobin
concentration and mean corpuscular volume by 5% and
7%, respectively [25].

Biochemical parameters were studied following 29 days
after the onset of the experiment in control animals (males
and females), as well as in animals of the experimental
group with implanted LHA (Table 2). It was found that the
group of male rats after LHA implantation showed a signifi-
cant increase in the aspartate aminotransferase activity by
18% compared to the control group.

The control group of animals showed no changes in the
peritoneal surface. In the experimental group, in one case,
a fistula formation of the anterior abdominal wall was noted,
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Figure prepared by the authors using their own data

Fig. 4. Body weight of male rats at different stages of examination

Note: data are presented as median values.

the formation of which was caused by the reaction of for-

eign body rejection.

When examining the internal organs, thymus had a
triangular shape, whitish in color and moderately dense
in consistency. The size and shape of the heart were not
changed. The surface of the lungs had a pale pink color;
the lungs were collapsed at the opening of the chest. The

317 350 9 m LHA
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*—p<0.05

*
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1 week 2 week

250 * 264
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The figure has been prepared by the author using his own data

Fig. 5. Body weight of female rats at different stages of examination
Note: data are presented as median values.

consistency. The stomach had the usual shape and size;

the lumen was filled with dense food contents. The mucosa

spleen had a dark cherry color, smooth surface, and dense  served.

of the small and large intestine was shiny and smooth. The
pancreas had a pale pink color and a lobular structure. The
size and shape of the liver, kidneys, adrenal glands, testes,
and ovaries remained unchanged. The brain substance
had a moderate density; no ventricular dilatation was ob-

Table 1. Comparative evaluation of hematological parameters of male and female rats in experimental and control groups 29 days after the onset of the experiment

Indicator

Control (3)

LHA, 512 mg/kg bw (3)

Control (9)

LHA, 512 mg/kg bw (9)

Number of animals in the group

4

5

5

5

White blood cell count, 10%/uL

9.68 [8.17; 11.7]

10.84 [10.19; 12.71]

7.51 [7.43; 8.16]

7.99 [7.09; 8.94]

Red blood cell count, 10%/uL

7.58 [7.52; 8.2]

7.58 [7.55; 7.91]

7.36 [7.31; 7.37]

7.42 [7.31; 7.63]

Hemoglobin, g/dL

14.95 [14.2; 15.95]

14.80 [14.80; 15.00]

14.30 [14.10; 14.50]

13.60" [13.0; 13.8]

Hematocrit, %

42.25 [41.25; 46.0]

42.50 [42.40; 43.20]

41.90 [41.40; 42.20]

40.30 [39.0; 41.2]

Mean corpuscular volume, fL

55.20 [54.5; 56.65]

55.90 [54.6; 56.4]

57.20 [57.0; 57.3]

53.40" [52.60; 55.6]

Platelet count, 10%/uL

787.00 [686; 928]

826.00 [601; 978]

983.00 [962; 1022]

970.00 [946.0; 1092.0]

Mean platelet volume, fL

6.85 [6.55; 7.75]

6.90 [6.70; 7.10]

710 [7.0; 7.20]

7.20 [7.10; 7.30]

Neutrophil %

28.20 [20.75; 38.25]

25.80 [23.20; 25.90]

21.10 [20.50; 32.40]

35.50 [28.80; 47.40]

Lymphocyte %

66.95 [56.0; 72.85]

66.60 [65.30; 68,20]

70.70 [61.40; 74.90]

59.40 [46.40; 65.10]

Monocyte %

3.45 [2.70; 3.65]

4.20* [4.10; 4.50]

2.80 [2.70; 3.00]

2.70 [2.10; 2.70]

Eosinophil %

0.85 [0.75; 1.60]

0.80 [0.80; 1.10]

1.20 [1.20; 1.50]

1.10 [0.90; 2.10]

Basophil %

0.90 [0.75; 1.20]

1.00 [0.80; 1.20]

0.70 [0.60; 1.80]

0.40 [0.40; 0.50]

Unidentified cells, %

0.75 [0.60; 1.00]

1.10 [1.00; 2.00]

0.90 [0.90; 1.10]

0.90 [0.60; 0.90]

Abs. neutrophil count, 10%/uL

3.22 [2.01; 3.86]

2.64 [2.33; 2.80]

2.06 [1.50; 2.54]

3.25 [2.30; 3.55]

Abs. lymphocyte count, 10%/uL

6.82 [5.02; 7.80]

7.08 [6.78; 7.28]

5.48 [5.01; 5.74]

4.15 [3.18; 5.35]

Abs. monocyte count, 103/uL

0.30 [0.28; 0.33]

0.52* [0.40; 0.55]

0.21 [0.20; 0.24]

0.19 [0.17; 0.25]

Abs. eosinophil count, 103/uL

0.09 [0.08; 0.15]

0.09 [0.07; 0.14]

0.09 [0.09; 0.11]

0.08 [0.08; 0.09]

Abs. basophil count, 10%/uL

0.10 [0.08; 0.11]

0.11[0.10; 0.11]

0.05 [0.05; 0.18]

0.03 [0.02; 0.05]

Unidentified cells, 10%/puL

0.07 [0.07; 0.09]

0.14[0.10; 0.19]

0.08 [0.07; 0.09]

0.06 [0.05; 0.07]

Table prepared by the authors using their own data

Note: data are presented as Me [LQ; UQ].

* — statistical significance of differences between control and experimental groups, p < 0.05.

EXTREME MEDICINE | 2024, VOLUME 26, No 4




Table 2. Comparative evaluation of biochemical parameters of male and female rats of experimental and control groups 29 days after the onset of the experiment
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Indicator

Control (3)

LHA, 512 mg/kg bw (3)

Control ()

LHA, 512 mg/kg bw (¢)

Number of animals in the group

4

5

5

5

Total protein, g/L

81.4 [75.9; 87.5]

74.5 [71.9; 77.0]

77.8[77.6; 85.9]

80.4 [79.0; 81.0]

Urea, mmol/L

6.0[5.3; 7.3]

8.7 [7.6; 9.0]

7.5[7.0; 8.9]

10.0 [8.1; 10.8]

Creatinine, pmol/L

54.0 [50.5; 62.5]

55.0 [55.0; 55.0]

50.0 [49.0; 52.0]

64.0 [63.0; 70.0]

Glucose, mmol/L 8.8[8.2;9.9] 9.2[9.0; 9.4] 10.5[9.8; 10.7] 9.8 [9.5; 9.9]
Cholesterol, mmol/L 2.5[2.2; 3.0] 2.6[2.1;2.8] 2.8[2.4; 3.1] 2.3[2.2;2.7]
Total bilirubin, umol/L 1.7 [1.4;1.7] 1.5[1.3; 2.2] 1.2[0.9; 1.4] 0.6 [0.2; 1.1]

Aspartate aminotransferase (AST), U/L

166.0 [148.6; 171.3]

196.5% [195.9; 200.6]

73.7 [54.4; 74.6]

102.0 [73.3; 114.4]

Alanine aminotransferase (ALT), U/L

76.0 [66.5; 86.0]

81.0 [79.0; 90.0]

70.0 [69.0; 77.0]

69.0 [65.0; 71.0]

Alkaline Phosphatase, U/L

349.0 [265.5; 428.5]

297.0 [275.0; 315.0]

188.0 [182.0;224.0]

236.0 [210.0;283.0]

Table prepared by the authors using their own data
Note: data are presented as Me [LQ; UQ)].

* — statistical significance of differences between control and experimental groups, p < 0.05.

When evaluating the mass ratios of internal organs of
male and female rats after implantation of LHA at a dose
of 512 mg/kg bw and control animals using the Mann-
Whitney test, no statistically significant differences were
found between the studied groups.

A histological examination of the brain, heart, lungs, kid-
neys, thymus, testes, ovaries, adrenal glands, and spleen
preparations of control animals and animals with LHA im-
plantation in the abdominal cavity 29 days after the onset
of the study revealed no significant differences between the
groups. In the liver of animals of both groups, moderately
or sharply expressed fatty dystrophy of hepatocytes was
registered: in seven cases in the experimental group with
LHA implantation and in six cases in control animals. At
the same time, in one animal from the experimental group

|
-
Figure prepared by the authors

Fig. 6. Fragments of the local hemostatic agent in the abdominal cavity of the
rat
Note: fragments are indicated by arrows.

and in one animal from the control group, minor necroses
with moderately expressed lympho-macrophage infiltration
were registered. These changes could be caused by the
influence of postoperative stress [26].

A histological examination of the peritoneum surface
in the experimental group revealed fragments of LHA sur-
rounded by a layer of lymphocytes and leukocytes and
young fibrous connective tissue. Leuko-lymphocytic infil-
tration was also noted (Fig. 7), which are signs of local ir-
ritation. In the control group, an insignificant accumulation
of lymphocytes and macrophages was registered.

DISCUSSION

The conducted study found that intraperitoneal implanta-
tion of the tested sample at a dose of 512 mg/kg bw does
not lead to the death of animals or to the development of
any signs of intoxication.

The animals in the experimental group did not differ
from those in the control groups in terms of appearance
and behavior. The general condition of the experimental
animals was satisfactory throughout the entire experiment;

Figure prepared by the authors

Fig. 7. Histological section of rat peritoneum after implantation of local
hemostatic agent

Note: on the peritoneal surface, fragments of LHA surrounded by a layer of
lymphocytes and leukocytes and young fibrous connective tissue (dashed line).
Haematoxylin and eosin staining. Magn. x100.
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the indices of water and feed consumption did not differ
from the control. Body weight indices of the male rats did
not differ from the control, while those of the female rats
were statistically significantly lower compared to the con-
trol at several stages of examination. At the same time, the
body weight of female animals within their group did not
decrease throughout the study. Differences in the body
weight of females of experimental and control groups could
be related to the effect of postoperative stress.

When analyzing hematological parameters in animals
during the experiment, a statistically significant increase
in the proportion of monocytes and absolute number of
monocytes in male rats of the experimental group com-
pared to the control group was found, probably associated
with the inflammatory reaction occurring in the abdominal
cavity of rats.

In female rats with implanted LHA, a statistically sig-
nificant decrease in hemoglobin concentration and mean
corpuscular volume was observed compared to the con-
trol, apparently caused by the local irritant reaction of the
peritoneum. The established increase in the aspartate ami-
notransferase activity in the group of male rats after LHA
implantation compared to the control group is likely to be
related to the damage to the animals’ liver due to postop-
erative stress [26].

It should be noted that the fluctuations of hemato-
logic and biochemical parameters in animals did not ex-
ceed the reference intervals established for this type of
animals [25].

The evaluation of the mass ratios of internal organs of
rats after implantation of LHA at a dose of 512 mg/kg bw
showed the absence of statistically significant differences
between the studied groups. Morphologic macroscopic
studies revealed no changes in the structure of internal or-
gans in experimental animals; 29 days after the onset of
the experiment, fragments of LHA were observed in the
peritoneum and in the mesentery, which formed a dense
conglomerate. According to the results of histological
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EFFECT OF COMBINATIONS OF ANTIBIOTICS, PHAGES, AND DEPOLYMERASE ON
BIOFILMS OF THE DRUG-RESISTANT KLEBSIELLA PNEUMONIAE STRAIN

Anastasiia O. Krivulia~, Roman B. Gorodnichev, Maria A. Kornienko, Narina K. Abdraimova, Maja V. Malakhova, Marina V. Zaychikova,
Egor A. Shitikov

Lopukhin Federal Research and Clinical Center of Physical-Chemical Medicine, Moscow, Russia

Introduction. Klebsiella pneumoniae poses a serious threat to global healthcare due to the high proportion of multidrug-resistant isolates. Moreover, the
formation of biofilms by bacteria significantly complicates the treatment of infections.

Objective. To evaluate the effectiveness of the individual and combined action of antibiotics and bacteriophages or polysaccharide depolymerase on biofilms
of a clinically significant strain K. pneumoniae.

Materials and methods. The work used the K. pneumoniae strain with multidrug resistance (9faiz), 4 antibiotics of various classes (gentamicin, levofloxacin,
meropenem and chloramphenicol), 3 bacteriophages of various genera (DIv622, Seu621 and FRZ284), and 1 polysaccharide depolymerase (Dep622). Experi-
ments were carried out on the formed biofilms by treating 24-hour K. pneumoniae films with antimicrobial agents individually or in combinations. The ability of
the strain to form biofilms was evaluated by staining with crystalline violet. The comparison between the average optical density values was carried out using
a t-test and was considered significant at p < 0.05.

Results. The individual use of antibiotics peak concentrations (C_ ) or depolymerase concentration of 100 MED (minimum effective dose — MED) did not lead
to a significant decrease in biofilm biomass, whereas bacteriophages in a titer of 5x10° PFU/mL (plague-forming unit per mL) statistically significantly reduced
its biomass by 27-31% (p < 0.05). Most combinations of phages and antibiotics did not lead to a significant increase in the efficiency of biofilm destruction.
Only the combination of phage FRZ284 with gentamicin statistically significantly showed an additional decrease in biofilm biomass by 27% (p < 0.05). Combi-
nations of depolymerase with all antibiotics except meropenem resulted in a significant increase in biofilm biomass by 27-39% (p < 0.05).

Conclusions. The results show the need for individual selection of antimicrobial combinations to combat K. pneumoniae biofilms due to the possible effect
of synergy and antagonism effects on the outcome of therapy.
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BMMAHUE KOMBUHALMWA AHTUBMOTUKOB, ®AIOB 1 AENOJIMMEPA3bI HA BUOMJIEHKNA
JNIEKAPCTBEHHO-YCTON4YMBOIO LUTAMMA KLEBSIELLA PNEUMONIAE

A.O. Kpuyna™, P.b. TopogHnies, M.A. KopHuerko, H.K. Abapaiimosa, M.B. Manaxosa, M.B. 3alvmkoBa, E.A. LLInTnkoB
DdenepanbHbIfi HayYHO-KIMHNHECKNUI LIEHTP (U3UKO-XUMUYECKON MeanUmMHbI M. akagemuka FO.M. JlonyxuHa ®PMBA Poccun, Mocksa, Poccus

BBepenue. Klebsiella pneumoniae npeacTaBnaeT CepbesHyto yrpody rnobdanbHOMY 30PaBOOXPaHEHMIO 13-3a BbICOKOW AONMN U30AATOB C MHOXXECTBEHHON
NleKapCTBEHHOW YCTOMYMBOCTbLIO. Bonee Toro, hopmMmnpoBaHve bakTeprei BronNeHOK 3HAYUTENBHO YCIOXKHAET NedeHre NHpeKLnI.

Lenb. OueHka athPeKkTVBHOCTN NHANBUAYANBHOMO 1 KOMOWMHMPOBAHHOIO AeCTBUS aHTUOMOTUKOB 1 GakTeprodaros nnm noancaxapui-genonmMepassi
Ha BMONNEHKN KNMHUYECKM 3HAYMMOro wtamma K. pneumoniae.

Martepuanbl u meToabl. B paboTe ncnonb3oBanu wramm K. pneumoniae ¢ MHOXXECTBEHHOW NIeKapCTBEHHON ycTon4nBocTbto 9faiz, 4 aHTMOMOTMKA pas-
JINYHBIX KNacCoB (reHTaMULVMH, neBoIoKcauUymH, MeponeHemM 1 xnopamdenrkor), 3 6aktepurodara padnmyHbix poaos (DIv622, Seu621 n FRZ284) n 1 no-
nucaxapvia-genonnmepasy (Dep622). SkcnepuMeHTbl NPOBOAMAM HAa CPOPMUPOBAHHbBIX BUOMNEHKax NyTeM 06paboTkm 24-4acoBbix NNeHOK K. pneumoniae
AHTUMUKPOBHBIMN areHTaMn UHANBUAYabHO U B KOMBUHALMAX. CNOCOBHOCTb LTamMa 06pa3oBbiBaTb OMOMNNEHKN OLEHMBaNN OKpaLLMBaHeM KpucTas-
nn4eckuM ronetoBbiM. CpaBHEHVE MEXAY CPEAHVUMMN 3HAYEHVSMI ONTUHECKOW MIOTHOCTM MPOBOAMIOCH C MOMOLLBIO t-TeCTa 1 CYUTANOCh 3HAYUMbIM
npu p < 0,05.

Pesynbratbl. /IHavBMayanbHoe npyMeHeH1e aHTONOTVIKOB B MUKOBbIX KOHUEHTpausx (C, ) uiv aenoniMepassl B KoHueHTpau 100 MAK (MuHrvans-
Has oencTBytoLLas KOHLEHTPAaLIMS) He MPUBOAMIIO K 3HAYMMOMY CHKEHWIO Bromacchl BronneHku, Toraa kak baktepuodaru B Tutpe 5x10° BOE/Mn cTa-
TUCTUYECKM 3HA4YMMO CHXKann ee buomaccy Ha 27-31% (p < 0,05). BonbLUMHCTBO KOMOUHALMI ParoB 1 aHTUONOTUKOB HE MPUBOANIIO K 3HA4UMOMY MOBbI-
LeHMo ahheKTUBHOCTM paspyLLeHnst BUONNeHOK; Nb coveTaHne hara FRZ284 ¢ reHTaMULUMHOM CTaTUCTUYECKM 3Ha4YMMO NMokasasio AONONHNTENbHOE
CHWKeHWe briomacchl bronneHkn Ha 27 % (p < 0,05). KombuHaumm AenoanMepasbl CO BCEMU aHTUOMOTMKaMM, KDOMe MeponeHemMa, MPUBOAUIN K 3HAYMMOMY
yBenM4eHno Gromacce! bronneHkn Ha 27-39% (p < 0,05).

BbiBOAbI. Pe3ynsTaThl NokasbiBakoT HE0OX0AMMOCTb MHAVBMAYaNBHOrO Noadopa aHTUMUKPOGHbLIX KOMOMHaLWiN Ans 60pbbbl ¢ GronneHkamu K. pneumoniae
13-3a BO3MOXKHOIO BANAHNS 9 dHEKTOB CUHEPTM 1 aHTarOHN3Ma Ha MCXOA, Tepanuu.

KnioueBble cnosa: BMpyneHTHble 6akTepuodary; Klebsiella pneumoniae; cuHeprug; BUonneHkn; aenoanMepasa; aHTMoNoTUKM

Ans untuposanus: Kpusyns A.O., TopoaHunyes P.B., KopHuerko M.A., Abgpaimvosa H.K., Manaxosa M.B., 3anunkosa M.B., LLinTnkos E.A. BanaHue kom-
OVHaUMN aHTMBNOTMKOB, haroB 1 AenoanMepasbl Ha BUONNEHKM NekapCTBEHHO-YCTOMYMBOrO Wtamma Klebsiella pneumoniae. MeauuyHa skCTpemasibHbIX
cutyauymn. 2024;26(4):58-65. https:/doi.org/10.47183/mes.2024-26-4-58-65
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MoTeHunanbHbIli KOH(ANKT MHTEPECOB: aBTOPbI 3aABASOT 00 OTCYTCTBUN KOH(INKTA MHTEPECOB.
><1 Kpueyns AHacTacus OnerosHa kimnimka@gmail.com
Crtatbsa noctynuna: 29.08.2024 Mocne popaboTtku: 19.11.2024 MpuHaTa K ny6ankauum: 20.11.2024
© A.O. Krivulia, R.B. Gorodnichev, M.A. Kornienko, N.K. Abdraimova, M.V. Malakhova, M.V. Zaychikova, E.A. Shitikov, 2024

58 | MEAVILIMHA SKCTPEMAJIbHbBIX CUTYALIAV | 2024, TOM 26, Ne 4


mailto:kimnimka@gmail.com

INTRODUCTION

Klebsiella pneumoniae is an opportunistic gram-negative
bacterium which poses a serious threat to global health
due to the rapid spread of multidrug-resistant (MDR)
strains. Resistant strains cause a significant number of no-
socomial infections, such as pneumonia, urinary tract, and
bloodstream infections, characterized by a high mortality
rate reaching 50% [1].

The therapy of infections caused by K. pneumoniae
is difficult due to the pathogen’s ability to form biofilms.
Biofilms are organized communities of microorganisms at-
tached to various biotic and abiotic substrates by means of
an exopolymer matrix consisting of proteins, polysaccha-
rides, and extracellular DNA. According to research, about
60-80% of chronic infections are associated with biofilm
formation [2]. In addition, biofilms are often formed on in-
vasive medical devices, which increases the risk of acute
infections in patients undergoing inpatient treatment [3].

Cells inside biofilms are characterized by a slow metab-
olism and a reduced growth rate, as well as an increased
frequency of horizontal transfer of mobile genetic elements.
The latter often contain genes for virulence and antibiotic
resistance, allowing biofilm cells to more effectively resist
antimicrobial drugs and avoid the immune response of the
host body. In combination, such features increase the re-
sistance of biofilms to antibiotics by 100-1000 times com-
pared with planktonic forms of microorganisms [2, 4]. As
a result, standard antibiotic therapy regimens demonstrate
insufficient effectiveness against biofilm-associated infec-
tions, thus necessitating the development of new thera-
peutic approaches.

One of the promising approaches to controlling biofilms
is the use of bacteriophages or their derivatives, such as
polysaccharide depolymerases. Due to the action of poly-
saccharide depolymerases, bacteriophages are capable of
degrading the extracellular matrix of biofilms. This violates
the integrity of the biofilm structure and increases the sen-
sitivity of bacteria to antimicrobial drugs and environmental
factors [5]. This offers opportunities for the use of bacterio-
phages as independent therapeutic agents, and in combi-
nation with clinically used antibiotics.

The combined use of antimicrobial agents can lead to
various types of interactions, including synergism, addi-
tive effect, or antagonism. Synergy is observed in cases
where the combined effect of the use of several antimicro-
bial agents exceeds the sum of their individual effects. The
additive effect implies that the total effect of the agents is
equal to the sum of their individual effects, i.e., they do not
affect each other’s effectiveness. Antagonism is character-
ized by the fact that the overall effect of a combination of
antimicrobial agents is less than the sum of their individual
effects and indicates that the action of one of them some-
how interferes with the action of the other [6].

It has been shown on planktonic cells that phages or
polysaccharide depolymerases in combination with anti-
biotics predominantly demonstrate synergism. This leads
to a more effective elimination of bacteria than when
compared with monotherapy with antimicrobial drugs [4,
7-9]. However, a number of publications also report that
some combinations of antibacterial drugs demonstrate
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antagonistic interaction [7, 10]. Nevertheless, the effect of
such combinations on biofiims remains insufficiently stud-
ied, underlining the need for in-depth research of possible
effects arising from the combined action of phages and
their enzymes with antibiotics.

The aim of the study was to evaluate the effectiveness
of individual and combined action of antibiotics and bacte-
riophages or polysaccharide depolymerase on biofilms of a
clinically significant strain of K. pneumoniae.

MATERIALS AND METHODS
Bacterial strains

The study was carried out on the K. pneumoniae 9faiz
strain from the collection of the Laboratory of Molecular
Genetics of Lopukhin Federal Research and Clinical Center
of Physical-Chemical Medicine. The strain seeded from
biological material in 2019 belonged to the capsule type
KL23 and the clinically significant sequence type ST39,
previously determined according to standard typing meth-
ods [11, 12].

The bacterial culture was grown on Lysogeny broth (LB)
in the Lennox modification (Dia-M, Russia). The bacterial
culture was incubated for 18 h at a temperature of 37°C.

The minimum inhibitory concentration (MIC) of an-
tibiotics was determined by the method of micro-dilu-
tion in accordance with the Russian recommendations
“Determination of the sensitivity of microorganisms to
antimicrobial drugs” [13]. According to this document, mi-
croorganisms are classified as sensitive under the stand-
ard dosage regimen (S: MIC < the limit value of sensi-
tivity), sensitive with increased exposure to antimicrobial
intermediate (I: the limit value < MIC < boundary value),
or stable (R: MIC > boundary value) (Table 1). The inhibi-
tory effect of antibiotics was evaluated using a FlexA-200
flatbed spectrophotometer (Allsheng, China) based on
the optical density (OD) of a bacterial culture at a wave-
length of 620 nm. Antibacterial drugs of four classes were
used for the work: aminoglycosides — gentamicin (GEN);
fluoroguinolones of the third generation — levofloxacin
(LVX); carbapenems — meropenem (MEM) and ampheni-
cols — chloramphenicol (CMP); and a set of HiMedia rea-
gents (India).

K. pneumoniae Kp9068 and K. pneumoniae Kp284
strains were used as host strains for phage lysate growth
[14, 15].

Bacteriophages

Three previously described K. pneumoniae bacteriophag-
es were used in the work: DIv622, Seu621, and FRZ284
(GenBank MT939252, MT939253 and MZ602148) belong-
ing to the genera Drulisvirus, Mydovirus, and Jiaodavirus,
respectively [14, 15]. DIv622 and Seu621 phages have cap-
sule specificity, while FRZ284 is characterized by a wide
range of hosts and is not associated with the capsule type.
Phage lysates in LB sterilized by filtration through a 0.22 ym
syringe filter (Merk, Millipor) were used for the experiments.
The finished sterile lysates were stored in the refrigerator at
a temperature of +4°C.
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Table 1. Limits of K. pneumoniae sensitivity to antibiotics and the maximum permissible concentrations of these drugs in blood serum

Sensitivity limits, pg/mL
Antibiotics Peak serum antibiotic level (C, ), pg/mL
<S | R=>
Gentamicin 4 8 16 16 [16]
Levofloxacin 2 4 8 6 [17]
Meropenem 1 2 4 28 [18]
Chloramphenicol 8 16 32 25[19]

Table prepared by the authors using their own data

The phage titer was determined by spot testing [20].
The ability of phages to infect and lyse the studied strain
was analyzed based on the calculation of efficiency of plat-
ing (EOP) in accordance with the standard methodology
[21]. The EOP value was calculated as the ratio of the bac-
teriophage titer on the studied strain to the phage titer on
the host strain. If the phage did not form single plaques,
but caused a halo to appear on the surface of Petri dishes,
which disappeared with a decrease in phage concentra-
tion, we referred to this phenomenon as lysis from the
outside. The Iytic activity of phages was measured us-
ing Appelman titration according to the classical method
with modifications [22]. The suspension of bacteriophages
was sequentially diluted tenfold in LB broth. Then 190 pL
of each dilution was added to the wells of a flat-bottomed
ventilated 96-well plate (Thermo Scientific, Denmark), and
10 pL (6x10° CFU/mL) of bacterial culture was inoculated
at the logarithmic growth stage (OD600 = 0.3). This was
additionally diluted 100 times with fresh LB. After 24-h incu-
bation of the tablet at 37°C, the optical density was meas-
ured at a wavelength of 620 nm using a FlexA200 tablet
spectrophotometer. The Appelman titer was defined as the
highest dilution of phage lysate, in which the optical density
did not increase when compared to the negative control,
indicating the absence of visible bacterial growth.

Polysaccharide depolymerase

The recombinant polysaccharide depolymerase Dep622
of the tail fibrillation of the bacteriophage DIv622, obtained
as a purified protein, was used in the work, as described
earlier in [14]. The ability of Dep622 to degrade capsular
polysaccharides of strain 9faiz was evaluated using a tech-
nique similar to the titration of bacteriophages. For this
purpose, the suspension of recombinant polysaccharide
depolymerase was serially diluted in LB medium in steps
of 2 (1392.64-0.085 pg/mL). Semi-liquid LB-agar (LB-broth
with the addition of 0.7% agarose) containing 100 pL of the
night culture of the studied strain was distributed over the
surface of a Petri dish. Aliquots (5 pL) of each dilution were
applied to the surface of the agar and left until the drops
dried. Petri dishes were incubated at 37°C for 24 h. The
appearance of translucent spots was identified on the bac-
terial lawn at the sites of application of the enzyme. They
increased in diameter after 48 h of incubation, indicating
the enzymatic activity of depolymerase. The minimum ef-
fective concentration (MED) was defined as the concentra-
tion of the final dilution at which the action of the enzyme
was still observed.

A method for evaluating the effectiveness of biofilm
formation

Biofilms of the 9faiz strain were grown in a 96-well plate.
For this purpose, 190 pL of LB nutrient medium was intro-
duced into each well and 10 pL (5x10° CFU/mL) of bacte-
rial culture was inoculated at the logarithmic growth stage
(ODB600 = 0.3). This was additionally diluted 100 times with
fresh LB broth. A pure LB medium was used as a negative
control to assess the absence of bacterial culture growth.
The tablet was incubated in a thermostat for 24 h at 37°C.
Upon completion of incubation, the medium was removed,
and the biofilms were washed from the remnants of plank-
tonic cells, and then washed three times with sterile saline
solution (0.9%). The biofiims obtained were stained with a
solution of crystalline violet in accordance with the stand-
ard procedure [23]. The biofilm was incubated with 0.1%
aqueous alcohol solution of crystalline violet (Himmed,
Russia) for 30 min at room temperature. After incubation,
the unbound dye was removed by triple rinsing with distilled
water. For subsequent analysis, the bound dye in each well
was eluted by adding 200 pL of 96% ethanol. The opti-
cal density of the solution was measured on a FlexA200
spectrophotometer at a wavelength of 575 nm. Based on
the results of optical density measurement, the ability of
the strain to form biofilms was evaluated and classified as
follows: non-forming biofilms (OD < ODc); weakly forming
biofilms (ODc < OD < 2x0ODc); moderately forming biofilms
(2xODc < OD < 4x0ODc); or abundantly forming biofilms
(OD > 4x0ODc). Optical density optical density cut-off (ODc)
was defined as the arithmetic mean of the optical density
of the negative control plus three standard deviations [23].

Study of individual and combined effects of
antibiotics and bacteriophages/polysaccharide
depolymerases

Biofilms of the 9faiz strain were grown and washed accord-
ing to the previously described algorithm, after which the
medium was changed to a fresh LB medium containing the
studied antibiotics, phages or depolymerase, both individ-
ually and in combinations. The concentrations of antibiotics
corresponded to the peak concentration (C_ ) reached in
blood serum after administration of the standard therapeu-
tic dose (Table 1). Phage lysate was added at a concen-
tration of 5x10° BOE/mL, and recombinant polysaccharide
depolymerase at a dosage of 100 MED (68 mg/mL). The
amounts of antimicrobial agents were selected based on a
well volume of 200 L.
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LB medium without additives was used for positive
control of bacterial culture growth in the absence of antimi-
crobial effects. In the case of individual exposure, one an-
tibacterial agent was added, and for combined exposure,
an antibiotic and a bacteriophage or depolymerase were
added in pairs (a total of 16 combinations). The biofilms
with antimicrobial agents were incubated for 24 h. Then the
biofilms were washed and stained with crystalline violet, as
described above.

The optical density of the stained biofims was meas-
ured using a FlexA200 spectrophotometer at a wavelength
of 575 nm. All experiments were conducted in three biolog-
ical repeats, each of which included five technical repeats
for each combination.

The normality of the distribution was checked by the
Shapiro-Wilk test. The statistical significance and reliability
of the differences were determined by means of Student’s
t-test. The difference between the averages was consid-
ered significant at p < 0.05. Data analysis and visualiza-
tion were performed using the GraphPad Prism 8 software
package.

RESULTS

Characteristics of the strain and its resistance to
antimicrobial agents

Planktonic cells of the 9faiz strain demonstrated resistance
to all the studied antibiotics. The MIC values were as follows:
gentamicin — 128 pg/mL; levofloxacin — 128 pg/mL; mero-
penem — 32 pg/mL; and chloramphenicol — 128 pg/mL.
9faiz has also been characterized as a strain which abun-
dantly forms biofilms.

Bacteriophages DIv622 and Seu621 showed a low level
of seeding efficiency on strain 9faiz (EOP = 0.01). When
titrated according to Appelman, DIv622 and Seu621 at
concentrations of 5x10° BOE/mL also showed weak ac-
tivity without completely suppressing the growth of plank-
tonic cells. When determining the effectiveness of seed-
ing, FRZ284 showed lysis from the outside. However,
when titrated according to Appelman at a concentration
of 5x10° BOE/mL, it suppressed bacterial growth by 80%.

Recombinant depolymerase Dep622 deposited on
bacterial lawn of strain 9faiz formed translucent zones re-
sembling a halo of phage plaque, indicating enzymatic ac-
tivity. Based on the results, MED Dep622 was determined
as 0.68 pg/mL.

Individual and combined action of antimicrobial
agents on biofilms

With the individual use of bacteriophages DIv622, Seu621
or FRZ284 at a concentration of 5x10° BOE/mL, biofilm
biomass significantly decreased by 27-30% when com-
pared with the control (Fig. 1). At the same time, the use of
antibiotics in C, _, concentrations or depolymerase Dep622
in 100 MED did not lead to significant destruction of the
biofilm.

The combined use of bacteriophage DIv622 with the
studied antibiotics did not lead to a statistically signifi-
cant decrease in biofilm biomass when compared to the
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control (Fig. 2A). However, the combination of DIv622 with
levofloxacin or meropenem showed statistically significant
differences from the individual action of the phage, thus
reducing its effectiveness by 30% and 34%, respectively.
This indicated a possible antagonistic interaction of these
antimicrobial agents.

The use of bacteriophage Seu621 with the studied
antibiotics did not lead to a change in biofilm biomass.
The results did not significantly differ either from the indi-
vidual action of the phage or from the control (p = 0.05)
(Fig. 2B).

The combined use of FRZ284 with levofloxacin, mero-
penem, or chloramphenicol significantly reduced biofilm
biomass when compared to the control. However, these
results did not differ from the individual action of the phage
(Fig. 2B). In combination with gentamicin, FRZ284 showed
a significant decrease in biofilm biomass: 58% relative to
the control; and 39% compared to the individual action of
the phage. This indicates a synergistic (presumably) poten-
tiation between the phage and the antibiotic.

Depolymerase Dep622 in combination with gentamicin,
levofloxacin and chloramphenicol significantly increased
biofilm biomass by 27%, 28%, and 39%, respectively, when
compared with the control and individual action of the en-
zyme. This indicates a potential antagonism between the
antimicrobial agents studied herein (Fig. 2G). The combina-
tion of Dep622 with meropenem did not significantly affect
the biofilm biomass when compared to the control and in-
dividual action of the enzyme.

DISCUSSION

The study was conducted on a strain of K. pneumoniae
9faiz belonging to the capsule type KL23, often associated
with resistance to carbapenems. Among isolates producing
carbapenemases, the proportion of KL23 can reach 9-17%
[24]. In addition, the strain belonged to the sequence type
ST39, characterized by a high level of resistance to carbap-
enems. It was also associated with several outbreaks of
carbapenem-resistant strains of K. pneumoniae in Russia
and Greece [25]. Antibiotic resistance tests have demon-
strated resistance to K. pneumoniae 9fa belonging to the
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Fig. 1. Changing the biomass of the biofilm of the K. pneumoniae strain under
the individual action of various antibacterial agents. * — p < 0.05.
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Fig. 2. Changes in the biomass of K. pneumoniae 9faiz biofilm under the combined action of various antibacterial agents. * — p < 0.05

four main classes of antibiotics used to treat klebsiella in-
fection: aminoglycosides, fluoroquinolones, carbapenems,
and chloramphenicols. The strain also had a pronounced
ability to form biofilms, further emphasizing its pathogenic-
ity and resistance to therapeutic effects with standard dos-
es of antibiotics.

In order to identify a wide range of effects, bacterio-
phages belonging to various taxonomic groups were used
for the study: DIv622 (Autographiviridae, Slopekvirinae,
Drulisvirus); Seu621 (Vequintavirinae, Mydovirus); and
FRZ284  (Straboviridae,  Tevenvirinae,  Jiaodavirus).
Bacteriophages DIv622 and Seu621 have homologous
receptor-binding proteins represented by polysaccharide
depolymerases specific to K. pneumoniae strains with cap-
sule type KL23 [14]. In contrast, the bacteriophage FRZ284
lyzes K strains. pneumoniae is independent of the capsule
type and has a receptor-binding protein of unknown speci-
ficity [15]. To study the sensitivity of the 9faiz strain, bacte-
riophages were used at a concentration of 5x10° BOE/ml,
considered the standard therapeutic dose [26]. The results
of the Appelman titration showed that this dose is not suffi-
cient to completely suppress the growth of planktonic cells.
In addition, the evaluation of the seeding efficiency revealed
that the DIv622 and Seu621 phages reproduce 100 times
less successfully on the 9faiz strain than on the host strain.

The FRZ284 phage demonstrates exclusively lysis from the
outside.

Due to the resistance of the 9faiz strain to the studied
antibiotics and insufficient sensitivity to bacteriophages,
monotherapy with antimicrobial agents proved ineffective
for the destruction of biofilms, as confirmed during this
study. Individual exposure to bacteriophages reduced the
biomass of biofilms, although not leading to their complete
destruction (Fig. 1). Antibiotics did not statistically signifi-
cantly change the biomass of biofims, which can be ex-
plained by the use of low concentrations of antimicrobial
agents. Antibiotic concentrations significantly lower than
MIC were selected for the experiment, albeit correspond-
ing to peak concentrations of the antibiotic in human serum
(Table 1). Despite the high resistance of biofilms to antibiot-
ics, exceeding the concentration of C_ is unacceptable in
the framework of practical therapy. This is due to the poten-
tial toxic effect. This highlights the need to take this factor
into account when selecting appropriate concentrations of
antibiotics for in vitro studies.

The insufficient effectiveness of the individual use of an-
timicrobial agents emphasizes the need for their combined
use. Current studies have established that the combination
of antibiotics and bacteriophages against biofilms demon-
strates a higher level of efficacy than when compared to
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monotherapy. Thus, several studies have shown that the
combination of bacteriophages with ciprofloxacin [27],
amoxicillin or fosfomycin [9] exhibits a synergistic effect in
the destruction of K. pneumoniae biofilms. The results of
this study also revealed one case of potential synergy. The
combined use of bacteriophage FRZ284 with gentamicin
significantly reduced the biomass of biofim of strain 9faiz
compared with individual use of bacteriophage (Fig. 2B).
For antibiotics in the aminoglycoside class, to which gen-
tamicin belongs, mechanisms for suppressing bacterio-
phage replication have previously been proposed [10]. This
can lead to antagonism. According to our results, the effect
of gentamicin probably did not disrupt the replicative cycle
of the phage. This may possibly explain the observed syn-
ergy and discrepancies with previously described studies.
Although there is no data in the literature on the synergy of
antibiotics and T4-like bacteriophages of K. pneumoniae,
including FRZ284, similar cases have been described for
combinations of meropenem, ciprofloxacin and colistin
with T4-like phages of Acinetobacter baumannii [28].

In addition, within the framework of the experiments
conducted in this study, two cases of antagonism were
identified in which the bacteriophage DIv622 was com-
bined with levofloxacin or meropenem (Fig. 2A). Despite the
availability of data in the literature on the synergistic interac-
tion of antibiotics and bacteriophages, the antagonistic ef-
fects identified for the combinations of antimicrobial drugs
used in this work against K. pneumoniae biofilms have not
been previously described. Since levofloxacin inhibits DNA
gyrase and topoisomerase IV, the results obtained may
indicate a decrease in the rate of DNA replication of the
bacteriophage DIv622. Levofloxacin is also able to stimu-
late the formation of a thicker biofilm in K. pneumoniae [2],
which may impede the penetration of the bacteriophage
and reduce the effectiveness of its action. At the same
time, inhibition of the lytic activity of the bacteriophage by
meropenem, which blocks cell wall synthesis, remains dif-
ficult to explain due to an insufficient understanding of the
mechanism of this effect.

For the remaining combinations of antibiotics and bac-
teriophages, statistical significance did not allow us to judge
the effect. However, focusing on the average values, it can
be noted that combinations with bacteriophages DIv622
and Seu621 led rather to a decrease in the efficiency of
destruction of biofiims. On the contrary, combinations of
antibiotics with the bacteriophage FRZ284 simply did not
lead to an increase in effectiveness. The results obtained
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FEATURES OF OCCUPATIONAL MORBIDITY OF URANIUM MINING WORKERS
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Introduction. Preservation of the health and professional longevity of people of working age is a priority task of the Russian healthcare system. In this regard,
it is extremely important to study the structure and dynamics of occupational pathology for the scientific justification and development of measures aimed at
managing the risks to the health of workers in enterprises with extremely dangerous working conditions and to prevent the development of occupational diseases.
Objective. To study specific features in the structure of occupational morbidity of workers of a uranium mining enterprise over a 50-year period.

Materials and methods. The work was performed on the model of a large uranium mining enterprise within the Rosatom State Corporation in Russia with
extremely dangerous working conditions. Cases of occupational diseases detected in workers from the beginning of the operation of the company from
1970 to 2019 were analyzed. The structure of occupational diseases was characterized, and the share contribution of the main nosological forms over 5-year
periods was analyzed.

Results. The main nosological forms of occupational diseases in underground miners of a uranium ore mining enterprise were identified. A steady trend
towards an increase in the total number of cases of diseases was noted. There was a gradual increase in the proportion of diseases of the musculoskeletal
system and peripheral nervous system, a decrease in the proportion of “dust” pathology, an increase and subsequent decrease in the proportion of sensori-
neural hearing loss, as well as a stable contribution to the structure of occupational pathology of malignant neoplasms.

Conclusion. Indicators of a priori occupational health and safety risk of uranium mining workers reflect the levels of their occupational morbidity. Musculo-
skeletal system disorders and occupational malignancies dominate in the structure of occupational diseases. This morbidity is many times higher than the
national average.
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OCOBEHHOCTU NPO®ECCUOHAJIBHOW 3ABONIEBAEMOCTW PABOTHUKOB
YPAHOAOBLIBAKOLLIX MPON3BOACTB

H.A. Oanxec', B.b. MNaHkosa'?3*, .B. Cepebpsikos"*#, J1.M. Caapkonnens'34, N.H. ®egnHa'+°, H.I. BomwwiTenH', A.l. YdypoBs!

