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EVALUATION OF ACUTE TOXICITY AND PHARMACOKINETICS 
OF A NATURAL PHAEOSPHAERIDE A DERIVATIVE 
IN LABORATORY RODENTS 

Victoria V. Abzianidze, Nikita V. Skvortsov, Georgii V. Karakashev, Petr P. Beltyukov, Diana S. Suponina, Valeriya O. Musatova, 
Alexander S. Bogachenkov, Denis V. Krivorotov

Research Institute of Hygiene, Occupational Pathology and Human Ecology, Leningrad Region, Russia

Introduction. The determination of metabolism and pharmacokinetics is an essential requirement in the development of any drug. Phaeos-
phaeride A (PPA) is an anticancer agent belonging to the group of natural compounds with antitumor properties, which was first isolated from 
the endophytic fungus FA39 by Harvard scientists (Claudy et al.) in 2006. In this study, we investigate compound AV6, which is a derivative of 
natural phaeosphaeride A.
Objective. To study the acute toxicity and pharmacokinetic characteristics of the semi-synthetic substance AV6 obtained based on phaeos-
phaeride A, a natural phytotoxin with antitumor properties, following a single intragastric administration of AV6 in laboratory rodents.
Materials and methods. The acute toxicity of AV6 was studied using 30 male Balb/c mice, which were divided into five groups of six animals 
each. The control group received a single intragastric administration of a solvent (oil-alcohol emulsion, 300 μL volume), while four experimen-
tal groups received AV6 at doses of 5, 50, 300, and 2000 mg/kg bw. Body weight dynamics were evaluated, and organ mass coefficients 
were calculated. The pharmacokinetic study was performed following a single intragastric administration of AV6 at a dose of 25 mg/kg bw to 
outbred male Wistar rats. The AV6 dose for the pharmacokinetic study was determined based on acute toxicity data, accounting for the inter-
species conversion factor. Quantitative determination of AV6 in blood plasma and urine was performed using the MS/MS method. Statistical 
analysis was conducted using GraphPad Prism 5 software.
Results. According to the acute toxicity data following intragastric administration, the AV6 phaeosphaeride A derivative  can be classified 
as hazard class 3 (animal mortality was observed exclusively in the 2000 mg/kg bw group). Visual examination of internal organs revealed 
no apparent macroscopic signs of pathology. No statistically significant changes in the mass coefficients of internal organs were detected in 
experimental animals compared to controls. A quantitative determination procedure for AV6 was developed based on HPLC–MS/MS analysis. 
Metabolites formed in rats in vivo were identified. A comparison of rat blood plasma chromatograms 1 h and 10 h after intragastric AV6 ad-
ministration showed that, after 1 h, the AV6 peak intensity was 20 times higher than the M2 peak. However, after 10 h, the AV6 peak intensity 
decreased, while the metabolite M2 peak intensity increased.
Conclusion. Compound AV6 is classified as a moderately hazardous substance. Data on the structure of AV6 metabolites (a derivative of 
natural phaeosphaeride A) obtained during pharmacokinetic studies in rats indicate a relatively low metabolic rate of the compound. This is 
primarily due to chemical transformations at the nitrogen atom of the lactam ring, resulting in metabolites that may be excreted in urine. The 
most probable mechanisms of these transformations are oxidative deacylation followed by hydrolysis. The completed preclinical study evalu-
ating the acute toxicity, metabolism, and pharmacokinetics of AV6 represents a crucial step in translating previous findings on the antitumor 
potential of this derivative of natural phaeosphaeride A and advancing in vivo research.

Keywords: natural phaeosphaeride A; pharmacokinetics; metabolism; acute toxicity; HPLC–MS analysis
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ОЦЕНКА ОСТРОЙ ТОКСИЧНОСТИ И ФАРМАКОКИНЕТИКИ ПРОИЗВОДНОГО ПРИРОДНОГО 
ФЕОСФЕРИДА А НА ЛАБОРАТОРНЫХ ГРЫЗУНАХ
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Введение. Определение метаболизма и фармакокинетики является важным условием при разработке любого лекарственного 
препарата, в том числе противоракового феосферида А (PPA), который относится к группе природных соединений, обладающих 

© V.V. Abzianidze, N.V. Skvortsov, G.V. Karakashev, P.P. Beltyukov, D.S. Suponina, V.O. Musatova, A.S. Bogachenkov, D.V. Krivorotov, 2025

4.0

mailto:vvaavv@mail.ru
https://crossmark.crossref.org/dialog/?doi=10.47183/mes.2025-303&domain=pdf&date_stamp=2025-12-01