"HaumnoHanbHbIn MEANLMHCKWN NCCNEA0BaTENbCKUI LEHTP OTOpMHONapuHronorum @enepansHoro Meamko-6rmonormieckoro areHTcTaa, Mocksa, Poccust
2Bcepoccuiickuini HayYHO-MCCnefoBaTelbCKMin MHCTUTYT rUreHbl TpaHcnopTa PocnoTpebHaasopa, Mockea, Poccus

¢ Poccwiickas MeauLmMHCKas akafeMus HempepbIBHOro NpodeccruoHaneHoro obpadoBaHs MMHUCTEPCTBa 3apaBooxpaHeHs Poccuiickoin Gepepaum,
Mocksa, Poccusi

4Hay4Ho-nccnenoBaTeNbCKMin UHCTUTYT MedMUMHBI TRYAA MMeHW akagaemvka H.O. Viameposa, Mocksa, Poccust

5 Poccuinckuii yHuBepceuTeT MeamumHbl MUHUCTEpCTBa 3apaBooxpaHeHns Poccuiickorn Peanepaummn, Mocksa, Poccust

BeepeHue. OgHoM 13 NPYOPUTETHBIX 3aA4a4 34paBooOXpaHeHns Poccuinckon defepaunm SBASETCS COXPaHeHWe 340P0Bbs 1 MPOGECCOHaNbLHOro AONro-
NeTus AnL, TPYAOCNOCOBHOro Bo3pacTa. B CBA3M C 3TM KpaiiHe akTyanbHO U3yYeHne CTPYKTYPbl U AMHaMUKM NPOMecCoHanbHoM NaTonorum As Hayy-
HOro 060CHOBaHWSA 1 Pa3PaboTKN MEPONPUATUIA MO YNPaBAEHUIO PYCKamn AN 300P0BbS PABOTHUKOB NPEANPUATUIA C 0COB0 ONACHLIMU YCNOBUAMMN TPyAa
1 NpohnnakTrke pPas3BUTUA NPOdECCroHanbHbIX 3ab0neBaHuiA.

Llenb. /13y4eHne ocobeHHOCTE CTPYKTYpPbl MPOGECCHMOHaNBHOM 3a601eBaEMOCTN PAGOTHUKOB YPaHOL0ObIBAIOLLErO NPeanpusiTvs 3a 50-1eTHWN Nepuoa,.
Matepuansl n metoabl. PaboTa BbiNONHEHa Ha MOAENM KPYMHOro ypaHoaobbiBaoLLero npeanpuatvs Poccumn ¢ ocobo onacHbIMu ycnosuamm Tpyga 'K
«Pocatom».

[MpoBeneH aHanma cnyyaeB NPoheccnoHanbHbIx 3a60neBaHnin, BbISBNSEMbIX Y PAOOTHUKOB OT Ha4ana paboTel NpeanpuaTns 3a neprog ¢ 1970 no 2019 rr.
OxapakTepuaoBaHa CTPyKTypa npodeccroHanbHbix 3abonesaHnii, B AvHamMvke no 5-neTHUM nepuojamM npoaHannsnpoBaH [0NeBOW BKAaL OCHOBHbIX
HO30M0rM4YEeCKMX (DOPM.

Pe3ynbTaTbl. BbigBNeHbl NPUOPUTETHBIE HO30M0rMYeckne Mopmbl NPOdECCoHaNbHbIX 3aboneBaHnii y NoA3eMHbIX rOpHOPabo4nx NpeanpuaTua
no fobbl4e ypaHoBbix pya. OTMedeHa ycTonumBas TeHAEHUMS K yBENMYeHUto obLLero Yncna cny4aes 3aboneBaHuii ¢ NocTENeHHbIM YBEeNYeHnem
[onu 3abonesaHnin ONOPHO-ABMraTelbHOro annapara U Nepudeprn4eckon HEPBHOWM CUCTEMbI, CHUXKEHWIO [OMN «MblEBOW» NaTONOMMK, POCTY U MO-
CnefyloLwwemMy CHYDKEHWIO AONN HENPOCEHCOPHOWM TYroyxoCTW; CTabuibHbIN BKAAA B CTPYKTYPY NPOoecCnoHanbHOM natonorum 3noka4ecTBeHHbIX
HoBOOGpasoBaHmii.

© N.A. Daikhes, V.B. Pankova, P.V. Serebryakov, L.M. Saarkoppel, I.N. Fedina, N.G. Bomshteyn, A.G. Uchurov, 2024
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HasnbHOI 3a60eBaeMoCT. B CTPYKType npodeccroHanbHbix 3abonesanunii npeobnafatoT 3a60neBaHns KOCTHO-MbILLIEYHOI CUCTEMbI 1 MpodeccroHanb-

‘ 3aknoueHue. [okazatem anpruopHOro NpogeccroHansHOro pycka PaGoTHUKOB ypaHoAo6bIBaOLWIEro NPEANPUATUS OTPaXKAIOT YPOBHM X MPOgeccro-
Hble 3/10Ka4eCTBEHHbIE HOBOOBPA30BaHWSI, MHOrOKPATHO MPEBLILIAIOLLINE CPEAHEPOCCUIMCKIE NOKA3aTeNM.

KntoyeBble cnoBa: CTpykTypa npoheccroHanbHOM NaTtonorim; npoheccroHanbHbIi PUCK; 3a00/1EBaHNSt KOCTHO-MbILLIEYHOW CUCTEMbI; NPOdeccroHab-
Hble 3/10Ka4eCTBEHHbIE HOBOOGPA30BaHISA
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INTRODUCTION

Ensuring the medical component of industrial safety, pre-
serving the health and professional longevity of people of
working age comprise priority tasks of the healthcare of
the Russian Federation. Strategically important industries
need highly qualified personnel, whose training requires
significant time and material resources. In this regard, the
health of workers in certain industries with particularly dan-
gerous working conditions is of great medical, social, and
economic significance [1-2].

The importance of this area was emphasized by
M.V. Mishustin, the Chairman of the Government of the
Russian Federation, at the opening of the All-Russian Week
of Occupational Safety — 2021. He emphasized that the
rapidly changing world poses new challenges, which lead
to previously unknown risks associated with occupational
diseases arise. Therefore, timely identification of signs of
the initial development of a possible occupational disease
is an urgent task.

According to the definition by the WHO, occupational
risk is the prognostic probability of the frequency and se-
verity of adverse reactions to exposure to harmful factors of
the working environment and the work process. Production
factors (noise, vibration, severity of the labor process) that
exceed sanitary and hygienic standards have a negative
impact on the body of workers. They can cause a risk of
developing occupational diseases, exacerbate the course
of a number of common diseases, and determine disability
and the onset of disability [3-5].

It is difficult to overestimate the importance of nu-
clear energy in Russia. Currently, nuclear power plants
here generate about 20% of the total electricity amount.
Power generation at nuclear power plants, extraction of
raw materials, and enrichment of nuclear fuel are carried
out at the enterprises of the Rosatom State Corporation,
one of the largest producers of natural uranium in the
world [6-7].

The majority of studies into the health status of urani-
um mining workers in Russia were carried out in the late
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twentieth and early twenty-first centuries. They recorded
the presence of such priority factors of working condi-
tions as industrial aerosols, intense noise, local and gen-
eral transport, technological vibration, physical overload,
functional overstrain of the musculoskeletal system, and
ionizing radiation [8-12]. The main forms of occupational
diseases of workers at that time were pathologies of the
respiratory system (silicosis, pneumoconiosis), vibration
disease, and occupational hearing loss [13-18].

Therefore, research aimed at studying the features of
occupational health disorders of workers exposed to harm-
ful production factors during the extraction of uranium ore
and the development of measures to manage the risks of
their development are both justified and relevant.

In this paper, we study the structure of occupational
morbidity of workers of a uranium mining enterprise over
a 50-year period.

MATERIALS AND METHODS

The work was performed based on a model of a
large uranium mining enterprise within Rosatom State
Corporation in Russia with extremely dangerous work-
ing conditions.

Cases of occupational diseases detected in workers
from the beginning of the company’s work for the period
1970-2019 were analyzed. The structure of occupational
diseases was characterized, and the contribution of the
main nosological forms (silicosis, vibration disease, sen-
sorineural hearing loss, chronic dust bronchitis, pathol-
ogy of the musculoskeletal system and peripheral nervous
system, malignant neoplasms) was analyzed over 5-year
periods [19-20].

RESULTS AND DISCUSSION

The conducted research established that at the workplac-
es of the uranium mining enterprise studied here, the cur-
rent main occupational health risk factors are intense noise,
local and general vibration, as well as physical overload
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Fig. 1. The structure of nosological forms of occupational pathology identified
in uranium mining workers for the period 1970-2019 (number of cases, %)

and functional overstrain of the musculoskeletal system
due to insufficient mechanization of the labor process and
the high prevalence of manual labor among workers of the
main professions. Radiation factors (gamma radiation, ra-
don and its short-lived daughter decay products, long-lived

alpha-nuclides of a number of natural uranium) have an ad-
ditional negative impact on the health of miners. The data
obtained is comparable with the information available in
previously published literature sources [21-23].

Currently, industrial aerosols have an insignificant im-
pact on the occupational risk structure of miners of the
uranium mining enterprise, largely due to the use of various
dust suppression methods.

The results of a retrospective analysis of cases of occu-
pational diseases based on archived data from the results
of preventive medical examinations for the period 1970-
2019 are presented in Table 1.

In total, from 1970 to 2019, 1134 cases of occupational
diseases were recorded among workers of the uranium
mining enterprise. There was a fairly steady increase in
the number of occupational diseases, with more than half
of all cases (53.9%) detected in the past 10 years, in the
2010-2019 period.

Occupational morbidity is characterized by the follow-
ing priority groups of pathology: diseases of the peripheral
nervous system (PNS) and musculoskeletal system (MSS),
formed mainly due to overstrain of organs and systems in
the process of performing work functions (33.7%); sensori-
neural hearing loss (SNHL) caused by noise exceeding the
maximum permitted level (23.2%); vibration disease (VD)
due to exposure of local and/or general vibration (20.0%);
respiratory diseases due to exposure of industrial aerosols
(11.6%), among which cases of silicosis (2.5%) and chronic
dust bronchitis (CDB) (9.1%) were isolated; malignant neo-
plasms (MNs) — 10.1% of cases (Fig. 1).

The conducted analysis allowed us to establish specific
features in the dynamics of the development of occupa-
tional pathology in workers of the enterprise studied herein
(Figs. 2-6).

Thus, in the period from 1970 to 1989, more than half
of the cases of occupational diseases (up to 62.5%) were
due to respiratory pathology, silicosis, and chronic dust

Table 1. Cases of occupational diseases over 5-year periods in 1970-2019 (absolute values)

Cases VD MNs SNHL PNS & MSS Silicosis cbB Others Total
1970-1974 2 1 5 0 8
1975-1979 8 2 10 14 6 0 40
1980-1984 2 4 5 1 1 13
1985-1989 7 5 1 27 5 45
1990-1994 4 5 56 8 1 25 2 101
1995-1999 7 25 27 4 1 19 1 84
2000-2004 9 28 23 1 2 0 73
2005-2009 57 9 59 27 1 4 2 159
2010-2014 85 20 51 162 13 2 333
2015-2019 55 17 27 170 6 3 278
Total in 1970-2019 227 115 263 382 28 103 16 1134

The table was prepared by the authors based on archival data
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Fig. 2. Dynamics of the proportion of silicosis and chronic dust bronchitis in the structure of occupational diseases detected in uranium mining workers during
the 1970-2019 period
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Fig. 3. Dynamics of the proportion of sensorineural hearing loss in the structure of occupational diseases detected in workers of a uranium mining enterprise during
the 1970-2019 period
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Fig. 4. Dynamics of the proportion of vibration disease in the structure of occupational diseases detected in workers of a uranium mining enterprise during the
1970-2019 period
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Fig. 5. Dynamics of the proportion of malignant neoplasms in the structure of occupational diseases detected in workers of a uranium mining enterprise during
the 1970-2019 period
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Fig. 6. Dynamics of the proportion of diseases of the peripheral nervous system and musculoskeletal system in the structure of occupational diseases detected in

workers of a uranium mining enterprise during the 1970-2019 period

bronchitis (CDB). Prior to 1984, silicosis prevailed among
occupational diseases of the respiratory system; however,
since 1985, chronic dust bronchitis has become the priority
form of pathology with up to 60% of all cases of occupa-
tional diseases (OD). Silicosis was detected only in isolated
cases.

Cases of silicosis have not been detected since 2000.
CDB accounted for 2.7% to 3.9% of cases of all occupa-
tional diseases. It is important to note that cases of silicosis
were found in those workers who, prior to starting work in
the divisions of a uranium mining enterprise, had already
had a history of work experience in «dusty» professions at
other mining enterprises.

The proportion of sensorineural hearing loss in the
structure of occupational pathology fluctuated over a
wide range: the maximum (55.4% of cases) in the period
from 1990 to 1994 with a fairly significant decrease in
indicators to 9.7-15.3% in the period from 2010 to 2019.
The proportion of vibration disease (VB) in the structure
of occupational diseases was 20-25% from 1970 to
1979. In the period from 1980 to 1989, cases of VB were
not recorded. Since 1990, an increase in the incidence
of VB was noted: from 4% in 1990-1994 to 35.8% in
2005-2009. Over the following 10 years, i.e., 2010-2019,
the proportion of cases of VB returned to the level of
19.8-25.5%.

It is important to note that in the structure of the oc-
cupational pathology of workers of a uranium mining
enterprise, cases of malignant neoplasms (MNs) were
regularly detected (with the exception of 1970-1974).
Respiratory pathology prevailed among MNs (lung can-
cer — most of all).

The proportion of MNs was no more than 0.6% of cases
in the structure of occupational pathology in the Russian
Federation over the past 15-20 years. However, in the case
of uranium miners, MNs was at least 5-6%. In some peri-
ods, this figure reached 29.8—-38.4% of cases (1995-2004).
Malignant neoplasms are mainly represented by cases of
lung cancer (94 cases, 81.7%) and some variants of hemo-
blastosis (21 cases, 18.3%).

Between 1989 and 2019, in the Russian Federation,
slightly over 1000 cases of occupational cancer were de-
tected. The data obtained indicates that cases of occupa-
tional cancer detected in uranium enterprise workers ac-
count for almost 10% of all cases of occupational cancer in
the entire country.

Since 2005, there has been an increase in the in-
cidence of diseases of the musculoskeletal system
and peripheral nervous system: the most frequently
recorded since 2010. In 2019, this figure reached more
than 60%.

Intensive morbidity rates (the number of cases per
10,000 workers) demonstrated a fairly significant increase
in the number of cases (56.3% of cases per 10,000 work-
ers in harmful working conditions). A significant spread of
occupational morbidity indicators has been established
over the years. The highest number emerges in the last 10
years, which can be attributed to increased knowledge of
medical professionals and improved diagnosis of various
forms of occupational pathology. The occupational disease
detection rate is currently the highest (66.6-69.5% of cases
per year). A feature of the morbidity rate of uranium mining
workers is the almost threefold increase in cases of vibra-
tion disease, MSS and PNS disorders, reaching 60%, in the
period of 2005-2019.

The data from the retrospective analysis of the struc-
ture of occupational morbidity of uranium mining workers
demonstrates their features in comparison with the gen-
eral structure of occupational morbidity of workers in the
Russian Federation [24]. More than a third of all cases are
occupational diseases of the peripheral nervous system
and musculoskeletal system. AlImost a quarter are sensori-
neural hearing loss. One fifth consists of vibration disease
which is comparable with previously available information
in the literature [25]. However, the frequency of develop-
ment and detection of respiratory diseases is insignificant
when compared to previously available data (more than
10% of cases) [26].

In addition, a feature of the dynamics of the devel-
opment of certain nosological forms of occupational
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pathology among uranium mining workers during the
first 10-year period analyzed was the predominance of
the number of cases of occupational respiratory dis-
eases (silicosis and chronic dust bronchitis with a pre-
dominance of silicosis). Currently, dust bronchitis due
to exposure to industrial dust is the predominant form
of occupational respiratory disease. The predominance
of cases of respiratory pathology among workers in the
first decades of the operation of the enterprise can be
explained by the fact that in the initial period a significant
proportion of workers, including underground miners,
had previously worked in underground mining facilities
in other regions of the country. As our own qualified per-
sonnel were trained, the proportion of workers exposed
to fibrogenic dust at other enterprises significantly de-
creased. This led to a change in the structure of occupa-
tional respiratory pathology.

The proportion of malignant neoplasms is rather
high (for 50 years it amounted to 10.1% of cases), be-
ing significantly higher than the national average [24].
Regular detection of cases of malignant neoplasms
(mainly of the respiratory system with a predominance
of lung cancer) deserves special attention. These figures
significantly exceed the national data and account for
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POTENTIAL RISKS OF OCCUPATIONAL EXPOSURE TO INNOVATIVE BIOPHARMACEUTICALS: A REVIEW

Vladimir I. Klimov', Olga S. Lalymenko?*, Lilia V. Korsun?

" Scientific Centre for Expert Evaluation of Medicinal Products, Moscow, Russia
2 Centre for Strategic Planning of the Federal Medical and Biological Agency, Moscow, Russia

Introduction. Gene-targeted therapies (gene-targeted, high-tech, and biopharmaceuticals) are developed based on active pharmaceutical ingredients,
which are reactive compounds with pleiotropic activity. Such ingredients are associated with health hazards to workers employed at various stages of their
production. Clinically significant pharmacological or toxicological effects of innovative medications on employees exposed to these components are unsafe
from the perspective of a risk-based approach in occupational medicine.

Objective. Assessment of potential risks of occupational exposure to innovative biopharmaceuticals in production or laboratory conditions and approaches
to their hygienic management.

Materials and methods. The relevant scientific publications were searched and retrieved via electronic bibliographic databases both in the Russian lan-
guage (eLibrary, CyberlLeninka) and in the English language (WoS, Scopus, PubMed). Regulatory documents were analyzed using the Consultant Plus legal
information system.

Discussion. Specific features of production of new-generation biopharmaceuticals (gene-targeted, high-tech, or biotechnological medications) and the as-
sociated risks of occupational exposure to workers in pharmaceutical or laboratory production are considered. It was established that employees of such
enterprises are exposed to the combined influence of adverse — biological, physical, and chemical — production environment factors. There is a lack of informa-
tion on the development of analytical methods for identifying gene-targeted components (high-tech or biotechnological medications) in the workplace air and
wastewater, as well as on workplace surfaces. The identified problems of occupational health are related to the lack of legislative instruments and knowledge-
based management decisions on the identification of risk factors and control ranges of potential work-related effects of innovative biopharmaceuticals. Such
approaches should be based on the principles of hygienic regulation aimed at eliminating or reducing negative industrial effects and ensuring the safety and
preservation of employee health.

Conclusions. Major methodological approaches to assessing the work-related impact of gene-targeted, high-tech, or biotechnological therapies on employ-
ees of pharmaceutical enterprises are determined. These approaches include: (1) toxicological assessment of compounds with the establishment of possible
parameters of toxicometry; (2) evaluation of the pharmacological and toxicokinetic features of gene-targeted therapeutical components; (3) development of
methods for their quantitative determination in various environments; (4) establishment of biomarkers of exposure and related effects followed by hygienic
rationing and justification of preventive measures.
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BO3MOXXHbIE PUCKU MPO®ECCUOHAJIbHOIO BO3AENCTBUA MHHOBALIMOHHbIX
BUONOIMM4YECKUX JIEKAPCTBEHHDbIX MNPEMAPATOB: OB30P JINTEPATYPbI

B.M. Knumog!, O.C. JlaneimeHko?, J1.B. KopcyH?

"Hay4HbI LEeHTp SKCnepTu3bl CPEACTB MeAMLMHCKOro NpuMmeHeHns MuHucTepcTea 3apaBooxpanHeHns Poccuitckon ®epepaummn, Mocksa, Poccus

2LleHTp cTpaTernieckoro niaHMpoBaHWs 1 yrpasieHus MeanKo-O1oNornieckmmn pyckamv 30poBbio defepanbHoro Meanko-61onornieckoro areHTCTea,

Mocksa, Poccus
BBepeHune. AKT/BHbIe (hapmaLeBTUHeCKMe HrPeaneHTbl AN MPOU3BOACTBA SIEKAPCTBEHHBIX NpenapaToB, BO3AEMCTBYIOLWVIX Ha reHeTU4YecKnii annapar
(reHOoTepaneBTUYECKNX, BEICOKOTEXHONIOMMYECKMX, BUOTEXHONOMNYECKHX), ABASIOTCA PEaKLMOHHOCMOCOOHBIMY COEAMHEHNSAMM C NAENOTPOMHOM akTUBHO-
CTbtO, 4TO COMPSKEHO C PYCKamMy 3A0POBBIO0 PABOTHVKOB, 3aHATLIX Ha Pa3NNHYHbIX dTarnax 1x NPon3BoAcTBa. KNMHUYECKN 3HaYMMbI (hapMako/TOKCUKOSO-
rNYeCKN 3PHEKT NHHOBALMOHHDBIX TEKapPCTBEHHbIX MpenapaTos, BO3AENCTBYIOLLMX Ha paboTatoLLIMX, VMEIOLLMX NPOU3BOACTBEHHbI KOHTAKT C AaHHbIMU
KOMMOHEHTaMW, C TOYKM 3PEHNS PUCK-OPUEHTUPOBAHHOIO NOAX0Aa B MeAuUVHe Tpyaa SBnseTcs Hebe3onacHbIM.
Llenb. OueHka noTeHumanbHbIX PUCKOB MPO(ECCHMOHaNIbHOr0 BO3AENCTBMA MHHOBALMOHHBIX OMONOMMHYECKNX NEKAPCTBEHHbIX MPenapaToB Ha paboTaloLLImX
B YC/OBUSAX NPOU3BOACTBA/NabopaTopun 1 METOANHECKNX MOAXOA0B X MIMEHNYECKON pernameHTaumn.
MaTepuanbl n MeToAbl. [10MCK Hay4HOW NNTEPaTYPbI BbINOMHEH B 31EKTPOHHBIX Orbnmorpaduryeckx 6asax gaHHbIx Ha pycckom (eLibrary, CyberlLeninka)
n aHrnuckom (Web of Science, Scopus, PubMed) s3bikax, HOpMaTVBHbIX JOKYMEHTax B CNPaBO4YHON NpaBoBow cucteme KoHcynstaHTl toc.
O6GcyxaeHue. PaccMOTpeHbl OTAENbHbIE acnekTbl 0COOEHHOCTeN pa3paboTK BUONOMMHECKNX IEKAPCTBEHHbBIX NpenapaToB HOBOrO MNOKONEHWs (reHo-
TepaneBTUYECKNX/BbICOKOTEXHONOMMYECKMX/ONOTEXHONOMMYECKMX TIEKAPCTBEHHBIX CPEACTB) M COMPSPKEHHBIX C 3TUM PUCKOB MPOdEeCCMOHaNbHOro BO3-
[EeNCcTBMS Ha PabOTHUKOB B YCNOBUSIX hapMaLeBTUHeCKOro unm naboparopHoro Npov3soacTea. BeigBneHo, 4To paboTHVKM NOABEPraloTCs COHETaHHOMY
BO3JENCTBUIO HebnaronpusTHbIX (hakTOPOB MPOM3BOACTBEHHON Cpedbl Pa3nu4HON NPMPOAbl: B1ONOrMHYECKNX, PUSNHECKIX, XMmHecknx. OTMeqaeTcs
HernosHoTa MHMopMaUMn O pa3paboTke aHaIMTUHECKNX METOLOB MAEHTUMMKALMN KOMIOHEHTOB reHOTEPaneBTUYECKNX/BbICOKOTEXHONOMMHECKNX/O1O-
TEXHONOMMYECKMX NEKAPCTBEHHbBIX CPEACTB B BO3Ayxe paboyer 30Hbl, Ha pabo4mnx MOBEPXHOCTAX, B CTOYHbIX Bogax. O603Ha4eHbl akTyasbHble npobie-
Mbl TUrMEHbI TPyAA, CBA3aHHbIE C OTCYTCTBMEM 3aKOHOAATENbHbBIX MHCTPYMEHTOB, Hay4HO OBOCHOBAHHbIX YNPaBAEHYECKNX PELLeHNi MO naeHTUduKaLmmn
(haKTOPOB puUCKa 3A0POBLIO PAOOTHMKOB, AMANa30HOB KOHTPONA MOTEHLMANbHOrO NPOVM3BOACTBEHHOrO BO3AENCTBUSA MHHOBALMOHHBIX GMONOrMYecKmX

© V.I. Klimov, O.S. Lalymenko, L.V. Korsun, 2024
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NIEKaPCTBEHHbIX MPEMnapaToB Ha OCHOBE MPUHLIMMOB M’MrMEHNYECKON perfiaMeHTaLm, HanpPaBIeHHOM Ha YCTPaHEHME UM YMEHbBLLEHWE HEraTUBHOMO MPON3-
BOACTBEHHOMO BO3EMCTBUA U 0becneveHne 6e30MacHOCT 1 COXPaHeHVs 300P0Bbs PAOOTHUKOB.

BbiBoAbl. [TpoBefeHHas paboTa No3Bonaa onpeasnnTe OCHOBHbIE METOANYECKMNE NMOAXOMAbl MO OLEeHKE MOTeHLManbHOro NpoV3BOACTBEHHOMO BO3AeN-
CTBUSI rEHOTEPaNeBTUHECKMX/BbICOKOTEXHONOMMYECKNX/BMOTEXHONOMMHYECKNX NIEKAPCTBEHHbBIX CPEACTB Ha PabOTHUKOB COOTBETCTBYIOLLMX (hapMales-
TUYECKMX NPeanpusTUin. K TakuMm noaxofam OTHOCHTCS: TOKCUMKOMIOrMyeckasi oLeHka COeMHEHUI C YCTaHOBNIEHNEM BO3MOXHbIX MapamMeTPOB TOKCHKO-
MeTpUN, UccneaoBaHne hapMako/TOKCUKOKMHETUHYECKNX OCOBEHHOCTEN KOMMOHEHTOB MeHHbIX MpenapaTtos, pa3paboTka METOAWK UX KONMYECTBEHHOrO
onpeneneHnst B pasnnyHbix Cpeaax, yCTaHOBEHME B1MOMapKePOB IKCMO3ULIMM 1 3deKTa C MOCAEAYIOLM MIMEHNYECKM HOPMMPOBaHNEM 1 060CHOBA-
HNEM OCHOBHbIX MPOMUNAKTUHECKNX MEPONPUATUIA.

KnioueBble cnoBa: BbICOKOTEXHOMNOMMYHbBIN J'IeKapCTBeHHbIVI npenapar, FeHOTepaI‘IeBTM‘-{eCKMVI J'IeKapCTBeHHbIIh npenapar, BNOTEXHONOMMHECKNI
J'IeKapCTBeHHbIIZ npenapar,; OOKNNHNYeCKe nccnenoBaHnd; MOHOKIOHaTbHbIe aHTUTenNa; I‘IpOCbeCCI/IOHaJ'IbeII;I PurCK; NpeaenbHO AonyCcTMas KOHLUEeHTpaLmna

Ansa untnposanus: Knumos B.W., Nanbiverko O.C., KopcyH J1.B. Bo3MOXHble pUCKM MPOdeCCUMOHaNbHOr0 BO3AENCTBIA MHHOBALWMOHHDBIX O1OIOMMHECKNX
JIEKapPCTBEHHbIX NMPenapaToB: 0630p auTeparypbl. MeauLmHa sSKeTpemasibHbix cutyaumii. 2024;,26(4):74-81. https:/doi.org/10.47183/mes.2024-26-4-74-81
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INTRODUCTION

Modern medicine has reached a high level of development
in the fields of innovative technologies and innovative me-
dicinal products (MPs). Unfortunately, for a number of dis-
eases, not only etiotropic but also pathogenetic therapeuti-
cal approaches are still lacking [1].

Until recently, the pharmaceutical industry has been
largely aimed at the creation and industrial production of
low-molecular weight MPs. However, the evolving under-
standing of the possibility of affecting the genetic appa-
ratus of somatic cells to restore or modify the synthesis of
certain proteins associated with a particular disease has
led to the appearance of innovative biological MPs [2—4] for
treating a wide range of conditions.

Active pharmaceutical ingredients currently used for the
production of gene-targeted MPs are reactive compounds
with pleiotropic activity. Such ingredients can carry health
risks for workers involved in various stages of their pro-
duction [5]. Although the effects of MPs on patients may
be desirable or acceptable, any clinically significant phar-
macological or toxicological effect of a gene-targeted MP
on people working with these components is unsafe from
the perspective of a risk-based approach in occupational
medicine [6-7]. The priority direction of preventive medi-
cine consists in identification of unsafe production factors
and evaluation of safe exposure limits to hazardous factors
at the workplace for the purpose of their hygienic control,
based on the principles of safety for workers, the environ-
ment, and the public.

In this work, we aim to assess potential risks of occu-
pational exposure of workers to innovative biological me-
dicinal products in production or laboratory conditions and
to determine approaches for their hygienic management.

MATERIALS AND METHODS

Scientific publications on the topic under study were
searched and retrieved via electronic bibliographic
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databases in the Russian (eLibrary, CyberLeninka) and
English (WoS, Scopus, PubMed) languages. Regulatory
documents were analyzed using the Consultant Plus legal
information system. Search queries were carried out us-
ing the following keywords: advanced therapy medicinal
product (ATMP), gene therapy medicinal product (GTMP),
biotechnology-derived pharmaceuticals, preclinical stud-
ies, monoclonal antibodies (mAbs), occupational hazard,
and allowable concentration. The search depth was 10
years. The inclusion criteria were: availability of structured
information on preclinical and clinical safety of ATMPs,
GTMPs, biotechnology-derived pharmaceuticals, quanti-
tative methods of their identification in different environ-
ments, as well as specific features of production environ-
ment control.

RESULTS AND DISCUSSION

Modern therapeutic strategies are aimed at individualiza-
tion of therapeutic effects, adapting the medication and
dose to the needs of a particular patient. Such strategies
can be realized through the use of biological or biotechno-
logical products capable of modifying gene sequences or
controlling their expression, as well as those changing the
biological properties of cells and, accordingly, the produc-
tion of therapeutically active proteins in the body for their
therapeutic or preventive effects [8-9].

According to the report “Gene Therapy Development &
Manufacturing 2023”, more than 3150 biological, biotech-
nological, and gene-targeted new-generation MPs are cur-
rently undergoing various R&D stages, with more than two
dozen drugs having been approved for clinical use by MP
regulatory authorities of different countries [10].

In the Russian Federation, the R&D, expertise, pro-
duction, and introduction of biological or biotechnological
MPs into healthcare practice is an actively growing direc-
tion. At the same time, gene therapy is still defined as a
set of genetic engineering (biotechnological) and medi-
cal methods aimed at introducing changes in the genetic
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apparatus of human somatic cells in order to treat dis-
eases [11]. Recently, the regulative documentation in this
sphere has undergone revision, evidenced by the adop-
tion of the Federal Scientific and Technical Program for
the Development of Genetic Technologies for 2019-2027.
This program is aimed at solving the problems of acceler-
ated development of genetic technologies, including ge-
netic editing technologies [12-14].

At the same time, according to the Federal Law No. 61-
FZ “On Circulation of Medicinal products” dated 12.04.2010
(ed. 30.01.2024) clause 6.3, art. 4, the following definition
is introduced: “advanced therapy medicinal product is a
gene therapy medicinal product (GTMP) for medical use
or an MP based on somatic cells for medical use or a tis-
sue-engineered MP (tissue engineering product).” Clause
7.2 of art. 4 of this law and the EAEU Decision No. 78 of
03.11.2016 “On the Rules for Registration and Examination
of Medicinal Products for Medical Use” defines GTMP as
follows: “a biological MP containing an active substance
with recombinant nucleic acid or consisting thereof, admin-
istered to a person for the purpose of regulating, restoring,
replacing, adding, or deleting a genetic sequence. Clause
7.1 of art. 4 of the same law specifies the definition of bio-
technological MPs, namely, the production of which is car-
ried out using biotechnological processes and methods.
The latter feature DNA recombinant technology, technol-
ogy for controlled expression of genes encoding biologi-
cally active proteins in prokaryotes and eukaryotes, includ-
ing modified mammalian cells), hybridoma and monoclonal
antibody methods.

Along with the abovementioned, according to the RF
Federal Law No. 180-FZ of 23.06.2016, the term “bio-
medical cell product — a complex consisting of a cell
line (cell lines) and auxiliary substances, which do not
include transplantation objects, as well as advanced
therapy medicinal product, including GTMPs” applies
to biomedical cell products. Requirements for produc-
tion conditions, validation of the production process,
quality control of target and intermediate products of
GTMPs are reflected in the National Standard of the
Russian Federation GOST R 52249-2009 “Rules of pro-
duction and quality control of medicinal products” and
the State Pharmacopoeia of the Russian Federation XIV
OFS.1.7.1.0011.18 “Biotechnological medicinal products.”
Methodology and requirements for conducting preclini-
cal studies, stability studies of biotechnological phar-
maceuticals, and safety of pharmaceutical substance
and finished dosage form are described in the national
standard GOST R 57688-2017 “Medicinal products for
medical use. Stability studies of biotechnological/bio-
logical medicinal products.”

It should be noted that the aforementioned legal frame-
work regulates the processes of biological or biotechno-
logical MP circulation, being primarily aimed at ensuring
the quality and safety of biological or biotechnological MPs.
However, it does not guarantee the health safety of person-
nel having occupational contact with harmful or hazardous
factors at the workplace.

In the Russian Federation, the legislative basis for oc-
cupational medicine, i.e., a branch aimed at protecting the
health of the working contingent in contact with harmful

or hazardous factors of the working environment (physical,
chemical, biological, and occupational factors), is formed
by a wide range of existing normative and methodological
or legal documents, which were significantly amended in
the period from 2021 to 2022. These amendments reflect
modern requirements for occupational safety and health
protection of the working population in accordance with
international standards and new achievements in science
and technology.

Thus, according to the Sanitary Rules and Regulations
3.3686-21 “Sanitary and Epidemiological Requirements for
the Prevention of Infectious Diseases”, mandatory require-
ments for a set of organizational, sanitary, and anti-epi-
demic, therapeutic and preventive, laboratory-diagnostic,
engineering and technological measures are established,
along with the order of accounting, storage, transfer and
transportation, conditions and algorithm of work at the mo-
lecular, cellular levels for the creation of modified or geneti-
cally engineered variants of biological agents, diagnostic
tests, and diagnostic procedures.

An important point in the recently adopted Decree of
the President of the Russian Federation of March 11, 2019
No. 97 “On the Fundamentals of the State Policy of the
Russian Federation in the Field of Ensuring Chemical and
Biological Safety for the Period up to 2025 and Beyond”
was the definition of strategic directions of the state poli-
cy in the field of ensuring biological safety. These include
maintaining an acceptable level of risk of negative impact of
hazardous biological factors on the population and the en-
vironment; development of hygienic standards and meth-
ods for indicating the content of biological agents in the
environment; implementation of modern mechanisms for
managing chemical and biological risks; implementation of
a set of measures to prevent and minimize biological risks,
increase the protection of the population and the environ-
ment from the negative impact of hazardous biological fac-
tors, as well as assessment of the effectiveness of these
measures.

The issues concerning the methodology of develop-
ment and scientific substantiation of criteria for hygienic as-
sessment of the impact of biological production factors are
of particular significance. It should be noted that at the leg-
islative level, there are currently no clear indications of the
procedure of industrial control and algorithms for hygienic
rationing of harmful factors of the working environment
arising at various stages of development and production of
GTMP, ATMP, biotechnological MPs, both in the workplace
air and in environmental objects.

Industrial biotechnologies, according to GOST R
52249-2009 National Standard “Rules of production and
quality control of medicines”, represent multistage tech-
nological processes, based on the use of different strains
and serotypes of living microorganisms, cell cultivation or
extraction of material from living organisms, a wide range
of raw materials, the formation of a wide range of inter-
mediate and end products of microbial synthesis. This
determines the complex nature of harmful effects associ-
ated with the process of biological and microbial synthe-
sis and, therefore, the combined nature of harmful effects
of biological and other production factors on the body of
workers [10, 11].
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The general biotechnological scheme of pharmaceutical
production includes five stages: strain selection, selection
and preparation of nutrient medium, cultivation of strain-
producers (fermentation), obtaining inoculum, isolation and
purification of the target product. Biotechnological pharma-
ceuticals require a high degree of purity, which is achieved
by successive purification operations, such as separation,
destruction of cell membranes (biomass disintegration),
separation of cell walls, separation and purification of the
product, fine purification and separation of preparations.
It should be noted that separation and purification of the
product with subsequent separation of preparations and
isolation of the target product from the culture fluid or ho-
mogenate of destroyed cells is carried out by precipitation
(salting), extraction, or adsorption. During this precipitation
process, physical (heating, cooling, dilution, concentration)
and chemical methods (using inorganic and organic sub-
stances — ethanol, methanol, acetone, isopropanol) are
applied [11, 12, 13, 14], which creates an additional load in
terms of air pollution at the workplace by chemical organic
and inorganic compounds.

During production, pharmaceutical ingredients may
be released into the workplace air, as a rule, in trace
amounts or in high concentrations in emergency situa-
tions. Such events may occur in case of non-compliance
with sanitary and hygienic requirements, e.g., insuffi-
cient sealing of equipment at various stages of the tech-
nological process. This may result in contamination of
the workplace air, clothing, skin of workers, surfaces of
equipment, building structures, industrial sites, and the
broader environment. In the air of industrial premises,
harmful substances can be found in the form of gas-
es, vapors, aerosols, as well as in the form of mixtures.
These substances enter the body mainly through the
respiratory tract (inhalation), gastrointestinal tract (orally),
skin (transcutaneously), and through the mucous mem-
brane of the eyes in some cases [10, 12, 13, 14].

The risk of inhalation exposure to components of bio-
logic or biotech MPs (detailed in WHO/CDS/CSR/ISR/99.2.
Department of Communicable Disease Surveillance and
Response) is possible through the following manufactur-
ing manipulations: bacteriological loop calcination, seed-
ing on agar dishes, pipetting, swab preparation, opening
cell culture vessels, blood or serum sample collection,
centrifugation; the risk of ingestion of a pathogenic agent
is likely when handling samples, swabs and cultures; the
risk of subcutaneous infection is likely when using needles
and syringes when handling blood or removing infected
material.

In recent years, the number of therapeutic agents de-
veloped on the basis of genetically engineered monoclo-
nal antibodies (mAbs), such as bevacizumab, cetuximab,
daratumumab, omalizumab, rituximab, and trastuzumab,
has increased significantly. Such agents occupy one of
the leading positions in the global pharmaceutical market
in terms of production volume [15-17]. As of November
2021, more than 130 antibody-based drugs have been
approved or are under consideration by regulatory au-
thorities. In the world’s clinical practice, about 35 mAb
medications are used for the treatment of oncological, au-
toimmune, infectious, and allergic diseases characterized
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by a long progressive course. In Russia, about 23 mAb
medications have been registered and are successfully
used [14, 18].

As a rule, monoclonal antibodies are large molecules
with a molecular mass > 140 kDa, designed for targeting
specific proteins [15, 19, 20]. Bispecific monoclonal anti-
bodies (bsAbs) are next-generation antibodies, typically
having molecular masses between 50 and 60 kDa, with
higher clinical efficacy and safety by targeting two different
immunoregulatory pathways. Monoclonal antibodies are
produced using hybridoma technology, recombinant DNA,
or other technologies [21-23].

The active component of mAb medicines are highly
purified immunoglobulins or their fragments, e.g., F@ab’)
2-fragments, characterized by specificity to a strictly de-
fined antigen determinant, produced by one clone of
antibody-forming cells. The source of mAb production is
cloned cells — immortalized (“immortal”) B-lymphocytes
in the form of a transplanted cell culture or cell line, ob-
tained on the basis of recombinant DNA technology [18,
22]. Immunoglobulins or their fragments can be altered by
various modifications: conjugation with a toxin, inclusion of
a radioactive tag, chemical binding of two immunoglobulin
molecules or their derivatives to obtain an mAbs with dual
specificity, creation of Fc-linked fusion proteins — fusion
proteins, etc. [16, 19].

Monoclonal antibodies exhibit unusual characteris-
tics. These are large-molecule proteins that are hydro-
philic and labile (both chemically and enzymatically),
which allows them to be broken down in the gastroin-
testinal tract. However, these are stable molecules with
a long half-life, usually several days or weeks [20, 21].
In addition, according to Brian A. Baldo, conjugation
with polyethylene glycol (PEG) or pegylation of mAb fur-
ther prolongs their half-life and creates additional safety
problems associated with the lack of biodegradability of
the PEG component [22].

Taft et al. found that for monoclonal antibodies, due to
their inherent high specificity of binding and affinity to their
target, the main pathway of elimination is target-mediated
distribution of drugs, especially at low doses and concen-
trations [23]. This is the phenomenon of targeted “binding”
of a compound, in particular, a monoclonal antibody to
a target cell with a receptor type strictly specific thereto.
In this case, a small amount of the drug substance is re-
quired for the onset of the therapeutic effect [24], which is
a favorable criterion for the clinical use of mAb, although
significantly increasing the potential risk of occupational
exposure of workers to the conditions of its industrial pro-
duction.