442

Оригинальная статья | Токсикология

МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ | 2025, ТОМ 27, № 4

противоопухолевыми свойствами, и был впервые выделен из эндофитного гриба FA39 гарвардскими учеными (Клауди и его колле-
гами) в 2006 году. Объектом исследования выбрано соединение AV6 — производное природного феосферида А.
Цель. Изучение острой токсичности и особенностей фармакокинетики полусинтетической субстанции AV6 на платформе природ-
ного фитотоксина феосферида А, обладающего противоопухолевыми свойствами, при однократном внутрижелудочном введении 
соединения AV6 на лабораторных грызунах.
Материалы и методы. Исследование острой токсичности AV6 выполнено на самцах мышей Balb/c (30  самцов были разделе-
ны на 5  групп по 6 животных в каждой группе). Контрольной группе однократно внутрижелудочно вводили растворитель (мас-
ляно-спиртовую эмульсию в объеме 300  мкл), четыре группы (экспериментальные животные) получали AV6 в дозах  5, 50, 300 
и 2000  мг/кг  м.т. Оценивали динамику массы тела животных, рассчитывали массовые коэффициенты органов. Исследования 
фармакокинетики выполнены при однократном внутрижелудочном введении AV6 в дозе 25 мг/кг м.т. аутбредным крысам-самцам 
Wistar. Доза AV6 для фармакокинетического исследования рассчитана на основании данных об острой токсичности с учетом ко-
эффициента межвидового переноса. Для количественного определения AV6 в плазме крови и моче использован МС/МС метод. 
Статистический анализ проведен с использованием ПО GraphPad Prism 5.
Результаты. На основании данных об острой токсичности при внутрижелудочном введении производное феосферида А — AV6 мож-
но отнести к 3-му классу опасности (гибель животных наблюдали исключительно в группе 2000 мг/кг м.т.). При визуальной оценке 
внутренних органов явных макроскопических признаков патологии выявлено не было. Также не было обнаружено статистически 
значимых изменений массовых коэффициентов внутренних органов экспериментальных животных по сравнению с контролем. Раз-
работана процедура количественного определения AV6 на основе ВЭЖХ-МС/МС анализа. Определены метаболиты, образующиеся 
в организме крыс in vivo. При сравнении хроматограмм плазмы крови крысы через 1 час после внутрижелудочного введения AV6 
и спустя 10 часов после введения установлено, что через час после введения пик AV6 по интенсивности в 20 раз превосходил пик М2. 
Однако через 10 часов интенсивность пика AV6 уменьшилась, в то время как интенсивность пика метаболита М2 увеличилась.
Выводы. Соединение AV6 относится к умеренно опасным веществам. Данные о структуре метаболитов AV6, производного при-
родного феосферида А, полученные в ходе фармакокинетического исследования на крысах, свидетельствуют о невысокой ско-
рости метаболизма вещества, что обусловлено преимущественно химическими превращениями у атома азота лактамного цикла, 
в результате чего образуются метаболиты, которые могут выделяться в составе мочи. Наиболее вероятными механизмами таких 
превращений являются окислительное деацилирование и следующий за ним гидролиз. Выполненное доклиническое исследование 
по оценке острой токсичности AV6, его метаболизма и фармакокинетики является одним из этапов для переноса полученных ранее 
авторами данных о противоопухолевом потенциале этого производного природного феосферида А и дальнейшей реализации ис-
следований in vivo.

Ключевые слова: природный феосферид A; фармакокинетика; метаболизм; острая токсичность; ВЭЖХ-МС анализ
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INTRODUCTION

Cancer, along with cardiovascular diseases, continues 
to be a leading cause of mortality worldwide. According 
to WHO projections, cancer incidence will increase by 
70% over the next 20  years, becoming the cause of 
nearly one in six deaths globally [1].

For the past 50 years, chemotherapy has remained 
the primary treatment for cancer, despite its serious 
side effects. Among them are multidrug resistance, 
hepatotoxicity (which was until recently considered an 
inevitable consequence of chemotherapy), and other 
significant adverse effects1 [2]. The underlying causes of 
multiple adverse drug reactions fall within the research 

domains of molecular biology, cytology, genetics, and 
related disciplines.

The development prospects of any anticancer drug 
depend on understanding its molecular mechanisms of 
action, specific tumor-targeting effects and influence on 
the tumor microenvironment, pharmacokinetic properties, 
toxicity and safety profile, as well as other critical factors.

Achievement of therapeutic in vivo concentrations 
sufficient for full clinical efficacy represents a major chal-
lenge in anticancer drug development2. Essential data 
for drug development must also include information on 
the systemic effects of potential anticancer compounds 
in animal models used for toxicological evaluation of drug 
prototypes, enabling dose extrapolation to humans3. 

1	 Luellman H, Mohr K, Hein L. Pocket atlas of pharmacology. 4th ed. Thieme; 2011. 
2	 Key Scientific Achievements in Medicinal Chemistry in 2023. Scientific Council on Medicinal Chemistry of the Russian Academy of Sciences, Division of Chemistry 

and Materials Science of the Russian Academy of Sciences. 2024.
3	 Guidance on Nonclinical Safety Studies for the Conduct of Human Clinical Trials and Marketing Authorization for Pharmaceuticals M3(R2) CPMP/ICH/286/95 

(2009). The European Agency for the Evaluation of Medicinal Products. Human medicines evaluation unit. 
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Preclinical drug development requires comprehen-
sive pharmacokinetic studies in animal models to evalu-
ate optimal efficacy and safety profiles. Historically, such 
studies primarily utilized radiolabeled compounds. Over 
the past two decades, analytical approaches based 
on tandem mass spectrometry (MS/MS) have become 
widely adopted, proving effective for both clinical thera-
peutic drug monitoring and preclinical development of 
novel pharmaceuticals [3].

In our previous research, we investigated AV6, a 
derivative of natural phaeosphaeride  A [4] with the 
chemical structure (2S,3R,4R)-3-hydroxy-6-methoxy-
3-methyl-7-methylene-2-pentyl-4-pyrrolidin-1-yl-3,4,6,7-
tetrahydropyrano[2,3-c]pyrrol-5(2H)-one [5-10], and es-
tablished its:
•	 in vitro cytotoxicity against various tumor cell lines;
•	 inhibitory activity against P-glycoprotein (MDR1), the 

primary xenobiotic transporter.
These dual properties — intrinsic antitumor activity 

and ability to reduce MDR1 substrate efflux — render 
AV6 a promising lead compound for anticancer drug de-
velopment.

In this study, we aim to investigate the acute toxicity 
and pharmacokinetic properties of semi-synthetic AV6, 
based on the natural phytotoxin phaeosphaeride A with 
established antitumor activity, following single intragas-
tric administration in laboratory rodents.

MATERIALS AND METHODS

The study was conducted in compliance with the re-
quirements of Federal Law No. 61-FZ dated 12.04.2010 
(Russian Federation)4, the national standard GOST 
R 53434-20095, Good Laboratory Practice (GLP) prin-
ciples6, Guidelines on preclinical research7. The require-
ments for the housing and care of animals used for sci-
entific purposes comply with Directive 2010/63/EU8.

The acute toxicity of AV6 was evaluated in male Balb/c 
mice (8–10 weeks old, body weight 17.5–19.5 g) obtained 
from the Rappolovo Laboratory Animal Breeding Facility.

The acute toxicity study of AV6 in mice was per-
formed to establish those dose levels that do not cause 
acute intoxication or animal death following single intra-
gastric administration of an oil-alcohol emulsion of the 
substance. The selection of this administration form for 
AV6 was based on the need to obtain a homogeneous 
mixture and to enhance the bioavailability of the hydro-
phobic AV6 compound, since dilution of initial AV6 solu-
tions in other solvents followed by water dilution resulted 
in immediate precipitation. 

Experiments on acute toxicity evaluation via intra-
gastric administration with determination of the test 

substance hazard class were conducted in accordance 
with GOST 32644-2014, identical to the international 
document OECD Test Guideline No.  423:2001 (Acute 
Oral Toxicity — Acute Toxic Class Method, IDT).

The AV6 emulsion for intragastric administration was 
prepared by dissolving a weighed portion of the sub-
stance in a minimal volume of ethanol (10–72  μL, de-
pending on the required amount of AV6) followed by 
addition of an oil-alcohol mixture such that the admin-
istration volume always amounted to 300 μL. The final 
concentration of AV6 in the emulsion depended on the 
animal’s body weight and the dose used in the experi-
ment, with ethanol concentration in the preparation be-
ing ~23%. The addition of oil to the alcohol solution of 
AV6 allowed a homogeneous mixture to be obtained, 
thus ensuring uniform dosing conditions for the study 
purposes. Food was withdrawn 2 h before drug admin-
istration and access to food was restored 2 h after ad-
ministration. Intragastric administration was performed 
using a mouse gastric tube and syringe.

All treated animals (30 males) were divided into five 
groups of six animals each. The control group received 
intragastric administration of the solvent (oil-alcohol 
emulsion in a volume of 300 μL), while four groups (ex-
perimental animals) received AV6 at doses of 5, 50, 300, 
and 2000 mg/kg bw. 