Brian A. Baldo et al. note that adverse reactions from
the immune system obtained during clinical observations
of mADb use are hypersensitivity reactions, such as anaphy-
laxis, skin manifestations, generalized cytokine reactions,
decreased immune system function, and autoimmune re-
actions [25].

According to Lars et al., during various technological
stages of development and production, protein prepara-
tions, including mAb, can be found in the workplace air in
the form of gases, vapors, aerosols, and gas-vapor-aero-
sol mixtures. Such preparations may cause undesirable
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side effects in workers of biopharmaceutical companies
[26]. Given the vast surface area (more than 100 m?) of
the lining of the pulmonary epithelium, which is in close
contact with a wide network of capillaries, the absorp-
tion of foreign substances through the lungs by the inha-
lation route can occur at a high rate [10, 22, 27]. At the
same time, the rate of particle settling in the respiratory
tract epithelium directly depends on the size of the respi-
rable fraction. Thus, particles larger than 10 um settle in
the nasopharynx and tracheobronchial section (in these
sections of the respiratory tract, the epithelium is thicker
and covered with a layer of mucus). This limits systemic
absorption, not excluding the development of local reac-
tions. In addition, the ciliated epithelium moves mucus-
containing particles to the pharynx, where it is swallowed
and enters the gastrointestinal tract [28].

Some studies have established that the transport
of molecules larger than 0.6 nm through cell layers into
the blood via inhalation of protein drugs (mAb, bispe-
cific antibodies, fusion proteins) is provided by alveolar
epithelial cells having pores and vesicles by passive dif-
fusion with further manifestation of their systemic effect
on the organism [29]. At the same time, recent studies
have described that, for larger proteins (>40 kDa), the
dominant mechanism of transmembrane protein trans-
port is receptor-mediated transcytosis via the neonatal
Fc receptor (FcRn). This mechanism is expressed in the
primate upper airways, rat bronchial and alveolar cells
with an inherent ability to bind to high affinity proteins,
which plays an important role in the transport of IgG to
other tissues [30-32]. At the same time, both transcyto-
sis and paracellular mechanisms may be important for
smaller proteins [33-35].

Experimental studies by Dumont et al. found that dur-
ing inhalation exposure of monkeys to protein preparations
(including mADb), the level of absorption of IgG1 Fc-domain
complex deposited in the lungs was equal to the blood
level of protein preparation/mAb during subcutaneous in-
jection in primates and humans [36]. This creates precon-
ditions for accumulation of these preparations in the lung
tissue, which can have a negative impact on the organism
of workers in the conditions of production at all stages of
the technological process.

In a study by Fahy et al. conducted on healthy vol-
unteers, production inhalation exposure to mAb: E25 or
omalizumab with a daily exposure via nebulizer 10 min for
56 days was modeled. It was found that more than 15%
of the administered medication dose was actually depos-
ited in the alveoli, and the systemic bioavailability of E25 or
omalizumab by inhalation ranged within 1.6-4.3% [37-39].
This finding is important for specialists in occupational
medicine, since the mAb aggregated in the lungs, even
after partial intracellular enzymatic destruction by pulmo-
nary antiproteases, may initiate a cascade of pathological
processes in the lung tissue [40]. This should be taken into
account when developing regulations for occupational ex-
posure both in the workplace air and in the biological envi-
ronments of the corresponding pharmaceutical production
facilities.

In [41-42], recommendations for establishing occupa-
tional exposure limits for monoclonal antibodies and fusion

proteins in the workplace air at the level of >1 pg/m? by
inhalation route of entry, taking into account the system-
ic bioavailability after inhalation of less than 1% for com-
pounds with molecular mass >10 kDa, were proposed.

GTMPs can be used to deliver therapeutic genes into
target cells; however, neither DNA nor RNA in free form
can be used to achieve this goal due to a rather rapid
degradation of nucleic acid in serum under the influence
of nucleases. Therefore, vector genetic constructs have
been developed for gene delivery into eukaryotic cells
since the early 1980s [43]. To date, five major classes of
viral vectors have been tested as gene delivery vectors
for clinical use, including retroviruses, adenoviruses, ad-
eno-associated viruses, lentiviruses, and herpes simplex
viruses [44-45].

According to the data of several clinical and preclini-
cal studies, a number of side effects have been found in
GTMPs/ATMPs based on viral vector systems. Thus, some
researchers noted that genetic changes mediated by drugs
using retroviral vectors with replication deficiency caused
manifestations of insertional mutagenesis and malignant
transformation of hematopoietic progenitor cells with the
development of acute myeloid leukemia and lymphoprolif-
erative diseases [46].

The studies by Ott et al. provided evidence for retroviral
vector-induced negative effects on hematopoietic activity,
manifested in restoration of oxidative antimicrobial activity
in phagocytes after gene transfer, significant gene transfer
into neutrophil cells with the formation of a large number
of functional phagocytes, and expansion of gene-correct-
ed myelopoiesis with progression toward myelodysplasia
[47-48].

Unlike GTMP using retroviral vectors, adenoviral vector-
based preparations do not replicate and are not oncogen-
ic. However, they exhibit a pronounced immunogenicity
[49] with the activation of immunocompetent cells. These,
in turn, begin to secrete cytokines and chemotaxis factors
that attract neutrophils, macrophages, and natural killer
cells to the focus and trigger an immune response with
the production of specific antibodies after several days.
Various target cells in vitro and several mouse models in
vivo found that some first-generation adenoviral vectors,
which retain a significant part of the genome, are capable
of initiating dose-dependent apoptosis, i.e., exhibit direct
cytotoxicity [50-51]. Several episodes of inflammatory re-
action to adenoviral vectors, including the development of
severe hepatotoxicity with lethal outcome, have also been
reported in clinical trials [52].

Adeno-associated vectors are among the most com-
mon vectors used in gene-targeted therapy, although their
use can result in undesirable inadvertent activation or in-
hibition of endogenous gene expression and infection in
primates and humans [53-54].

Lentiviral vectors are derived from HIV-1 and are capa-
ble of affecting both dividing and non-dividing cells, making
them a potential vector for gene transfer in vivo. Most len-
tiviral vectors retain the ability to integrate into the genome
of infected cells; deletion of many HIV proteins reduces the
probability of formation of a virus capable of replication in
the human body [55]. To obtain pseudotyped lentiviral vec-
tors, envelope glycoproteins of viruses considered to be
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potential agents of biological weapons (Ebola, Marburg,
Ross River hemorrhagic fever viruses, etc.) are used.
Therefore, their use in research is still associated with po-
tential risks, and the long-term safety of these clinical inter-
ventions is still being evaluated [56].

Herpesvirus-based vectors provide long-term trans-
gene expression, are neurotrophic and highly effective
in studying retrograde and anterograde transport in
CNS. However, they are inherently capable of induc-
ing cytopathic (toxic) effects and immune system re-
sponses [52].

At present, in the USA and EU countries, recommen-
dations on medical and occupational protection when
working with viral vector systems or gene therapy prod-
ucts under the conditions of pharmaceutical enterprises
or laboratories and medical institutions are limited to gen-
eral rules of biosafety when working with biological agents
taking the levels of biological risk into account [13]. In the
Russian Federation, due to the lack of wide industrial pro-
duction of gene preparations, there are no coordinated and
clear algorithms for assessing exposure to GTMP/ATMP/
biotechnological components. In addition, the question of
scientific justification for the principles of hygienic aerosol
rationing of pharmaceutical components of GTMP/ATMP /
biotechnological MPs for controlling the air of the produc-
tion environment of enterprises or laboratories of the bio-
technological industry remains open.
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Introduction. Suspension trauma, also referred to as a harness-induced pathology or suspension syndrome, occurs when an individual is suspended mo-
tionless in a harness. Potentially fatal outcomes of such a condition consist in venous pooling, cerebral hypoperfusion, and rhabdomyolysis.

Objective. To review literature sources on the key mechanisms of suspension injury and potential methods for improving the safety of people at risk.
Results. This condition, recognized since the 1970s, affects individuals involved in activities requiring harness use, such as climbing and industrial work.
Recent studies have emphasized the need for immediate horizontal positioning during rescue to restore blood flow and prevent complications. Proper man-
agement of hyperkalemia and rhabdomyolysis has become a crucial focus in treatment protocols. Additionally, recognition of the role of the Bezold-Jarisch
reflex in cardiovascular collapse highlights the importance of comprehensive rescue strategies. Advances in harness design are also noted as significant
preventive measures.

Discussion. The findings indicate that while early management strategies focused on preventing sudden blood return to the heart by maintaining an upright
position, more recent insights emphasize the importance of prompt horizontal repositioning. The role of neurocardiogenic factors, such as the Bezold—Jarisch
reflex and the influence of rhabdomyolysis-related hyperkalemia, on outcomes has been recognized. This shift reflects an increased awareness of compre-
hensive rescue protocols that might mitigate risks associated with reflow syndrome and cardiovascular instability.

Conclusions. The progress in understanding suspension injury has significantly improved prevention and treatment protocols. Immediate adjustment of
the victim to a horizontal position, proper treatment of complications (for example, hyperkalemia), and improved design of safety systems — all play a key
role in minimizing deaths. Further studies should be aimed at investigating the main pathogenetic mechanisms of suspension syndrome and development of
advanced rescue methods for improving the safety of people at risk.
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" PaioHHas 6onbHMLA 3akonaHe, MosnbLua

2BapLUaBCKuMil MeaMLMHCKUIA yHUBepcuTeT, BapLuasa, Monblua

S Bonbckas 6onbHMLa, Baplwasa, Monblia

4HesaBUCUMbIN UHCTUTYT 0OLLIECTBEHHOrO 3ApaBooxpaHeHnst MMHUCTepCTBa BHY TRPEHHUX Aen U agMuHUCTpauma Katosuue, Monblua
5 PaiioHHas 6onbHuLa OceeHumMa, Monblua

8 BOEHHbIN MHCTUTYT MEAMLMHBI — HaloHabHbIV MCCNeaoBaTeENbCKUA MHCTUTYT, Bapwasa, Monblua

"MepnununHcKkmin yHuBepcuteT Cunesum, Katosue, Monblia

8 MeanumHcKnia ueHTp BepxHein Cuneaun um. Jleweka leua npu MeguumHckoM yHBepcutete Cuneaun B Katosuue, Monblua

BBepeHue. TpaBma NofBeLLVBaHNS, Tak)Ke U3BECTHAsi Kak CUHAPOM 3aBUCaHWsA B OOBA3KE UM CUHAPOM MOABELUMBAHYS, BO3HUKAET, KOrha YenoBex
NMoABELUMBAETCS HEMOABMKHO B CTPAXOBOYHbIX CTPOMaXx, YTO MPUBOAUT K MOTEHUMAsbHO haTtasibHbIM NMOCEACTBUSM, TAKUM Kak BEHO3HbI 3aCTON, Liepe-
GpasbHas runonepdysmns n paéaoMnonna.

Llenb. V13y4nThb No gaHHbIM MTepaTypbl OCHOBHbIE MEXaHn3Mbl BOSHUKHOBEHVIS TPaBMbl MOABELUMBAHNA 1 MOTeHUMasbHbie METOAbI MOBbILLeHNUs 6e3onac-
HOCTW N1LL B rpynne prcka.

Pe3ynbTaTbl. OTO NaTONOrMYECKOE COCTOSHIE, BrepBble yrommHaemoe elle B 1970-x rofax, BO3HUKAET Y IIOAEN, 3aHMMaIOLLXCS BUAAMY AeSTENbHOCTH,
TPebyOLMMN UCMONB30BaHWsS CTPAxXOBOYHbIX CUCTEM, TaKUMUN Kak anbhMHU3M 1 MPOMbILLNIEHHbIE paboTbl. CornacHo nocneaHUM UCCNefoBaHusaM B XO4e
oKasaHus MoOMOLLM A1 BOCCTAHOBJIEHNS KDOBOTOKA 1 NMPEAO0TBPALLEHNSI OCIOXKHEHW HEOBXOAMMO HEMENEHHO NepeBecTy NOCTPaAaBLIEro B ropu3oH-
TanbHoe nonoxexve. Hagnexatas Koppekums runepkanneMni n pabaomMroniaa ctana Kato4eBbiM HanpasieHMeM B MPOToKonax nedeHns. Kpome Toro,
npuaHaHwe ponu pednekca belonbaa — Spuiia B pasBuTmM cepageHHO-CoCyaMCTOro Kosnanca nof4epkuBasT BaXXHOCTb KOMMIEKCHbIX CTpaTeruii cnace-
HUsi. B Ka4ecTBe BaXkKHbIX MPEBEHTVBHBIX MEP TakXXe 0TMEeHatoTCs AOCTKEHNS B pa3paboTke 60/1ee COBEPLUEHHbIX 1 6830MacHbIX CTPAXOBOYHbIX CUCTEM.
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O6GcyxpaeHue. B T0 BpeMsi Kak nepBOHaYasibHble cTpaTery nedeHunst Gbinn HanpaeeHbl Ha NPeaoTBpaLLeHe BHE3ANHOro BO3BpaTa KPoBU K cepaLly
nyTem nopaaepXaHns BepTUKabHOrO MOSOXKEHUs, MOCNeAHNE NCCNEA0BaHMS NOAYEPKMBAIOT BaXXHOCTb CBOEBPEMEHHOIO FOPU30HTASIBHOMO MOSIOXKEHWIS.
Pornb HepokapamoreHHbix hakTopoB, Taknx Kak pednekc beuonbia — Apuia 1 BAVSIHWE rMNepKannemMuy, CBA3aHHOM ¢ pabaoMUONN30M, Ha UCXof,
NMOAYEPKMBAIOT 3BOOLMOHMPYIOLLEE NOHUMaHNE NaToU3nNoNorm. STOT CABUM OTpakaeT BO3POCLLYID OCBEAOMIIEHHOCTb O KOMIMJIEKCHBIX MPOTOKOMAax
CraceHunsi, KOTOPbIE CHXKAKOT PUCKM, CBSA3aHHbIE C CUHAPOMOM BOCCTaHOBNEHHOMO KPOBOTOKA U CEPAEYHO-COCYANCTON HECTaBUIbHOCTHIO.

BbiBOAbI. [1pOrpecc B NoHUMaHWM TpaBMbl NOABELIMBAHNS 3HAYUTENBHO YAYHLLN MPOTOKObI MPOMUNAKTUKIA 1 edeHns. HemeaneHHoe nepeseaeHve no-
CTPaAaBLLEro B rOPU30HTASIbHOE MOSIOXKEHNE, HAANEXALLEE NIEHYEHME OCTIOKHEHWI (HAMPUMED, TMNEPKaNMEMIN) 1 YCOBEPLLEHCTBOBAHHAs KOHCTPYKLMS CTpa-
XOBOYHbIX CMCTEM MIPAIOT KIIKOHEBYIO POSb B MAHUMM3ALIMN NETasbHbIX NCXOA0B. [MPOA0MKEHNE N3yHeHNS OCHOBHbLIX MEXaHW3MOB MaToreHesa cvHapomMa
nofBeLLVBaH1s U pa3paboTka HOBbIX METOMOB CraceHUst MMetoT 60/1bLLoe 3HaYeHne A1 AanbHeNLero NoBbILLeHWst 6e30MacHOCT 1L, B rpynne pucka.

KniouyeBble cnosa: naronorus CTanOBOHHOVI CUCTEMbI; NCNONIb30BaHME CTPaxoBO4YHbIX CUCTEM; OXpaHa Tpyaa; AnTeNbHOe noaselliBaHne; HecHacTHble
clny4an Ha oTAbIxe; LWOK noaselBaHng; CMHOPOM NoAaBellBaHng; TpasmMa nogsellisBaHns

Ans untuposanus: Kamnet K., Maueindnk A., Kpyna K., Kaamepckuii B., Kouyp K., 3nobpo A., 3emek M., Kaamupcka A., Jluc A. TpaBMma noaseLuvBaHis
B Te4eH1e NPOAOIXKUTENBHOrO BpeMeHu: 0630p. MeauimHa akeTpemasibHbix cuTyaimi. 2024;26(4):82-86. https:/doi.org/10.47183/mes.2024-26-4-82-86
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INTRODUCTION

Suspension trauma, also referred to as harness-induced
pathology or suspension syndrome, is a potentially fatal
condition that occurs when an individual remains suspend-
ed in a harness for a prolonged period of time. Suspension
trauma occurs relatively rare in well-regulated industrial
settings due to effective prevention strategies and proper
equipment.

Over an 11-year span of observation, 5.8 million
hours of using a harness by qualified personnel in dif-
ferent fields were recorded. During this period, no epi-
sodes of syncope or injuries associated with prolonged
suspension were registered [1]. This could be related to
efforts from employers to ensure the safety of their staff
members. Only a few cases of this complication during
the mentioned time span were reported from healthy in-
dividuals in sporting accidents and recreational activities
in cases of poor training and improper use of harness [2,
3]. The mortality rate associated with suspension trauma
varies widely depending on several factors, including the
duration of suspension, the condition and comorbidities
of the patient, and the promptness of rescue. Although
accurate statistical data is lacking, some studies sug-
gest that the risk of severe injury or death increases sig-
nificantly following approximately 15 minutes of suspen-
sion. If the patient is not rescued within half an hour, the
mortality rate can increase up to 50%. Timely rescue and
pertinent management are crucial for improving patient
outcomes [4].

In this review, we carry out an analysis of the evolving
understanding of suspension trauma, focusing on key sci-
entific advancements, treatment protocols, and the patho-
physiological mechanisms involved. Importantly, no cases
of suspension trauma from Poland have been documented
so far.

EXTREME MEDICINE | 2024, VOLUME 26, No 4

Historical Development

The first accounts of suspension trauma were reported
during the Second International Conference of Mountain
Rescue Doctors in 1972. This pivotal moment raised
awareness about the dangers associated with immobile
suspension in a harness, particularly for climbers and cave
explorers. One report at that conference informed that out
of the 10 individuals who had been trapped in a suspended
position, two died before rescue, three died immediately
afterward, and five were pronounced dead over the next
several days [2, 4]. Early hypotheses attributed these fatal
cases to circulatory collapse, encouraging researchers to
investigate the underlying causes and outcomes of sus-
pension trauma.

The term “suspension trauma” has gained widespread
recognition, particularly in high-risk industries and activi-
ties involving harness use. It was initially thought that the
harness itself induced a “tourniquet effect,” compressing
major veins and arteries, which in turn led to circulatory
shock [3]. However, this initial assumption was challenged
by later research indicating that venous pooling, rather than
mechanical compression from the harness, was a signifi-
cant factor in the development of suspension trauma(i, 5].

Pathophysiology

The physiological response to prolonged vertical suspen-
sion is complex, involving several mechanisms. When a
person is suspended motionless in a vertical position, grav-
ity causes blood to pool in the lower extremities. This pool-
ing leads to a decreased venous return to the heart, result-
ing in a significant reduction in cardiac output and cerebral
perfusion. During movement, venous pressure in the foot
typically measures approximately 25 mmHg; however, in
the state of immobility, it can exceed 90 mmHg [6]. This
pooling can result in up to 20% of circulating blood volume
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being retained in the lower limbs, leading to a reduction in
venous return to the heart, which decreases preload and,
consequently, cardiac output. As cardiac output declines,
there is a reduction in systemic blood pressure, which se-
verely compromises cerebral perfusion [7]. The body at-
tempts to compensate for this situation by increasing the
sympathetic tone, which causes the heart rate to acceler-
ate. However, these compensatory mechanisms are often
insufficient to counteract the effects of sustained venous
pooling. As cerebral blood flow continues to drop, the brain
experiences reduced oxygen delivery, leading to presynco-
pal symptoms such as dizziness, light-headedness, blurred
vision, nausea, and sweating. Given that the individual re-
mains suspended and corrective actions are not taken,
these symptoms can quickly progress to syncope (fainting)
due to critical hypoperfusion. If unconsciousness ensues,
there is a significant risk of death, particularly if the sus-
pension position compromises airway patency or worsens
cardiovascular instability [1, 5].

The Bezold-Jarisch reflex, which triggers bradycardia
and hypotension in response to reduced blood flow to the
heart, is thought to play a key role in the rapid collapse
experienced by those affected by suspension trauma [6,
7]. Once the individual loses consciousness, they cannot
move into a horizontal position, exacerbating the problem
and leading to further reductions in cerebral perfusion and
oxygenation [3, 1].

However, the hypothesis that a reduction in cardiac
preload, and consequently a decrease in cardiac output, is
the primary cause of loss of consciousness and other inju-
ries has not been confirmed so far. Recent reviews highlight
the importance of neurocardiogenic mechanisms leading
to reduced cerebral perfusion and loss of consciousness.
In the suspension trauma syndrome, significant effects on
systemic hemodynamic parameters, such as compensato-
ry tachycardia and reduced stroke volume — typically as-
sociated with low cardiac preload — are not observed [8].

While the Bezold-Jarisch reflex may be linked to sus-
pension syndrome, experimental studies have provided
sufficient evidence. The mechanoreceptors responsible for
this reflex, located in the left ventricle, respond to poor ven-
tricular filling [9]

The mechanism of post-rescue death remains to be
unclear. The available literature indicates that the sudden
return of acidotic blood, which accumulates in the veins
of the lower body, to the heart is capable of temporarily
depressing cardiac contractility. However, this is not asso-
ciated with heart rhythm abnormalities. Published review
papers highlight rhabdomyolysis as a key concern in the
suspension trauma syndrome, primarily resulting from re-
duced blood flow and muscle damage, leading to the re-
lease of substances such as myoglobin and potassium.
The higher risk of death due to suspension trauma can re-
late to the suspension duration of more than 30 minutes,
height of more than five feet, and older age.

Clinical Observations and Case Reports

Several case studies have provided information on the
clinical manifestations of suspension trauma. For example,

a notable case from 2011 involved a climber found unre-
sponsive in his harness after being suspended for several
hours. The autopsy results revealed the death to result from
mechanical asphyxia, a consequence of immobility and
venous pooling [10]. Another series of incidents reported
climbers who experienced “rescue death” shortly after be-
ing rescued, highlighting the delayed effects of suspension
trauma [12].

In addition to venous pooling and circulatory collapse,
rhabdomyolysis — the breakdown of muscle tissue due
to immobility — has been frequently associated with sus-
pension trauma. This condition releases myoglobin into
the bloodstream, which can lead to acute renal failure and
complicate treatment [2, 13]. Elevated potassium levels (hy-
perkalemia) caused by rhabdomyolysis can also lead to fa-
tal cardiac arrhythmias [13].

Management and Treatment

For decades, the standard treatment protocol for suspen-
sion trauma has emphasized the importance of keeping
victims in an upright position after rescue. This approach
was based on the belief that lying the victim down would
cause a sudden return of pooled blood to the heart, leading
to cardiac overload and rescue death [5, 9]. The protocol
was formulated in 1970s on the basis of observational stud-
ies and opinions of experts largely from nonmedical fields
2,3, 9]

The study by Pasquier et al. (2010) demonstrated the
significance of airway management and fluid resuscitation,
consistent with ALS guidelines, over other interventions
in rescuing injured individuals. However, there is a lack of
scientific evidence to support the claim that positioning a
patient horizontally during assistance increases the risk of
death [14].

The guidelines of the International Commission for
Mountain Emergency Medicine (ICAR MedCom) have also
been updated. In the latest version, one of the key recom-
mendations is to position victims horizontally in a proper
manner. This measure restores cardiac output and pre-
vents the effects of venous stasis. Additionally, initiating re-
suscitation procedures at the earliest sign of cardiac arrest
is a top priority, including treatment for hyperkalemia and
potential rhabdomyolysis [15].

Prevention and Harness Design

An essential component in preventing suspension trauma
is the use of appropriate harnesses with multiple attach-
ment points and adjustable straps, as well as devices in
the type of leg loops. Such equipment allows for greater
mobility, reducing the risk of venous blood pooling.

Equally important is the proper education and train-
ing of both harness users and rescue teams. Users
should be informed of early symptoms of suspension
trauma, such as hot flashes, sweating, and dizziness,
and be reminded to move their legs while suspended [3,
1]. Rescue teams should be trained to quickly reposition
the injured individual and minimize the duration of im-
mobility 1, 5].
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Research Trends and Future Directions

The current understanding of suspension trauma has im-
proved significantly. However, treatment and prevention
measures are constantly under discussion. One of the key
areas of debate is whether there are specific variables,
such as duration of suspension, type of harness, or pre-
existing medical conditions, that increase the risk of severe
outcomes, including rescue death [1, 9, 16]

A promising area of research focuses on the role of
reflow syndrome, also known as rescue death. This syn-
drome describes the potential for sudden cardiac failure
following the return of pooled, deoxygenated blood to the
heart [8, 17, 18]. Earlier studies hypothesized that rescue
death could result from placing the victim in a horizontal po-
sition too quickly. More recent findings, however, suggest
that this phenomenon is more likely related to hyperkalemia
and acidosis, both of which can arise from the release of
muscle breakdown products during rhabdomyolysis [2, 13,
19]. Continued research into these mechanisms, including
studies of human physiology during suspension, is needed
to further refine rescue protocols. Understanding of the key
mechanisms, such as the role of inflammatory cytokines
and oxidative stress in reperfusion injuries, and the effects
of prolonged suspension on electrolyte imbalances and
muscle degradation are promising research directions for
optimizing rescue techniques and improving patient out-
comes.

According to current studies, including randomized
controlled trials, rapid recovery of blood flow to the
brain and heart can be safely achieved by laying the
victim flat, countering earlier concerns about rapid rep-
erfusion injury [16]. However, challenges in conducting
long-term human studies due to ethical concerns limit
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right after rescue, contemporary guidelines recommend
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As research continues and harness technology advances,
the risks posed by suspension trauma are expected to di-
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LUNG CANCER IMMUNOTHERAPY: STATUS QUO, PROBLEMS, AND PROSPECTS
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Introduction. Lung cancer is the leading cause of cancer mortality in men and women. Due to its high prevalence and significant recurrence rate after
standard therapy, the search for new methods of lung cancer treating is an urgent task. A promising treatment strategy is immunotherapy that elicit immune
response against tumor cells.

Objective. Evaluation of the clinical efficacy and prospects for the safe use of immunotherapy in malignant neoplasms of the pleural cavity.

Discussion. The introduction of immunotherapeutic approaches, including adoptive cell therapy with tumor-infiltrating lymphocytes (TIL) or CAR-T cells, the
development of neoantigen vaccines, oncolytic viruses, in combination with chemotherapy and blockade of immune checkpoints (ICP) have shown optimistic
results in preclinical studies and are currently at different stages of clinical trials for safety and efficacy.

Conclusions. Immunotherapy of lung cancer is a promising area of adjuvant therapy. For clinical introduction, immunotherapeutic approaches should be
further investigated to increase their effectiveness and minimizing side effects by combining different therapies, improving bioengineered and cellular drugs,
and reducing the cost of treatment.
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MMMYHOTEPAINNA PAKA JIEFKOIO: STATUS QUO, NMPOBJIEMbI U MEPCMNEKTUBbI
HO.B. Ozepckas™, I'M. lOcybannesa??, O.A. XKykosa', K.A. 3bikos', B.IN. Baknayles"%4

"Hay4Ho-vccnenoBaTensCkuii MHCTUTYT NyfibMoHonoruy defepanbHoro Meanko-6r1onornieckoro areHTcTea, Mocksa, Poccust

2deneparnbHbii LIEHTP MO3ra 1 HerpoTexHonoruin ®egepanbHOro Meamko-61Monornieckoro areHTcTea, Mocksa, Poccust

3 ®epepanbHbIf HAYHHO-KMHUHECKU LIEHTP CreLman3npoBaHHbiX BUAOB MeOVNLMHCKOM MOMOLLM N MeAULMHCKIUX TexHonoruii ®efepanbHoro Meanko-
6unonornyeckoro areHTcTea, Mockaa, Poccus

4PoccuiicKkmnii HaumoHanbHbIN MCCNeaoBaTebCKUin MeANLMHCKIM yHBEpCUTeT nmenn H.W. MNMuporoea, Mocksa, Poccus

BBepeHue. Pak nerkoro aBnseTca OCHOBHON MPUYNHON OHKOMOMMYECKOM CMEPTHOCTU 1Y MY>XKHYUH, U Y XKEHLNH. BBMAY BbICOKON pacnpoCTpaHEHHOCTU
1 3HAYUTENBHOWM YacTOTbl PELWAVBOB NOCE CTaHAAPTHOW Tepanum MoucK HOBbIX METOAOB NEYeHNs paka Nerkoro SBnseTcs akTyaneHon 3agaqet. OgHM
13 OBbHaAEeXMBAIOLLIMX HANpaB/eHWn cTana UMMyHOTEPanus, Lesblo KOTOPOW SBNSAETCH akTMBaUMS LIMTOTOKCUHYECKOrO UMMYHUTETA NMPOTUB OMyXONeBbIX
KNETOK.

Lenb. OueHka KNMHUYeCKon athheKTUBHOCTM 1 NepCrneKkTB 6e30MacHOro MCMonb30BaHNs UMMyHOTEpanun Npu 310Ka4eCcTBEHHbIX HOBOOOPA30BaHNAX
nnespasnbHON NOAOCTH.

0O6cyxaeHue. BHegpeHne MMMyHOTEPaNeBTUHECKNX NMOAXOA0B, BKOHAIOLLMX aA0NTVBHYIO KIETOUYHYIO Tepanmto onyxonb-MHDUIETPUPYOLWLMMIA TMMEO-
umtamm (TIL) nnm CAR-T- kneTkamn, paspaboTKy OHKOBaKLIMH, OHKONUTUHECKNX BUPYCOB, B KOMOUHALMN C XUMMOTEpanmel 1 6N1oKMpoBaHeM MMMYHHbIX
KOHTPOMBHbIX ToYek (MKT) nokasano nonoxXuntenbHble peadynstaTel Ha CTaauy AOKINMHNHECKUX UCCNEAOBaHNUI U HAXOAMTCA Ha Pa3HbIX aTanax KIMHUYECKIMX
vcnbiTaHui 6e30nacHoOCTY 1 3OEKTUBHOCTN.

BbiBoAbl. /IMMyHOTEpanus paka nerkoro sBAsSeTCs NepcrneKkTVBHbIM HanpaBieHeM afbloBaHTHOM Tepanuu. KanHW4eckas TpaHCcnaums uMMyHoTepa-
NEeBTUYECKNX NOAXOLAO0B HY>KAAETCHA B MOBbILLEHUN UX 3PHPEKTUBHOCTU Y MUHUMUIALIN MOBOUHBIX 3PAPEKTOB NyTEM KOMOMHALMM Pa3NndHbIX METOAO0B

Tepanuuy, COBEPLLUEHCTBOBAHNS OMOMHXXEHEPHbIX 1 KNIETOYHbIX MPenapaToB, a TakXKe CHKEHNSE CTOUMOCTY NNIE4EHNS.

KnioueBble cnosa: pak f1erkoro; agonTveHas UMMYHOTEPanus; XUMEPHbIN aHTUIeHHbIA PeLenTop aHTUreHa T-KeToK; OnyXxoNb-NHMUNETPUPYIOLLINE NNM-
DOLTBI; MHTMBUTOPbBI UMMYHHBIX KOHTPOSBHbBIX TOYEK; OHKONUTUYECKME BUPYChI

Ansa untnposanus: Osepckas KO.B., KOcybannesa 'M., XKykosa O.A., 3bikoB K.A., Baknaywes B.M. VimmyHOTepanusa paka nerkoro: status quo, npobnemsl
1 nepcnekTuBbl. MeauumHa akcTpemasbHbix cutyaumi. 2024;26(4).87-97. https:/doi.org/10.47183/mes.2024-26-4-87-97
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INTRODUCTION

Lung cancer remains the leading cause of cancer deaths
worldwide (18.4% of total cancer deaths), resulting in sig-
nificant socioeconomic losses. According to estimates by
GLOBOCAN and the International Agency for Research on
Cancer (as of 2018), 2.09 million new cases and 1.76 million
deaths from lung cancer were registered, which exceeded
the data of 2012 [1]. Due to the long-term asymptomatic
course and nonspecific initial symptoms, along with an in-
sufficiently developed strategy of active cancer screening,
almost half of patients are diagnosed with this nosology at
the metastatic stage of the disease, when radical surgical
treatment is almost impossible [2]. According to Kelsey et
al., one third of patients diagnosed with the disease and
treated in the early stages develop relapse and resistance
to chemotherapy [3]. In this regard, the search for new ther-
apeutic methods for lung cancer remains to be an urgent
clinical task.

Immunotherapy as a whole represents a broad sci-
entific direction in oncopathology treatment. This direc-
tion involves activation of antitumor immunity through
the use of antibodies, cytokines, immune cells, chimeric
T-cell receptors, inhibitors of immune control points, etc.
Immunotherapy has shown its efficacy and safety in the
treatment of oncohematological diseases and melanoma
[4, B]. In relation to other solid tumors, clinical studies have
shown inconsistent results; however, the prospects of this
approach are beyond doubt [6].

The aim of immunotherapy for lung cancer is to en-
hance the targeted cytotoxicity of immune cells mainly
due to specific binding to tumor-associated antigens
[7]. This aim is hard to achieve due to the ability of
tumor cells to avoid the effects of the immune sys-
tem by secreting immunosuppressive cytokines, loss
of expression of antigens of the main histocompat-
ibility complex, and expression of molecules inhibit-
ing T-cell activation, i.e., cytotoxic T-lymphocyte gly-
coprotein 4 (CTLA-4), programmed cell death protein
1-PD-1, programmed death ligand 1 (PD-L1) [8]. Due
to the immunosuppressive tumor microenvironment,
early attempts at immunotherapy for non-small cell
lung cancer (NSCLC) proved ineffective [9]; however,
the development of molecular biology and immuno-
genetics over the past ten years contributed to the
development of new approaches to overcoming im-
munosuppression and increasing the focus of the anti-
tumor response, which revived interest in this topic. At
present, according to ClinicalTrials.gov, more than 923
studies are being conducted in lung cancer immuno-
therapy, with this number growing steadily. The types
of immunotherapeutic treatment are highly diverse,
including, e.g., antitumor vaccines based on sensi-
tized dendritic cells and tumor neoantigens, oncolytic
viral therapy, therapy with immune checkpoint inhibi-
tors (ICl), therapy with tumor-infiltrating lymphocytes,
CAR-T, CAR-NK therapy, etc. [10].

In this article, we evaluate the clinical efficacy and pros-
pects for the safe use of immunotherapy in malignant neo-
plasms of the pleural cavity.

DISCUSSION

Therapy with tumor-infiltrating lymphocytes (TIL) in
lung cancer

Therapy using tumor-infiltrating lymphocytes (TIL) is a type
of adoptive cell therapy that involves TIL extraction from the
tumor stroma, their subsequent reproduction and activa-
tion outside the body (ex vivo), and reinfusion back into the
patient’s body [11]. TILs isolated from the tumor microen-
vironment can be targeted against various tumor-specific
neoantigens, which renders them more effective against
heterogeneous lung cancer cells. Due to stimulation by tu-
mor antigens in vivo, TILs possess a significant number of
effector memory T-cells expressing chemokine receptors
(CCR5 and CXCR3) on their surface, which contributes to
more efficient and targeted delivery to the tumor site [12].
Due to the negative selection of the T-cell receptor in the
early stages of immune development and the use of au-
tologous cells in patients without gene modifications, TIL
therapy exhibits low toxicity [13].

The immune microenvironment in lung cancer is a com-
plex system that includes T-lymphocytes, B-lymphocytes,
natural killers, macrophages, dendritic cells, etc. The type,
density, and location of immune cells in the tumor micro-
environment play a key role in the processes of carcino-
genesis, cancer progression, and treatment efficacy [14]. A
study of the immune microenvironment in NSCLC revealed
that long-term treatment outcomes, such as overall surviv-
al, depend on the nature of infiltrating lymphocytes, rather
than on their number. Thus, an abundance of CD8* T-cells
expressing cytolytic enzymes, CD4* T-cells lacking expres-
sion of inhibitory receptors, and an increased level of tumor
infiltrating B-cells are associated with improved survival
rates [15]. Tumor B-cells secrete tumor-specific antibod-
ies that stimulate T-cell responses and support the struc-
ture and function of tertiary lymphoid structures. However,
B-cells with a variety of effects can become immunosup-
pressants, producing IL-10 and promoting tumor growth.
New immunotherapy strategies should simultaneously
activate antitumor B-cells and suppress Breg phenotypes
[16]. TILs can also be predictive biomarkers of response
to therapy with ICI. A relationship was found between the
CD8+/CD4+ ratio in tumor tissue and the response to treat-
ment with ICl in patients with NSCLC, which can be used
for prognostic purposes [17].

Currently, several clinical studies are being conducted
to assess the safety and efficacy of administration of both
unchanged and genetically engineered TIL to patients with
progressive NSCLC (Table 1). The effectiveness of adoptive
cell therapy is further enhanced by the use of non-mye-
loablative lymphodepletion (Cyclophosphamide + Fludara
bine) before infusion of TIL, subsequent administration of
interleukin-2, as well as due to combination with therapy
with ICI. In one of the completed phases | clinical trials
(NCT03215810), the safety and efficacy of autologous TIL
therapy was proven in 20 patients with progressive NSCLC
after ineffective nivolumab monotherapy with an overall re-
sponse rate of 70% [18]. The results of the remaining stud-
ies have yet to be analyzed (Table 1).
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It should be noted that therapy with tumor-infiltrating
lymphocytes has limitations associated with the complex-
ity and high cost of obtaining a sufficient amount of TIL
from tumor tissue for therapy. At the same time, TIL therapy
should currently be considered only as adjuvant therapy,
i.e., after surgical removal of the tumor, to combat distant
metastases. Simplification and cost reduction of TIL pro-
duction technology is, therefore, extremely important for
widespread clinical implementation.

In general, despite the accumulated data on the poten-
tial efficacy of TIL therapy in NSCLC, widespread adoption
of this technology requires both overcoming technological
problems of standardization, simplification and cheapen-
ing of TIL production technology. In addition, further clinical
trials of TIL in various combinations and at various stages
of lung cancer are required to clarify the indications for im-
munotherapy and identify groups of patients for whom a
certain immunotherapy will be most effective.

CAR-T cell therapy for lung cancer

Chimeric T-cell antigen receptor cells (CAR-T) are patient
T-cells that, due to genetically modified chimeric antigen
receptors, are capable of recognizing antigens on tumor
cells and trigger a signaling cascade of activation of ef-
fector functions of T-cells. CAR-T cells, divided into five
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generations according to intracellular signaling structur-
al domains, have an extracellular domain for antigens, a
transmembrane domain, and an intracellular domain for
signal transmission into the cell [19]. One of the advantages
of CAR-T therapy is its specificity, independence from the
expression of proteins of the major histocompatibility com-
plex (MHC), which is often suppressed in tumor cells, as
well as the ability to provide a stable and long-lasting antitu-
mor response due to the continued proliferation of injected
cells in the patient’s body [20].

The use of CAR-T-cell therapy in oncohematological dis-
eases has demonstrated impressive results, leading to the
approval of the FDA (USA Food and Drug Administration) of
this treatment method [21]. The current research is focused
on extending the indications for the CAR-T-cell therapy to
combat solid tumors.

A meta-analysis that included 22 studies involving 262
patients showed that the overall response rate to CAR-T
cell therapy in various solid tumors was 9%. Moreover,
various strategies (lymphodepletion before T-cell infusion,
transfection method, CAR-T cell persistence, total cell
dose, and IL-2 administration) did not significantly affect the
effectiveness of treatment [22]. Modest results of CAR-T
therapy in relation to solid tumors are often associated
with a lack of tumor-specific antigens, a low level of infiltra-
tion of CAR-T cells into tumor tissue, and a pronounced

Table 1. Clinical studies of the adaptive cell therapy with autologous tumor-infiltrating lymphocytes in non-small cell lung cancer

Ne Diagnosis Treatment Phase n Result Side effects Clinical trial ID
1 | NSCLC TIL (LN-145) + IL-2 + non-myeloablative | 20 70% — overall Associated with | NCT03215810
lymphodepletion (Cyclophospha- response rate; lymphodeple-
mide + Fludarabine) + Nivolumab 10% — complete re- tion and with
sponse; 60% — par- | the introduction
tial response of IL-2
2 | NSCLC; metastatic TIL (LN-145) + IL-2 + non-myeloablative 1l 178 The research No data NCT03645928
melanoma; squamous | lymphodepletion (Cyclophospha- is ongoing available
cell carcinoma of the mide + Fludarabine) + Pembrolizumab/
head and neck Ipilimumab/Nivolumab
3 | NSCLC TIL (LN-145) + IL-2 + non-myeloablative 1l 95 The research No data NCT04614103
lymphodepletion (Cyclophospha- is ongoing available
mide + Fludarabine)
4 | stages llland IV Genetically modified TIL (IOV- Ul Set The research No data NCT05361174
NSCLC; metastatic 4001) + IL-2 + non-myeloablative lymphode- is ongoing available
melanoma pletion (Cyclophosphamide + Fludarabine)
5 | NSCLG; cervical TIL (LM103) + IL-2 + non-myeloablative lym- | 15 The research No data NCT05366478
cancer; melanoma phodepletion (Cyclophosphamide + Fluda- is ongoing available
rabine)
6 | NSCLC L-TIL (Liquid Tumor Infiltrating Lympho- 1l 33 The research No data NCT05878028
cytes) + Tislelizumab + Docetaxel is ongoing available
7 | NSCLC; melanoma; Epigenetically reprogrammed TIL (LYL845) | 108 The research No data NCT05573035
colorectal cancer is ongoing available
8 | NSCLG; colorectal TIL + IL-2 + non-myeloablative lymphode- | 18 The research No data NCT05902520
cancer; melanoma pletion (Cyclophosphamide + Fludarabine) is ongoing available
and others
9 | NSCLC TIL + IL-2 + non-myeloablative lymphode- 1l 85 The research No data NCT02133196
pletion (Cyclophosphamide + Fludara- is ongoing available
bine) + Aldesleukin
10 | NSCLGC; breast TIL (TBio-4101) + IL-2 + non-myeloab- | 60 The research No data NCT05576077
cancer; colorectal lative lymphodepletion (Cyclophospha- is ongoing available
cancer; melanoma mide + Fludarabine) + Pembrolizumab

Table prepared by the authors according to the ClinicalTrials.gov data
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immunosuppressive tumor microenvironment [23]. In ad-
dition, this method of immunotherapy leads to serious side
effects, including cytokine storm and neurotoxicity [24]. In
order to resolve the problem of low recruitment of T-cells
into the tumor site, CAR-T cells were injected into the tu-
mor, which showed encouraging results in an experimental
mouse model [25]. Methods of molecular modifications in
T-cells can also be used to enhance targeted delivery [26].
In order to overcome the immunosuppressive microenvi-
ronment, attempts have been made to combine CAR-T cell
therapy with ICl therapy [27]. Toxicity and optimal therapeu-
tic dosage remain to be determined.

The first step in successful adoptive T-cell therapy is
to select the optimal tumor-associated antigen (TAA) for
CAR-T cells. Most of the antigens used in CAR-T therapy
for lung cancer (EGFR, MSLN, MUC1, PSCA, CEA, D-L1,
CD80/CD86, ROR1, and HER2) are also expressed in nor-
mal human tissues, which can lead to non-targeted toxic
effects [28]. Recently, a new target for lung cancer has
been found in the form of LunX (lung-specific protein X), an
antigen belonging to the family of clone proteins of the pal-
ate, lungs, and nasal epithelium. [29]. Unlike other antigens,
LunX is often highly expressed in NSCLC cells, although
not being expressed in normal lung tissues [30]. Preclinical
studies evaluating the effectiveness of LunX-CAR-T therapy
on a xenograft model of lung cancer have shown promis-
ing results. It has been experimentally proven that LunX-
CAR-T cells inhibit the growth of LunX-positive tumor cells
and prolong the survival of mice [31]. In parallel, CAR-T cells
targeting c-Met, a transmembrane receptor with tyrosine
kinase activity expressed mainly in epithelial cells, are being
developed [32]. Preliminary studies have shown that c-Met-
directed CAR-T cells demonstrate pronounced antitumor
activity both in vitro and in vivo against NSCLC, offering
promising treatment routes [33].

Currently, phase | and Il clinical trials of CAR-T therapy
for NSCLC are underway, targeting various targets (epider-
mal growth factor, mesothelin, PD-L1, mucin-1) in combina-
tion with or without immunotherapy, with varying efficacy
and toxicity [34-36]. In particular, the response to EGFR-
CAR-T-cell therapy for EGFR + NSCLC was noted in two
patients out of 11 (18%) [34]. In another phase | clinical trial
study with intrapleural administration of mesothelin-target-
ed CAR-T in combination with pembrolizumab therapy for
lung cancer and pleural mesothelioma, a good response
was observed in only two patients out of 27 (7%) [35].
MUC1-CAR-T-cell therapy in 20 patients with NSCLC led
only to stabilization of the disease without visible signs of
improvement in 11 patients, while the remaining patients
showed disease progression [36]. A number of studies
have been discontinued due to the high toxicity of CAR-T-
cell drugs.

Note should be made that despite intensive research,
immunotherapy with CAR-T cells has not yet shown any
significant clinical effect in the fight against lung cancer. In
addition, in its current form, such an immunotherapy is bur-
dened with a rather high toxicity. The research into CAR-T
cell therapy for solid tumors in general and lung cancer in
particular is in its nascent stage, requiring additional efforts
in assessing the possibility of its clinical application.

Inhibitors of immune control points in lung cancer

Immunotherapy using checkpoint inhibitors (ICl) of the im-
mune system is one of the most significant breakthroughs
in the treatment of oncological diseases. Indeed, a num-
ber of multicenter studies have shown its efficacy in in-
creasing the median survival rate in numerous malignan-
cies, including lung cancer. This technology is associated
with the inhibition of immunosuppressive proteins CTLA-4
and PD-1/PD-L1, which, in turn, activates cellular antitu-
mor immunity [37]. The interaction of PD-1, located on the
surface of thymocytes and other elements of the immune
system, with its PD-L1 ligand on tumor cells suppresses
the activity of T-cells, reducing their ability to recognize
and destroy tumors. Lung cancer often uses this mecha-
nism to avoid the immune response. CTLA-4 is another
inhibitory receptor on T-cells, the blockade of which con-
tributes to an increase in the number of activated T-cells
and memory T-cells, enhancing the immune system at-
tack on the tumor [38]. The following immune control
molecules are being evaluated as potential targets for
cancer immunotherapy: molecule 3 containing T-cell im-
munoglobulin and mucin domain (TIM-3), transmembrane
glycoprotein type | (B7-H3), immunoglobulin suppressing
activation of T-cells in the V domain (VISTA), lymphocyte
activation gene-3 (LAG-3), T-cell immunoglobulin, and
[TIM domain (TIGIT) [39].

At the moment, over 300 clinical trials aimed at study-
ing the effectiveness of the ICI in lung cancer therapy
have been successfully completed. On their basis, the
European Medicines Agency and the USA Food and Drug
Administration approved one CTLA-4 inhibitor drug (ip-
ilimumab), five PD-1 inhibitor drugs (nivolumab, pembroli-
zumab, cemiplimab, sintilimab, camrelizumab), and two
PD-L1 inhibitors (durvalumab, atezolizumab) for the treat-
ment of NSCLC. Some other drugs undergo different stag-
es of approval. In the nearest future, new drugs in each of
the ICI groups are likely to appear [40].

Randomized clinical trials in patients with PD-L1-
positive tumors with an expression of at least 50%
showed single-component immunotherapy with ICI to
be superior to adjuvant chemotherapy in terms of both
toxicity and overall survival [41, 42]. The KEYNOTE-024
trial (phase Ill, 305 patients) revealed that pembrolizumab,
as a first-line therapy in patients with metastatic NSCLC
with PD-L1 expression>50%, significantly improved over-
all survival rates with a lower level of side effects com-
pared to platinum-containing chemotherapy [43]. In addi-
tion, KEYNOTE-042 trial (1,274 patients, phase lll) [44] and
IMpower110 trial (phase lll, 572 patients with metastatic
NSCLC who had not previously received chemotherapy
and whose PD-L1 expression was at least =1%) confirmed
that ICI therapy provides a significant improvement in the
survival of patients with various degrees of PD-L1 expres-
sion. However, a particularly pronounced effect was not-
ed in individuals with higher expression levels [45]. This
indicates the expediency of selecting immunotherapy as
the primary treatment method in patients with locally ad-
vanced unresectable or metastatic NSCLC with PD-L1
expression of more than 1%.
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When developing advanced treatment methods for
lung cancer, special attention is paid to the potential of
combining immunotherapy and chemotherapy. According
to the results of the 5-year clinical trial KEYNOTE-189
phase Il (NCT02578680) in 616 randomized patients with
untreated metastatic NSCLC without EGFR/ALK changes
on combined immunotherapy and chemotherapy (n = 410
pembrolizumab plus pemetrexed plus platinum), the
5-year overall survival rate was 19.4%. At the same time,
the use of only mono-chemotherapy (n = 206 placebo
plus pemetrexed plus platinum), the 5-year overall survival
rate was 11.3%. Among 57 patients who completed 35 cy-
cles of taking pembrolizumab, the objective response rate
was 86.0% [46]. A meta-analysis of 66 studies showed
that neoadjuvant immunotherapy for resectable non-small
cell lung cancer is safe and effective. In comparison with
chemotherapy alone, chemoimmunotherapy improved
therapeutic response and survival rates to a greater extent
[47]. These data continue to confirm that the combination
of ICI therapy with chemotherapy improves the survival of
patients with NSCLC, regardless of PD-L1 expression. A
phase Ill CheckMate 9LA large trial demonstrated positive
results in overall survival with nivolumab plus ipilimumab
compared with chemotherapy in patients with NSCLC, re-
gardless of PD-L1 expression. This prompted the use of
a dual immunotherapy approach without chemotherapy
[48]. Combination of immunotherapy with other therapeu-
tical approaches to achieve the best effect and reduce
side effects deserves further study.

The most common side effects of ICI therapy related to
immunity are skin and endocrine disorders, such as rash,
itching, and thyroid dysfunction [49]. There is an increasing
amount of literature data on cardiovascular toxicity, in par-
ticular myocarditis, which requires a more comprehensive
assessment of the baseline parameters of the cardiovascu-
lar system and optimization of risk factors [50]. Fatal cases
are rare, ranging from 0.36% with single-agent immuno-
therapy to 1.23% with combined immunotherapy [51].

It should be noted that despite significant clinical im-
provements, most patients ultimately do not respond to
ICl therapy due to the development of primary or second-
ary resistance [52]. A retrospective study of 1201 patients
with NSCLC treated with PD-1 inhibitors showed that 78%
of 243 cases developed secondary resistance after the
initial response [53]. In 74% of patients with NSCLC with
an effective initial response to immunotherapy, disease
progression was observed within five years. The mecha-
nism of resistance to immunotherapy is rather complex,
being most likely associated with changes in the inter-
action between cells and surrounding cell populations
within the tumor microenvironment (TME) [54]. Research
into cellular interactions within TME and creation of reli-
able methods for evaluating immune cells and their effect
on the tumor may shed light on the mechanism of over-
coming resistance and increasing the effectiveness of ICl
therapy. Nevertheless, checkpoint inhibitors have already
significantly changed treatment approaches to lung can-
cer in a positive way. Along with advancement of theories
and technologies, more effective treatment options can
be expected.
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Oncolytic phytotherapy for lung cancer and some
other tumors of the pleural cavity

Oncolytic virotherapy (OVT) is another type of immuno-
therapy for malignant neoplasms that has the potential
to overcome the immunosuppressive microenvironment
and improve clinical outcomes. Oncolytic viruses (OV) are
focused on selective damage and reproduction in tumor
cells. This process destroys tumor cells, activating simul-
taneously the systemic immune response against cancer
[65]. Cell death, accompanied by the release of molecules
such as DAMPs and PAMPs, as well as cytokines, stimu-
lates the activation and recruitment of antitumor immune
cells, including CD4* and CD8* T-lymphocytes [56]. The
current research focuses on various viruses, including ad-
enoviruses, herpesviruses, measles viruses, Coxsackie
viruses, polioviruses, reoviruses, Newcastle disease virus,
etc. Malignant tumor cells may be susceptible to infection
and replication of the virus as a result of their defective virus
perception mechanisms. Some viruses do not require the
presence of specific receptors [57]. Individual viruses are
purposefully modified to make them oncospecific, e.g., by
introducing a defect in the thymidine kinase sequence, in
which replication is possible only in tumor cells with a high
content of this enzyme [58].

Currently, the only oncolytic virus, which is a geneti-
cally modified form of the herpes simplex virus type 1,
has been approved by the USA FDA for the treatment of
malignant melanoma [59]. A systematic review and me-
ta-analyses evaluating the efficacy and safety of OVT in
solid tumors showed that the objective response rate was
significantly higher in patients receiving monotherapy with
oncolytic adenovirus H101 or combination with chemo-
therapy, compared to patients receiving chemotherapy
alone [60]. According to the ClinicalTrials.gov data more
than 20 studies are currently being conducted (Table 2),
mainly the first or second phase of clinical trials, with an
assessment of the efficacy and safety of oncolytic viro-
therapy for lung cancer and some other malignant tumors
of the pleural cavity, in particular pleural mesothelioma.
The effectiveness of intra-tumor administration of ADV/
HSV-tk oncolytic virus was shown in 28 patients with
metastatic non-small cell lung cancer in combination with
stereotactic radiation therapy and further ICI immuno-
therapy (valciclovir and pembrolizumab) (NCT03004183).
Disease stabilization was observed in 10 patients (37.5%),
disease progression was observed in 10 patients (37.5%),
6 patients (21.4%) had a partial response, and 2 patients
(7.1%) achieved a complete response. The results of an-
other study (NCT02053220) showed that intravenous ad-
ministration of ColoAd1 adenovirus for resectable NSCLC
led to stimulation of the local antitumor immune response
in the form of infiltration by CD8* T-cells [61]. At present,
clinical trials of oncolytic virotherapy for lung cancer re-
main to be launched, requiring data predicting its potential
therapeutic efficacy.

The clinical efficacy of OVT as a monotherapy remains
limited, attracting research attention to exploring various
combined treatment tactics. With respect to the com-
bination of OVT with standard methods of lung cancer
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treatment, one meta-analysis involving 1494 patients (the
combination therapy group — 820 patients; the traditional
treatment group — 674 patients) showed that the OVT in
combination significantly improves the objective response
in patients compared to standard therapy [62]. OVT is a
particularly attractive option as adjuvant therapy to increase
overall survival, due to the possibility of targeting residual
tumor foci and modulating the suppressed immune system
after surgery [63]. There is also evidence that combined
radiation therapy and oncolytic virotherapy can enhance
their individual antitumor effects, selectively destroying lung
tumor cells [64].

Depending on the location and availability of the tumor,
the virus can be injected directly into the tumor (single or
repeated injections) or systemically (intravenous or intraar-
terial injection). Intra-tumor administration may be limited by
the extracellular matrix, which serves as a barrier prevent-
ing the penetration and spread of the virus. Another dif-
ficulty in delivering the virus is the activation of antiviral im-
munity when administered systemically. Introduced viruses
are detected by the host’s immune system and inactivated
by neutralizing antibodies, which reduces their replication
and effectiveness. Attempts were made to circumvent this
problem by encapsulation of oncolytic adenovirus into ex-
tracellular vesicles, which significantly increased in vitro in-
fection rates and enhanced the effect of suppressing tumor
growth in experimental models of human lung cancer [65].
Such approaches can be integrated into clinical practice to
improve the effectiveness of systemic drug delivery, over-
coming the immune response.

The modern possibilities of designing recombinant vi-
ruses are of great interest. The large viral genome VV al-
lows the introduction of up to 50 kb of foreign genes, as a
result of which the effect of OVT can be enhanced by the
tumor-selective expression of therapeutic biological drugs,
including antibodies, cytokines, chemokines, and ligands.
Cytokine genes are among the most commonly used im-
munomodulatory genes due to the capacity of cytokines to
recruit and regulate T-cell homeostasis [66]. Viruses encod-
ing IL-2, IL-12, IL-15, TNF, or other cytokines have been de-
signed to stimulate an increase in the lymphoid cell popula-
tion after local administration. Studies have demonstrated
successful and safe delivery of IL-2 into the tumor microen-
vironment, reducing tumor load and increasing the number
of CD8* lymphocytes [67]. It was confirmed that IL-15 per-
forms important functions in the activation and survival of
T-lymphocytes, natural killer (NK), and NK-T-lymphocytes,

with the combination of IL-15 and IL-15Ra enhancing their
biological activity [58].

Recombinant virus design techniques may be the key
to developing new approaches to treating lung cancer and
improving immunotherapy. Due to their good safety profile
and a variety of antitumor mechanisms, such approaches
are appropriate for combination therapy. Viral infections
and tumor lysis processes transforms cold tumors into hot
tumors, increasing the infiltration and involving immune
cells in the TME. OVT in combination with ICl demonstrate
a powerful synergistic effect. The development of strate-
gies for combination therapies requires care, since ICl can
affect the ability of OV replication. In order to achieve op-
timal results, it is necessary to harmonize both treatment
methods, avoiding potential risks associated with OV gene
activation [68].

In general, oncolytic virus therapy shows broad clinical
prospects for future effective treatment strategies of lung
cancer. The versatility and relative safety of agents suggest
that they are a powerful tool for optimizing combined im-
munotherapy. Continued clinical research in these direc-
tions is required.

CONCLUSION

Lung cancer is characterized by a pronounced immuno-
suppressive tumor microenvironment. This impedes both
the antitumor immune response and the antitumor effec-
tiveness of currently existing methods of adoptive cellular
immunotherapy. At the same time, the combined effect of
selective ICl, enhanced/targeted TIL, CAR-T and TCR-T,
and recombinant oncolytic viruses on the tumor and its
microenvironment can overcome the antitumor immune re-
sponse and become decisive in suppressing tumor growth
and improving clinical outcomes.

Each of the discussed methods individually have a
number of advantages and disadvantages. This is why
a combined and personalized approach to lung can-
cer immunotherapy seems to be justified. The devel-
opment of technologies for recombinant oncolytic vi-
ruses that cause production of activating cytokines and
chemokines by microenvironment cells, along with inhi-
bition of the CTLA-4 and PD-1/PD-L1 signaling axes, as
well as the creation of genetically-engineered cytotoxic
cells, will undoubtedly raise adoptive immunotherapy to
a new level capable of reverting the course of metastatic
lung cancer.
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Table 2. Clinical studies of oncolytic virotherapy for pleural cavity malignant neoplasms

Ne Diagnosis Treatment Phase | Selection Result Side effects Clinical trial ID Ioli‘;et?c:n
1 2 3 4 5 6 7 8 9
Solid tumors
(lung cancer, Intra-tumor injection .
1 head and of recombinant 1 28 Status unknown No_data NCT05180851 Shan_ghah
’ available China
neck cancer, adenovirus LIF N
melanoma, etc.)
. Complete response of
S_tereotactlc 2 patients (7.1%); partial There are
radiation therapy .
- . response of 6 patients no cases of
in combination S L
o (21.4%); stabilization toxicity to the
Metastatic with intracellular of the disease of 10 administration Houston
2 administration of 2 28 : ; ) NCT03004183 y
NSCLC . patients (37.5%); disease and no serious Texas, USA
EBV/HSV-tk oncolytic . ; :
) progression of 10 patients side effects
virus, ICl therapy
A . (37.5%). from the
(valciclovir and f .
; The overall survival rate is treatment
pembrolizumab)
12.9%.
Intrapleural
administration of
. a vaccine strain Rochester,
3 | Malignant pleural of measles virus 1 15 The results have not been No data NCT01503177 | Minnesota,
mesothelioma ; . published available
encoding a thyroid USA
carrier of sodium
iodide
Quaratusugene
ozeplasmid
(Remorse) in
combination with No data Houston,
4 NSCLC . 1n2 180 Recruitment is underway . NCT05062980 | Tampa, St.
pembrolizumab available X
" . . Louis, USA
in patients with
previously treated
NSCLC
Disseminated Intra-tumor injection No data Bengbu
5 small cell lung of an oncolytic virus 1 20 Recruitment is underway . NCT05205421 gou,
available China
cancer (RT-01)
Recurrent Recombinant herpes No data Anging. An-
6 | progressive solid simplex oncolytic 1 24 Recruitment is underway . NCT05886075 aing. /
p available hui, China
tumors virus type 1 (R130)
Progressive solid Recombinant herpes No data Shanghai,
7 9 simplex oncolytic 1 20 Recruitment is underway . NCT05860374 Jiangsu,
tumors . available h
virus type 1 (R130) China
Progressive solid Recombinant herpes No data Linyi,
8 9 simplex oncolytic 1 20 Recruitment is underway . NCT05961111 Shandong,
tumors . available X
virus type 1 (R130) China
Resistant to Oncolytic adenovirus The location
9 |nh|b|tqrs of the T”‘.T_1.23 n 1 22 Recruitment is underway No_data NCT06125197 | is not speci-
NCLR immune combination with available )
) . fied
checkpoint pembrolizumab
Progressive Oncolytic adenovirus No data Tianjin,
10 | malignant pleural | H101 in combination 1 15 Recruitment is underway available NCT06031636 Tianjin,
mesothelioma with an inhibitor PD-1 China
Intra-tumor injection No data Tampa
1 Solid tumors of MEM-288 1 61 Recruitment is underway . NCT05076760 pa,
. available USA
and nivolumab
There are
Resectable Intra-tumor injection High local infiltration of no cases of
NSCLC, ) . h o toxicity to the
resectable or intravenous CD8* cells in 80% of the administration Madrid
12 infusion of group B 1 17 tested tumor samples, . NCT02053220 L
bladder cancer, ) ] A ) and serious Spain
oncolytic adenovirus indicating a potential .
resectable colon ) side effects
(ColoAd1) immune response.
cancet, etc. from the
treatment
_ VSV-IFN-B-NIS + Rochester,
13 | Nonm-smalicell | o @ imab + ipili- | 1m2 70 Recruitment is underway No data NCT03647163 | Minnesota,
lung cancer A available
mumab + nivolumab USA
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Table 2 (continued)

Ne Diagnosis Treatment Phase | Selection Result Side effects | Clinical trial ID IOEC‘;et?;n
1 2 3 4 5 6 7 8 9
- Intra-tumor
14 | HER2positive | 0 ion of CAIVEC 1 45 Recruitment is underway No data NCT03740256 | . iouston,
tumors : available Texas, USA
adenovirus
Intra-tumor injection Heidelberg
15 Progressive of adenovirus (CVA21) 1 11 Is unknown No data NCT02824965 | Victoria,
NCLR in combination with available -
A Australia
pembrolizumab
16 Progressive solid Intravenou§ injection 1u2 74 Recruitment is underway No_data NCT05598268 Beu_mg,
tumors of herpes virus T3011 available China
Intra-tumor or
intravenous injection
- of TBi0-6517
17 | Metastaticsolid 15061 tic smallpox | 112 27 Stopped No data NCT04301011 USA
tumors : ! : available
vaccine virus) in
combination with
pembrolizumab
Intra-tumor injection
. . BT-001 (TG6030),
1g | Metastatic solid alone and in 12 48 Recruitment is underway No data NCT04725331 | Brussels,
tumors o . available Belgium
combination with
pembrolizumab
Intra-tumor injection
. . of recombinant
19 Metiﬁﬁg‘:sso"d GM-CSF vaccine; 1 23 Recruitment is underway :\'{‘;i?aagg NCT00625456 USA
RAC VAC GM-CSF
(JX-594)
Intrapleural
HSV1716, an
oncolytic virus, is a Glasgow
20 | Malignant pleural | type | mutant herpes | 12 Completed No data NCT01721018 United
mesothelioma simplex virus (HSV) available Kinadom
deleted in the RL1 9
gene, which encodes
the ICP34.5 protein
Common solid Intra-tumor injection
o1 |  tumors with of picornavirus 1 60 Recruitment is underway No data NCT00314925 USA
neuroendocrine Seneca Valley Virus available
features (Svvoo1)

Table prepared by the authors according to the ClinicalTrials.gov data
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THE ROLE OF INFORMATION SUPPORT IN IMPROVING MEDICAL SUPPORT FOR SEAFARING
PERSONNEL
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Introduction. Managing the process of collecting, analyzing, and systematizing the results of medical examinations of seafaring personnel in medical orga-
nizations of the Federal Medical and Biological Agency (FMBA) of Russia requires development of a specialized information system.

Objective. To carry out a comprehensive analysis of the activities of FMBA organizations, to develop on its basis and implement into practical use an informa-
tion system for ensuring the continuity of all types of medical support for seafaring personnel; to create a digital Register of the results of medical examinations
of seafarers.

Materials and methods. During the 2014-2023 period, the principles of organizing the work of medical organizations that provide medical care to seafaring
personnel were studied. A methodology for recording the results of medical examinations of seafarers with the purpose of forming an information Register
was developed. An analysis of medical support provided to people working on ships in 2023 was conducted based on the reports of FMBA structural units,
including 35 health centers, 70 ship doctors, and 14 doctors of diving medicine.

Results. In March 2023, the Head Center for Health Protection of Seafarers, FMBA, implemented a pilot project on creation of a Register in the Northwestern
Federal District. Within its framework, a methodology for generating a seafarer identification number in the Register was developed and 26,125 records of
information about persons who underwent preliminary and periodic medical examinations were analyzed. The implementation of the proposed methodology
for the formation of registers in all districts allowed an information system in the amount of 38,993 conclusions to be drawn based on medical examinations
conducted in 2022-2023.

Conclusion. A single informational resource in conjunction with the Register for all 35 medical organizations that provide medical support to seafaring per-
sonnel, including conducting preliminary and periodic medical examinations, forms the basis for further improvement of scientific approaches to the organiza-
tion and development of maritime and diving medicine in the Russian Federation.

Keywords: maritime medicine; industrial medicine; information support; Federal Medical and Biological Agency; FMBA; Register of medical examinations of
seafaring personnel
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POJ1Ib NUHOOPMALIMOHHOIO COMNMPOBOXXAEHUA B COBEPLLUEHCTBOBAHUN
MEOVLIMHCKOIO OBECIMNEYEHNA NMITABCOCTABA

T.B. fkosnesa’, O.tO. TypeHko', B.M. KonabyTuH?, B.A. PatHukos?*, 'M. Opnog?, C.C. Mockanesa?, B.I. lopenos?

T depepanbHoe Meanko-bruonorndeckoe areHTcTBo, Mocka, Poccus

2CeBepo-3anaiHblii OKPY>KHOW Hay4HO-KIMHUYeCKniA LeHTp uMm. J1.I. Cokonosa ®efepanbHOro Meamko-6ronoruieckoro areHTcTsa, CaHkT-INeTepbypr,
Poccunsa

3 CaHkT-lNeTepbyprckuii rocyfapcTeerHbln yHuBepcuteT, CaHkT-lNeTepbypr, Poccus

BBepeHue. YnpasneHne npoLeccoM NoyyYeHrs, aHanmnsa n cuctematmnadannm pesdynstatoB MeaUMHCKIX OCMOTPOB NaBcocTaBa B MEAVLMHCKMX OpraHu-
3aumax PMBA Poccun TpebyeT codgaHns cneuvanbHon MHhopMaLMOHHOM CUCTEMBI.

Llenb. Ha ocHOBaHWM KOMMNEKCHOrO aHanna3a pesynsratos padoTel MEAULIMHCKNX opraHnsaumnii PMBA Poccunn paspaboTaTb 1 BHEAPUTb B MPaKTU4ECKoe
npuMeHeHne NHPOPMALIMOHHYIO CUCTEMY A5t 0becrneveHst 6eCLLIOBHOM NPEEMCTBEHHOCTY B OKa3aHUW BCeX BUAOB MeAMLMHCKOro 06ecneyenmst nnasco-
cTaBa, Co3AaTb LMAPPOBON PErMCTP MeANLMHCKMX OCBUAETENBCTBOBAHWIA MnaBcocTasa.

Matepuansl n metogbl. 3a nepunog 2014-2023 . n3y4eHbl OpraHn3aLMoHHble MPUHLMMNBI PaboTbl MEAVNLMHCKMX YYPEeXXAEeHWA, OKa3bIBaOLLMX Meau-
LIMHCKYt0 nomolLLb nnascocTaBy. OTpaboTaHa MeToavka opraHnsaLy NepcoHNMULMPOBAHHOMO yyeTa pesynstaToB MegOCMOTPOB AaHHOMO KOHTUHIEH-
Ta Ang hopM1poBaHns pPerncTpoB. AHanma paboTbl MO MeAMLMHCKOMY 06eCnedeHNIO ML, paboTatoLLMX Ha cydax, BbIMOMHEH MO UTOram AesTeNbHOCTH
35 3apasnyHKTOB, 70 CynoBbIx Bpaden, 14 Bpaden BogonasHom MeauLmHbl B CTpykType PMBA Poccun B 2023 roay.

PesynbtaTtbl. B [0N10BHOM LeHTpe oxpaHbl 300poBbs MopsikoB PMBA Poccumn B mapTe 2023 roga peanvusoBaH NMUAOTHBIA NPOEKT MO CO3[AAaHUIO pern-
cTpa B CeBepo-3anagHom eaepansHoM OKpyre, paspadboTaHa MeToanka PopMUPOBaHNS MAEHTUMUKALMOHHOrO HOMepa Mopsika B PErMcTpe, U3yYeHo
26 125 3anucen ceBedeHUin O IMUax, NPoLleAwnX NpeaBapuTeNbHbie 1 NePUOANYECKNE MEAULIMHCKINE OCMOTPSI. ICNonb30oBaHne NpeanoxXeHHon MeTo-
OVIKM (hOPMUPOBaHNS PErMCTPOB BO BCEX OKPYrax MO3BOMVIO MNONY4YUTb B MHPOPMALMOHHON CUCTEME faHHble O MEAULIMHCKNX OCBUAETENbCTBOBAHNAX
3a 2022-2023 rr. B KonuyecTse 38 993 3aKno4eHN.

3akntouyeHue. EquHbIN nHHOPMaLMOHHBIN PECYPC B KOMMIEKCE C PErMCTPOM MO BCEM 35 MEANLIMHCKIM OPraHn3aLmsam, OCyLLECTBASIOLLMM MEANLIMHCKOE
obecrneveHyie NnaBcocTasa, B TOM YMCe NPOBEAEHVE NPeaBapUTENbHbIX U NEPUOANHYECKNX MEAULIMHCKIX OCMOTPOB, COCTaB/SIET OCHOBY NS AafibHelLLe-
ro COBEPLUEHCTBOBaHMS Hay4HbIX MOAXOA0B K OpraHm3aumnm v pasBuT1io MOPCKOW 1 BOAONA3HON MeanumHbl B Poccuinckon ®efdepauinm.

KnioueBble crnioBa: Mopckas MeauuyvHa; NpoMbILLieHHast MeavumHa; nHdopmaloHHoe obecrnevermne; GeaepanbHoe MeanKo-61oNorn4eckoe areHTCTBO;
PerncTp MeaUUMHCKNX OCBMAETENIbCTBOBAHMIA MIaBcocTaBa
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®uHaHcupoBaHue: paboTa BbinosHeHa 663 COHCOPCKOWM NMOAAEPKKN.

nOTeHLWIaﬂbeIﬁ KOHCbﬂI/IKT WHTepecoB: Akosnesa T.B. — 4neH penakumMoHHOro coeeta XXypHana «MeguumHa SKCTPemabHbIX CMTyaLJMI7I>>. OcTasnbHble
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INTRODUCTION

In recent years, the question of restoring a unified system
of medical support for maritime and river fleet workers in
Russia has been discussed at various governmental lev-
els [1]. Although existing previously, this system has dis-
integrated into individual companies and organizations as
a result of adverse social and economic changes in the
country.

These requirements are outlined in the International
Labour Organization (ILO) convention adopted in 2006 and
were ratified in the Russian Federation in 2012. Currently,
the Russian Federation lacks a unified approach to the or-
ganization of information support for medical surveillance
of marine specialists [2]. Medical organizations of Federal
Medical and Biological Agency (FMBA) of Russia involved
in medical examination of seafaring personnel apply the
Unified Departmental Medical Information and Analytical
System of FMBA of Russia (hereinafter referred to as
UDMIAS), as well as medical information systems integrat-
ed with UDMIAS (hereinafter referred to as MIS) [3].

In the above systems, accounting of performed peri-
odic and preliminary medical examinations was implement-
ed in accordance with the order of the Ministry of Health
of Russia as of 28.01.2021 No. 29n “On Approval of the
Procedure for mandatory preliminary and periodic medi-
cal examinations of employees, provided for in part four of
Article 213 of the Labor Code of the Russian Federation,
the list of medical contraindications to work with harmful
and (or) hazardous production factors, as well as work in
the performance of which mandatory preliminary and peri-
odic medical examinations are carried out” [4].

However, the mentioned guiding document lacks a pro-
cedure for preliminary and periodic medical examinations
of persons working on ships. It should be noted that other
regulatory acts of the Russian Federation did not fully pre-
sent the procedure for medical examinations of shipboard
personnel. The only current document establishing medi-
cal contraindications to work on a ship was the Decree of
the Russian Federation Government as of 24.06.2017 No.
742 “On approval of the list of diseases that prevent work
on marine vessels, inland navigation vessels, as well as on
mixed (river-sea) navigation vessels” [5].

In order to meet the requirements of the time, at the end
of 2022, the Ministry of Health of Russia issued the order
No. 714n dated 01.11.2022 “On Approval of the Procedure
for medical examination for medical contraindications
to work on a ship, including chemical and toxicological
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studies of the presence of narcotic drugs, psychotropic
substances, and their metabolites in the human body, and
the form of a medical report on the absence of medical
contraindications to work on a ship.” This order defined a
procedure for medical examination of seafaring person-
nel and created prerequisites for optimal organization
of accounting of the results of medical examinations of
shipboard personnel in information systems, based on
reliable statistical data [6]. The timeliness of this activity
agrees with the opinion of a number of authors who have
carried out a comprehensive legal monitoring of national
normative and methodological documents regulating the
activities of seafarers’ health care centers, assessed the
normative regulation of the issue of medical support of
crewmembers and stressed the need to regulate the prin-
ciples of organization of medical care and sanitary and
hygienic support of ships during voyages, taking into ac-
count the modern achievements of medicine and informa-
tional technologies, including distant ones [7, 8].

Thus, the accounting of preliminary and periodic medi-
cal examinations of seafaring personnel in the UDMIAS
information systems and medical information systems in-
tegrated with UDMIAS used by medical organizations of
FMBA has become particularly relevant.

In this study, we aim to develop and implement an in-
formation system to ensure continuity in the provision of all
types of medical support to seafaring personnel with the
creation of a digital Register of their medical examinations
based on a system analysis of the activities of FMBA medi-
cal organizations.

MATERIALS AND METHODS

For the period from 2014 to 2023, specific aspects, short-
comings, and prospects of information support of medi-
cal care for seafaring personnel were studied. Data on the
morbidity of swimming and diving personnel for the year of
2023 were systematized.

An analysis of the data set reflecting the activity of
FMBA medical organizations (MOs) on medical care of
seafaring personnel in 2023 showed the presence of 35
health posts (HP), 70 shipboard doctors, and 14 doctors
of diving medicine. A questionnaire survey of information
systems of all MOs integrated in the study was conducted.
In order to ensure effective medical support to seafaring
personnel, to coordinate interaction between the profile
FMBA departments and subordinate institutions, as well
as to create an information resource reflecting the results
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of implemented activities, the Head Center for Health
Protection of Seafarers (hereinafter referred to as the Head
Center) was established in 2021 on the basis of Sokolov
Northwestern District Scientific and Clinical Center by the
order of the Head of the FMBA of Russia.

One of the main tasks of the Head Center is to provide
information and analytical support for the health protection
of shipboard personnel, in particular, to create and maintain
a register of medical organizations and a digital Register of
medical examinations of seafaring personnel, as well as to
create, improve, and provide data and technological sup-
port for the information system.

In 2022, the Head Center set a task for FMBA medi-
cal organizations to organize personalized registration of
medical examinations of seafaring personnel and to supply
this information for compiling a Register. Due to the varying
degrees of technical readiness of MOs in terms of running
personalized registration of medical examinations for sea-
faring personnel using a medical information system (MIS),
the Head Center provided them with the necessary infor-
mation tools, as well as with a prototype module based
on the MIS used in Sokolov Northwestern District Scientific
and Clinical Center.

RESULTS

The conducted research established that creation of a uni-
fied health monitoring circuit for seafaring personnel and
divers in the system of FMBA of Russia requires analysis of
aggregate information reflecting the results of MO activities
in all Federal districts.

The primary data received from FMBA medical organi-
zations revealed the impossibility of separating exclusive in-
formation on the seafaring personnel from the total amount
of data on preliminary and periodic medical examinations.
This was certainly a precondition for obtaining unreliable
demographic data and results on the morbidity of seafar-
ing personnel. Interaction with the MOs also showed that
personalized records of medical examinations of seafaring
personnel were not carried out; sometimes, only paper re-
cords were kept.

At the first stage, a conceptual approach to the imple-
mentation and exploitation of an information and analytical
system of maritime medicine was outlined, including the
introduction of standard protocols for data exchange with
MO medical information systems, installation and configu-
ration of licensed software, creation of information resourc-
es and measures to ensure information security.

Pursuant to the order of the Ministry of Health of Russia
from 01.11.2022 No. 714n [6], a pilot project to create a
Register in the Northwestern Federal District (NWFD) was
launched in 2022 and implemented in March 2023. The
structure of the information support system for maintaining
the Register of maritime medicine center was developed,
see Fig. 1.

A methodology for forming a seafaring personnel
identification number in the register consisting of 12 dig-
its was developed. In the format of “12XXXX-XXXXXX-
XXXXXXXXX”, the first two numbers denote the subject of
the Russian Federation, in which the seafarer underwent
a physical examination, “XX34-5XXXXXXXX-XXXXXX” the

third-fifth numbers — the MO registration number in the
MO register, “XXXXX-X678-9ABX” the sixth to eleventh
numbers — the seafarer serial number, “XXXXX-XXXXX-
XXXXXXC” the twelfth number — the control sum of the
previous numbers (Fig. 2).

At first, the results of compiling a Register in the NWFD
were obtained (Fig. 3). As shown in Fig. 3, at the first stage,
26,125 records of information on persons who underwent
preliminary and periodic medical examinations were col-
lected by the MOs in the Northwestern Federal District and
forwarded to the Head Center.

An analysis of the data presented in Fig. 3 shows that
the data contain generalized information on both members
of the seafaring personnel and employees of shore-based
services working for JSC Atomflot and FSUE Rosmorport.
After excluding the shore service employees from the data-
base, 8,259 records were included in the Register based on
the attribute of attachment to a watercraft, which amount-
ed to 32% of the previously submitted data. Unique codes
of information on seafaring personnel from 7800-0000-
0016 to 7800-0001-2277 in accordance with the above-
mentioned methodology were inserted in the respective
records (Fig. 2). The results of the pilot project were pre-
sented at a meeting of the Maritime Medicine Section of
the Scientific and Expert Council of the Maritime Board of
the Government of the Russian Federation in May 2023 in
Vladivostok.

At the next stage, a Register of medical organizations of
FMBA of Russia, engaged in medical support of seafaring
personnel, including preliminary and periodic medical ex-
aminations of this contingent, was created. The Register in-
cluded 35 FMBA medical organizations located in 8 Federal
Districts. The map of their location is shown in Fig. 4.

Based on the results of the pilot project, regulations on
the provision of information by medical organizations con-
cerning the results of medical examinations of shipboard
personnel to the Head Center for Health Protection of
Seafarers, FMBA (hereinafter referred to as the Regulations)
were finalized.

The methodological documents developed in the course
of the project, as well as a prototype module based on the
MIS used by Northwestern District Scientific and Clinical
Center named after L.G. Sokolov, were implemented in
2023 in the work of all the FMBA medical organizations in-
cluded in the register. Since December 2023, these meas-
ures have made it possible to provide a complete person-
alized record of data on periodic and preliminary medical
examinations of seafaring personnel, medical reports on
the absence of contraindications to work on a watercraft,
collection, reconciliation, and analysis of statistical data on
the morbidity of seafaring personnel, which fully meets the
modern requirements of the health care system [9].

The scope of data storage in the register of medical
examinations of seafarers was developed and justified: a
seafarer’'s passport data (32 fields) and medical data on
the medical examination performed in accordance with the
order of the Ministry of Health of Russia No. 714n dated
01.11.2022 (60 fields), including data on the medical care
provided, therapeutic and preventive measures, results of
laboratory and instrumental tests. The included informa-
tion was rather extensive and formed not only in the MOs
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Fig. 1. Schematic diagram of the prototype of the information and analytical system of the Head Center

conducting seafaring personnel medical examinations.
Therefore, it was decided to obtain complete medical data
upon request in Uniform State Health Information System
(USHIS) and UDMIAS, without storing it in the Register. The
composition of the Register of medical data is shown in
Fig. 5.

The results obtained were used to compile a general
Register for all 35 FMBA medical organizations that provide
medical support to seafarers, including data on preliminary
and periodic medical examinations (Table 1).

In the 2022-2023 period, 38,993 records on medical
examinations of seafarers were processed (Table 1). The

MEAMUUNHCKOE CBNAETE/ILCTBO O COCTOAHUN &

Seafarer Information 7800-0000-2801

Hudopmanna o Mopsike (Inme, paboralomeds Ha CyIHe)
Surname; Nikitin First neme: Oleg
Canmua Hus

Figure prepared by the authors using their own data

Fig. 2. Seafarer identification number on the health status medical certificate
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work is underway: at the end of the first quarter of 2024,
9504 more medical examinations were conducted by all

_____ RESULTS: uploading data to the Register of medical examinations of seafarers and the
7 Register of Medical Organizations

1. uploaded seafarers’ e

ﬁ I'JSﬁtuﬁon e d-lrty data n
1 Head Center for the Seafarers' Health Protection 3166 1227
Sokolov Northwestern District Scientific and Clinical
Center
2 Semashko Northern Medical Clinical Center 18 758 5318 28%
3 Murmansk Multidisciplinary Center 4201 1714 41%
TOTAL 26125 8259 32%

2. registered medical organizations

T [ code | seatarerscodes |

Head Center for the Seafarers' Health Protection

78000 ¢ 7800-0000-0016
i«:l::::\ Northwestern District Scientific and Clinical no 7800-0001-2277
2 Semashko Northern Medical Clinical Center 29000 ¢ 2900-0000-0012
no 2900-0005-3188
3 Central Medical Sanitary Department No. 58 29001
4 Murmansk Multidisciplinary Center 51000  code not allocated

Figure prepared by the authors using their own data

Fig. 3. Results of compiling a Register of seafaring personnel medical
examinations in the MOs of FMBA of Russia in the Northwestern Federal District
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Figure prepared by the authors using their own data
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Fig. 4. Schematic location of 35 FMBA medical organizations engaged in medical support of seafaring personnel.
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Figure prepared by the authors using their own data

Fig. 5. Composition of medical data in the Register of medical examination of
seafaring personnel

MOs, with the total number of the seafaring personnel in
the Register having reached 39,333 persons. It should be
noted that the data on the number of seafaring personnel is
preliminary, changing dynamically and requiring additional

verification with information from medical organizations
due to technical errors in the dates of birth, insurance num-
bers, personal account numbers, and a number of other
documents.