Observation of the animals was carried out for the 
first 30 min after dose administration, then periodically 
during the first 24 h and daily for a total of 14 days to 
record any clinical signs of toxicity or mortality. The body 
weight of the animals was measured one day after ad-
ministration and at the end of each week of observa-
tion. Upon completion of the experiment after 14 days, 
the general toxic effect of AV6 was evaluated. For this 
purpose, blood samples were collected from all surviv-
ing animals, which were then subjected to cervical dis-
location, and internal organs  — the heart, lungs, liver, 
kidneys, spleen, and thymus — were extracted to as-
sess their appearance and determine their weights for 
calculating organ-to-body weight ratios (the ratio was 
calculated as organ weight (g)/body weight (g) × 100).

The pharmacokinetic evaluation of AV6 was conduct-
ed on five outbred male Wistar rats weighing 350–380 g 
from the Rappolovo Laboratory Animal Breeding Facility.

All animals underwent quarantine and acclimatization 
to the animal facility conditions before the onset of the 
experiment. The rodents were housed in groups of five 
per cage with free access to food and water. A complete 
granulated feed “CHARA” for laboratory rodents was 
used as the diet. The animal facilities maintained a day/
night cycle (12 h/12 h), a temperature of 20–26°C, and 
humidity of 30–70%.

4	 Federal Law No. 61-FZ of 12.04.2010 “On Circulation of Medicinal Products”.
5	 GOST R 53434-2009 National Standard of the Russian Federation Principles of Good Laboratory Practice (GLP) Moscow: Standartinform; 2010.
6	 Good laboratory practice: OECD principles and guidance for compliance monitoring. 2005.
7	 Mironov A.N., editor. Guidelines for Conducting Preclinical Studies of Pharmaceuticals. Part One. Moscow: Grif & K; 2012.
8	 European Parliament and Council. Directive 2010/63/EU of the European Parliament and of the council of 22 Sept. 2010 on the protection of animals used for 

scientific purposes. Official Journal of the European Union. 2010; 276:33–79.
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Catheterization of the jugular vein in rats used in 
pharmacokinetic studies was performed under inhala-
tion anesthesia with a gas mixture (5% isoflurane in air) 
using an Univentor 410 Anaesthesia Unit (Univentor Ltd, 
Malta). 

The animals were placed in a supine position, and 
their front and hind limbs were secured with adhesive 
tape to the surface of a heated and illuminated surgi-
cal table. After achieving surgical access to the v. jugu­
laris  externa and placing a cranial ligature around the 
vessel, catheterization was performed. The catheter was 
inserted into the vein toward the heart until the catheter 
ring reached the vessel incision site. In this position, the 
catheter tip was sufficiently close to the entrance of the 
right atrium.

The catheter was then secured in the vessel using 
the remaining ends of the previously placed cranial liga-
ture. After fixation, the catheter was tunneled subcuta-
neously to the scruff of the neck and then exteriorized 
dorsally between the scapulae through a small incision 
(~1 cm). Following wound closure, a harness was placed 
on the animal, through which the free end of the catheter 
was routed for connection to an Accusampler automatic 
blood sampling device.

Under these conditions, the rat was housed in a 
specialized cage with minimal movement restrictions. 
Throughout the post-catheterization period, the catheter 
was automatically flushed every 30 min with heparinized 
saline (16 IU/mL) in a volume of 20 µL.

Before initiating pharmacokinetic studies, at least 
36 h were allowed after surgery to ensure animal recov-
ery and minimize the influence of surgical trauma and 
anesthetic agents on the absorption, metabolism, and 
elimination of the test compound. 

Pharmacokinetic studies

The pharmacokinetic studies were conducted following 
a single intragastric administration of a guaranteed safe 
dose of AV6 (25 mg/kg bw) in an oil-alcohol emulsion, 
which was selected based on the results of acute toxic-
ity studies in mice, taking into account known interspe-
cies conversion factors for rats. 

Prior to drug administration, baseline blood 
samples of 0.2 mL were collected from all rats. The 
Accusampler system used for in vivo blood sampling 
ensured periodic flushing of the device’s capillaries 
and valves with heparinized saline (16 IU/mL) and al-
lowed for the collection of whole blood in predeter-
mined 200  µL volumes without dilution. After each 
blood sample collection, the volume was automati-
cally replaced with heparinized saline. Automated 
blood sampling was performed at 20, 30 min, 1, 2, 4, 
6, 8, 24, and 48 h. The sample tubes were centrifuged 
(5 min, 11,000 rpm) at room temperature. The super-
natant (approximately 100 µL) was transferred using a 
mechanical pipette into Eppendorf tubes, frozen, and 

stored for subsequent analysis at minus 80°C for no 
more than two months. 