CONCLUSION

The need to restore a unified system of medical services
for seafaring personnel is determined by the fundamen-
tal document in the field of national maritime policy, i.e.,
the Maritime Doctrine of the Russian Federation [10]. In the
context of changing geopolitical landscapes, the develop-
ment of maritime medicine becomes the state’s priority,
with the main role entrusted to the FMBA of Russia.

Systematization of the personal data of seafaring per-
sonnel for all 35 medical organizations, providing medical
support to this contingent, the use of standard effective
tools within a single information contour of the FMBA of
Russia, the development of a single information resource
will form the basis for further improvement of scientific ap-
proaches to the organization and development of maritime
and diving medicine in the Russian Federation.

Therefore, the introduction of a unified information sys-
tem in the structure of FMBA medical institutions is an im-
portant step towards the implementation of the Maritime
Doctrine of the Russian Federation. The issues of medi-
cal care for seafaring personnel fully comply with the re-
quirements of the Convention of the International Labor
Organization.

Table 1. Indicators of medical data included into the Register of medical examination of seafaring personnel

Ne Indicator Quantity, units
1 Number of medical organizations in the Register of Medical Organizations and on the Maritime medicine website 35
2 Number of data fields per seafaring personnel in the Register — personal and medical 32 + 60
3 Number of seafaring personnel medical examinations in the Register:
3.1 For 2022 (information from 20% of medical organizations for half a year) 9949
3.2 For 2023 (information from 100% of medical organizations by the end of the year) 29,044
3.3 Total for 2022-2023 38,993

Table prepared by the authors using own data
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PROSPECTS FOR DIAGNOSIS AND TREATMENT OF MINIMAL TRAUMA AND INJURY OF LARGE JOINTS
IN UNDERAGE ATHLETES: A REVIEW
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Introduction. The vast majority of modern sports exert a significant load on the musculoskeletal system (MSS). The ever-growing popularity of sports among
underage children, their active participation in various competitions and trainings impose an increased risk of sports injuries, particularly minimal trauma and
injury of large joints. Although numerous works have addressed the development of clinical diagnostic and therapeutic methods used for MSS injuries, there
is a lack of publications on sports injuries in underage athletes.

Objective. Evaluation of current methods for diagnosis and therapy of minimal trauma and injury of large joints in underage athletes with the purpose of
selecting the most promising and effective methods.

Findings. The main causes and mechanisms of injuries are considered. Such injuries are generalized depending on the sports type. A review of available
methods for clinical and instrumental research and innovative therapeutical methods is carried out. Platelet-rich plasma therapy (PRP) was found to be the
most promising minimally-invasive biotherapy for MSS injuries, particularly with respect to children and adolescent athletes. This method restores the ana-
tomical integrity of damaged elements and relieves pain at rest, during physical exertion, and in a stress test with the possibility of preserving the function of
the injured joint and rehabilitation in the shortest possible time. PRP therapy is an alternative to conventional treatment methods, offering new prospects in
regenerative and sports medicine.

Conclusions. A comprehensive personalized approach combining clinical examination and instrumental studies is key to ensuring the accuracy and objec-
tivity of the health status of young athletes. Such an approach allows diseases to be identified at an early stage, differential diagnosis to be conducted, and
treatment efficacy to be evaluated, taking the specifics of pediatric practice into account.

Keywords: sports medicine; pediatric sports injuries; therapy of minimal trauma and injury of large joints; PRP therapy; underage athletes
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MEPCMNEKTUBbI AUATHOCTUKW N NEYEHUS MUHUMATBbHBIX TPABM U NOBPEXXOEHUN KPYMHbIX
CYCTABOB Y HECOBEPLLEHHOJIETH/AX CITOPTCMEHOB: COBPEMEHHbIE NMPEACTABJIEHUA

W.B. 3a6kuH"?4, U.B. MankpaTtos™, M.A. MeTpos', M./. Tabaes', P.A. KewmnwsH', B.B. XmxHukosa', A.M. Koanbkosa!

T®epepanbHbIi Hay4YHO-KMHUHYECKN LEHTP AeTeit n nogpoctko ®PMBA Poccun, Mocksa, Poccust

2TocynapcTBeHHbIN Hay4YHbI LieHTP Poccuiickon ®epepaumn — deaepanbHbiii MEAULIMHCKINI 6rodunandeckmin LeHTp um. AWM. BypHassHa ®MBA Poccun,

Mocksa, Poccus

3 Poccwitckas MeuLmMHCKas akaaeMus HempepbiBHOrO MpodeccruoHansHoro obpasosaHns MuHMCTepcTBa 3apaBooxpaHeHns Poccuiickoin Gegepaumm,

Mocksa, Poccus
BBepeHue. Nogasnsiollee 60NbLUMHCTBO COBPEMEHHbIX BUOOB CMOPTa OKa3biBAKOT 3HAYUTESbHYIO Harpy3Ky Ha OonopHo-AsuratensHbit annapat (O4A).
[MoCcTOsAHHO pacTyLas NonyasapHOCTb cropTa cpean HeCOBEPLUEHHONETHYX AeTEN, NX aKTUBHOE y4YacTne B Pas/inyHbiX COPEBHOBAHUAX 1 TPEHMPOBKax
CO3[al0T MOBbILLIEHHbIN PUCK MOMYYEHUS CMOPTUBHBIX TPaBM, OCOOEHHO MUHMMANbHBIX MOBPEXAEHWUN 1 TPaBM KPYMHbIX CycTaBoB. MHOXeCTBO paboT
MOCBALLEHO KIIMHNKO-AMArHOCTUHECKUM 1 TepaneBTUHECKUM MeToAaMm, npuMeHsiowmmMea npu Tpasmax OA, ogHako MMlb HE3HaYMTEeNbHasA X YacTb
KacaeTcst UMEHHO eTCKOro CNopTUBHOIO TpaBMaTuama.
Uenb. OueHka CyLLecTBYIOLLMX METOAOB AMArHOCTUKM U Tepanuv MUHUMAaNbHbIX TPaBM 1 MOBPEXAEHN KPYMHbIX CYyCTaBOB Y HECOBEPLUEHHONETHUX
CNOPTCMEHOB AN BbIOOpa Hanbonee NepCneKTUBHbIX 1 3MMEKTUBHBIX N3 HAX.
0O6cyxaeHne. PacCMOTPEHbl OCHOBHbIE MPUHMHBI M MEXaHW3Mbl TPABM, MPOBEAEHa CUCTEMATU3aLMSA TUNOB TPaBM B 3aBMCKMOCTM OT BMAa CnopTa, BbIMNos-
HEeH aHanM3 MMEeoLLMXCH COBPEMEHHbBIX METOAOB KIMHUKO-MHCTPYMEHTAIbHOrO MCCNEA0BaHNS 1 MHHOBALWIOHHbIX METOAOB Tepanuun. BbiIiCHEHO, 4TO Hau-
6onee NepCneKTBHLIM MaIOVHBa3MBHbBIM METOAOM BroTepanumn Tpasm 1 nospexaeHnii OA, 0CO6eHHO B acnekTe NPYMEHEHNS B AETCKOW 1 MOAPOCTKO-
BOVI rpyrnne CropTCMeHOB, aBnseTca PRP-Tepanus (Tepanusa 6oraTtoin TpoMboumTamm nnaamoi). [JaHHbIi MeTo NO3BONSET CYLLECTBEHHO BOCCTaHaBMBaTb
aHaTOMUYECKYIO LIeIOCTHOCTb MOBPEXAEHHbBIX 3N1EMEHTOB, KYyNpoBaTb 601eBON CUHAPOM B MOKOE, NPy (U3NYECKON Harpy3ke 1 B CTPEeCC-TeCTe C BO3-
MOXHOCTBIO COXPaHEHN YHKLIMM TPaBMUPOBAHHOIO CycTasa v peabunMtaumm B kpatyanme cpokn. PRP-Tepanuna npegctaBnaet cobon ansrepHaTuey
TPaAVLIMOHHBIM METOAAM NIEHYEHNS, OTKPbIBAS HOBbIE FOPV30HTbLI B PEreHepaTVBHOM 1 CMOPTUBHON MeauLIVHE.
BbiBoAbl. KOMNIEKCHBI NEPCOHANM3MPOBaHHbI MOAXO0MA, O6bEeANHSAOLLNA KIMHUYECKUIA OCMOTP U MHCTPYMEHTabHbIE NCCNEA0BARHVS, ABASETCS KO-
4YeBbIM B 06€CMeHeHNI TOYHOCTU 1 OO BEKTUBHOCTM OLEHKN COCTOSHMSA 3[0POBbS OHbIX CMOPTCMEHOB; OH MO3BONSAET BbiABUTb 3a00N1€BaHNSA Ha PaHHel
cTaguy, NPoBecTy AnddepeHumanbHyo AMarHoOCTUKY U OLEHNTb 3(MEKTUBHOCTL NIEYEHNSI C YH4ETOM OCOOEHHOCTEN NeamaTpu4eckon NpakTuKn.

© L.V. Zyabkin, I.V. Pankratov, M.A. Petrov, M.l. Gabayev, R.A. Keshishyan, V.V. Khizhnikova, A.M. Kovalkova, 2024
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INTRODUCTION

The vast majority of modern sports exert a significant load
on the musculoskeletal system (MSS). At the same time,
the frequency of various MSS diseases among athletes is
much higher than among the general population. Thus, the
prevalence of injuries as a result of sports among children
aged 5-17 years reaches about 35.8%.

The ever-growing popularity of sports among minors,
their active participation in various competitions and
training create an increased risk of sports injuries, es-
pecially minimal damage and injuries to large joints [3].
Such injuries, despite their apparent lightness, may have
serious consequences for the sports career of a young
athlete if timely and adequate diagnosis and therapy of
existing changes are not carried out, especially in the
early stages.

Accurate diagnosis and rational tactics of managing
the patient with injuries of large joints are the key factors in
achieving the maximum efficacy of therapeutic measures
[4]. Numerous publications have investigated the questions
of clinical diagnostic and therapeutic methods for MSS in-
juries, with only a few of them addressing specifically chil-
dren’s sports injuries. In order to gain a comprehensive
understanding of how protocols should be modified when
applied to underage athletes in case of injury, it seems
relevant to carry out a review of standard and innovative
methods of clinical and instrumental examination and treat-
ment of such injuries.

In this work, we review modern methods of diagnosis
and therapy of minimal injuries and damage to large joints
in underage athletes in order to select the most promising
and effective methods.

FINDINGS

General ideas about sports injury

Sports injuries as a result of intense training and competi-
tive stress may involve serious consequences for athletes.
Such events not only disrupt the training and competi-

tive processes, but also lead to long-term rehabilitation,
frequently accompanied by temporary or permanent

EXTREME MEDICINE | 2024, VOLUME 26, No 4

restriction of physical activity. In severe cases, sports inju-
ries can cause premature termination of sporting careers
and even lead to disability, significantly impairing the quality
of life of athletes [5].

Sports-associated injuries are distinguished by a va-
riety of driving mechanisms, the anatomical and physio-
logical characteristics of the child, and the type of sports.
The International Olympic Committee Consensus Group
on the Epidemiology of Injuries and Diseases defines
sports injury as “a tissue damage or other derangement
of normal physical function due to participation in sports,
resulting from rapid or repetitive transfer of kinetic en-
ergy” [6].

Successful treatment of sports injuries depends on
accurate diagnosis, which takes into account the follow-
ing key factors: the onset of occurrence (acute injury or
injury caused by excessive exertion), the type of damaged
tissue (tendon, muscle, cartilage, bone), and the severity
of the injury (fracture without displacement or with dis-
placement) [7].

In acute trauma, the patient clearly remembers the
moment, place, cause, and circumstances of its occur-
rence, unlike injuries associated with excessive overstrain.
The most common acute injuries include sprains and liga-
ment damage (rupture), joint dislocations and fractures.
Overstrain injuries, conversely, develop gradually as a re-
sult of repetitive microtraumas that occur with excessive
and repetitive stress. One feature of such injuries is the
gradual manifestation of symptoms, when repeated mi-
crotrauma overloads the ability of tissues to auto-healing.
This is particularly important in children’s practice, given
the functional immaturity of tissues, organs, and sys-
tems of the child’s body and less developed resistance
to stress [8].

An increase in training loads, a high level of com-
petition in sports, and the requirements imposed on a
child — all these circumstances explain why sports in-
juries occupy a leading place in the morbidity structure
of young athletes. Brenner et al. showed that overexer-
tion injuries and emotional burnout of a child are the two
main reasons for ending a sporting career. It is important
to understand the mechanisms and underlying process-
es of injury for selecting an optimal examination tactics
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and timely determination of treatment criteria (conserva-
tive or operative) [10].

Understanding all aspects of sports injury, taking
into account gender and age characteristics and the
type of sports, as well as the frequency of injuries and
the likelihood of acute injury or injury as a result of over-
exertion, plays an important role in shaping a personal-
ized approach to the management of athletes, including
the development of a set of preventive measures. For a
systematic assessment of sports injuries, differentiation
is necessary by the localization of the anatomical seg-
ment and by the type of damaged injury tissue (ligament,
muscle, or bone). For example, injuries to the hip or knee
area may involve muscle contusion, muscle compartment
syndrome, tendinopathy, and tendon rupture. Most child-
hood injuries associated with excessive exertion affect the
lower extremities, especially the knees, ankles, and feet,
and also include damage to muscles and tendons [11].
Injuries from excessive loads (in comparison with acute
effects) are about twice more common in the knee joint,
while acute injuries are about three times more likely to
occur in the ankle joint [12].

According to Sheffield, the knee joint is most often in-
jured in sports such as football and rugby [13]. At the same
time, the author pays special attention to the assessment,
treatment, and rehabilitation of knee instability and the diffi-
culties faced by the attending physician in the management
of young and active patients. Other authors noted that the
prevalence of patellar tendinopathy (jumper’'s knee symp-
toms) in athletes reaches approximately 14%, while the re-
currence rate reaches 45% in volleyball players and 32%
in basketball players. The study by Bahr M.A. and Bahr R.
found that about 29-44% of elite volleyball players who
perform more than 500 jumps per week report jumper’s
knee symptoms [15]. In the structure of sports injuries, an-
kle injuries reach 10-12% of all injuries to the musculoskel-
etal system and 20-25% of all sports injuries to the lower
extremities.

According to Sobhani et al., the most common injury
in football associated with excessive strain is Achilles ten-
dinopathy. This can be explained by the large amount of
running and jumping in this kind of sports [16]. The most

Table 1. Injuries of the musculoskeletal system as a result of overstrain

common MSS injuries as a result of overexertion are pre-
sented in Table 1.

Modern methods of diagnosis of minimal injuries and
damage to large joints in children

A key factor in the successful recovery of an athlete after
injury is a comprehensive and dynamic clinical and instru-
mental examination [3, 16, 18], which allows not only the
degree of damage to be assessed, but also the progress
of rehabilitation to be traced in dynamics. The introduction
of instrumental research methods into clinical practice has
significantly extended the possibilities of early diagnosis
[3, 16]. Timely and accurate diagnosis contributes to the
speedy return of the athlete to previous physical activity
and professional loads [19].

The most common injuries of the MSS in qualified ath-
letes, including minors, are the so-called minor injuries [20],
such as bruises, sprains, chronic microtrauma, degen-
erative-dystrophic processes, etc. Most of these injuries
are manifestations of overtraining or minor sports injuries
that do not require specialized diagnosis and treatment.
However, minor injuries might disguise the initial manifes-
tations of more significant injuries and pathological condi-
tions (spondylolisthesis, protrusion and herniation of discs,
dorsalgia, vertebral ring apophyseal fracture, undiagnosed
spinal injuries, etc.), which, in the absence of timely treat-
ment, can lead to more serious health problems for an ath-
lete.

The difficulty in diagnosing minor MSS injuries is as-
sociated with their meager and non-specific symptoms.
Athletes complain of discomfort in the area of injury or mild
pain syndrome without a clear localization. As usual, such
‘complaints” are not given due importance, with their dis-
comfort attributed to a reaction to training loads, overtrain-
ing, etc. Such a situation becomes even more complicated
in case of underage athletes due to the specifics of col-
lecting and interpreting complaints in pediatric practice,
which requires a more thorough approach to interviewing a
young patient by the attending physician. Another diagnos-
tic problem is the low sensitivity and specificity of stand-
ard traumatic orthopedic tests to a number of minor MSS

Tissue Injury type

Examples of manifestation in sports

Muscles/fascia Chronic compartment syndrome;

Delayed Muscle Soreness (DOMS);

lliotibial syndrome when running

Injuries to the internal structures of the joint

Fasciitis

Tendon Tendinopathy (includes parathenonitis, Tendinopathy of the Achilles tendon in football players;
tenosynovitis, tendinosis and tendinitis) Patellar tendinosis in volleyball (jumper’s knee)

Joint Synovitis; Superior labrum anterior to posterior lesions of the shoulder (SLAP)
Injuries to the upper lip; in athletes engaged in throwing (baseball, cricket);
Chondropathy; Damage to the internal structures of the knee joint (running, jumping)

Ligamentous apparatus | Chronic degeneration/microfractures

Collateral ulnar ligament injury in baseball

Bone Stress reaction, stress fracture;
Osteitis, periostitis;

Apophysitis

Stress fracture of the metatarsal bone during running and ballet;
Medial tibial stress syndrome in running and dancing;
Osgood-Schlatter disease;

Stress fracture

Table prepared by the authors based on [21]
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injuries. Such tests are mostly focused on assessing the
passive range of motion and the active functioning of the
athlete’s musculoskeletal system, without association with
a particular sports, which limits their clinical significance
and application [21]. As a rule, minor injuries occur when
performing specific active movements characteristic of
certain sports, which are often impossible to reproduce in
a standard clinical examination.

The frequency of minor traumas and injuries of the
MSS, including in underage athletes, requires a systematic
approach to their clinical and diagnostic examination based
on a thorough collection of complaints and anamnesis,
permitting timely diagnosis of the existing pathology and
developing a personalized treatment approach.

Dietvorst et al. described a diagnostic procedure for an-
terior cruciate ligament injuries in children and adolescents,
confirming the diagnostic value of anamnesis collection,
physical examination, and arthroscopy [22]. Endele et al.
showed sufficient efficacy of standard clinical, radiological,
and ultrasound diagnostics for primary detection of frac-
tures and ligament injuries of the ankle joint in children [23].

A thorough history collection is an indispensable tool for
diagnosing MSS injuries, which allows not only the mecha-
nism of injury to be identified, but also a conclusion about
the intended type of injury to be made, thus suggesting
the most appropriate directions for further examination and
treatment.

The pain syndrome may be diffuse or local in nature.
When determining the intensity of pain, the Visual Analogue
Scale (VAS) is most often used, including in traumatology
practice [24]. Physical examination includes examination of
the joint for swelling and palpation for soreness. Among the
assessed factors are local temperature, soreness, fluctua-
tion, sensitivity disorders (hyperesthesia, hyposthesia, an-
esthesia), tissue turgor, skin and muscle condition, tissue
swelling, crepitation of fragments, patellar balloting, and
tendon mobility. Palpation is diagnosed with crepitating
and stenosing parathenonitis, clicking joint, and snapping
scapula syndrome. In addition, the length and circumfer-
ence of the limb are measured, and the amplitude of its
movements is determined.

In modern clinical practice, preference is given to highly
informative research methods. X-ray examinations signifi-
cantly extends diagnostic capabilities, providing data that
cannot be detected by conventional clinical methods.
Ultrasound examination (ultrasound), magnetic resonance
imaging (MRI), and multispiral computed tomography
(MSCT) are currently used as the main methods of choice
for visualization of bone and cartilage structures [3, 16]. The
publications addressing the issues of visualization highlight
the importance of radiography, ultrasound, and additional
methods (if necessary) for the diagnosis of MSS injuries.

Ultrasound diagnostics of the joints demonstrates a
sufficiently high accuracy in the diagnosis of intra-articular
injuries. The most frequently detected injuries the knee joint
were found to be damage to the inner and outer menisci. A
study into latent intraarticular knee joint injuries in children
showed the need to use MRI diagnostics to establish a di-
agnosis in the absence or minimum amount of radiological
data [26]. The importance of magnetic resonance imaging
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in the diagnosis of damage to the ligamentous apparatus of
the knee joint in children was noted in [27].

MRI implies a high soft-tissue contrast, allowing exam-
ination in any plane and taking into account the anatomi-
cal features of the patient (including three-dimensional
images). Moreover, MRl is the only noninvasive diagnostic
method with high sensitivity and specificity in detecting
edema and infiltration of bone tissue. Thus, even minimal
damage to the menisci can be detected, including in pedi-
atric practice. MRI diagnostics allows the physician to es-
tablish an accurate diagnosis and prescribe appropriate
treatment.

Thus, modern diagnostics of sports injuries is based on
an integrated approach, including medical history, which
determines the nature of the injury, the circumstances of
the injury, the duration of injury (acute or chronic), clinical
examination (with provocative tests), as well as additional
examination methods (CT, MR, ultrasound, radiography of
damaged limb segments, and standard laboratory tests,
such as clinical and biochemical blood tests). In case of
MSS injuries in children, along with applying standard ap-
proaches to patient management, special attention should
be paid to collecting complaints and anamnesis. Indeed,
the lack of information or its incorrect interpretation can
cause an incorrect diagnosis and, as a result, incorrect ex-
amination and treatment tactics.

Therapy of minimal injuries and damage to large joints
in children

The method and duration of treatment (conservative or
operative) are determined by the specifics of injury (which
tissue is damaged, the degree of damage), the age of the
young athlete, and the kind of sports he or she is engaged
in. The most common sports injuries that do not require
specialized medical care include superficial injuries, name-
ly: soft tissue bruises, sprains, ruptures of the ligamentous
apparatus, joint damage.

The first stage of treatment of sports injuries in chil-
dren is based on the PR..C.E and/or R.I.C.E protocols:
Protection, Rest, Ice, Compression, Elevation (PRICE).
Within this framework, Protection is understood as limit-
ing or excluding the load with the help of crutches, a cane,
partial immobilization of the injured area with a bandage,
splint or bandage. Rest provides for restriction of move-
ments or “relative” rest, when actions that load the injured
area to such an extent that pain occurs, or which can slow
or prevent healing, are excluded. Ice cryotherapy is applied
in acute injuries to reduce swelling and pain. Compression
includes the use of a compression bandage, i.e., an elastic
bandage for easy support of damaged tissue. Elevation is
understood as placing the damaged area above the level
of the heart in order to reduce the accumulation of fluid in
the damaged limb or joint and, as a result, reduce the level
of pain [28].

RICE is the basis for the treatment of acute soft tissue
injuries, promoting a conservative approach during the
first 24-48 hours after injury. The purpose of this proto-
col is to minimize bleeding, reduce swelling, and alleviate
discomfort at the site of injury, which measures potentially
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speed up the recovery process [28]. Scientific discoveries
and advances in clinical practice have suggested that RICE
cannot be a versatile approach for all injury treatment sce-
narios [29, 30].

New data confirm the use of more active recovery
strategies based on the following principles: Movement,
Exercise, Analgesia, Treatment (MEAT); Protection,
Optimal Loading, Ice, Compression, Elevation (POLICE),
and Protection, Elevation, Avoid anti-inflammato-
ries, Compression, Education and Load, Optimism,
Vascularization, and Exercise (PEACE and LOVE) [31, 32].
Thus, the above principles emphasize the importance of
early motor activity, individual exercises, and compre-
hensive care to improve healing and functional recovery.
At the same time, the fundamental elements of RICE still
retain their value, especially when providing emergency
care after injuries [33].

Various treatment methods are aimed at restoring the
anatomical integrity and functionality of joints, minimizing
pain syndrome, preventing the development of complica-
tions and chronic joint diseases, and (most importantly) en-
suring a safe and speedy return to sports.

In modern clinical practice, the following methods of
treatment of minimal injuries and damage to large joints are
distinguished:

1. Conservative treatment

e |mmobilization of the joint: fixation of the joint with plas-
ter, orthoses or bandages, which is necessary to stabi-
lize the joint and prevent further damage;

e Pharmacotherapy: the use of painkillers, anti-inflam-
matory, and other drugs to relieve pain and reduce the
inflammatory process. Drug therapy may be effective
for mild injuries; however, it may not always completely
eliminate the symptoms. In addition, some drugs may
have side effects, such as allergic reactions and gastro-
intestinal disorders [35, 36];

e Comprehensive medical rehabilitation, including reha-
bilitation programs: physical therapy (a set of exercises
aimed at restoring the amplitude of movement in the
joints, muscle strength, coordination of movements and
balance), massage, physiotherapy (to reduce inflamma-
tion, relieve pain, and accelerate the rehabilitation pro-
cess).

Conservative treatment of minimal injuries and dam-
age to large joints in underage athletes has a number of
advantages. Such a treatment approach is non-invasive,
requiring no surgical intervention. This reduces the risk
of postoperative complications, infections, and scarring
of tissues, being associated with minimal risk (compared
to surgery, conservative treatment is less risky for young
athletes, especially during periods of active growth) and
cost-effectiveness. However, conservative treatment has a
number of limitations, e.g., it may not be effective enough
for severe injuries. In addition, conservative treatment re-
quires a long recovery period and increases the risk of de-
veloping chronic instability, which can lead to repeated in-
juries. Thus, conservative treatment is a promising method
of treating minimal injuries and damage to large joints in

underage athletes; however, in some cases, surgical inter-
vention may be required.

2. Surgical treatment

Surgical intervention is used for severe injuries requiring
restoration of the integrity of ligaments, cartilage, or bones,
as well as for stabilizing joints. Indications for surgical inter-
vention include a complete or partial rupture of ligaments,
not amenable to conservative treatment, broken bones of
the joint that needs fixing fragments, and inflammatory pro-
cesses that are not amenable to conservative treatment,
cartilage defects, causing pain, limited mobility and threat-
ening the destruction of the articular surface, permanent
dislocations or subluxations, which are not amenable to
conservative therapy [39]. Surgical intervention allows the
anatomy of the joint to be restored and its stability to be
ensured. It may be necessary for restoring function, pre-
venting repeated injuries, reducing pain, improving joint
mobility, and improving the quality of life of an athlete. The
disadvantages of this treatment include the risk of compli-
cations and a long period of rehabilitation.

Thus, surgery for joint injuries in athletes, including mi-
nors, is a serious intervention that requires careful planning
and an individual approach.

3. Minimally invasive methods (intra-articular injections)

PRP therapy (Platelet Rich Plasma) is an innovative treat-
ment method that is actively used in various fields of medi-
cine, especially in orthopedics and sports medicine [40,
41]. This method is based on the use of autologous (own)
blood plasma of the patient, enriched with platelets [40].
Platelets contain growth factors that stimulate tissue re-
generation, accelerate healing, and promote recovery af-
ter injury or surgery [41]. One of the main advantages of
PRP therapy is rapid recovery after the procedure [40, 41].
Patients can return to sports activities within a few days af-
ter this procedure. In addition, PRP can help improve blood
circulation and metabolism in the tissues of the joint, which
also contributes to their recovery. This method is safe and
associated with a minimal risk of allergic diseases. It is im-
portant that the composition of PRP can be adapted to the
individual needs of the patient. This makes this method ver-
satile for various types of injuries and diseases. In addition,
it has become possible to use PRP in professional sports,
despite the content of growth factors in the composition.
Growth factors are independently considered as doping
and, in accordance with the decision of the Anti-Doping
Agency, were the reason for deterring the use of PRP until
2011 in sports medicine for muscle damage [42].

Thus, there are several options for the treatment of
MSS injuries, while the choice of a specific method de-
pends on the type of damaged tissue, the nature and se-
verity of the damage, the age of the athlete, and the type
of sports, as well as the type of injury (acute or related
to overstrain/overstrain). In order to alleviate pain, shorten
the rehabilitation period, and return to high-performance
sports as soon as possible in the absence of indica-
tions for surgical treatment, minimally invasive methods,
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including PRP therapy, both as monotherapy and in com-
bination with conservative treatment, are undoubtedly a
priority in application [43].

PRP therapy as an innovative method of treating
minimal injuries and damage to large joints in
pediatric practice and sports medicine

Modern knowledge about the anatomy and physiology of
child development, taking into account age-related fea-
tures and growth processes, combined with advanced ex-
amination methods (MR, CT, ultrasound) have brought the
diagnosis of injuries and injuries to a qualitatively new level,
allowing even minimal damage to be detected and appro-
priate pathogenetically justified treatment to be prescribed
[3, 18].

Conservative treatment, including rest, immobilization,
and physiotherapy, has undoubtedly proved its effective-
ness over time. However, modern conditions are increas-
ingly requiring faster healing of the damaged part and time-
ly return to athletic fitness, including in high-performance
sports [34-36]. This has become an incentive to search for
new treatment methods.

In the field of orthopedic medicine, the search for
innovative therapies aimed at relieving pain, accelerat-
ing recovery, and promoting tissue regeneration has led
to the emergence of regenerative therapy as a promis-
ing direction. Regenerative therapy is based on the use
of innovative cellular technologies and products to repair
damaged tissues and organs. As part of the development
of regenerative therapy, the use of orthobiologics prod-
ucts, i.e., biological substances that contribute to faster
recovery of damaged tissues, is of great importance.
These include hyaluronic acid, platelet-rich plasma (PRP),
mesenchymal stem cells, bone marrow aspirate concen-
trate (BMAC), and cultured mesenchymal stem cells [44].
Orthobiological products are naturally found in the body;
however, they can help accelerate the healing process in
higher concentrations.

PRP therapy is among the most recent methods of
biotherapy of MSS injuries. This approach shows positive
results in relieving pain syndrome, improving functional
state, and shortening the rehabilitation period in patients
with injuries of the musculoskeletal system [46-48]. PRP
is an orthobiological treatment method based on the use
of biologically active platelet molecules. At baseline levels,
platelets function as a natural reservoir of growth factors,
including platelet-derived growth factor (PDGF), epider-
mal growth factor (EGF), transforming growth factor beta-
1 (TGF-B1), vascular endothelial growth factor (VEGF),
basic fibroblast growth factor (FGF), hepatocyte growth
factor (HGF), and insulin-like growth factor (IGF-I). PRP is
commonly used in orthopedic practice to accelerate tis-
sue healing as a result of injuries, including those related
to sports.

According to Russian and foreign literature, PRP is a
generalizing term for a group of human autologous blood
products. PRP includes products derived from autologous
blood, such as platelet-rich plasma and autologous con-
ditioned plasma. Platelet-derived products are classified
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into pure PRP (Pure Platelet-Rich Plasma/P-PRP), plasma
enriched with growth factors (Plasma Rich Growth Factors/
PRGF), leukocyte and platelet plasma, pure platelet-rich
fibrin  (P-PRF), and leukocyte (Leukocyte-Platelet-Rich
Fibrin/L-PRF), and platelet fibrin (Advanced/A-PRF). The
composition of these products may vary depending on the
content of cells and fibrin, as well as on the density of the
fibrin network [52].

In 2009, the first classification of platelet concen-
trates was proposed [53]. This classification is simple and
based on the content of certain blood components and
their quantity. This classification divides products accord-
ing to two main parameters: cellular composition (mainly
leukocytes) and fibrin architecture. This separation made it
possible to identify the four main families for product rear-
rangement given below.

1. Pure platelet-rich plasma (P-PRP) or leukocyte-
poor platelet-rich plasma products are preparations with-
out leukocytes and with a low-density fibrin network after
activation. By definition, all products of this family can be
used in the form of liquid solutions or in the form of an
activated gel. Therefore, it can be injected (in the form of
a solution) or applied as a gel to the surface of a wound
or suture (similar to the use of fibrin adhesives). This family
includes platelet-rich Plasma (PRP) and autologous con-
ditioned plasma (ACP).

2. Plasma products enriched with leukocytes and
platelets (L-PRP), which are preparations with leukocytes
and a low-density fibrin mesh after activation. By defini-
tion, like P-PRP, all products of this family can be used in
the form of liquid solutions or in the form of an activated
gel [54].

3. Pure platelet-rich fibrin (P-PRF) or leukocyte-poor
and platelet-rich fibrin are preparations without leuko-
cytes, but with a high-density fibrin network. By definition,
these products exist only in the form of a highly activated
gel and cannot be injected or used as traditional fibrin
adhesives.

4. Leukocyte- and platelet-rich fibrin (L-PRF) products
are preparations with leukocytes and with a high-density
fibrin network [55].

The classification described above covers all forms of
platelet concentrates. In traumatology and orthopedics,
another classification has been proposed, which is based
on the use of platelet-enriched plasma (PRP only).

Mishra et al. proposed to classify PRP products taking
into account the concentration of platelets and leukocytes
specifically for use in therapeutic practice in athletes [49].
This classification divides PRP into four types depending
on the presence or absence of white blood cells, as well
as whether PRP is activated or not. According to this clas-
sification, type 1 PRP is an L-PRP solution, type 2 PRP is
an L-PRP gel, type 3 PRP is a PPRP solution, and type 4
PRP is a P-PRP gel. This design classification is similar
to the general one published in 2009; however, the divi-
sion of PRP products is limited by cellular composition
and activation, which makes it more understandable for
clinical use [49]

The only new parameter in the above classification is
the assessment of platelet concentration, and type A PRP
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is five times (or more) higher than the concentration of
platelets in the blood, and type B PRP is only five times
higher than the concentration of platelets in the blood.
The latter parameter is controversial, since the concept of
accounting for platelet concentrations in an PRP product
has been largely rejected in previous years for a logical
reason, i.e., platelet concentration depends only on the
volume of liquid serum used to maintain platelets in sus-
pension. The amount of serum varies greatly depending
on the protocol and the expected use, having no influence
on the intended effect. The concept of the absolute plate-
let count would be more logical, although the effect of this
parameter on clinical results has not received confirma-
tion in publications. From this point of view, the fivefold
threshold does not have a generally accepted meaning
and justification [56].

PRP exhibits a pronounced anti-inflammatory, analge-
sic, pro-regenerative, and anti-apoptotic effect, stimulates
the growth and migration of fibroblasts and osteoblasts.
Therefore, it is increasingly used to treat the consequences
of MSS injuries. Numerous studies have confirmed the ef-
fectiveness of PRP in patellar tendinopathy, lateral epicon-
dylitis, rotator cuff injury, tendon and muscle injuries of vari-
ous localization [50, 51].

Thus, PRP therapy is a promising method for treating
damage to large joints, which can become an alternative to
conventional methods of treatment, such as conservative
therapy and surgery.

CONCLUSION

Modern medicine pays particular attention to the diagnosis
of trauma in young athletes, focusing, among other things,
on rehabilitation measures after minimal injuries and dam-
age to large joints. Understanding the circumstances of
such injuries (causes, onset, mechanisms), as well as the
precise definition of damaged tissue in a specific segment
of an athlete’s limb, are key for determining an optimal ex-
amination tactics, developing an individual treatment plan,
and predicting both the recovery process and the possibil-
ity of returning to full-fledged athletic activity. Special atten-
tion should be paid to young athletes whose musculoskel-
etal system is only in the formation stage, thus being more
vulnerable to damage.
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Introduction. The increasing duration of spaceflights and the associated prolonged exposure of space crewmembers to unfavorable microgravity conditions
necessitate the development of improved approaches to diagnosing the health status directly during the flight. This study is aimed at searching and selecting
promising biological markers suitable for studying directly during spaceflights.

Objective. To review the current status of the abovementioned problem and to identify biochemical and molecular markers most promising for biomedical
research in spaceflight conditions.

Methods. A literature review of methods currently used for monitoring the level of biological markers characterizing variations in the immune, excretory, re-
productive, musculoskeletal, and blood coagulation systems caused by spaceflight conditions was carried out.

Findings. Data concerning biological markers used for monitoring the health status of space crewmembers were analyzed. The authors argue that protein
markers reflecting bone tissue remodeling hold particular promise. The decrease in bone tissue density developed as a result of microgravity carries poten-
tial risks of traumatism, thus making screening diagnostics of the state of the musculoskeletal system a key focus of laboratory diagnostics. The conducted
literature review suggests that PINP and osteocalcin may serve as the most informative markers of new bone tissue formation, while collagen C-telopeptide,
pyridine cross-links, and tartrate-resistant acid phosphatase may serve as markers of bone tissue lysis.
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MEPCMNEKTUBHbIE HAMNPABJIEHA MOHUTOPUHIA COCTOSAHUA 300POBbS HEJTOBEKA
B YCJ1IOBUAX AJIUTENIbHONO KOCMUYECKOI'O MNMOJIETA

B.A. ViBarHos'™, A.[. LLaHckuin!, K.A. MNpycakos', KO.A. Becnsteix'?, [1.B. BacmaHos'

T depepanbHbIi HayYHO-KIMHUYECKUIA LEHTP U3NKO-XUMUYECKOM MeauLmnHbl M. akademuka KO.M. JlonyxunHa, Mockea, Poccusi
2 POCCUCKMIN XUMUKO-TEXHONOrM4eCcKmin yHuBepcuteT umenn .. MeHgeneesa, Mocksa, Poccus

BBepneHue. B cBs3V C yBENMYEHNEM ANINTENbHOCTY KOCMUYECKIX MOSIETOB PACTET W MPOLOSIKUTENBHOCTL NPEebbiBaHNSA YNEHOB aKunaxa B HebnaronpusT-
HbIX YCMOBUSIX MUKPOTpaBmTaLImMm, YTO TPebyeT paspaboTKu MOAXOA0B, HanpaBIeHHbIX Ha AMArHOCTUKY COCTOSIHMS 3[0P0BbS HEMOCPEACTBEHHO B MPoLec-
ce noneta. [laHHOE 1CcnegoBaHne HanpaBieHo Ha MOUCK U BbIOOP MNEPCNEKTUBHbIX 61OMOrMHECKIX MapKepPOB, Le1leCo0bpasHbIX A1 3yHYeHUs B YCIIOBUSIX
KOCMUYECKOro rnoseTa.

Llenb. V13yunTb coBpemeHHoe cocTosiHMe NpobnemMbl 1 ONpPeaenTb GUOXMMUYECKIE U MONEKYNSIPHbIE MapKepbl, Havbonee NepcrneKkTUBHbIE ANS Hanpas-
NIEHNS MEAVKO-ONONOMMHYECKNX NCCIENOBAHWIA, BbINOSIHAEMbIX B YC/IOBUSIX KOCMUYECKOTrO MoseTa.

Pe3ynbTraTtbl. [1pOBEAEH aHanM3 faHHbIX IMTepaTypbl, MOCBALLEHHbLIX N3Y4EHMIO METOLOB KOHTPOSIS YPOBHS B1MOOMMHECKrX MapKepoB, XapakTeprnayto-
LLIMX BbI3blBAEMbIE YCIIOBUSIMM KOCMUYECKOMO MoJieTa U3MEHEHVS UMMYHHOW, BblAeUTENbHOM, PenpodyKTUBHOM CUCTEM, ONMOPHO-ABUraTeNbHOMO annapaTa
1 CUCTEMbI CBEPTbIBaHWNSI KPOBMU.

BbiBOoAbl. B HacTosiLLEM 0630pe pacCMOTPEHbI AaHHbIE, KacatoLLmMecsi 6UONorMiecKnx Mapkepos, NO3BOMAIOLLMX KOHTPOAMPOBATL COCTOSIHME 310P0BbLS
KOCMOHaBTOB. [10 MHEHWIO KONEKTMBa aBTOPOB, Havboee NepCrneKTUBHLIMU ABNAOTCS GENKOBbIE MapKepbl, OTPaXKatoLLne NepecTPOnKy KOCTHOM TKaHW.
PasBuBatoLLeecs B pe3ynsrate MYKPOrpaBUTaLMN CHUXKEHWE NMIIOTHOCTN KOCTHOW TKaHW MOTEHLMATBHO HECET PUCKN TPaBMaTK3ma, MO3TOMY CKPUHUHIOBAs
[MarHoCTNKa COCTOSIHNS ONOPHO-ABUraTeNbHON CUCTEMbI SIBSETCS aKTyalbHOM NPOGAeMOoit NabopaTopHOR AnarHOCTVKK. ICXoas 13 AaHHbIX InTepaTypb,
Hanbonee MHHoOPMaTVBHBIMI MapKepamy 06pa3oBaHnst HOBOW KOCTHOW TKaHn MOryT Cry>XuTb PINP 1 ocTeokanbLUyH, a ee nuanca — C-TefonenTug, Kos-
nareHa, MMPUOVMHOBbIE CLUVMBKM U TapPTPAT-PE3NCTEHTHAas K1ucnas docdarasa.

KnioueBble cnoBa: KOCMUYecKasi MeauLUyvHa; PEMOAENMPOBaHME KOCTY; BUONOMMHECKIME MapKepbl; MUHEPaIN3aLMst KOCTW; KOCMOC; HEBECOMOCTb; TPOMB03
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INTRODUCTION

The growing diversity and amount of works performed by
crewmembers during spaceflights, including long-term
technical and biological experiments, increase the dura-
tion of their stay on the Earth’s orbit. Astronauts encoun-
ter long-term unfavorable effects associated with gravity,
such as hypodynamia, prolonged stay in a closed envi-
ronment, increased noise, radiation, mental workloads,
as well as restricted diets [1]. The continued quest of the
mankind for longer-term manned missions will require
even longer stays under the conditions hostile to the hu-
man body. Measures aimed at maintaining the physical
and mental health of astronauts should be based on the
knowledge of the behavior of human organs and systems
under conditions of long-term spaceflights. The current
level of technical development makes it possible to create
laboratory instruments adapted for work in space condi-
tions, permitting timely assessment of numerous param-
eters of body functions and life processes followed by
correction, if necessary, the diet, physical load, and living
conditions.

Various approaches can be applied to assess the
functional state of the body. These include measure-
ments, both invasive and noninvasive, undertaken during
the flight and zero-G conditions, as well as collecting and
storing samples for analysis after returning to the Earth.
Conducting measurements directly in zero-G conditions
makes it possible to avoid additional manipulations asso-
ciated with preservation, storage, and delivery of biologi-
cal samples, thus excluding the influence of storage and
transportation conditions on target components in these
biospheres.

Much attention has been paid to the development and
application of noninvasive methods for monitoring astro-
nauts’ health status, such as Doppler blood cell composi-
tion detection [2], assessment of body fluid distribution
[3], bicycle ergometry, etc. Unfortunately, such methods
prove ineffective for evaluating minor changes in param-
eters and analyzing specific markers of the clinical status
of the human body. The widespread approach involving
collection of biological samples during the flight with their
subsequent transportation to the Earth is inapplicable for
many clinical and laboratory parameters due to the im-
possibility of their analysis after freezing and/or long-term
storage of biospecimens. In addition, this approach allows
analysis of changes in laboratory parameters only after a
prolonged period of time, thus excluding the possibility of
introducing the necessary adjustments to the experiment
protocol along with monitoring and adjusting the health
status of astronauts in real time [4].

Therefore, the search for biological markers that could
reflect changes in human health during spaceflights rep-
resent a highly relevant research task. This will contribute
to the development and improvement of valid diagnostic
test systems for assessing the functional state of human
health during spaceflights.

In this work, we aim to review prospective directions
of modern biomedical research conducted in spaceflight
conditions.

EXTREME MEDICINE | 2024, VOLUME 26, No 4
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STUDY RESULTS
Current state of the problem

At present, a large number of studies focus on investigat-
ing astronauts’ health status. However, most of them in-
volve the stage of clinical and laboratory analysis after the
astronauts return to the Earth. The results of such studies,
although replenishing the knowledge base in the field of
space medicine, are unsuitable for assessing the state of
human health during the flight. The diagnostic value of
such samples is minimal due to their inability to reflect the
dynamics of changes in the state of astronauts’ organs
and systems at the moment of their stay in space. It should
be noted that in zero-G conditions, the long-term storage
and delivery of biological samples containing whole cells
to the Earth conditions is hard to organize. In addition, a
number of biological substrates, protein-containing ones
in particular, should be analyzed directly during the flight
due to the inadmissibility of their freezing.

The low gravity environment of space expeditions
makes biological fluids change their behavior, thus chang-
ing the requirements for biosampling. Invasive biosub-
strate collection using conventional techniques (syringe or
open technique) becomes difficult. In space conditions,
blood collection procedure is associated with venipunc-
ture, which carries risks of low-dispersed aerosol forma-
tion in the air or development of infectious complications.
Hence, the use of biological media available through mini-
mally invasive or self-administered collection methods be-
comes relevant for analysis. Such biosubstrates include
saliva, sweat prints, and urine samples. If blood compo-
nents are to be tested, aliquot volumes should be mini-
mized and the limitations of vacuum sampling systems
should be considered.

In addition, preferences for a certain technique for
introducing samples into the working area of the test
system change. Thus, incubation of freely poured liquid
when performing conventional enzyme-linked immuno-
sorbent assay (ELISA) becomes unrealistic. Adhesive/
capillary interactions of liquid with the solid phase keep
under microgravity conditions, which currently allows the
use of diagnostic systems in the form of test strips on
the International Space Station (ISS). However, such test
systems have a number of limitations, one of which is the
semi-quantitative estimation of concentrations. It should
be noted that the rapid development of microfluidic tech-
nologies and their successful application in terrestrial
conditions makes it possible to assume that the adapta-
tion of these technologies to microgravity conditions will
facilitate the transition to the analysis of biological mark-
ers, including ELISA methods.

Currently, a number of physiological parameters,
such as hemoglobin levels, blood glucose concentra-
tion, etc., are measured in space environments using
immunochemiluminescence on test strips (Reflotron, F.
Hoffmann-La Roche Ltd. / Roche Diagnostics GmbH,
Germany) [5]. Other analytes and samples require trans-
portation to terrestrial conditions followed by their analysis
upon completion of the flight. Such samples include blood
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serum, washes from the internal surfaces of the station
and the surfaces of samplers, samples for microbiological
studies, e.g., those collected as part of a Chromatomass-
spectrum M experiment. Such studies are important for
studying the continuously changing microbiome of the
station [6], associated with the constant exchange of mi-
croflora in astronauts [7], but the urgency of obtaining
such results is significantly lower than in the case of moni-
toring the health of the crew.

Recently, the results of a number of projects on study-
ing astronauts’ health using individual indicative markers
of various states of the body systems in microgravity con-
ditions have been published. Thus, as part of the Splanch
experiment on the International Space Station (ISS), and
earlier on the MIR space station, the levels of markers
of cardiovascular damage, aspartate aminotransferase
(AST), and alanine aminotransferase (ALT) were measured
using a modified Reflotron-4 device. Hematological stud-
ies in spaceflight conditions were carried out on board the
ISS, and earlier on the MIR station for 15 months during
three MIR expeditions (15th, 16th, and 17th). These stud-
ies included an assessment of the blood cell composition,
hematocrit, hemoglobin, reticulocytes, and the leukogram
[8]. The analyses were carried out on smears of capil-
lary blood using a Mikrovzor device, which combines a
microscope with a television transmitter. In the Russian
segment of the ISS, hematocrit was measured using a
Hematocrit device. Kunz H, Quiriarte H et al. recorded
that the hematocrit level was significantly elevated in the
early stages of the flight, remaining unchanged through-
out the entire stay in space, which is associated with a
decrease in the volume of circulating blood and blood
plasma under microgravity conditions. In the early post-
flight period, a decrease in hematocrit below the pre-flight
level was noted, indicating a loss of the cell pool [9]. Some
authors (Mikhailov P.A. et al) noted the development of
functional erythropenia and an increase in the number of
abnormal erythrocytes during orthostatic suspension in
animal experiments [10].

DISCUSSION OF RESULTS

Influence of spaceflight conditions on the immune
system

The need to elucidate the specifics of functioning of
crewmembers’ immune system is determined by harsh
conditions, including confined spaces, hidden cavities,
and reduced gravity, which contributes to the aerosol
formation in the air. All this forms a favorable environ-
ment for the growth and transmission of pathogenic
microorganisms, including herpes virus [11]. Paul AM,
Mhatre SD et al. studied the leucogram and cytokine
profile as an assessment of the cellular component [12—
13]. They found a decrease in the number of eosinophils
and a slight increase in the number of neutrophils when
T-lymphocytes were passivated in vitro, which is prob-
ably due to a decrease in the expression of CD3 and
IL-2 receptors on the T-lymphocytes surface [14]. Other
studies revealed a decrease in the leukocytes number,

in particular lymphocytes, monocytes [9], and leukocyte
differentiation [15].

Microgravity promotes increased production of tumor
necrosis factor and the development of immune cells ap-
optosis [16], which was confirmed by studies on cell lines.
C.A. Savary et al. found that dendritic cells obtained by
differentiation of donor CD34* progenitor cells in a rotating
culture cell, modeling microgravity conditions, showed a
decreased ability to phagocytose Candida albicans fungi
and antigen presentation [17]. A number of studies have
recorded a decrease in the cytotoxic function of natural
killer cells against leukemia cells of the K562 line in vitro
occurring in the early stages of spaceflights [18].

V.K. llyin et al. found that the levels of slgA, IgM, and
IgA immunoglobulins in saliva and gingival fluid decrease
during a spaceflight. The noted shifts are highly likely to
trigger a decrease in the protective function of saliva,
thus contributing to the risk of infectious and inflamma-
tory processes when the main paradontopathogenic
strains of pathogens in the oral cavity are detected in the
subjects [19].

The studies conducted by C.M. Ott showed that mi-
crogravity conditions and prolonged spaceflights stimu-
late the reactivation of latent herpesviruses, as evidenced
by the increased frequency of human herpes virus type
1 detection in the saliva of astronauts and increased in-
cidence of shingles. In addition, researchers diagnosed
cytomegalovirus in the urine of 47% of Space Shuttle
crewmembers [20].

A number of scientific studies have confirmed the for-
mation of a general imbalance of the immune system in
the conditions of spaceflights: about 46% of ISS crew
members experienced these immune disorders [21]. A
decrease in local immunity and functional activity of nat-
ural killer cells was registered, which led to reactivation
of latent viruses, in particular, herpes virus. A number of
publications (about 17% of reports) noted allergic reac-
tions due to both a shift in the cytokine profile and other
spaceflight factors (stress, space radiation) affecting the
immune system status [21].

The National Aeronautics and Space Administration
(NASA) has also identified changes in the immune re-
sponse of astronauts during the Apollo (1975) and Skylab
(Skylab-3 mission, 1973) missions. Serum samples col-
lected during spaceflights were analyzed for miR-21
microRNAs, the expression of which increases approx-
imately twofold during early T-cell activation. By quanti-
tative polymerase chain reaction (PCR) tests of four bio-
logical samples, suppression of miR-21 expression under
spaceflight conditions and suppression of expression of
85 genes was detected. In particular, the expression of
early growth response protein 3 (EGR3), Fas-ligand of
TNF superfamily (FASLG), protein family (BTG2), Spruti
homolog 2 (SPRY2), and T-cell GTPase activator protein
(TAGAP), whose regulation is carried out specifically by
miR-21, was reduced. According to Hughes-Fulford M et
al, the change in TAGAP expression can be functionally
associated with the development of rheumatoid arthritis
and multiple sclerosis, and a decrease in BTG2 gene ex-
pression reduces the cellular immune response [22].
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Influence of spaceflight conditions on the excretory
system

According to the literature, the filtration function of
kidneys in microgravity conditions is conventionally esti-
mated by creatinine and urea levels, residual products of
protein metabolism. Since creatinine is contained in mus-
cle cells, given the relatively stable muscle mass, its level
is not subject to significant fluctuations. Creatinine is ex-
creted by the kidneys, which, in the absence of evidence
of muscle injury, allows effective assessment of glomeru-
lar filtration rate [23]. Clinical urine analysis is a standard
practice of clinical and laboratory diagnostics used to as-
sess the excretory and filtering function of the kidneys and
to evaluate the homeostasis of the body. In the practice
of space medicine, this analysis is implemented using a
Urolux urine analyzer included in the ISS onboard equip-
ment, which uses 10-zone test strips. Measurements are
carried out by the method of reflectance photometry. The
parameters evaluated include urine specific gravity, acid-
ity (pH), presence of leukocytes, nitrite, protein, glucose,
ketone bodies, urobilinogen, bilirubin, and blood elements
(erythrocytes, leukocytes) [24]. Currently, urine biochemi-
cal analysis is another routine comprehensive method for
assessing the excretory system status, including under
spaceflight conditions.

Keith Siew et al. reported a reversible renal tubular re-
modeling caused by adaptation to changes in the blood
electrolyte composition and redistribution of body fluid
due to cranial displacement. An increase in the secretion
of calcium, phosphorus, and magnesium ions in the ex-
creted urine was noted, which is presumably associated
with bone resorption [25].

Influence of spaceflight conditions on the blood
coagulation system

Thrombosis in microgravity conditions is a relevant prob-
lem in modern astronautics. An ultrasound examination
study conducted in 2019 found that six out of 11 ISS
crewmembers had asymptomatic blood flow disorders
in the head and neck vessels, with one of the astronauts
having an occlusive thrombosis of the left internal jugular
vein [26]. Thrombosis can be caused both a decrease
in the velocity of blood flow through the vessels associ-
ated with hypodynamia and biochemical changes in the
blood and endothelium. Changes in the blood protein
composition affect the thickness and functional state
of the vascular glycocalyx [27] and alter the rheological
blood properties, increasing its viscosity, leading to an
increased risk of thrombosis. In the early post-flight peri-
od, an increase in the parameters indicative of increased
thrombosis potential, such as soluble fibrin monomer
complexes (SFMCs) [28], factor XI, fibrinogen, fibrin-
opeptide A, plasminogen activator inhibitor serpin-3,
etc., was observed [29].

Thrombosis formation may also be influenced by
the planned use of oral contraceptives during flight to
achieve medical amenorrhea [30], practiced for hy-
gienic and water-saving reasons in female astronauts.
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According to published data, regular administration of a
drug containing drospirenone leads to decrease in the
plasma albumin level. In the absence of pharmacothera-
py, the plasma protein composition and associated risks
of thrombosis showed no sex differences [31]. However,
the studied sample of astronauts is currently small, and
its further increase during the development of space
programs in the future may reveal prerequisites for the
occurrence of multidirectional abnormalities in the he-
mostasis system.

To date, the increased risk of thrombosis caused by
prolonged stay in microgravity has been associated with
a number of factors that are difficult to correct, such as
changes in blood circulation, blood cell composition, and
activity of signaling molecules. In order to detect a patho-
logical link in the coagulation system, determination of a
large number of biomarkers is required. This task is as-
sociated with simultaneous processing of different types
of biomaterials and a prolonged stage of sample prepara-
tion. Collection of different types of biomaterials under ze-
ro-G conditions is undesirable due to technical limitations
and additional risks for astronauts’ health. These limita-
tions make it necessary to create test systems capable
of analyzing a minimum number of integral indicators in
the blood coagulation system, sufficient for monitoring the
health of astronauts, with the prospect of being capable
of determining the mechanisms of a particular pathology.
In case of detection of thrombosis of large vessels, it is
impossible to provide surgical assistance due to logistic
constrains. The use of drug therapy is also problematic
due to a limited set of pharmaceuticals and the develop-
ment of possible complications that can aggravate the
astronaut’s condition.

Thus, the search for early biomarkers of the hemosta-
sis system state and scientific substantiation of methods
for diagnostics/correction and prevention of coagulopa-
thies in space crewmembers is a promising direction of
space medicine. However, the current list of biological
markers required for complete characterization of coagu-
lation processes is rather extensive, which makes their
measurement in flight conditions highly difficult.

MicroRNAs, small non-coding RNA molecules (16-25
nucleotides) that perform regulatory functions in rela-
tion to a number of genes, may be potential informative
markers of the blood coagulation system. In studies on
rodents, as well as in the NASA Twins Study, microR-
NAs associated with the hemostasis system and more
intensively expressed under spaceflight conditions were
identified: miR-125, miR-16, and let-7a/7c [32-33]. These
microRNAs are associated with the mechanisms of radia-
tion damage in the vascular wall and, therefore, may be
predictors of thrombosis. Changes in the level of miR-16,
which has anti-inflammatory and antithrombotic effects,
were observed in [32]. To date, there has been no precise
information regarding the prognostic value of microRNA
estimates in the human blood due to the lack of accumu-
lated scientific data. This does not allow microRNA to be
used as a biomarker of crew health control. Micro-RNA
studies are associated with PCR, which is not yet feasible
in zero gravity.
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Influence of spaceflight conditions on the
reproductive system

The IMMUNO experiment conducted from 2012 to 2017
was aimed at monitoring the reproductive system of as-
tronauts during long-term missions to the ISS. The experi-
mental group included exclusively male individuals, which
fact should be taken into account when interpreting the
data. The levels of luteinizing hormone (LH) and follicle-
stimulating hormones (FSH) affecting testosterone syn-
thesis were measured by interstitial Leydig cells [34]. The
levels of activin A, which is responsible for the regulation
of FSH synthesis, regulating the immune response and
the process of wound healing [35], as well as the antago-
nistic protein produced by Sertoli cells, inhibin B, which
inhibits the synthesis of follicle-stimulating hormone [36],
were determined.

The study was supplemented by estimating levels of
antisperm immunoglobulins A, G, M (AS-IgA, AS-IgG, AS-
IgM) and the sum of antisperm antibodies, as well as the
total and free cortisol in saliva [37], testosterone, estra-
diol, and aldosterone [38]. It is worth noting that all studies
were performed after the completion of the spaceflight
by the ELISA method. It was found that long-term space-
flights lead to an increase in the estrogen level, which was
associated with a decrease in the content of specific and
nonspecific transport proteins in the body. At the same
time, an increase in the concentration of stress hormone
cortisol was noted. The study by I.A. Nichiporuk et al. [37],
although failing to definitely establish the totality of factors
leading to hormonal imbalance, noted that the changes in
the reproductive system are reversible.

Influence of spaceflight conditions on the
musculoskeletal system

During a long-term spaceflight, all astronauts are subject
to degradation of the musculoskeletal system, which is
manifested in a decrease in muscle mass, bone minerali-
zation, and reorganization of collagen in bones, tendons,
and ligaments. Most of the large bones, experiencing
constant load under the conditions of Earth gravity, are
subjected to partial resorption in zero gravity. This leads
to both reorganization of the micro- and macrostructure of
bone tissue and to demineralization of most bones. The
greatest danger is associated with damage to the skel-
eton of the lower limbs, lumbar vertebral bodies, pelvic
bones, highly loaded bones of the skull base, and cervical
vertebrae. Less critical is partial demineralization of thin
spongy bones that carry less load. The only exception is
the bones of the upper part of the skull, whose density
increases in zero gravity due to the natural compensatory
response to the changing load.

These conditions strongly affect the physical health
of astronauts and their ability to perform their main
tasks. Under spaceflight conditions, to assess the physi-
cal state of an individual, muscle volume measurements
[39], dynamometry, myography [40], strain gauging, and
bioimpedanceometry were performed. The latter are
indirect methods that give no clear picture of the pro-
cesses occurring in the body. In the pre-flight and early

post-flight periods, examinations were performed using
a noninvasive method of osteodensiometry [41]. It was
found that the influence of microgravity is not limited to
the development of osteopenia, being accompanied in-
stead by redistribution of bone mineral density. The state
of the muscular system and the effectiveness of training
before spacewalking are evaluated by bicycle ergometry;
the results are influenced by age, cardiovascular system,
and fatigue. Moreover, data on previous measurements
of the subject are required.

An optimal approach consists in the estimation of clini-
cal molecular markers, conducted directly during the flight
and allowing assessment of both the general state and
its changes under the influence of loads and other exter-
nal factors. Some markers include low molecular weight
compounds and those excreted by the kidneys, which
makes their estimation in urine accessible. Other markers
are unable to pass the renal barrier and their estimation is
possible only in blood.

Damage to the muscle system can be estimated
by the level of creatine kinase, which was performed
in the research [42]. However, this parameter is non-
specific with respect to the type of muscle tissue and
can indicate damage to both skeletal muscle and myo-
cardium.

Bone resorption is a relatively slow process carried out
by osteoclasts. An activated osteoclast is fixed by spe-
cific integrin proteins to the bone matrix, triggering the
synthesis of Cathepsin-K. The latter is an acidic prote-
ase capable of degrading type | structural collagen, which
makes up more than 80% of the organic matter of bone.
As a result of this process, large fragments of collagen
containing large amounts of pyridine cross-links are re-
leased into the bloodstream. Osteoclasts synthesize ma-
trix metalloproteases, whose work in the resorption focus
result in the release of large fragments of collagen, con-
sisting of two C-telopeptides of type | collagen, quickly
excreted with urine, in the bloodstream. The third impor-
tant component of bone resorption is the transmembrane
transport of matrix degradation products into the cell by
tartrate-resistant acid phosphatase.

In the process of resorption, calcium ions are released
and their concentration in the blood increases, which may
contribute to the development of uro- and nephrolithiasis.
The study [43] showed an increased calcium content in
morning urine and suggested using its determination to
monitor the state of the bone system. However, the con-
centration of ionized calcium depends not only on the
processes occurring in bone tissue, which significantly
reduces the diagnostic value of its determination.

Thus, the control of collagen C-telopeptide, pyridine
cross-links (pyridinoline and deoxypyridinoline) and tar-
trate-resistant acid phosphatase are convenient markers
of bone resorption.

In parallel to bone resorption, bone tissue is also
formed by osteoblasts. The resorption Howship’s lacuna
is filled by fibroblasts and osteoblasts synthesizing col-
lagen of the first type, forming osteoid. In the process of
collagen maturation, N-propeptide (PINP, amino-termi-
nal propeptide of procollagen type 1) determined in the
blood becomes detached, which can be considered as a
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marker of bone matrix formation. At the same time, a high
mechanical strength of bone is provided by the mineral
component, whose formation is affected by osteocalcin,
a non-collagen protein, which promotes bone mineraliza-
tion due to the stacking of oriented hydroxyapatite crystals
[44]. The enzyme alkaline phosphatase, the exact function
of which remains unknown, is involved in bone matrix for-
mation. Considering that insufficient blood calcium levels
may prevent the formation of new bone or provoke a de-
crease in mineralization, the level of ionized calcium in the
blood should be taken into account when interpreting the
results obtained [45].

Earlier studies showed a decrease in PINP and bone
alkaline phosphatase already by the eighth day of zero
gravity. Simultaneously, such markers of bone resorption
as pyridine cross-links and C-telopeptides of collagen
type | in blood and urine increased [46].

The influence on bone remodeling processes extends
beyond hypodynamia and orthostatic hypotension. The
direction of the processes is regulated by the humoral
system, including steroid hormones. Spaceflights are as-
sociated with a serious physical and psycho-emotional
stress, which leads to the production of cortisol. Cortisol
interferes with the formation of new bone tissue, shifting
the equilibrium of bone remodeling toward impaired bone
trophic and resorption [47].

In the context of bone tissue loss of its typical structure
under spaceflight conditions, the participation of microR-
NAs in the regulation of de novo bone tissue formation is
of interest. To test the hypothesis about changes in micro-
RNA secretion by human osteoblasts under micrograv-
ity conditions, the expression of micro-RNAs in rat femur
bone was studied. Thus, 14 microRNAs were identified
that significantly decreased their expression under condi-
tions of simulated zero gravity and 5 microRNAs whose
expression significantly increased under these conditions.
The main targets regulated by these microRNAs were
genes of Wnt/B-catenin signaling pathway and estrogen-
mediated cell cycle regulation [48]. It is assumed that the
results obtained could indirectly indicate the state of bone
tissue; however, such results are not available in the litera-
ture at the moment.

In 2014-2015, NASA carried out studies of urine com-
pounds reflecting the state of the musculoskeletal sys-
tem: urea, phosphorus and calcium, and creatinine. The
results were presented as a ratio to creatinine as an indi-
cator reflecting the glomerular filtration rate. A temporary
decrease in urea/creatinine and phosphorus/creatinine
ratios was noted, while an increase in calcium/creatinine
ratio was observed [49].

A study of the urine proteome after a prolonged
spaceflight showed the disappearance of the following
peptides: tyrosine kinase receptor (IPI00296992); cyto-
skeletal keratin-1 (IPI00009865); G-protein coupled re-
ceptor from the C family (IPI00789902); inter-a (globulin)
H4 inhibitor (IPI00944960); and SERPING1 gene protein
(IPI00879931) [41, 50].
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CONCLUSION

The conducted review of published literature has allowed
us to identify the most promising markers for assessing
the status of human bone, blood coagulation, and im-
mune systems under the conditions of zero gravity (mi-
crogravity).

The decreased density of bone tissue under the ac-
tion of microgravity potentially carries risks of traumatism,
e.g., during astronauts’ return to the Earth. Therefore,
monitoring the state of human bone tissue is a relevant
problem of laboratory diagnostics. PINP, bone alkaline
phosphatase, and osteocalcin may serve as the most in-
formative markers of bone tissue formation, along with its
lysis — collagen C-telopeptide, pyridine cross-links (pyri-
dinoline and deoxypyridinoline), and tartrate-resistant acid
phosphatase. Micro-RNAs are also promising markers of
the state of the musculoskeletal apparatus. However, their
participation in the regulation of a number of body sys-
tems restricts identification of the processes occurring in
bone tissue on the basis of individual micro-RNAs. In this
regard, a multivariate analysis of a set of several microR-
NAs appears promising. The difficulty of PCR staging in
zero gravity also requires its own technological solution.

The pathologies of the cardiovascular system, the risk
of which increases in microgravity conditions, include a de-
crease in microcirculation and the development of throm-
bosis. According to the available literature data, the most
informative markers of risk and dynamics of thrombotic
complications may include soluble fibrin monomer com-
plexes (SFMCs), factor Xl, fibrinogen, fibrinopeptide A, and
plasminogen activator inhibitor serpin-3. MicroRNA fami-
lies, such as miR-125, miR-16, and let-7a/7c, are also prom-
ising molecular markers of cardiovascular complications.

This review has not considered markers of the state
of central nervous system (CNS). Currently, there is a lack
of definite molecular and biochemical markers to diag-
nose a specific neurologic disorder and to identify differ-
ences between healthy individuals and patients with CNS
disorders. Additionally, CNS dysfunctions in humans are
detected already at the stage of selecting candidates for
flights.

Longer space exploration projects, including those
associated with the prospect of manned interplanetary
flights, impose stricter requirements on the control of
astronauts’ health condition. Although monitoring of the
overall health status remains relevant, the limitations as-
sociated with zero gravity and space station conditions
shift the focus to a gradual introduction of individual diag-
nostic markers. According to the authors, these include,
e.g., the biological markers characterizing the process of
bone tissue remodeling, characterized by bone resorp-
tion in the lower parts of the body, hyper-mineralization of
skull bones and cervical spine. At the same time, analyti-
cal systems based on microfluidic technologies seem to
be the most promising tool for monitoring these markers
during spaceflights.
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CORRELATION OF BLOOD PROTEOME PARAMETERS TO THE NUMBER OF CERTAIN INTESTINAL
MICROFLORA BACTERIA IN HEALTHY WOMEN

Daria V. Komissarova™, Ludmila Kh. Pastushkova, Daria N. Kashirina, Vyacheslav K. llyin, Irina M. Larina

Institute of Biomedical Problems, Moscow, Russia

Introduction. Human intestinal microflora fulfils a wide range of important functions for the body. It provides non-specific anti-inflammatory defense through
the production of bacteriocins, organic acids and substances with bacteriostatic properties. It also stimulates eukaryotic cells to synthesize mucin and
substances with antimicrobial activity, thus suppressing the development of inflammatory reactions in intestinal epithelial cells. These bacteria obviously act
synergistically with immunocompetent intestinal cells undergoing changes in zero gravity conditions modeled using dry immersion. Regulatory and metabolic
changes which occur during model experiments are reflected, inter alia, in the protein composition of the blood.

Objective. Identification of the relationship between the blood protein level and the amount of E. coli, Lactobacillus spp., Enterococcus spp. and Bifidobac-
terium spp. in the intestine using an experimental model of 3-day dry immersion for potential use as clinical recommendations for the correction of intestinal
microflora, based on data from the proteomic profile of the blood.

Materials and methods. The study was conducted among six women aged 25-40 years. During 3-day dry immersion, the subjects were completely im-
mersed in an immersion bath containing water at room temperature. Direct contact between the subjects’ skin and the water was excluded. During the study,
fecal samples and capillary blood samples were taken from each of the participants. In order to assess the protein levels, chromatography-mass spectro-
metric analysis of samples of dried blood spots was performed using nano-HPLC Dionex Ultimate3000 combined with a timsTOF Pro mass spectrometer.
The study of the number of intestinal bacteria was carried out using culture seeding of pre-diluted fecal samples on selective media according to a standard
technique, followed by consideration of colonies.

Results. The regression model showed a relationship between the levels of individual proteins and representatives of the intestinal microflora. A statistically
significant correlation was found between blood proteins ENO1 (r = 0.71), MYH9 and SPTA1 (r = —-0.99) with the amount of E. coli; blood proteins EPB41,
VCP, C8B, CCT2 (r = 0.74), FAH, YWHAE (r = —0.46) with the amount of Bifidobacterium spp. There was also a significant strong positive correlation between
Lactobacillus spp. and proteins ENO1, CA2 (r =0.74) and S100A6 and HSPA4 (r =—0.87). The CALM2 protein (r = -0.76) correlated with the amount of Entero-
coccus spp.

Conclusions. Protein complexes were identified, the number of which correlated with the number of certain types of intestinal microflora: proteins associated
with the immune system; proteins which directly or indirectly affect digestion and mineral metabolism; and proteins which affect cell tolerance to hypoxia.

Keywords: intestinal microflora; blood proteins; dry immersion; chromatography-mass spectrometry
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KOPPENALINA NAPAMETPOB NMPOTEOMA KPOBW C KOJINHECTBOM HEKOTOPbIX BAKTEPUM
KULIEYHOUN MUKPO®J1I0OPbI Y 3J0POBbIX XXEHLLH

[.B. Komunccaposa™, J1.X. Mactywkosa, [.H. KawvpwuHa, B.K. NnbuH, V.M. NapuHa
VHCTUTYT Meamnko-buonornyeckmx npobnem PAH, Mocksa, Poccus

BBepeHue. Mukpodnopa KuleyHKa YenoBeka obnafaeT LefbiM CMEKTPOM BaKHbIX NS opraHnama (yHKLMIA: OCYLLEeCTBASET Hecneunduyeckyo
NPOTUBOBOCMANNTENBHYIO 3aLUMUTY NOCPEACTBOM NPOAYKUMN BaKTEPUOLMHOB, OPraHNYECKNX KUCOT 1 BELLECTB C OaKTepnocTaTMiecKnMy CBOMCTBaMU,
CTUMYNMPYET 9yKaprOTUHECKNE KNETKM K CUHTE3Y MYyLIMHA U BELLECTB C aHTUMUKPOBHOI aKTUBHOCTbLIO, NMOAABNSET PasBUTUE BOCTANNTENbHBIX PeaKLinii
B KJIETKax anntenuns kuwevHnka. O4eBmaHo, aTu 6akTepum AEeNCTBYIOT CUHEPTMYHO C UMMYHOKOMMETEHTHBIMU KIIeTKaMu KULWEeYHWKa, NpeTeprnesatoLLyMm
N3MEHEHNS B YCIIOBMAX HEBECOMOCTU, MOAENMPYEMbBIX C MOMOLLBIO «CyXOW» UMMepPCUn. PerynaTopHble 1 MeTabonmyeckne n3aMeHeHns, NponcxXoasaLme
BO BPEMSI MOLENbHbBIX SKCMEPUMEHTOB, OTPaXKAOTCS B TOM YMCe Ha 6ENKOBOM COCTaBe KPOBU.

Llenb. BbisiBneHne B3anMocBs3n Mexxay ypoBHeM 6e/KOB B KPOBM HefloBeka 1 konm4ecTBoM E. coli, Lactobacillus spp., Enterococcus spp. v Bifidobacterium
SPP. B KNLLEYHVIKE C MPUMEHEHNEM SKCNEPUMEHTANBHOM MOAENN 3-CyTOHHOW «CyXON» UIMMEPCUN A1 MOTEHLMANBHOrO NCNONb30BaHNS B KA4eCTBE KIMHN-
HECKMX PEKOMEHAALINIA MO KOPPEKLMN MUKPOMIOPLI KULLEYHIKE, OCHOBBIBAACH Ha AaHHbIX MPOTEOMHOr0 NPOMUS KPOBW.

MaTepuanbl u meToabl. VIccnenoBanve NPoBeAEHO C yHacTeM 6 XeHLmH Bo3pacTom 25-40 neT. Bo Bpems 3-CyTOYHOWM «Cyxoi» UMMEPCUN UCTbITYe-
Mbl€ HaxoaMIMCb B UMMEPCUOHHON BaHHE MOMHOCTLIO MOMPY>XEHHbIMY B BOAY KOMHATHOW TemnepaTypbl, UCKOHas MPsSiMO KOHTaKT KOXW UCMbITYEeMbIX
1 BoAbl. B xofe nccnenosaHus otonpanuch dexanbHble Npobbl 1 06pasLbl KanUINSPHON KPOBK Y Kaxaon U3 y4acTHUL,. [ns oueHKn konnyecTsa 6enkoB
NPOBOANIIM XPOMATO-MaCC-CMNEKTPOMETPUYECKINI aHanM3 06padLoB BbICYLIEHHbIX MSATEH KPOBWU C 1CMonb3oBaHneM HaHo-BOXKX Dionex Ultimate3000,
COBMELLEHHbIM C Macc-cnekTpomeTpom TimsTOF Pro. ViccnegoBaHne kKonmyecTBa KULLEYHbIX HakTeprin MpOBOAMAN C MOMOLLBIO KY/BTYPanbHOro nocesa
npenBapuTeNbHO pasBeeHHbIX 06pa3LoB heKanuin Ha CeneKkTUBHbIE CPEeAbl MO CTaHAAPTHON METOAMKE C NMOCNEAYIOLLIMM YHETOM KOMOHWIA.

© D.V. Komissarova, L.Kh. Pastushkova, D.N. Kashirina, V.K. llyin, I.M. Larina, 2024
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Pe3ynbTratbl. PerpeccrnoHHas Mogenb nokasana cBsdb Mexxay YPOBHAMMN OTAENbHbIX OENKOB 1 NpeacTaBUTENSMI KULLEYHOM MUKPOMNopb!. Bbina Beissne-
Ha CTaTUCTUYECKN 3HaYNMas KOpPensLMoHHasa B3anMocBsidb 6enkos kposn ENO1 (r = 0,71), MYH9 n SPTAT (r = -0,99) ¢ konn4ecTsoM E. coli; 6enkoB KpoBK
EPB41, VCP, C8B 1 CCT2 (r = 0,74) n 6enkoB FAH, YWHAE (r = -0,46) c konudecTtsom Bifidobacterium spp., a Takxxe OCTOBEpHas CuibHas NONOXUTENbHAsNA
KoppensaumMoHHas B3anMocBs3b Mexxay Lactobacillus spp. n 6enkamu ENO1, CA2 (r = 0,74), ST00A6 n HSPA4 (r = -0,87). C konn4ecTBoM Enterococcus spp.
koppenvposan 6enok CALM2 (r = -0,76).

BbiBOAbI. BbisiBNeHbl KOMMNIEKCh! HEMKOB, KOMMHYECTBO KOTOPbLIX KOPPENMPOBAIO C KOIMHECTBOM HEKOTOPbIX BUAOB MUKPOMIOPL! KULLEYHMKa: 6enku,
CBSA3aHHble C UMMYHHOW CUCTEMOW; 6K, NPSIMO NN KOCBEHHO BAVSAIOLLME Ha MPOLECChI MULLIEBAPEHVISA 1 MUHEPabHbIN 0OMeH; 6enku, BAnSoLLMe Ha TO-
NePaHTHOCTb KNETOK K MMMOKCUN.

Kniouesble cnosa: MI/IKpOCbJ'IOpa KULEYHVKa; Benkn KPOBWY; «CyXas» MMMepCcKa; XpoMaTo-MacC-CneKTpoMeTpna

Ana untnposanus: Komuccaposa [.B., Mactywkosa J1.X., Kawupura O.H., Vet BK., JlapuHa V.M. Koppensaumsa napameTpoB mpoTeoma Kpo-
BM C KOJINYECTBOM HEKOTOPbIX OaKTEPUN KULLEYHOWM MUKPOMIOPL! Y 3A0POBbIX XXEHLUNH. MeauimHa akcTpemarsbHbix cutyaumi. 2024;26(4):123-131.
https:/doi.org/10.47183/mes.2024-26-4-123-131
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INTRODUCTION

Normal human intestinal microflora is represented by
a wide range of microorganisms, most of which are ob-
ligate or facultative anaerobes. Opportunistic infections
can occur directly due to obligate pathogens or indirectly
due to excessive growth of opportunistic microorganisms.
Depletion of the intestinal commensal population may also
play a determining role [1]. Factors of space flight, for exam-
ple, a changed diet, hygienic procedures, psycho-emotion-
al stress, constant microbial metabolism, which inevitably
occurs in a hermetically sealed space of a spacecraft, neg-
atively affect the composition of the intestinal microbiota.
This process is associated with active reproduction of the
conditionally pathogenic component of the microflora, de-
creasing the number of protective types of microorganisms
[2]. This requires the development of means to prevent and
reduce the risks of developing dysbiotic conditions, as well
as research into better understanding the interrelationships
of the intestinal microbiota and other physiological and bio-
chemical indicators of human health. This understanding
will subsequently enable the composition of the intestinal
microbiota to be influenced through targeted effects on
individual processes in the body, for example, on the me-
tabolism of single proteins.

The vast majority of bacteria live in the large intestine.
The proximal sections of the small intestine normally con-
tain up to 10* CFU/mL of microorganisms, associated with
the milieu pH (7.2-7.6) and the bactericidal effect of bile.
The commensal microflora, in addition to participating in
the digestive processes, fulfils a whole range of impor-
tant functions for the host body. It provides non-specific
anti-inflammatory defense through the production of bac-
teriocins, organic acids and substances with bacteriostatic
properties. It also stimulates eukaryotic cells to synthesize

mucin and substances with antimicrobial activity. In addi-
tion, the community of commensal microflora specifically
suppresses the development of inflammatory reactions in
intestinal epithelial cells. These representatives of the intes-
tinal microflora obviously act synergistically with the local
immune system [3, 4].

Consequently, the human intestine is not only an im-
portant part of the digestive system for digesting food,
absorbing water and nutrients, it also plays an essential
role in the organization of immune defense [5]. The epithe-
lial cells of the intestinal mucosa are involved in immune
regulation. In the intestinal mucosa’s own plate, there are
T and B cells which protect the body from pathogens.
In addition, the cells of the intestinal mucosa produce
various cytokines, such as gamma interferon (IFN-y), tu-
mor necrosis factor a (TNF-a), interleukin 2 (IL-2) and in-
terleukin 6 (IL-6), which are important regulators of both
physiological adaptive reactions and congenital immune
reactions [6]. In particular, they can participate in inflam-
matory reactions and mediate differentiation, prolifera-
tion and activation of various immune cells [7]. Moreover,
the intestinal microflora is necessary for the organiza-
tion and implementation of various immune reactions [8].
Thus, the microflora of intestinal commensals activates
both innate and adaptive immunity in the cells of the in-
testinal mucosa [9].

In this study, we have attempted to analyze the possible
relationship of the blood protein complex with the number
of intestinal bacteria in women participating in an experi-
ment with 3-day dry immersion [10].

Previous studies of the human intestinal microflora in a
dry immersion experiment established significant deterio-
ration in the state of the microflora, an increase in the pro-
portion of opportunistic microorganisms, and a decrease in
the amount of intestinal commensal bacteria [11].
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According to some researchers, the regulatory and
metabolic changes which occur during dry immersion ex-
periments are reflected in blood protein composition. Mass
spectrometry-based studies were performed by means
of proteomics methods. Changes were established in the
levels of plasminogen, fibronectin, other coagulation and
fibrinolysis factors, as well as an increase in the content
of fibrinolysis products, and activation of the complement
system [12]. Proteomic methods clearly allow identifica-
tion of proteins which respond to a complex set of dry im-
mersion factors and clarify the molecular mechanisms of
changes in various physiological systems.

The aim of the study was to identify the relationship be-
tween human blood proteins level and the amount of E. col,
Lactobacillus spp., Enterococcus spp. and Bifidobacterium
spp. in the intestine. The study was conducted by means
of experimental 3-day dry immersion. Its potential use is
in clinical recommendations for the correction of intestinal
microflora, based on data from the proteomic profile of the
blood.

MATERIALS AND METHODS
Experimental design

Six women aged from 25 to 40 years participated in the
3-day dry immersion experiment. During the experiment,
the subjects did not take antibacterial drugs or other drugs
which can affect fluctuations in microflora levels. At the be-
ginning of the experiment, all participants were assigned to
the same phase of the menstrual cycle (follicular phase) in
order to avoid differences in estradiol levels and its effects
on microflora and plasma proteins. During the period of dry
immersion, the subjects were not subjected to any addi-
tional influences, in the aim of preventing adaptive changes
in physiological systems [10].

The dry immersion experiment is a method of simulat-
ing such factors affecting the body in space flight as hypo-
gravity, support unloading, and redistribution of body fluids
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in the cranial direction. During dry immersion, the female
subjects were in the immersion bath completely immersed
in water at room temperature. Waterproof film prevented
the skin of the subjects from coming into contact with wa-
ter, permitting the time spent in the bath to be increased
(Fig. 1).

The study was conducted on the Dry Immersion bench
base of the Institute of Biomedical Problems. Throughout
the experiment, the participants remained in a horizontal
position without physical exertion and with limited voluntary
movements.

Collection of stool samples, cultivation and
identification of representatives of the intestinal
microflora

Stool samples were taken 1-2 days before the start of the
experiment and 1-3 days after the end of the dry immersion,
in order to assess the amount of E. coli, Bifidobacterium
spp., Lactobacillus spp., Enterococcus faecium. A number
of tenfold dilutions were prepared from fecal samples in
sterile saline solution from 10" to 10-°. Then 100 L of the
inoculate was sown in Petri dishes with selective nutrient
media: De Man-Rogosa—Sharpe agar (MRS for cultivation
of bacteria of the genus Lactobacillus spp.); Endo medium
(for the cultivation of E. coli); agar for enterococci; and bifi-
doagar (manufacturer of all media — Himedia, India). The
cultures were grown in a thermostat at 37°C for 48-72 h.
Depending on the culture under study, bifidobacteria and
lactobacilli were grown under anaerobic conditions. The
colonies thus grown were counted using the Stegler SCM-2
colony counter and visually identified [13].