Urine samples (0.3–0.5 mL) were collected at in-
tervals before drug administration, as well as at 8, 
24, and 48 h after administration. The collected sam-
ples were centrifuged (3 min, 14,000 rpm) to remove 
insoluble precipitates. The supernatant was trans-
ferred using a mechanical pipette into Eppendorf 
tubes, frozen, and stored at minus 80°C for no more 
than 2 months. Centrifugation was performed using 
a Hermle Z160M centrifuge with an angular rotor (ro-
tor radius — 8.5 cm).

In the study of the pharmacokinetic characteristics 
of AV6 and its potential metabolites, the following pa-
rameters were determined: elimination rate constant 
(k

e
), half-life (T½), area under the pharmacokinetic curve 

(AUC
0→48

), volume of distribution (Vd), and total clear-
ance during the elimination phase (CLtot).

Sample preparation of urine and blood plasma for 
AV6 and metabolites determination

In 2.0  mL Eppendorf tubes, 0.05  mL of the analyzed 
sample (blood plasma or urine) was added, followed 
by 0.15 mL of acetonitrile. The mixture was thoroughly 
vortexed (BioSan FVL-2400n) and centrifuged for 3 min 
at 14,000  rpm. The supernatant was transferred into 
a 0.2  mL insert chromatographic vial. The vials were 
placed into the chromatograph autosampler, with an in-
jection volume of 0.005 mL.

Quantification of AV6 and its metabolites was per-
formed using an UltiMate 3000 liquid chromatograph 
equipped with an autosampler and a Q-Exactive mass-
selective detector with electrospray ionization at atmo-
spheric pressure. Data acquisition and processing were 
performed using the Xcalibur software.

For quantitative determination and precise confirma-
tion of the presence of AV6 in blood plasma or urine, 
an MS/MS method was employed. The confirmation 
of AV6/metabolites in complex matrices (blood plasma 
or urine) was based on the detection of three product 
ions characteristic of the analyzed substance. Given the 
preliminary nature of the study, which primarily aimed 
to identify AV6 and potential metabolites, the complete 
validation method for quantitative determination was not 
conducted. The AV6 reference material used for calibra-
tion samples was preliminarily analyzed by NMR (Bruker 
AVANCE III 400 MHz NMR spectrometer); the purity of at 
least 99% was confirmed.

For calibration sample preparation, 0.495 mL of blood 
plasma or urine and 0.005 mL of AV6 solution (1 mg/mL 
in methanol) were dispensed into a 2.0 mL Eppendorf 
tube. The resulting blood plasma or urine samples con-
tained AV6 at a concentration of 10 μg/mL. Serial dilu-
tions (by adding 0.05 mL of the prepared AV6 solution to 
0.45 mL of blood plasma or urine) yielded solutions with 
AV6 concentrations of 1, 0.1, and 0.01 μg/mL. 
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For analysis, 0.05  mL of each calibration sample 
(blood plasma or urine) was dispensed into a 2.0  mL 
Eppendorf tube, followed by 0.15  mL of acetonitrile. 
The mixture was thoroughly vortexed and centrifuged 
(3  min, 14,000  rpm). The supernatant was transferred 
into a 0.2  mL insert chromatographic vial, which was 
then placed into the chromatograph autosampler. The 
injection volume was 0.005 mL.

Chromatographic separation conditions

Column Specifications: column Zorbax SB-C8 (Agilent), 
length 150 mm, internal diameter 4.6 mm, sorbent par-
ticle size 1.8 μm. Mobile Phase Composition:
•	 Component A: 0.1% formic acid solution in deionized 

water
•	 Component B: 0.1% formic acid solution in gradient-

grade HPLC acetonitrile
Chromatographic Elution Mode: Gradient elution. 

Mobile phase component ratios are shown in Table 1.
The study was conducted with the following chro-

matographic parameters: a flow rate of 0.4 mL/min, a 
column oven temperature of 35°C, an injection volume 
of 5.0 μL, the total run time of 14 min.

Mass spectrometric detection parameters

The study was performed under the following operating 
conditions of the Q-Exactive mass spectrometric detec-
tor with electrospray ionization at atmospheric pressure: 
drying gas flow — 45 arbitrary units; auxiliary gas flow — 
20 arbitrary units; sprayer pressure — 35 psi; drying gas 
temperature  — 350°C; auxiliary gas stream tempera-
ture — 400°C; capillary voltage — 3500 V. Detection was 
carried out in full ion current scanning mode (SCAN), with 
ion registration in the m/z range 60–900 amu throughout 
the entire analysis (under positive ionization).

Ionization source mode: electrospray ionization at at-
mospheric pressure.

Detection mode: detection under positive ionization 
in MS and MS/MS modes at high resolution.

Detected ion polarity: detection of positive ions.
Scanning mode: detected mass range, m/z 60–

950 amu, collision cell voltage — 25 arbitrary units.
The high-resolution mass spectrometry (HRMS) 

mode was used to acquire mass chromatograms based 
on the exact masses of the molecular ions of the com-
pounds listed above. Statistical analysis was performed 
using the GraphPad Prism 5 software.

RESULTS AND DISCUSSION

Acute toxicity of AV6 upon intragastric 
administration

During the experiment, animal mortality was observed 
exclusively in the 2000  mg/kg bw group (three mice 
(50%) died on the second day after AV6 administration). 
On this basis, the studied phaeosphaeride  A deriva-
tive (AV6) can be classified as hazard class 3, since the 
LD

50
 value for AV6 in the form of an oil-alcohol emul-

sion upon intragastric administration, according to the 
obtained data, is close to the maximum tested dose of 
2000 mg/kg bw.

Measurements of animal body weight in the experi-
mental groups showed its low dependence on the ef-
fects of AV6 upon intragastric administration. The results 
of mouse body weight measurements and organ-to-
body weight ratios are presented in Tables 3 and 4.

Visual examination of internal organs revealed 
no apparent macroscopic pathological alterations. 
Furthermore, the comparative analysis demonstrated 
no statistically significant differences in organ-to-body 
weight ratios between experimental and control animal 
groups.

Pharmacokinetic study of AV6 and identification of 
its metabolites

The pharmacokinetics of AV6 and identification of its 
potential metabolites were investigated following single 
intragastric administration of AV6 (25  mg/kg  bw). The 

Table 2. Fragmentation conditions for AV6

Mass [m/z] Formula [M] Species Polarity (N)CE (N)CE type Comment

351,22783 C
19

H
30

N
2
O

4
+ H Positive 25 NCE AV-6

Table prepared by the authors using their own data

Table 1. Mobile phase composition gradient profile

Time, min
Component, %

А В

0.00 60 40

0.50 60 40

7.00 10 90

10.00 10 90

10.10 60 40

14.00 60 40

Table prepared by the authors using their own data

10	 Test Guideline 423. OECD guideline for testing of chemicals. Acute oral toxicity — Acute toxic class method. 2002b. OECD, Sep. 2021. 
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concentration-time data for AV6 were analyzed using a 
non-compartmental approach.

The absorption pharmacokinetics of AV6 after intra-
gastric administration was characterized by a relatively 
rapid achievement of maximum concentration (30  ng/
mL), with T

max
 ranging 30–60 min. The formal conversion 

based on rat blood volume (58–64 mL/kg bw) [11, 12] 
suggests that approximately 10–15% of the intragastri-
cally administered AV6 dose was absorbed into the sys-
temic circulation of experimental rats.

The elimination phase of AV6 concentration showed 
exponential decay. The elimination rate constant (k

e
) was 

determined from the slope of the concentration–time 
curve in semi-logarithmic coordinates using data from 
five animals.

The area under the concentration–time curve (AUC) 
was calculated using blood concentration data from 
20 min to 48 h post-administration, applying the trap-
ezoidal rule. The volume of distribution (Vd) was estimat-
ed considering the assumed oral bioavailability (approxi-
mately 15%) of AV6. The pharmacokinetic parameters 
following intragastric administration of AV6 are present-
ed in Table 5.

The exponential approximation generally provides 
adequate description of AV6 concentration–time curves 
during the elimination phase. However, certain experi-
ments demonstrated an increase in plasma concentra-
tion within 2–5  h post-administration. This kinetic pat-
tern most likely reflects substance redistribution from 
circulation into hydrophobic compartments (intercellular 

Table 3. Results of animal body weight assessment (g)

Observation 
period

Animal groups

Control 
n = 6

5 mg/kg 
n = 6

50 mg/kg 
n = 6

300 mg/kg 
n = 6

2000 mg/kg*

Day 1 18.7 ± 0.7 20.0 ± 0.3 18.1 ± 0.6 19.0 ± 0.7 18.3 ± 0.7

Week 1 18.9 ± 0.8 20.1 ± 0.1 19.3 ± 0.4 19.4 ± 0.9 18.4 ± 1.6

Week 2 19.2 ± 0.8 20.4 ± 0.4 19.0 ± 0.5 19.6 ± 1.0 19.1 ± 1.4

Table prepared by the authors using their own data

Note: * — the presented data are for surviving animals only (n = 3); the data are presented as mean ± standard error of the mean (M ± m).