Collecting samples of dry blood stains

Capillary blood samples with a volume of 20 pL for chroma-
tography-mass spectrometric analysis were taken using an
automatic scarifier by piercing the terminal phalanx of the
ring finger. This was followed by application to special filters

The photo is published with the written consent of the participants of the study

Fig. 1. Volunteer in an immersion bath
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(Perkin Elmer) for drying (the “dry spot” method). Blood
samples were collected from volunteers 2 days before the
start of the experiment and in dynamics for 1st, 2nd, 3rd
days during the dry immersion, as well as 2 days after com-
pletion. After collection, the capillary blood samples were
dried at room temperature for 2 h. Then the dried blood
stain samples were stored at minus 20°C.

The dried blood stains were prepared for chroma-
tography-mass spectrometric analysis, in order to de-
termine proteins in human blood as follows: the proteins
were extracted in a buffer containing 25 mmol ammoni-
um bicarbonate, 1% sodium deoxycholate and 5 mmol
TCEP (tris-(2-carboxyethyl) phosphine hydrochloride)
(Thermo Scientific) at a temperature of 60°C, at a shak-
ing rate of 1000 revolutions per minute (thermomixer,
Eppendorf) for 1 h. They were then reduced, alkylated,
precipitated and cleaved with trypsin, as described in
the procedure [14].

Chromatography-mass spectrometric analysis of
extracts of dry blood stains

Mixtures of tryptic peptides were separated using lig-
uid chromatography based on nano-HPLC Dionex
Ultimate3000 (Thermo Fisher Scientific, USA). They were
then analyzed on a timsTOF Pro mass spectrometer (Bruker
Daltonics, USA) using the method of parallel accumulation
with sequential fragmentation (PASEF) [15].

Statistical analysis

The statistical analysis of the data obtained was carried
out using a number of nonparametric techniques. Changes
in the intestinal microflora were assessed using the non-
parametric Kruskal-Wallis test for related samples. The eu-
biotic index was calculated by summation of positive and

MYH9

ENO1

This figure was prepared by the authors using own data

Fig. 2. Relationship between blood proteins and number of E. coli in the
intestinal microflora of the volunteers

negative quantitative changes in protective and condition-
ally pathogenic groups of microorganisms. The index re-
flects positive changes in the composition of the microflora.
Statistical processing of the eubiotic index was carried out
using a paired two-sample t-test for averages.

The change in the amount of blood proteins was as-
sessed using discriminant analysis for small samples. The
relationship between the level of human blood proteins and
the number of intestinal bacteria was suitably described
using a regression model. In this model the number of bac-
teria was the dependent variable, while the number of pro-
teins was the independent variable [16]. The results were
processed using the Statistica 12.0 software package.
P < 0.05 was taken as the critical significance level. The
STRING database was used to visualize protein relation-
ships.

RESULTS

Approximately 1256 proteins were identified in the samples
of dry blood spots of the female volunteers. Their relative
levels were determined using the label-free quantification
method. The regression model showed a relationship be-
tween the number of proteins in the blood described below
and the number of bacteria E. coli, Bifidobacterium spp.,
Lactobacillus spp., Enterococcus faecium.

As a result of the regression analysis, the relation-
ship of a number of proteins to the amount of E. coli
was established (Fig. 2). The amount of ENO1 protein
(alpha-enolase) in the blood positively correlated with the
amount of E. coli (r = 0.71), while for the proteins MYH9
(non-muscular myosin with heavy chain lla), ACLY (ATP
citrate lyase), DPP3 (dipeptidyl peptidase 3), SPTA1 (spec-
trin alpha chain) a strong negative correlation r = -0.99
(p < 0.05) was detected.

The proteins EPB41 (Erythrocyte Membrane Protein
Band 4.1), A1BG (Alpha-1-B Glycoprotein), VCP (Valosin
Containing Protein), C8B (complement component C8
beta chain), and CCT2 (T-complex protein 1 subunit
beta) were statistically significantly correlated with the
number of bifidobacteria (Bifidobacterium spp.) in the
intestine: r = 0.74 (p < 0.05). Furthermore, a weak neg-
ative correlation r = -0.46 (p < 0.05) was observed for
proteins FAH (enzyme Fumarylacetoacetate hydrolase)
and YWHAE (Tyrosine 3-Monooxygenase/Tryptophan
5-Monooxygenase Activation Protein Epsilon). The rel-
evant data is shown in Figure 3.

A1BG

8EPB41

Cc8B

This figure was prepared by the authors using own data

Fig. 3. Interconnection of proteins which correlate to the number of
Bifidobacterium spp. in the intestinal microflora of the volunteers
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During the study, the data analysis established a sig-
nificant strong positive correlation between the number of
lactobacilli and blood proteins ENO1, CA2 (r = 0.74), and a
negative correlation between the number of Lactobacillus
spp. and proteins S100A6 and HSPA4 (r = -0.87). A nega-
tive correlation was also found between the CALM 2 pro-
tein (calmodulin) and the number of enterococci in the in-
testinal flora (r = —=0.76) (p = 0.05). Table 1 summarized the
data regarding the established correlation of proteins with
some representatives of the intestinal microflora.

DISCUSSION

As a result of regression analysis, the relationship of a num-
ber of proteins with the amount of E. coli was established.
The amount of ENO1 protein (alpha-enolase, glycolytic
enzyme that catalyzes the conversion of 2-phosphoglyc-
erate to phosphoenolpyruvate) positively correlates to the
amount of E. coli. The main functions of this protein are par-
ticipation in glycolysis, cell growth processes, and allergic
reactions. In addition, this protein serves as a receptor on
the surface of leukocytes, thus stimulating the production
of immunoglobulins [17].

[t must be noted that E. coli plays an important role in
the human body. It is capable of producing a number of
vitamins (B,, B, By, K, etc.) and fatty acids. It participates in
the metabolism of cholesterol, bilirubin, choline, bile acids
and is involved in the absorption of iron and calcium [3, 5].

E. coli has been shown to produce a substance with
immunological similarity to somatostatin [16]. Somatostatin
is also produced by D-cells of the small intestine, while so-
matostatin-28 is involved in the inhibition of insulin, secretin,
glucagon, gastrin, and other hormones in the gastrointes-
tinal tract. The main function of somatostatin synthesized
in the intestine is to prevent the secretion of hydrochloric
acid, slow intestinal motility, and change the level of bile
acids [18].

The secretion of the large intestine contains a significant
number of rejected epithelial cells, lymphocytes and mu-
cus, although containing a small amount of enzymes. The
Lieberkiihn gland (crypt), along with intestinal villi, is one
of the two most important structural units of the intestinal
mucosa. For each villus in humans, there are from 4 to 7
Lieberkihn glands. The maximum number is located in the
duodenum. The Lieberkiihn glands of the large intestine are
lined with a single-layered cylindrical polar epithelium, the
height of which is higher at the mouth than at the base. The
epithelium of the Lieberkihn glands contains various endo-
crine cells: |-cells producing cholecystokinin (CCK), S-cells
secretin (SCT), K-cells glucose-dependent insulinotropic
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polypeptide (GIP), M—cells motilin (MLN), and G-cells gas-
trin (GAST) [19]. The above proteins are biochemically re-
lated to one another and to the ACLY protein (ATP-citrate
lyase), to the level of which E. coli correlates. In addition,
ACLY and a number of differentially expressed genes are
involved in ErbB (erythoblastic oncogene B) signaling and
cholicytokinin/gastrin signaling. ACLY is an important en-
zyme which binds carbohydrates to lipid metabolism by
producing acetyl-CoA from citrate for the biosynthesis of
fatty acids and cholesterol [20]. Changes in ACLY levels are
probably related to gastrin signaling.

Another protein which affects the amount of E. coli is
MYH9 (non-muscular myosin with heavy chain lla, a mem-
ber of the family of motor proteins). MYH9 is involved in
the processes of secretion, cytokinesis and ensures cell
mobility. The amount of E. coli negatively correlates with
the amount of this blood protein, which may also be related
to gastrin signaling.

After analyzing the data obtained, it can be concluded
that an increase in the level of ENO1 and a decrease in
MYH9 and ACLY contribute to an increase in the number
of E. coli. The ENO1, MYH9 and ACLY genes are co-ex-
pressed and involved in gastrin signaling. Gastrin, in turn,
is associated with cholecystokinin, secretin, glucose-de-
pendent insulinotropic polypeptide and matilin, produced
by the Lieberkihn glands of the colon. At the same time,
glucose-dependent insulinotropic polypeptin (incretin) in-
hibits the absorption of fats, probably causing an increase
in their amount in undigested food. As a result, this can
lead to an increase in the amount of E. coli, for which fatty
acids are one of the energy sources [21]. Incretin also in-
hibits lipoprotein lipase. According to Scholl RA et al., a
high amount of E. coli correlates with a decrease in this
enzyme [22].

Positively correlated to the amount of E. coli, the ENO1
protein stimulates the production of immunoglobulins,
possibly indicating an increase in immune activity locally
in the large intestine. One explanation for this relationship
is the assumption that the autologous commensal intesti-
nal microflora probably possesses tolerance to locally se-
creted immunoglobulins. A similar relationship was noted
for another obligate representative of the intestinal flora:
Lactobacillus spp. Summarizing the above, ENO1, MYH9
and ACLY are closely related to the processes of excretion
of biologically active substances by cells of the Lieberkiihn
glands of the colon, in particular incretin (GIP). This, in turn,
taking into account its functions, contributes to an increase
in the number of E. coll.

The protein DPP3 (Dipeptidyl peptidase 3) is a zinc-
dependent peptidase and an intracellular serine peptidase.

Table 1. Correlations of proteins with some representatives of the intestinal microflora revealed in the study, (p < 0.05)

A microorganism of the

intestinal microbiome this microorganism

Proteins negatively correlating with

Positively correlating proteins with this
microorganism, correlation coefficient

1 | E coli MYH9, ACLY, DPP3, SPTA1 0.99 ENO1 0,71
2 | Lactobacillus spp. S100A6, HSPA4 0.87 ENO1, CA2 0,97
3 Enterococcus spp. CALM2 0.76

4 Bifidobacterium spp. YWHAE, FAH 0.46 VCP, C8B, CCT2, EPB41, A1BG 0,74

This table was prepared by the authors based on their own data
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This protein has a site of unique catalytic sequence which
ensures the degradation of oligopeptides with residues
from 4 to 10 amino acids. In our study, this site had a fairly
strong negative correlation to the amount of E. coli. The
DPP3 protein is known to have a wide range of biological
functions. Thus, it participates in the intracellular cleavage
of proteins. In addition, in some studies [23] have shown
activity of DPP3 in cells of the innate immune system, for
example, in polymorphonuclear granulocytes and neutro-
phils. This activity partly confirms its active participation in
the regulation of the immune function of the body. It is inter-
esting to note that our study established a strong negative
correlation between the amount of this protein and both
the amount of E. coli and the number of hemolytic staphy-
lococci.

The study also found that the level of SPTAT1 protein had
a fairly strong negative correlation to the amount of E. col.
However, given the functions of this protein, the possible
causes of the interaction of the levels of this protein and the
number of E. coli representatives remain unclear.

Bifidobacteria are one of the most important compo-
nents of the intestinal microflora. They are involved in the
synthesis of lactate and acetate which regulate the pH of
intestinal contents. They also provide increased coloniza-
tion resistance of the intestinal microflora.

In our study, the strongest associations with the num-
ber of bifidobacteria in the intestine were found for the pro-
teins EPB41, A1BG, VCP, C8B, and CCT2. A weak correla-
tion was also established with the number of proteins FAH
and YWHAE.

The protein encoded by the EPB41 gene (Erythrocyte
Membrane Protein band 4.1) is a multifunctional protein
which mediates interactions between the cytoskeleton of
erythrocytes and the plasma membrane. The protein en-
coded by the EPB41 gene binds and stabilizes dopamine
receptors D2 and D3 on the plasma membrane of neu-
rons. It also participates in the regulation of calcium ion
transport and regulation of intestinal absorption [24]. In the
studies conducted, a positive correlation was established
between the amount of EPB41 protein and the number of
bifidobacteria. It was also noted that with a decrease in the
amount of EPB41 protein, there is a violation of calcium
absorption in the cells of the small intestine [23]. Thus, with
an increase in the amount of EPER41 protein, calcium ab-
sorption in the epithelium of the small intestine increases.
A similar process is controlled by bifidobacteria which also
cause increased absorption of calcium ions. The largest
amount of Bifidobacterium spp. is found in the large intes-
tine. Bifidobacteria and lactobacilli make up about 20-30%
of the microflora of the small intestine, localized mainly in
the jejunum [25].

One of the putative functions of the A1BG protein (Alpha-
1-B Glycoprotein) expressed in the liver is to participate in
cell recognition and regulation of cellular behavior [26]. For
this protein, a positive correlation was noted with the num-
ber of bifidobacteria. This correlation can be explained by
tolerance of the immune system towards intestinal com-
mensal population and an increased immune response
against the background of a stress factor (dry immersion).
It is important to note that the C8B protein (complement

component C8 beta chain, lectin activation pathway), which
also plays a key role in the implementation of the mecha-
nisms of innate and adaptive immune response, negatively
correlates with the number of bifidobacteria in the intestine.

CCT2 protein (T-complex protein 1 subunit beta, mo-
lecular chaperone) promotes protein folding during ATP
hydrolysis. As part of the TRIC (chaperonin) complex, it
plays a role in the folding of actin and tubulin. According
to literature sources, the spectrin cytoskeleton is a target
for intestinal bacterial pathogens (for example, pathogenic
strains of E. coli, S. Typhimurium, L. Monocytogene) due
to increased cell adhesion. It also plays a crucial role in the
progression of dysbiotic conditions [27]. A similar mecha-
nism may also enhance adhesion of Bifidobacterium spp.
on the intestinal epithelium and, thus, promote their growth.
In our study, a positive correlation was noted between the
amount of this protein and the number of bifidobacteria.

At the same time, YWHAE (Tyrosine 3-Monooxygenase/
Tryptophan 5-Monooxygenase Activation Protein Epsilon),
involved in the regulation of a wide range of both general
and specialized signaling pathways, is also involved in the
implementation of various biochemical processes related
to signal transmission, such as cell division and regulation
of insulin sensitivity. Its level is closely related to the amount
of HSF1 protein (Heat shock factor 1). Its production by the
cell, in turn, is induced not only by temperature stress, but
also by many other provoking factors, namely hypoxic con-
ditions, exposure to xenobiotics, proteotoxic stress [28].
The relationship between the levels of YWHAE blood pro-
tein and the amount of Bifidobacterium spp. in the intestinal
flora is negative. Thus, with increased exposure to stress
factors and an increase, respectively, in the YWHAE blood
protein, the growth of bifidobacteria is inhibited. This inhib-
ited growth confirms the relationship between stress levels
of various etiologies and intestinal flora.

The FAH protein (enzyme Fumarylacetoacetate hydro-
lase which degrades 4-fumarylacetoacetate to acetoac-
etate and fumarate, providing the final stage of tyrosine
amino acid catabolism), pursuant to its main function, is
involved in tyrosine metabolism and is the last of the five
enzymes which degrade this amino acid. The effect of this
hydrolase and the conversion of 4-fumarylacetoacetate into
fumarate and acetoacetate is to increase the blood level of
ketone bodies. It has been shown that an excess of ketone
bodies, for example, in keto diet, reduces the number of
bifidobacteria. Thus, according to Ang QY, there is a nega-
tive correlation between them [29]. Our experiment showed
a direct positive correlation between the amount of FAH
protein and the amount of Bifidobacterium spp., although
its severity was relatively weak.

At the same time, the VCP protein (valosin-containing
protein) ATPase of the transitional endoplasmic reticulum is
a component of the protein degradation process associat-
ed with the endoplasmic network. It is also responsible for
maintaining cell proteostasis, including intestinal endothe-
lium. Some studies have suggested that the VCP protein
may contribute to the course of infection caused by toxo-
plasma [30]. This protein positively correlates to the number
of bifidobacteria. In addition, it is co-expressed with CCT2
and YWHAE proteins.
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Lactobacilli play an important role in maintaining the col-
onization resistance of the gastrointestinal tract. Although
most bacteria in the gastrointestinal tract live in the large
intestine, lactobacilli and enterococci are the dominant flora
in the duodenum and jejunum. They are small in number
compared to the colon (about 10°-10* CFU/mL). However,
they play an important role in immunomodulation and ex-
hibit antagonistic activity against pathogenic microorgan-
isms [31].

Most Lactobacillus spp. strains inhabiting the human
intestine are homofermentative and form mainly lactic acid
as a result of fermentation. They use glycolysis to form lac-
tate from glucose. In relation to oxygen, most lactobacilli
are aerotolerant anaerobes, that is, they grow most actively
with oxygen deficiency.

In our study, the data analysis established a relationship
between the number of proteins ENO1, CA2, S100A6, and
HSPA4 and the number of lactobacilli. At the same time,
ENO1 and CA2 had a positive correlation, and S100A6
and HSPA4 had a negative correlation to the amount of
Lactobacillus spp.

Some studies have found that ENO1 is a protein which
provides cell tolerance to hypoxia, while catalyzing the
conversion of 2-phosphoglycerate to phosphoenolpyru-
vate during glycolysis. It is also present both in human
cells and tissues, and in some species of Lactobacillus
spp. The relationship between the amount of this protein
and the number of lactobacilli is most likely primarily due
to an increase in the tolerance of intestinal cells to hypox-
ia, which, in turn, contributes to an increase in the number
of lactobacilli.

The protein CA2, belonging to the family of carbonic
anhydrases, plays a crucial role in the functioning of hemo-
globin. This is due to the catalysis of the process of hydra-
tion of carbon dioxide with the formation of carbonic acid
and its subsequent dissociation in water. This leads to a
decrease in the pH of the blood, which, in turn, reduces the
affinity of hemoglobin to oxygen. Thus, an increase in the
amount of this protein is also associated with hypoxia and,
as a result, the creation of the most favorable conditions for
the reproduction of Lactobacillus spp.

AB S100A6 (S100) calcium-binding protein plays an im-
portant role in calcium binding. The level of this blood pro-
tein negatively correlates with the number of lactobacillus
(Lactobacillus spp.), which use calcium ions in the process
of citrate metabolism [32]. Consequently, with an increase
in the amount of S100A6 protein, the amount of calcium
necessary for the metabolism of lactobacilli decreases and
the level of Lactobacillus spp. decreases.

It has been established that HSPA4 protein (a member
of the Hsp110 family of heat shock proteins) possesses
the important functions of a molecular chaperone inside
the cell: response to an unfolded protein, protein import
into the outer membrane of mitochondria, and assembly
of protein complexes. Under the influence of many stress
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factors which cause the disruption of proteostasis pro-
cesses, a decrease in intestinal commensals also occurs
[33, 34]. Our studies established that the correlation of the
amount of this protein to the amount of Lactobacillus spp.
was negative: the greater the level of this blood protein,
the higher the stress level and the lower the number of
lactobacilli.

Enterococci are one of the important components of
the intestinal microflora. A number of drugs currently used
as probiotics contain Enterococcus faecium. The number
of enterococci in the intestine should normally be 10 CFU/
mL. Enterococci (along with lactobacill), in addition to the
large intestine, colonize the small intestine, albeit in a no-
ticeably lesser number. Enterococcus spp. is classified as
lactic acid microorganisms, since they perform fermenta-
tion-type metabolism and ferment carbohydrates to form
lactic acid, which, in turn, reduces the milieu pH. In addi-
tion, enterococci are well-known producers of antimicrobial
peptides (enterocins).

The analysis of the data obtained established a nega-
tive correlation between the protein CALM2 (calmodulin) in
the blood and the number of enterococci in the intestinal
flora. Calmodulin is expressed by epithelial cells in almost
all parts of the small intestine and probably regulates the
concentration of free calcium in microvilli cells. There is
evidence that an increased content of calcium and magne-
sium ions in the medium inhibits enterocin production and
enterococcal metabolism [35]. This is probably one of the
possible reasons for the negative correlation of the CALM2
blood protein and the amount of Enterococcus spp. in the
intestinal flora.

CONCLUSIONS

1. The studies identified protein complexes the level of
which in the host’s blood correlated to the number of pro-
tective microorganisms.

2. All proteins correlating with different protective mi-
croorganisms can be conditionally divided into four groups
depending on the functions and nature of the interaction of
these proteins with various microorganisms: proteins as-
sociated with the immune system; proteins which directly
or indirectly affect the processes of digestion and mineral
metabolism; proteins which affect the tolerance of cells to
hypoxia; proteins with a high regression coefficient in cor-
relation with some microorganisms, but no obvious func-
tional relationship.

3. The data obtained contributes not only to a funda-
mental understanding of the relationship between the vari-
ous processes in the human body, but can also serve as an
important starting point for the formation of clinical recom-
mendations for the correction of intestinal microflora based
on data from the proteomic profile of blood, or, conversely,
correction of blood protein parameters using probiotic and
autoprobiotic agents.
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MICROPARTICLES AS QUALITY CRITERIA FOR PLATELET CONCENTRATE

Galina V. Grishina™, Andrei D. Kasyanov, Daria V. Lastochkina, Irina |. Krobinets, Irina S. Golovanova, Olesya Yu. Matvienko

Russian Research Institute of Hematology and Transfusiology, St. Petersburg, Russian Federation

Introduction. Due to the increased requirement for platelet concentrate use in the treatment and prevention of thrombocytopathy, there is a pressing need
for the development, improvement and implementation of new approaches to monitoring its quality parameters and safety assessment.

Objective. To conduct a systematic review and analysis of literature data, in order to identify promising approaches to evaluating an adequate analysis of the
quality of platelet concentrate to improve the effectiveness and safety of transfusions.

Discussion. The possibilities and advantages of a rational approach to platelet concentrate transfusion are established, while considering the degree of plate-
let activation required to optimize the preparation of the component. Special attention was paid to methods for evaluating platelet activation. The detection
of microparticles based on dynamic light scattering will make it possible to distinguish activated platelets (with a high content of microparticles) from inactive
(with a low content of microparticles) platelets during both therapeutic and preventive transfusions and optimize the use of this scarce blood component.
Conclusions. The ability to differentiate platelet concentrates based on the screening of the content of microparticles formed due to activation will contribute
to improving the effectiveness and safety of transfusion therapy.
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MUKPOYACTNULbI KAK KPUTEPUN KAHECTBA KOHLIEHTPATA TPOMBOLINTOB

IB. louwmHa™, A. . Kacbanos, [.B. lactoukuHa, V.M. KpobuHed, W.C. lfonosaHosa, O.KO. MaTsuneHko

Poccuiicknin Hay4HO-1CCnefoBaTenbCKuil MHCTUTYT reMaTonorm n TpaHcdyanonorun ®efepanbHoro Meamnko-bruonorndeckoro areHTcTsa, CaHkT-lNeTepbypr,
Poccus

BBepeHue. B CBA3M C BO3POCLLUEN NOTPEOHOCTHIO MPYMEHEHWSI KOHLEHTPaTa TPOMOOLIMTOB A5 IeHeHMs U MPOUNaKTUKL TPOMOOLMTONATUM aKTyabHOM
3afayen aBnseTcsa pa3paboTka, COBEPLLIEHCTBOBaHVE 1 BHEPEHME HOBbIX MOAXOA0B MOHUTOPMHIa NapamMeTpoB ero ka4ecTsa 1 OLeHKIN 6e30MacHOCTH.
Llenb. poBeaeHne cnuctemaTnieckoro 063opa 1 aHanmsa nntepaTypHbiX AaHHbIX A5 BbISBAEHUS NEPCNEeKTUBHBIX MOAXOAOB K OLleHKe aieKBaTHOro aHa-
M3a KayecTBa TPOMOOLIMTHOrO KOHLEHTPAaTa A5 NMOBbILLEHNS 3PPEKTUBHOCTA 1 6€30MacHOCTH TpaHCdy3uii.

O6cyxaeHue. BbisiBneHbl BO3MOXHOCTN 1 NpenMyLLIeCTBa paLmoHaibHOro noaxofa K nepennmBaHnto KOHUEeHTpara TpPOMOOLMTOB C YH4ETOM CTeneHu ak-
TVBaumn TPOMBOLIMTOB A5t ONTUMM3aLIM 3arOTOBKIN KOMMOHeHTa. Ocoboe BHYMaHNe yaeneHo MeToam OLEHKIN akTuaaLmm TpoMmooumToB. O6Hapy»xeHve
MUKPOYaCTHL, Ha OCHOBE AVHAMWNYECKOrO PACCEesiHUS CBETA NO3BONUT OT/IMYaTb aKTMBUPOBAHHbBIE (C BBICOKUM COAEPXXaHNEM MUKPOYACTHUL) OT HeaKTUBM-
POBaHHbIX (C HU3KMM CoAeP>KaHNEM MUKPOYACTULL) TPOMOOLMTOB NPpU MNPOBEAEHUN Kak NevebHbIX, Tak 1 NpodunakTUIeckmx TpaHcdyauii 1 oNTUMU3MPO-
BaTb MCMONb30BaHWe 3Toro AeULUUTHOrO KOMMOHEHTA KPOBMU.

BbiBoAbl. BO3MOXHOCTb AN DEPEHLIMPOBKIM KOHLEHTPATOB TPOMOOLMTOB HA OCHOBE CKPUHIMHIa COAePXKaHWst MUKPOYacTuL, 06pasytoLLyxcs B pesynsTa-
Te akTuBauuu, 6yaeT cnocobCcTBOBaTb MOBbILLEHNIO 3HEKTUBHOCTY 1 6e30MacHOCTY TpaHCHY3UOHHOM Tepanuu.

KniouyeBble cnosa: TpaHCdpysvm; KOHUEeHTpaT TpOM6OLLI/ITOB; MUKpO4acTULbl; CBEeTOpacceaHne; perpaKTepHOCTb

Ans yutuposanus: MpuwvHa B., KacbaHos A.[., NactoukunHa [.B., Kpoburey, V.., TonosaHosa W.C., MaTtBmneHko O.FO. MukpoyacTuLbl Kak Kputepun
KayecTBa KoHLEHTpaTa TPoM6oUUTOB. MeauLimHa akCTpemasibHbix cuTyaumi. 2024;26(4):132-140. https:/doi.org/10.47183/mes.2024-26-4-132-140

duHaHcMpoBaHuWe: VCClefoBaHne MNPOBEAEHO B pamkax rocydapCTBEHHOro 3agaHus deaepanbHoro Meauko-GUOoNorMyeckoro areHTCTBa, per.
Ne 124031500048-8.
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INTRODUCTION been a steady increase in the need to use platelet concen-
trates (PC).
In the last two decades in the Russian Federation, due to Platelets are specialized nuclear-free blood cells which

the improvement and intensification of treatment programs  play a key role in stopping bleeding and dangerously
with the use of PC in many fields of medicine, there has  blocking healthy blood vessels in thrombosis. Inactivated
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platelets are flattened spheroids (disks) with a semi-axis ra-
tio 2-8 and a characteristic size of 2-4 ym in diameter. In
the activated state, the shape of platelets changes: a part
of activated platelets acquires a shape close to spherical.
During the transition to the activated state, microparticles
with sizes ranging from 50-100 nm are separated from
platelets that fall into the intercellular space of blood [1]. An
indicator of the proportion of active platelets is the content
of microparticles in a given concentrate.

Platelet concentrates are one of the deficit blood com-
ponents used in hemotransfusions. In order to assess the
quality of these concentrates and their proper use, infor-
mation is needed regarding the proportion of active plate-
lets contained in them [1-4]. This indicator depends on
the individual characteristics of the donor, the method of
obtaining platelet concentrate from donor blood, as well
as the duration and storage conditions of the concentrate.
Too large a proportion of microparticles in the concentrate
makes it unsuitable for use in transfusion. The possibility
of using concentrates with a moderate proportion of active
platelets and, consequently, microparticles depends on the
characteristics of the patient for whom the concentrate is
intended.

In this work, we conduct a systematic review and analy-
sis of published literature to identify promising approaches
to assessing adequate platelet concentrate quality assur-
ance to improve the efficiency and safety of transfusions.

DISCUSSION
Properties and functions of platelet microparticles

The formation of microparticles (MPs) or microvesicles is
an integral manifestation of cell viability, occurring both in
vivo and in vitro. The formation of microparticles is stimu-
lated by pathogens, stress, various damages, and other
unfavorable factors [1]. The most active production of mi-
croparticles is characteristic of blood formers, as well as
endothelial and smooth muscle cells of blood vessels [2].
Among all microparticles in the blood, platelet microparti-
cles (PMs) are the most abundant [3] and account for about
70-90% of the total number of cells. There is a growing
scientific and clinical interest in the physiologic role played
by platelet microparticles [4]. Compared to platelets, which
have an average lifespan of about 10 days, the lifespan of
platelet microparticles is measured in minutes [5], while the
aspect of removing microparticles from circulation in the
bloodstream remains unclear.

Platelet microparticles are 0.1-1 pm fragments released
from platelet plasma membranes which undergo activa-
tion, stress or apoptosis, with a wide range of biological
activities. They have a phospholipid-based (PLP) structure
and express functional receptors from platelet membranes.
As the most abundant microparticles in the blood, PMs ex-
press the procoagulant phosphatidylserine (PS) and likely
complement, if not enhance, platelet functions in hemo-
stasis, thrombosis, cancer and inflammation, while also
acting as stimulators of tissue regeneration. Their size and
structure make PMs indispensable in the system of inter-
cellular interactions with tissue cells as a delivery tool for
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platelet-carried bioactive molecules, including growth fac-
tors, other signaling molecules, and microRNAs.

Considering the reactivity of PMs, they may have dif-
ferent pathophysiologic effects on the cellular environment
when interacting with components of the circulatory sys-
tem. There is also growing evidence that PM production
is triggered during donation, component separation, and
storage of blood. This may lead to thrombotic and inflam-
matory side effects in recipients. Evaluation of PMs requires
rigorous pre-analytical and analytical procedures, aimed at
avoiding the generation of artifacts. At the same it ensures
the accurate estimation of the quantity, size redistribution
and functional properties of these microparticles [6, 7].

In vivo, PMs can be released from platelets under
normal physiologic conditions or as a result of activation,
stress, or apoptosis. Surface marker studies have shown
that PMs are probably the most abundant MPs in healthy
individuals, constituting 70-90% of circulating cells in the
blood [6], with a range of approximately 100-1000/uL [7].
Megakaryocytes can also release MPs [8], but determin-
ing their proportion requires further studies. The remain-
ing MPs are released by endothelial cells, leukocytes, and
erythrocytes. Evaluation of PMs still requires the develop-
ment of rigorous preanalytical and analytical procedures,
in order to ensure the most accurate estimation of abun-
dance, size, and functional properties. The number of
PMs increases as a result of activation of the coagulation
cascade or complement system, as well as by apoptotic
signals or shear forces. The number of PMs increases in
some prothrombotic and inflammatory diseases, as well as
in some cancers [9].

The quantitative content of microparticles in blood
is probably related to the state of balance between their
formation and utilization [10]. In various pathological con-
ditions, this balance is disturbed, and an increase in the
content of platelet microparticles caused by “chronic ac-
tivation” of platelets is registered in the blood [11]. Platelet
microparticles are heterogeneous and characterized by the
presence or absence of mitochondria [12], as well as varia-
tion in size. Since PMs can express functional receptors
from platelet membranes and are PLP-based nanopar-
ticles, they are increasingly considered as tools in the inter-
action between platelets and tissue cells [13]. Platelet mic-
roparticles contain biologically active molecules, including
growth factors and other signaling molecules which can
transmit messages to neighboring or target cells [14]. Thus,
PMs have the potential to influence the cellular environment
interacting with the blood network. This is because they
expose the procoagulant surface of PLP and can act as
a transporter of previously mentioned bioactive molecules,
as well as genetic materials including microRNAs [15]. PM
generation is also triggered in vitro during blood cell pro-
cessing and storage [16], potentially causing side effects
during transfusion therapy.

Accurate characterization of PMs requires careful prep-
aration of study samples, in order to avoid experimental ar-
tifacts. In addition, when evaluating MPs [17], a reasonable
choice of analytical methods combining techniques which
characterize the cellular origin, number, size, and functional
activity of microparticles should be made.
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Microparticles as a versatile quality indicator of
platelet concentrates

PCs are widely used in clinical practice. In cancer patients,
platelets are used to prevent hemorrhagic syndrome. In
trauma and surgical patients, PC transfusions are per-
formed to stop bleeding. In addition, the introduction of
platelet-rich plasma injections is based on the immuno-
logic functions of platelets.

The quality requirements for platelets intended to pre-
vent and stop bleeding or accelerate wound healing vary
widely. The question is whether a single measurable char-
acteristic can describe platelet quality for all applications.
A positive answer is provided by Maurer-Spurej, who pres-
ents data regarding the use of microparticle measurement
in platelet samples as a versatile quality characterization
for production, storage, viability assessment, function,
and compatibility of PCs [18].

It has been suggested that viable platelets in the plate-
let concentrate are lost due to storage lesion changes.
However, donor variability is not thought to be a major
contributing factor [19]. This implies that patients with
indications for transfusion of PC containing long-lasting
viable platelets in the bloodstream should be transfused
as soon as possible after procurement. Traditionally,
in vitro platelet quality assessment has been based on
these assumptions [20]. In the event of changes in these
parameters both during platelet activation and storage,
the measurement of CD62 surface receptor expression,
ADP-stimulated aggregation level is performed. It has
been shown that the release of microparticles by platelets
follows activation, and increases during storage of platelet
components [21]. Thus, platelet quality is assessed from
the perspective of the manufacturer and regulated, in or-
der to ensure consistency and stability of the manufactur-
ing process [22].

Since PC quality assessment is focused on detecting
degradation from the beginning to the end of the regu-
lated 5-day shelf-life [23], normative indices have high
resolution for small changes in “resting/viable” platelets,
while low resolution for “activated/functional” platelets.
The characteristics of donor platelet quality are relevant
when assessing the immediate response to transfusion.
However, maintaining the duration of response depends
predominantly on patient characteristics [24, 25].

The studies of Maurer-Spurej et al. noted that in 17%
of cases (regardless of age) transfusion of donor platelet
concentrates did not lead to the expected increase in the
number of platelets after transfusion in oncohematologic
patients [26]. One possible reason for this unexpected-
ly high rate of adverse clinical outcomes is that platelet
viability is highly dependent on donor characteristics.
Indeed, it was found that approximately 33% of donors
were found to have pre-activated platelets, as evidenced
by high levels of microparticles in the harvested platelet
concentrate [27]. Patients with oncopathology usually re-
quire platelet transfusion not for reasons of active bleed-
ing, but due to a predisposition to develop bleeding due to
low platelet counts secondary to underlying disease and/
or therapy. In these patients, donor platelets must remain

in the circulatory stream for possible activation. Due to
reduced viability, pre-activated platelets are not recom-
mended for storage or use in cancer patients [28]. On the
contrary, pre-activated platelets with increased hemostat-
ic activity are believed to be effective in stopping acute
bleeding, which is especially important for patients with
surgery or trauma [29].

Platelets are used in clinical practice for a wide variety
of purposes. For this reason, the quality of the platelet
concentrate should match the specific transfusion objec-
tive. Consequently, the ideal quality parameter for predict-
ing platelet function after PC transfusion should be to dis-
tinguish between resting/viable and pre-activated/highly
functional platelets with the same resolution across the
entire viability/functionality spectrum [28, 29].

The indicator of microparticle content as fragmenta-
tion and heterogeneity of platelets can be considered as
a quality criterion for platelet production, storage, viability,
function, and compatibility [30, 31]. The heterogeneity of
platelet concentrates, considering the degree of activation
by microparticles, enables the process of procurement to
be corrected, and PC to be differentiated for prophylactic
and therapeutic transfusions.

If platelets are more viable (i.e., capable of surviving
certain storage conditions, transportation, irradiation,
and other influences), then they are, by definition, less
functional. This fact has been known since the 1970s,
when researchers tried to determine the optimal storage
temperature for platelet concentrates. Platelets stored at
room temperature were found to be more viable, while re-
frigerated platelets showed better functional activity. This
is based on an assessment of the criterion of changes
in hemostatic parameters in volunteers receiving aspirin
or in patients with thrombocytopenia [32]. Maintenance
of platelet viability is an important role of anticoagulants.
Concentrates rich in viable platelets are homogeneous
in composition, containing predominantly disc-shaped
platelets and few (or no) microparticles or microaggre-
gates [27]. In contrast, platelets which have undergone
long-term storage and refrigeration, or otherwise activat-
ed, are expected to be heterogeneous. They are expected
to contain platelets with a high level of polydispersity due
to polymorphism, high surface expression of activation
markers, large numbers of microparticles, and the pres-
ence of microaggregates [33].

The heterogeneity of platelet concentrates increases
during storage [34] as well as during pathogenreduction
[23] and varies greatly in healthy donors [35]. The greatest
contribution to platelet heterogeneity is their microparticle
content.

At the present time, two important questions require
consideration: firstly, whether microparticles in blood com-
ponents have a potentially pathogenic effect; and secondly,
how the process of preparation, additional processing and
storage of blood components affect the release of mic-
roparticles. Recently, the importance of microparticles as
indicators of PC quality has been heightened due to their
potential physiological and pathophysiological roles. The
importance of microparticles in transfusion medicine is
recognized since microparticles are present in both plasma
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and cellular blood products [7]. The pathophysiological ef-
fects of PMs related to the regulation of immune responses
have raised obvious concerns about the potential deleteri-
ous effects associated with blood transfusion in immuno-
compromised patients [36, 37]. There is strong evidence
that both blood cell-derived microparticles and platelet
microparticles are generated during the production and
storage of all blood components, plasma for transfusion,
and red blood cell and platelet concentrates prepared from
whole blood by apheresis [38, 39]. PM release is induced
by stimuli such as shear stress resulting from activation or
apoptosis of cells during storage, as well as their contact
with the walls of the storage container [38]. Cellular expres-
sion by-products are formed [40], when platelet concen-
trates are stored at from +20 to —24°C or erythrocyte units
at from +1 to —6°C.

Platelet microparticles appear to be present in higher
amounts in PC prepared by apheresis, rather than in the
platelet concentrate obtained from the leukotrombotic
layer. The specifics of the apheresis procedure protocol
or the type of cell separator used have been shown to
potentially influence the extent of PM release during pro-
cessing [41]. Platelet microparticles do not appear to be
removed by leukoreduction [42]. On the other hand, leu-
kofiltration of whole blood has been found to reduce the
risk of subsequent PM formation [43]. Fresh frozen plasma
prepared after overnight exposure of whole blood at +4°C
contained more PMs than that obtained 8 h after blood
collection [44]. At the same time, according to George
JN et al.,, Cryoprecipitate containing highly concentrated
PMs had a potentially more pronounced hemostatic effect
when compared to the initial plasma [45].

In order to ensure transfusion therapy safety, a better
understanding of the PM release mechanism during pro-
cessing and storage of blood components through care-
ful sample preparation and a combination of analytical
techniques [46] is important. Suspected complications of
transfusion include: increased risk of infectious complica-
tions; as well as renal, respiratory and multi-organ failure
[37]. Some authors (Khorana AA, Francis CW et al.) have
found a correlation between the increased incidence of
venous thrombosis and embolism after administration
of platelet concentrates with the presence of PMs [47],
known to exhibit higher procoagulant activity (50-100-
fold), when compared to equivalent activated platelets
[48]. Although PM half-life is thought to be very short due
to phagocytosis by macrophages, recent experiments
have shown that it can be approximately 5.8 h when plate-
let concentrates are administered to patients with severe
thrombocytopenia [49].

Phosphatidylserine-expressing PMs can activate in-
nate immune cells. This can lead to an inflammatory re-
sponse mediating transfusion-related acute lung injury
(TRALI) [50]. Platelet microparticles may also contribute to
immunosuppressive effects occurring during transfusion,
indirectly explaining the occurrence of post-transfusion in-
fections or cancer recurrences [40]. Another possible MP
side effect is the potential high risk of alloimmunization
against blood cell antigens, since they may have a high
immunological potential [51].
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Platelet refractoriness is a situation in which a patient
fails to have the expected clinically significant response to
a PC transfusion [52]: a complication seen in 27% of plate-
let recipients [53]. Refractoriness to platelet transfusions is
defined as two consecutive platelet transfusions resulting
in an insufficient increase in corrected count increments
(CCI). The threshold below which the CCI is considered
insufficient depends on the time of measurement. A CCl
of less than 5000-7500 platelets/uL measured in a recipi-
ent blood sample taken 1 h after transfusion characterizes
poor recovery, while a CCl of less than 5000 platelets/
pL in a sample taken 24 hours after transfusion charac-
terizes poor survival. Patients with immune refractoriness
have a low post-transfusion CCIl both 1 and 24 hours af-
ter transfusion, which can be eliminated (or not) by selec-
tion of appropriate HLA/HPA platelet concentrates [54].
However, an increase in platelet count at 1 h, followed by
a significant decrease in platelet count 24 h after trans-
fusion is detectable even in the absence of documented
alloimmunization. It has been suggested that inadequate
platelet quality is one of the reasons why cancer patients
may have particularly poor platelet survival in the period of
24 h after transfusion [12]. In addition to complicating the
treatment process itself, the cost of bed days more than
doubles when treating patients with platelet resistance,
when compared with patients without refractoriness with
hospital stays 21 days longer [55].