Table 4. Organ-to-body weight ratios (relative organ weights)

Organ

Animal groups

Control 
n = 6

5 mg/kg 
n = 6

50 mg/kg 
n = 6

300 mg/kg 
n = 6

2000 mg/kg 
n = 3

Heart 0.54 ± 0.06 0.50 ± 0.03 0.57 ± 0.06 0.53 ± 0.08 0.58 ± 0.04

Liver 5.16 ± 0.33 5.05 ± 0.30 4.86 ± 0.16 4.86 ± 0.36 5.57 ± 0.15

Kidneys 0.71 ± 0.07 0.70 ± 0.04 0.66 ± 0.05 0.68 ± 0.05 0.76 ± 0.07

Spleen 0.53 ± 0.10 0.59 ± 0.12 0.49 ± 0.03 0.47 ± 0.03 0.54 ± 0.20

Lungs 1.12 ± 0.32 0.88 ± 0.10 1.00 ± 0.13 0.91 ± 0.15 1.10 ± 0.25

Thymus 0.25 ± 0.06 0.24 ± 0.09 0.25 ± 0.07 0.23 ± 0.06 0.32 ± 0.06

Table prepared by the authors using their own data

Note: the data are presented as mean ± standard error of the mean (M ± m).

Table 5. Pharmacokinetic parameters in rats following 
single intragastric administration of AV6  
at 25 mg/kg bw

Parameter Parameter Value

Elimination rate constant (k
e
), h–1 0.138–0.219

Half-life (Т½), h 3.2–5.0

Area under the (pharmacokinetic) 
concentration-time curve 

(AUC
0→48

), µg×h/L

80–98

Volume of distribution (Vd), L ~50

Total clearance during elimination 
phase (CLtot), mL/min

~165

Table prepared by the authors using their own data
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spaces) with subsequent re-entry into systemic circu-
lation. Potential plasma protein binding effects on AV6 
extraction from biological samples should also be con-
sidered.

The elimination phase shows rapid AV6 concentra-
tion decline, as evidenced by the determined k

e
 and T½ 

values. This kinetic behavior presumably results from 
metabolic transformation of the compound, supported 
by detection of significant M2 metabolite levels in plas-
ma 10 h post-dosing.

Urinary excretion assessment of AV6 and its metabo-
lites was based on concentration measurements in urine 
samples collected at intervals over 48 h following intra-
gastric administration. Cumulative 24-h excretion (nor-
malized to approximate daily urine volume of ~12  mL) 
ranged 750–1400 ng, representing 50–93% of systemi-
cally absorbed drug (assuming 15% oral bioavailability).

At this stage of the study, data on two major metabo-
lites were obtained. Figures 2–4 present chromatograms 
of blood plasma samples from experimental animals. In 
addition to the parent compound, the samples demon-
strated the presence of its metabolites M1 and M2. 

Table 6. Molecular ion peaks of AV6 and its metabolites (М1 и М2)

Code Gross formula Molecular weight
m/z

[M + H]+ Structural formula
Retention time 

RT, min

AV-6 C
19

H
30

N
2
O

4
350.22056 351.22783

O

N

O

HO
O

N

H
+

7.68

М1 C
18

H
28

N
2
O

4
336.20491 337.21218

O

N

O

HO
OH

N

H
+

7.11

М2 C
18

H
28

N
2
O

3
320.20999 321.21727

O

NH

O

HO

N

H
+

6.53

Table prepared by the authors using their own data

Figure prepared by the authors using their own data

Fig. 1. Plasma concentration-time profile of AV6 in rats 
following single intragastric administration

Note: the graph was generated using the GraphPad Prism 5 soft-
ware; the data are presented as mean ± standard error of the mean 
(M ± δ).
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Figure prepared by the authors using their own data

Fig. 2. Rat plasma blank chromatogram: а  — mass chromatogram reconstructed for exact ion mass 
[M + H] + с m/z 351,22783 (AV6); b — mass chromatogram reconstructed for exact ion mass [M + H] + с m/z 337,21218 
(M1); c — mass chromatogram reconstructed for exact ion mass [M + H] + с m/z 321,21727 (M2)

Figure prepared by the authors using their own data

Fig. 3. Rat plasma chromatogram 1 hour post single intragastric administration of AV6 (25 mg/kg bw): a — mass 
chromatogram reconstructed for exact ion mass [M + H] + с m/z 351,22783 (AV6); b — mass chromatogram recon-
structed for exact ion mass [M + H] + с m/z 337,21218 (M1); c — mass chromatogram reconstructed for exact ion mass 
[M + H] + с m/z 321,21727 (M2)

The analysis of rat plasma chromatograms revealed 
the appearance of novel compounds and correspond-
ing chromatographic peaks in samples collected 1  h 
post-administration (Fig.  3), which were identified as 

metabolites of AV6. Their structural characteristics are 
presented in Table 6.