Microparticles are markers of prothrombotic inflam-
mation. Patients who become refractory to platelet trans-
fusion often have concomitant fever or systemic inflam-
mation, detectable as increased microparticles [56].
Consequently, homogeneous platelets may be a better
choice for cancer patients at risk of developing refrac-
toriness, whereas heterogeneous platelets may lead to
the development of complications. Thus, transfusion of
platelets from microparticle-rich donors may be the most
optimal option. In all likelihood, transfusion of heteroge-
neous platelets to patients whose immune systems are
hyperactivated may push them to a tipping point where
they become immune to platelet transfusion. In indepen-
dent studies by Cortés-Puch et al, and Flegel et al, found
that not transfusing heterogeneous platelets prophylacti-
cally may prevent refractoriness. A similar concept was
analyzed in an experimental study on animals in which
the combination of bacterial infection and transfusion of
“older” erythrocytes containing high concentrations of mi-
croparticles led to an increased risk of mortality [57, 58].

Heterogeneous platelet concentrates contain pre-acti-
vated platelets capable of reacting quickly when they en-
ter the bloodstream. Thus, heterogeneous platelets have
a more pronounced functional activity and have been
shown to stop bleeding faster than homogeneous viable
platelets [33].

The introduction of microparticle measurements for
the quality and safety control of platelet concentrates
could eliminate the influence of pathogen inactivation. It
could also contribute to supplement solutions and 7-day
storage conditions for PC. Inventory management based
on this indicator could lead to optimization of the treat-
ment process and significantly reduce costs.
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Evaluation of platelet microparticle content

A number of experimental methods have been used to
detect and analyze microparticles of platelet origin. These
include: flow cytometry; nanoparticle trajectory analysis;
electron microscopy; atomic force microscopy, and dy-
namic light scattering [59-61].

The most informative of these methods is flow cytome-
try. This method measures elastic light scattering intensity
from a single cell or particle, sequentially passing through
the laser beam focusing zone. It subsequently processes
this data using special mathematical algorithms. In this
case, the characteristics of frontal and lateral light scat-
tering provide an idea of the size and structure of the cell.
It also considers the level of fluorescence of chemical
compounds included in the cell. This method requires the
use of rather complex and expensive equipment. It also
requires a large amount of time to be spent on prepara-
tion and analysis, so it is of little use for rapid screening of
platelet concentrates.

Dynamic light scattering (DLS) was proposed as an
express method for the rapid control of microparticle
content in platelet concentrates. It is a rather effective
method for measuring the size and size distribution of
particles in a liquid. In DLS analyzers, the time depend-
ence of the intensity of laser radiation scattered by
particles suspended in the liquid is directly measured.
Based on this dependence, the distribution of particles
in the coordinates “particle diameter — relative intensity
of radiation” scattered by particles of a given diameter
(intensity distribution) is reconstructed. Two areas can
be distinguished in such distributions: in the interval
from 0.05 to 0.5 pm, corresponding to microparticles;
and in the area from 1 to several pm, corresponding to
platelets. This principle is the basis for the evaluation
of platelet concentrates using a specialized DLS ana-
lyzer ThrombolLUX produced by the Canadian company
Lightintegra Technology [59].

When using the ThrombolLUX technique with the
tested platelet concentrate, three measurements are per-
formed: at 37°C; cooling to 20°C; and reheating to 37°C.
The study by Maurer-Spurej E. et al. demonstrated the
result of measurements of particle distributions by mean
of the DLS method [27]. It was found that upon cooling
from 37°C to 20°C, the proportion of platelets decreased
from 72 to 65%, while microparticles increased from 26
to 31%. Reheating to 37°C restored the former ratio of
microparticles and platelets.

The ThrombolLux method has been shown to cor-
relate well with flow cytometry and electron microscopy
data [59]. The content of microparticles can be a fairly
versatile indicator used to assess the quality of platelets in
the concentrate. In an experimental study [18], a scheme
for selecting the optimal platelet concentrate for different
categories of patients was shown based on the analysis
of a large number of data. In particular, the ThromboLux
technique has been used in the USA and Canada for the
comparative analysis of the quality of PCs obtained from
different donors or by different methods from the blood of
one donor [60].

Microparticles in platelet concentrates have recently
been studied using a versatile DLS analyzer, the Malvern
Zetasizer [61]. This instrument collects scattered radiation
at an angle of 173° (backscattering technology), enabling
measurements to be performed for low-transparent sam-
ples. Particle distributions measured for undiluted platelet
concentrates are the most informative. Figure 1 shows
the scattered intensity distributions of microparticles and
platelets measured under the above conditions. Three
measurements were made for each of the samples stud-
ied. The first measurement was made at a temperature
of 37°C, characterizing the initial state of the concentrate.
The second measurement characterizes the resistance
of platelets to temperature stress, i.e. activation when the
temperature is lowered to 20°C. The third measurement
was performed after increasing the temperature from 20
to 37°C, its results allowed the ability of platelets to re-
cover from stress to be assessed.

The data presented in Figure 1 shows a large propor-
tion of microparticles in PC at 20°C (green line), and its
decrease when heated to 37°C (blue line). Labrie A. et
al. analyzed platelet concentrates obtained by different
methods: by apheresis; from platelet-enriched plasma;
and from leukocyte-phosphorus film. The measured size
distributions of microparticles clearly show peaks corre-
sponding to exosomes (smaller particles with a diameter
not exceeding 100 um) and microparticles of platelet ori-
gin [59]. However, depending on the method of PC pro-
duction, the positions of these peaks on the scale of par-
ticle diameters differ markedly [60].

In recent years, technologies for the preparation,
processing, storage, and use of PCs have developed in-
tensively. They now require new methods for assessing
the quality and safety of blood components which meet
modern standards [59-63]. The method of microparticle
detection in PCs as one of the possibilities to preserve
their quality characteristics and safety during subsequent
transfusions is shown in Fig. 2.

Figure 2 shows the steps required to routinely man-
age platelet supply in a blood bank: a sample is obtained
from the platelet concentrate; the sample is loaded into a
capillary for DLS measurement; a DLS test is performed
to identify microparticles; and the reported microparticle
content then used to identify activated platelets. It takes
the average user 3 min 23 s to prepare the DLS system
for the test, obtain and test the sample according to the
protocol, and then label the platelet bag. The focus of
this protocol is to determine the composition of particles
present in platelet transfusions and to use microparti-
cles as biomarkers of platelet activation. Platelet transfu-
sions are labeled as inactivated or activated based on
a threshold of 15% microparticle percentage. Towards
the end of the shelf life, an increase in the number of
circulating platelet-derived MPs is noted in the PC. This
indicates excessive platelet activation and/or apoptosis
and loss of platelet functional activity, ultimately leading
to a decrease in the expected therapeutic effect of the
PC. Determination of the number of platelet-derived MPs
by DLS method may be a promising method for assess-
ing the quality of PC.
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Fig. 1. Scattered intensity distribution of microparticles and platelets in platelet concentrate
Note: red color — at a temperature of 37°C (initial state); green color — at a temperature of 20°C; blue color — after increasing the temperature from 20 to 37°C.
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Fig. 2. A method for detecting the content of microparticles which permits differentiation between activated and non-activated platelet concentrates [60]

A promising development is the use of a domestic
technique involving dynamic light scattering. This tech-
nique analyzes the content of microparticles in platelet
concentrates as one of the criteria for quality control of
blood components. Modern analysis will perform rou-
tine screening of microparticles in platelet-rich plasma or
platelet concentrates, with validation of the results, lead-
ing to the formation of a conclusion on the possibility of
using PC for subsequent transfusion.

CONCLUSION

With the development of modern technologies, the
search for new methods to determine the quality and
safety of blood components, including platelet concen-
trates, is becoming increasingly important. For routine
screening of PC, a rapid and non-invasive test can be
performed. Its purpose is to evaluate the characteris-
tics of those platelets which are important for the re-
cipient. The parameter to be investigated could be the
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USE OF LACTULOSE IN THE COMPOSITION OF BLOOD CELL CRYOPRESERVATIVES

Aleksander A. Vlasov'™, Svetlana F. Andrusenko', Oksana I. Anfinogenova', Aishat B. Elkanova', Anna A. Kadanova', Uliana E. Sorokina',
Elvira E. Rybchinskaya', Dmitriy A. Domenyuk?

"North-Caucasus Federal University, Stavropol, Russia
2 Stavropol State Medical University, Stavropol, Russia

Introduction. Cryopreservation allows for long-term conservation of biomaterials. The insufficient efficacy of available cryopreservatives and the toxicity of a
number of cryocomponents renders the search for low-toxic biocompatible cryoagents highly relevant.

Objective. Assessment of morphological and functional features of blood cells in a lactulose-based cryopreservative for storing whole blood at moderately
low temperatures (minus 20 °C) using leukocyte, platelet, and erythrocytes parameters.

Materials and methods. The study was conducted using peripheral venous blood of 30 female donor volunteers aged 18-23 years. Samples of peripheral
venous blood were stabilized by 3-substituted potassium salt of ethylenediaminetetraacetic acid. The cryopreservative was prepared using a 0.9 % sodium
chloride solution to maintain the isotonic concentration. Glycerin and dimethy! sulfoxide were used as cell-penetrating cryoprotectors; lactulose disaccharide
was used as a non-penetrating cryoprotector. The composition of the obtained cryopreservative was optimized by varying the mass fractions of the compo-
nents. Clinical blood tests were performed using a Gemalite 1270 automatic hematology analyzer. A computer cytomorphometric study was performed in the
MEKOS-C2 hardware and software environment.

Results. The conservation of blood samples using the developed cryopreservative for 24 h at a temperature of minus 20 °C increased the percentage of
preserved leukocytes, erythrocytes, and platelets to 88.6+0.41 %, 92.1+0.31 %, and 91.4+0.52 %, respectively. The blood cells retained their physiological
activity after thawing compared to blood samples stored at room temperature.

Conclusions. The morphological and functional safety of blood cells in samples stored with the developed cryopreservative was revealed after 24 h of stor-
age at minus 20°C. The advantages of this cryopreservative include the possibility of its long-term storage without loss of cryoprotective properties, stabilizing
blood cells to the effects of sub-moderate low temperatures of minus 20 °C, the use of non-toxic lactulose disaccharide that does not penetrate into the cell.
The developed cryopreservative proves effective in freezing conditions at minus 20 °C, being affordable in terms of cost (all components are manufactured in
the Russian Federation). Further research in this direction will contribute to the development of safer blood donation approaches and reducing complications
during transfusion of blood components.

Keywords: cryopreservation; cryoprotectors; erythrocytes; leukocytes; platelets; lactulose; morphofunctional properties
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NCMOJIb3OBAHME JTIAKTYJ1I03bl B COCTABE KPMOKOHCEPBAHTA [J14 COXPAHEHUA
KJIETOK KPOBU

A.A. Bnacog™, C.®. AHppyceHko', O.M. AnduHoreHosa!, A.b. SnbkaHosa', A.A. KapgaHosa', Y.E. CopokuHa', 3.E. PbibumHckas,
O.A. JomeHtok?

" CeBepo-KaBkasckuii hegepanbHblin yHBepcuTeT, CTtaBponosb, Poccus
2 CTaBpOnObCKIIA FOCYAAPCTBEHHBIN MeANLUMHCKIIA yHUBepcuTeT, CTaBpononb, Poccus

BBepeHue. KprokoHcepBaLmsa NO3BONSET ANUTENBHO COXPaHATb BriomMaTtepuan, o4HaKo CyLLECTBYET psf NpobneM, CBA3aHHbIX C HEAOCTATOHHON adhdek-
TUBHOCTbBIO KPUOKOHCEPBAHTOB 11 TOKCUHYHOCTBIO Psifia KPMOKOMMOHEHTOB, B CBSA3M C YeM aKTyaseH NoVCK HU3KOTOKCUYHbBIX OIOCOBMECTUMBIX KPUOAreHTOB.
Llenb. OueHka MophodyHKLIMOHABbHBIX 0COOEHHOCTEN (POPMEHHBIX 3NEMEHTOB KPOBU B KDMOKOHCEPBAHTE C flaKTY/I0301 Ha OCHOBaHWUW nokasaTesnein
NenKouMTapHbIX, TDOMOOLMTAPHbBIX 1 9PUTPOLMTAPHBIX MApaMeTPOB ANA XPaHEHNS LIeIbHOM KPOBU NPW YMEPEHHO HM3Ko Temnepatype (20 °C).
Martepuanbl u metopabl. lccnenosarve nposegeHo Ha 30 OOPOBOSbLIAX-A0HOPAX XXEHCKOro nona B Bodpacte 18-23 net. O6bekT nccneaoBaHs — rne-
pudepuryeckas BEHO3Has KPOBb, CTabunnampoBaHHas 3-3aMeLLEeHHON KanmeBol COMblo 3TUNEHAMAMUHTETPAYKCYCHON KUCNOTbI. [1py NpuroToBneHun
MOJENbHOr0 KPUOKOHCepBaHTa 6bin ncnonb3oBaH 0,9 % pacTBop xjopuaa HaTpus ANA NogdepXKaHus M30TOHWUYECKOW KOHLEeHTpauun. B kadectse
KPUOMPOTEKTOPOB, MPOHUKAIOLLMX B KETKY, MCNONb30BaN rMULEpUH 1 AUMETUCYIbOKCU, B KA4eCTBE HE MPOHUKAIOWEro — Avcaxapwg NakTyno-
3y. OnNTUMM3aumsa cocTaBa KpPMOKOHCEpPBaHTa NPOoBOAMIach 3a CHET BapbMpOBaHWs MaCCOBbIX A0NEeN KOMMOHEHTOB. OBLmiA aHann3 KpoBW BbIMOSHSAMN
Ha aBTOMaTU4eCKOM reMaTofNorm4eckoM aHanmnaatope «femanant 1270». KoMmnbloTepHoe UMTOMOPgOMETPUHECKOE UCCNeoBaHe NPOBOANAN Ha anna-
paTHo-nporpaMmmHoM Komrnekce «MEKOC-LI2».

Pe3ynbTratbl. B x04€ ccneoBaHvsa B yCNoBusx CoxpaHeHrst 06pasLoB KpOoBY C MPUMEHEHVEM pa3paboTaHHOro KPYOKOHCEPBaHTa nocne 24 4 xpaHeHus
npu Temnepatype —20 °C yBenn4mBancs NnpoLeHT COXPaHHOCTU NENKOLMTOB, 3pUTPOLIMTOB, TpoMboLmToB (88,6 + 0,41, 92,1 + 0,31, 91,4 + 0,52% cooTseT-
CTBEHHO) C COXpaHeHneM (POPMEHHbIX SN1EMEHTOB KPOBYW B (PU3NONOrMYECKM aKTUBHOM COCTOSIHIM MOCHE OTTanBaHus No CpaBHEHWIO ¢ obpasLiamun KpoBy,
COXPaHABLUMMUCS NPU KOMHATHOWM TemnepaType.

BbiBoAbl. BrisiBneHa Mopdonorudeckas 1 yHKLUMOHaIbHAA COXPaHHOCTb (DOPMEHHbBIX 91IEMEHTOB KPOBM B 0bpasLiax ¢ NpuMeHeHnem pas3paboTaHHOro
KproKoHcepBaHTa nocne 24 4 xpaHeHus npu temnepatype —20 °C. MNpenmyLiecTsa JaHHOro KPMOKOHCepBaHTa: BOSMOXXHOCTb €ro ANUTENbHOro XpaHeHus
6€e3 NoTepun KPUONPOTEKTOPHbLIX CBOWCTB, 06ecrneveHre KpUonpoTEKTOPOM cTabunmaanmm hopMeHHbIX 3N1eMEHTOB KPOBW K BO3AENCTBUIO CyOyMepeHHO
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Hu3Kon Temnepatypbl —20 °C, NPUMEHEHVE HETOKCUYHOIO Ancaxapuaa NakTyno3bl, He NPOHUKAIOLLEro BHYTPb KNETKN. PagdpaboTaHHbIi KPUOKOHCEPBaHT
aBnseTcs 9 MOEKTVBHBIM B YCNOBUSIX 3aMmopakmBaHs npun —20 °C 1 0CTYMNHbIM (BCE KOMMOHEHTbI MPOU3BOAATCS Ha Tepputopumn Poccuiickoin Gedepaumn).
ViccnepgoBaHns B aHHOM HanpaBieHun No3BonaT 6osee apdeKTUBHO NCMONb30BaTh ay TOAOHOPCTBO BO M3HexXaHve psfa OCNOXKHEHNUI NPy TpaHcdhy3umn
KOMMOHEHTOB KPOBMU.

KnioueBble cnoBa: KpYOKOHCEPBaLIMS; KPMONPOTEKTOPbI; 9PUTPOLMTI; NENKOLUTHI; TPOMGOLMTLI; NaKTyn03a; MOPOMYHKLMOHAbHLIE CBOMCTBA

Ans untupoBanus: Bnacos A.A., AHapyceHko C.®., AHcuHoreHosa O.W., OnbkaHoBa A.B., KagaHosa A.A., CopokmHa Y.E., PbibunHckas O.E., Jomeniok [1.A.
Vicnonb3oBaHne nakTyno3bl NP KPYOKOHCEPBMPOBAHUM KIIETOK KPOBW ANs NepcoHanM3upoBaHHOW Tepanun. MeauumHa SKCTpemasibHbIX CUTYaLui.
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QVIHaHCI/IpOBaHI/Ie: nccnegoBaHne He nMesno CI'IOHCOpCKOI7I nognep>xXKun.

CooTBeTCcTBME NMPUHLMNAM 3TUKU: 1CCNefoBaHne ofobpeHo aTudeckm kommuteToM CeBepo-KaBkasckoro defepanbHOro yHuBepcuteTa (MPOTOKON
Ne 002 oT 11 mnionsa 2024 r.). Bce y4acTHWUKM nognvcany 4o6poBosfibHOe MHDOPMMPOBaAHHOE Corflacue Ha y4acTve B UCCNefoBaHni.

nOTeHLWIaﬂbeIVI KOHCbﬂI/IKT WHTEepeCcOoB: aBTOPbI 3adABNAIOT o6 OTCYTCTBUU KOHd)ﬂI/IKTa VHTEPECOB.

><] Bnacos AnekcaHap AnekcaHapoBuy alecs-aspirini@yandex.ru

Cratbs noctynuna: 30.09.2024 Mocne gopaboTku: 07.11.2024 MpuHaTa kK ny6nukayun: 08.11.2024

INTRODUCTION

Preservation of blood cells outside their native environment
is a relevant task in practical healthcare. Cryopreservation
is indented for long-term storage of biosamples without
changes in their cellular structure and functional activity.
The use of liquid nitrogen requires bulky and expensive
equipment, as well as regular replenishment of expend-
able materials, which affects the cost of material storage
and transportation of samples [1]. Therefore, effective
cryopreservatives for the temperature range from —20°C
to —80° are in high demand. A distinctive disadvantage of
cryopreservation consists in the possible destruction of cell
membranes due to insufficient efficiency of existing cryo-
preservatives [2]. At the same time, cryoagents should not
only possess low toxicity [3, 4], but also prevent the loss
of phenotypic and functional properties of the biomaterial.
Therefore, the search for low-toxic biocompatible cryoag-
ents represents a highly relevant research task [5].

The highest results are achieved using combined cryo-
preservatives, including endo- and exocellular cryoprotect-
ants [6]. The toxic effect of cryosystems can be reduced
by introducing lipids, proteins, carbohydrates [7-10], ami-
no acids [11], and polyatomic spirits [12] as cryoagents of
natural origin. Low-molecular carbohydrates are a prom-
ising class of cryoprotectors [13]. Disaccharide trehalose
has a pronounced protective effect on cell membranes
[14]. Mixtures of sugars and polyols are considered as a
natural eutectic system [15]. At present, the literature lacks
experimental data on effects of a number of carbohydrates,
disaccharide lactulose in particular, on cells when used as
cryoprotectants. Lactulose is a safe compound for all age
groups, including children under one year of age [16]. In
a study of lactulose, no data on toxic, teratogenic, and
mutagenic effects were obtained in clinical studies involv-
ing humans [17]. At the same time, protective properties
of lactulose on microorganisms during their freezing were
noted [18, 19].

The need for whole blood and its components is con-
stantly increasing [20]. For analytical purposes, fresh whole
blood samples are preferred; however, this implies the

necessity of rapid analysis after collection and the limited
number of repeat tests that can be performed without ad-
ditional blood collection [21]. Although the experience of
cryopreservation in the field of capillary blood with sub-
sequent analysis by cytometry was described in [22], no
similar data on cryopreservation of venous blood can be
found. Thus, it appears relevant to analyze the morphologi-
cal and functional parameters of cryopreserved whole ve-
nous blood with the purpose of determining the possibility
of increasing the storage duration of stabilized blood sam-
ples without changes in analytical techniques and blood
parameters.

In this study, we evaluate the morphological and func-
tional features of blood cells preserved with a lactulose-
based cryopreservative using leukocyte, platelet, and
erythrocytes parameters for whole blood storage at mod-
erately low temperatures (-20°C).

MATERIALS AND METHODS

The study was conducted using blood samples from 30
healthy female donors aged 18-23 years. All participants
were distributed according to the phase of the menstrual
cycle (follicular phase). Inclusion criteria for the study were
the absence of chronic diseases in the period of exacerba-
tion, bad habits, and visible signs of allergic or infectious
diseases. All female participants signed informed consent
to participate in the study. The research object was periph-
eral venous blood stabilized with 3-substituted potassium
salt of ethylenediaminetetraacetic acid (K3 EDTA) in vitro.
Venous blood samples in the amount of 15 mL were col-
lected once in the morning from the elbow vein into special-
ized vacuum tubes for hematological studies with K3 EDTA.

Experimental samples were divided into three groups.
The control group included 10 blood samples, in which the
characteristics and parameters of blood elements were in-
vestigated at a temperature of +20 + 1.0°C. Experimental
group | included 10 blood samples, in which a model cryo-
preservative was introduced beforehand. These samples
were examined after 4 h, at a temperature of +20 + 1.0°C.
Experimental group Il included 10 blood samples, into
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which the model cryopreservative was introduced, fol-
lowed by introducing the samples into a state of cold ana-
biosis at =20 + 1.0°C for 24 h to evaluate the preservation of
samples after a single freeze/thaw cycle. The samples were
then unfrozen for a subsequent examination of the charac-
teristics and parameters of blood elements at +20 + 1.0°C.

When preparing a model cryopreservative, a 0.9% sodi-
um chloride solution was used to maintain isotonic concen-
tration. Glycerol and dimethyl sulfoxide (DMSQO) were used
as cell-penetrating cryoprotectants, while disaccharide
lactulose was used as a non-penetrating cryoprotectant.
The cryopreservative composition was optimized by vary-
ing the mass fractions of the components. The final com-
position of the model cryopreservative had the following
ratios of components: 20% of glycerol (analytic grade), 10%
of DMSO (chemically pure), 2.5% of lactulose (Lactusan
trade mark according to TU 9229-004-53757476-04), and
isotonic (0.9%) sodium chloride solution up to 100%. The
prepared solution was autoclaved (without DMSQO) at 1.2
atm for 30 min and stored in a refrigerator at 2—4°C. DMSO
is not subject to autoclaving due to its oxidizing in air, which
leads to its decomposition into compounds that increases
the toxicity of the composition. Sterilization of DMSO was
carried out by the sterilizing filtration method with the sub-
sequent storage of DMSO in glass sterile tubes at —10°C.
Thawing of DMSO was performed in a UT-4334 water bath
(ULAB, Russia) at 37 + 1°C. DMSO was added to the pre-
pared sterile model cryopreservative immediately before
freezing the experimental samples.

The model cryopreservative in the amount of 500 pL
was added to the samples of experimental groups | and
Il using volume changer pipettes with the 2:1 ratio of ve-
nous blood/cryopreservative by volume. The tubes were
sealed with stoppers, and the contents were stirred for 10
min using an orbital shaker (PSU-10i, Latvia). Following 4 h,
group | samples were examined at +20 + 1.0°C. Group I
samples were placed in the freezing chamber of an elec-
tric freezer with a temperature of —20 + 1.0°C and kept for
24 h. Subsequently, the samples were thawed in a water
bath UT-4334 (ULAB, Russia) in manual mode at a tem-
perature of +37 + 1°C for 1 min. Further, the characteris-
tics and parameters of blood elements were investigated at
+20 + 1.0°C. A computer cytomorphometric study of blood
cells was performed in the MECOS-C2 hardware and soft-
ware environment (Medical Computer Systems, Russia). In
vitro diagnostic tests of the total blood count (TBC) were

Table 1. Leukocyte indices of total blood count (TBC) in the study groups
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performed using a Hemalight 1270 automatic hematologi-
cal analyzer (Dixion, Russia).

The obtained results were processed using the IBM
SPSS Statistic 23.0 software statistical package (IBM Corp.,
Armonk, NY, USA). The distribution of the studied param-
eters was evaluated using the Shapiro-Wilk W-criterion.
The level of statistical significance of intergroup differences
when the distribution of indicator values conformed to the
law of normal distribution was evaluated using Student’s
t-criterion for unrelated samples. For indicators with non-
normal distribution, the nonparametric Mann-Whitney
U-criterion was applied. For indicators with normal dis-
tribution, the mean (M), error of mean (m), and standard
deviation (8) were calculated. Intergroup differences were
considered statistically significant at p < 0.05.

RESULTS

We analyzed the leukocyte dynamics in experimental and
control groups (at +20 + 1.0°C in experimental group | with
the cryopreservative and at —-20 + 1.0°C in experimental
group Il with the cryopreservative). The corresponding data
are presented in Table 1.

When analyzing leukocytic indices in both experimental
groups, compared to the control, a statistically significant
decrease in the number of leukocytes was noted. The most
pronounced decrease was observed experimental group |l
(3.94 + 0.87)x10%L (p < 0.01), against (4.55 + 0.83)x10%L in
experimental group | and (5.60 + 0.92)x10%L in the control,
respectively. Meanwhile, the value of mean cells was sig-
nificantly increased in both group | and group Il compared
to the control, indicating a decrease in leukocyte cell recog-
nition by the blood analyzer. Despite significant intergroup
differences, this index ranged within physiologic reference
values. The percentage of leukocyte preservation in blood
samples with the cryopreservative under study (tempera-
ture +20 + 1.0°C) was 81 = 0.89%, and 88.6 + 0.41% when
exposed to negative temperatures (<20 + 1.0°C).

Computer morphometry allows mathematical charac-
teristics of the cell population to be obtained, at the same
time as providing an opportunity to estimate the activity
of intracellular processes [23]. To assess the functional
state of cells, we analyzed computerized cytomorphom-
etry of leukocytes in the control group and experimental
groups (at +20 + 1.0°C in experimental group | with the
cryopreservative and at —20 + 1.0°C in experimental group

Total blood counts Con;rc;l 1goroup Experin:)e:tf(: group | Experim:zt;l)group 1
Leukocytes, x10%/L 5.60 + 0.92 4.55 + 0.83* 3.94 +0.87*
Lymphocytes, % 38.31 + 4.21 25.70 + 3.14 25.70 + 217
Granulocytes, % 56.20 + 5.23 5110 + 4.24 51.10 + 3.21
Percentage of medium-sized cells, % 6.20 + 1.43 10.20 + 1.47* 9.20 + 1.23*

Table prepared by the authors based on their own data

Note: data are presented as mean value and standard error of the mean (M + m);

* — statistically significant difference between control and experimental groups (o < 0.01)
* — statistically significant difference between experimental groups | and Il (p < 0.01)
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Il with the cryopreservative). The corresponding data are
presented in Table 2.

An analysis of the computer cytomorphometry data of
leukocytes showed that in group Il (samples with the cryo-
preservative frozen at =20 + 1.0°C), the optical density of
cytoplasm significantly increased up to 1.03 + 0.01 c.u.
both in comparison with the control, 0.66 + 0.01 c.u., and
experimental group |, 0.50 + 0.01 c.u. This might indicate
the increased permeability of endocellular cryoagents into
the cell.

Erythrocyte parameters were also analyzed in the
control group and experimental groups (at +20 + 1.0°C
in experimental group | with the cryopreservative and at
—20 + 1.0°C in experimental group Il with the cryopreserva-
tive). The corresponding data are presented in Table 3.

When performing the total blood analysis, values in-
dicating changes in quantitative and calculated indices
were obtained. Thus, a significant decrease in the level
of total blood hemoglobin in both experimental groups
(119.25 + 4.27 g/L and 111.64 + 4.42 g/L) compared to
the control group was observed. In addition, a decrease

in the average hemoglobin content in erythrocytes in both
experimental groups, compared to the control, was noted.
These indicators showed a decreasing trend. This indirectly
points to pre-dilution of the studied sample; however, it can
be said that the cryopreservative does not lead to critically
significant changes in blood components at room tem-
perature. The recorded decrease in both total hemoglobin
and its average content in cells indicates the processes of
increased transmembrane permeability, while these indica-
tors did not exceed the reference range of physiologically
acceptable values in the experimental groups.

The percentage of erythrocyte preservation in blood
samples with the cryopreservative applied (temperature
+20 + 1.0°C) was 89 + 0.2%, and 92.1 + 0.31% when ex-
posed to negative temperatures (-20 = 1.0°C). The con-
ducted computer cytomorphometry of erythrocytes in both
experimental groups, compared to the control, revealed a
significant increase in the cell area in group | (15 + 1.22 um2)
and group Il (22 + 1.45 pm?), compared to 14 + 2.1 pm?in the
control. The value of mean cell diameter tends to increase,
comprising 6.11 + 0.91 pm in group | and 9.04 + 1.34 ym

Table 2. Difference indices of computerized cytomorphometry of leukocytes in the study groups

Parameter Con:‘rzl 1g(;’oup Experin;‘e:tﬁ; group | Experimneztil)group 1
Cell area, pm? 70.00 + 4.16 59.00 + 5.23 60 +5.92
Cell form factor, % 1411 £5.12 18.01 + 3.84 16.7 + 4.33
Cell polarization index, % 0.16 £ 0.01 0.31 £ 0.01 0.14 + 0.01
Optical density of cytoplasm, conventional units 0.66 + 0.01 0.50 + 0.01* 1.03 + 0.01**
Nucleus area, pym? 52.00 + 5.32 40.00 + 4.88* 38 + 4.41*
Core form factor, % 14.30 + 3.41 1310+ 2.88 11.4 + 3.23
Core polarization, % 0.06 +0.01 0.02 + 0.01 0.25 + 0.01
Nuclear cell ratio, % 0.74 £ 0.01 0.68 + 0.01 0.63 + 0.01
Share of core complementation, % 0.04 £ 0.01 0.02 £ 0.01 0.05 £ 0.01

Table prepared by the authors using their ow data

Note: data are presented as mean value and standard error of the mean (M + m);

* — statistically significant difference between control and experimental subjects (p < 0.01)
+ — statistically significant difference between the 1st and 2nd experimental groups (p < 0.01)

Table 3. Erythrocytic parameters of TBC in the experimental groups

Total blood counts

Control group

Experimental group |

Experimental group Il

n=10 n=10 n=10

Erythrocytes, x10'2/L 4.62 +0.24 4.08 +0.22 3.75 + 0.41
Hemoglobin, g/L 131 +5.34 119.25 + 4.27* 111.64 + 4.42*
Average erythrocyte volume, fl 86.3 + 4.36 84.3 +4.11 81.7 + 3.47
Hematocrit, % 39.3 + 1.55 35.4 +1.45 32.2+1.27
Average hemoglobin content in erythrocytes, pg 28.5+0.3 26.2 + 1.47* 23.7 + 1.25*
Erythrocyte hemoglobin saturation, g/L 336 +29.74 311 + 23.37 305 + 19.89
Degree of erythrocyte size deviation, % 12.2 + 1.65 11.7 £ 1.44 10.5 + 1.47

Table prepared by the authors using their own data

Note: data are presented as mean value and standard error of the mean (M + m);
* — statistically significant difference between control and experimental groups (o < 0.01)
* — statistically significant difference between the 1st and 2nd experimental groups (o < 0.01)
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Table 4. Difference indices of computerized cytomorphometry of erythrocytes in the study groups

Parameter Control group Experimental group | Experimental group Il
n=10 n=10 n=10

Cell area, pm? 14 +£21 15 +1.22* 22 + 1.45%
Average cell diameter, ym 6.11 + 0.91 7.01 £1.12 9.04 +1.34
Form factor, % 0.16 + 0.01 0.31 +0.01 0.33 + 0.01
Polarization, % 0.66 + 0.01 0.50 + 0.01 0.47 +0.01
Integral optical density (red), ym? 52 +2.18 40 +2.25 38 +1.43

Integral optical density (green), pm? 14.3 +2.15 13.1 +1.49 121 £ 1.43
Integral optical density (blue), pm? 0.06 + 0.01 0.02 + 0.01 0.02 + 0.01

Table prepared by the authors using their own data

Note: data are presented as mean value and standard error of the mean (M + m);
* — statistically significant difference between control and experimental groups (p < 0.01)
+ — statistically significant difference between the 1st and 2nd experimental groups (o < 0.01)

Table 5. Platelet TBC indices in the study groups

Total blood counts Con;rzl 1gct”oup Experin‘;)e:tfcl‘ group | Experim:r;t:l(l)group 1l
Thrombocytes, x10%/L 230.08 + 6.31 198.60 + 5.36" 181.5 + 5.71*
Average platelet volume, fl 8.24 +1.31 7.56 + 1.47 6.13 + 1.54
Thrombocrit, % 2.23 +0.65 210+ 0.74 2.08 +0.14
Large thrombocyte ratio, % 17.38 + 3.31 21.24 + 2.36 20.12 + 3.51

Table prepared by the authors using their own data

Note: data are presented as mean value and standard error of the mean (M + m);

* — statistically significant difference between control and experimental groups (p < 0.01)
* — statistically significant difference between the 1st and 2nd experimental groups (o < 0.01)

in group ll, compared to 7.01 £ 112 pm in the control. The
increase in both the area and diameter of erythrocytes indi-
cates a possible increase in the permeability of the applied
cryoagent inside the cell. The corresponding data are pre-
sented in Table 4.

The conducted comparative analysis of platelet indices
found the number of platelets to decrease significantly.
Thus, in groups | and Il, this value was (198.60 + 5.36)x10%/L
and (1815 + 5.71)x10%L, respectively, compared to
(230.08 + 6.31)x10%L in the control. The decrease in the
number of cells was most likely caused by the increase in
the volume of the studied sample against the background
of cryopreservative application. At the same time, the co-
efficient of large platelets in both experimental groups in
comparison with the control group showed an increasing
trend (see Table 5).

The percentage of platelet preservation in blood
samples with the cryopreservative applied (temperature
+20 + 1.0°C) was 86.2 + 0.31% and 91.4 + 0.52% when ex-
posed to negative temperatures (=20 + 1.0°C). Presumably,
the cryopreservative activates platelets to some extent,
which is accompanied by their increase. However, all the
studied parameters were within the range of acceptable
physiological values. Therefore, we observed a reaction of
platelet adaptation to the impact of a foreign component,
i.e., cryopreservative.

The computer cytomorphometry of platelets in the ex-
perimental groups found a statistically significant increase
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in the cell area compared to the control. This parameter
was more pronounced in the samples of group | (with the
cryopreservative applied) at the level of 11.85 + 1.15 pm?,
compared to 912 + 112 pm? in group Il (with the cryo-
preservative applied and freezing). It should be noted that
despite significant intergroup differences, this index reflects
the platelet area activity with subsequent adaptation after
freezing. The marked changes were within the range of
physiologic reference values. The corresponding data are
presented in Table 6.

DISCUSSION

The conducted comparative analysis of TBC indices in the
experimental groups with the cryopreservative (regardless
of temperature conditions of blood sample preservation)
established a reliable decrease in the total number of leu-
kocytes. This finding might be related to changes in the
ratio of liquid part of blood and blood elements under the
conditions of cryopreservative application, as well as to the
decrease in leukocyte cell recognition by the blood analyz-
er. At the same time, a reliable increase in the percentage of
medium cells in samples with the preservation temperature
of =20 + 1.0°C was observed. It might be connected with
changes in the leukocyte morphology, indicated by chang-
es in the optical density of leukocyte cytoplasm revealed
by computer cytomorphometry. These changes may also
be associated with the action of the cryopreservative;
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Table 6. Computerized cytomorphometry of platelets in the study groups

Parameter Control group Experimental group | Experimental group Il
n=10 n=10 n=10
Cell area, ym? 7.70 +1.23 11.85 £ 1.15¢ 912 + 1.12*
Min. diameter, ym 2.65+0.15 2.83 +0.54 2,72 +0.71
Max. diameter, ym 4.08 £0.43 4.94 £ 0.33 4.81 +0.25
Average diameter, um 3.44 +0.27 3.92 +0.78 3.88 + 0.31
Form factor, % 12.90 + 2.10 14.87 + 2.88 13.10 £ 1.97

Table prepared by the authors using their own data

Note: data are presented as mean value and standard error of the mean (M + m);

* — statistically significant difference between control and experimental groups (o < 0.01)
* — statistically significant difference between the 1st and 2nd experimental groups (o < 0.01)

however, the samples subjected to freezing showed the
stability of the indicators.

The comparison of erythrocyte indices in the groups
with cryopreservative application, both under positive tem-
peratures and during freezing of samples, revealed a signif-
icant decrease in the total blood hemoglobin and average
hemoglobin content in erythrocytes. However, statistically
significant changes in erythrocyte concentration were not
revealed, which indicates the effectiveness of the applied
cryoprotectant. At the same time, according to the com-
puter cytomorphometry data, the increase in the erythro-
cyte cell area and the increasing trend of the average cell
diameter and erythrocyte shape factor in the samples with
cryopreservation and subsequent freezing, confirms the
transmembrane penetration of cryoagents inside the cells.

The dynamics of platelet indices showed the platelet con-
centration to statistically significantly decrease in cryopre-
served blood (+20 + 1.0°C), which is associated with chang-
es in the ratio of cells to the liquid part of the blood. A more
pronounced decrease in this index was noted in the samples
preserved under negative temperatures, compared to group
I (with the cryopreservative at a temperature of +20 + 1.0°C),
while its changes did not exceed the limits of physiological
norm. Thus, this blood preservation method can be used
in the formation of a cryopreserved bank of platelet hemo-
concentrate. The conducted computer cytomorphometry of
platelet cells demonstrated a statistically significant increase
in cell area. This increase might be explained by the fact that
platelets trigger activation processes in response to contact
with a foreign agent in the form of cryopreservative. At the
same time, in blood samples of group I, also with the cryo-
preservative but during freezing, we registered a less pro-
nounced increase in the platelet area. This can be explained
by the onset of adaptation processes to the cryopreservative
when exposed to negative temperatures; however, this ob-
servation requires further elucidation.

During preservation of blood samples with the devel-
oped cryopreservative for 24 h of storage at —20°C, the per-
centage of preserved blood cells, i.e., leukocytes, erythro-
cytes, and platelets comprised 88.6 + 0.41%, 92.1 + 0.31%,
and 914 + 0.52%, respectively. Importantly, the blood
cells maintained their physiological activity after thawing,
compared to the blood samples preserved at room tem-
perature. Similar experiments conducted by Kiryanova et
al. using a Cryosin solution as a cryopreservative showed
the percentage of preserved erythrocytes in the amount of

83.8 + 4.09% [24]. Works by Isaeva et al. aimed at assess-
ing the viability of nucleus-containing cells in leukoconcen-
trates at the stages of their obtaining and freezing achieved
the level of 86.7% cells in a viable state [25]. The research
team of Vetoshkin et al. conducted studies by freezing of
donor blood platelets using a combined cryopreservative
and obtained the preservation of their functional activ-
ity at a level of 63.5-88.8% [26]. Whole blood cells after
daily storage at —40°C were also studied, with the mor-
phological and functional preservation of cells amounting
to 85.3 + 0.30% for erythrocytes, 75 + 0.71% for platelets,
and 90.1 + 0.91% for leukocytes compared to the values
registered before freezing [27].

Shirokikh et al. studied the effect of polysaccharide
fractions on cryopreserved human venous blood and de-
termined a decrease in the osmolarity of human blood from
281 to 149 mOsm/L. This result was attributed to the in-
teraction of functional groups of polysaccharides with os-
motically active substances of blood plasma, leading to a
decrease in the osmolarity of the medium and acceleration
of water crystallization [28]. Lactulose (as well as other di-
saccharides) belongs to non-penetrating cryoprotectants.
Such compositions create osmotic pressure, which causes
dehydration of cells and reduces the degree of ice forma-
tion inside cells. The cryo-effect of lactulose is apparently
similar to that of trehalose disaccharide, which acts as an
inhibitor of ice crystal growth during freezing and recrys-
tallization of ice during thawing, forming a highly viscous
glass-like state [29]. Nevertheless, the cryoprotective effect
of lactulose has not yet been fully determined, requiring fur-
ther investigation.

The main results of our study are protected by the patent
for invention [30]. The advantages of using the developed
cryoprotectant include the possibility of long-term storage
without loss of cryoprotective properties and stabilization
of blood cell elements under sub-zero temperatures of
—20°C. The preparation of cryoprotectant does not require
bulky and expensive equipment, as well as toxic compo-
nents. Disaccharide lactulose is non-toxic compound, not
penetrating inside the cell.

CONCLUSION
Our studies have confirmed the possibility of successful

morphological and functional preservation of blood cells
with the proposed cryopreservative after 24 h of storage
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at —20°C. The developed cryopreservative is affordable (all
components are produced in the Russian Federation) and
effective for freezing blood samples at —20°C. This extends
the range of current cryopreservatives applied for analysis
of morphological and functional parameters of frozen whole
blood samples in large-scale studies and field medicine, for
storage of biomaterial in long-term expeditions and remote
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