The plasma chromatograms clearly demonstrate 
the presence of intact AV6 (Fig.  3a), along with trace 
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amounts of metabolite M1 (Fig. 3b) and metabolite M2 
(Fig. 3c). The retention times (RT) were determined to be 
7.68 min for AV6 and 6.53 min for metabolite M2.

The chromatographic comparison of rat plasma 
samples collected 1 h (Fig. 3) and 10 h (Fig. 4) after intra-
gastric AV6 administration demonstrates significant ki-
netic changes. At the 1-h timepoint, the peak intensity of 
AV6 exceeded that of metabolite M2 by 20-fold. By 10 h 
post-administration, the intensity of the AV6 peak had 
decreased substantially, while the M2 metabolite peak 
showed marked intensification.

The obtained chromatographic data confirm the 
consistent detection of metabolite M2 throughout the 
1–10  h period following AV6 administration. Notably, 
the relative abundance of M2 surpassed that of the 
parent compound by the 10-h observation point. This 
kinetic profile suggests a greater metabolic stabil-
ity of M2 compared to AV6. Furthermore, the phar-
macological effects originally attributed to AV6 may 
potentially be mediated by M2 activity. Metabolite 
M1 was not detected in plasma samples at either  
timepoint.

Results of AV6 and its metabolites quantification in 
urine samples

The mass chromatograms of urine samples collected 
before AV6 administration (Fig. 5), 8 h post-administra-
tion (Fig. 6), and 24 h post-administration (Fig. 7) demon-
strate the following metabolic profile:

•	 in the blank sample (Fig. 5), no peaks corresponding 
to AV6 or its metabolites were detected, confirming 
the absence of background interference;

•	 by 8  h post-administration (Fig.  6), chromatograms 
revealed detectable peaks for both AV6 and its two 
metabolites (M1 and M2);

•	 the peak intensity (area) of AV6 was only slightly 
greater than those of the metabolites, indicating sig-
nificant excretion of the parent compound in urine;

•	 at the 24-h timepoint (Fig. 7), AV6 was present only 
in trace amounts, while metabolites M1 (Fig. 7b) and 
M2 (Fig. 7c) remained clearly detectable.
No target compounds (AV6 or its metabolites M1/M2) 

were detected in blank (pre-dose) samples.

CONCLUSION

The conducted preclinical study to evaluate the acute 
toxicity, metabolism, and pharmacokinetics of AV6 repre-
sents a crucial step in translating previous findings on the 
antitumor potential of this derivative of natural phaeospha-
eride A and advancing in vivo research. The investigated 
derivative of natural phaeosphaeride A — AV6 — can be 
classified as hazard class 3. No statistically significant 
changes were observed in the internal organs of experi-
mental animals compared to the control group.

As a result of this study, a quantitative determination 
procedure for AV6 based on HPLC–MS/MS analysis has 
been developed. For the first time, data on metabolites 
formed in rats have been obtained. The pharmacokinetic 
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Fig. 4. Chromatogram of rat plasma 10 h after single intragastric administration of AV6 (25 mg/kg bw): a — mass 
chromatogram reconstructed for exact ion mass [M + H] + с m/z 351,22783 (AV6); b — mass chromatogram recon-
structed for exact ion mass [M + H] + с m/z 337,21218 (M1); c — mass chromatogram reconstructed for exact ion mass 
[M + H] + с m/z 321,21727 (M2)
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data of AV6 following intragastric administration in an 
oil-alcohol emulsion suggest that its pharmacokinetics 
can be formally described using a non-compartmental 
model. However, additional analysis of its distribution 

into hydrophobic compartments may be required, con-
sidering its physicochemical properties.

The data on AV6 metabolites obtained during the 
pharmacokinetic study in rats indicate that the metabolic 
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Figure prepared by the authors using their own data

Fig. 5. Chromatogram of rat urine blank sample: а  — mass chromatogram reconstructed for exact ion mass 
[M + H] + с m/z 351,22783 (AV-6); b — mass chromatogram reconstructed for exact ion mass [M + H] + с m/z 337,21218 
(M1); c — mass chromatogram reconstructed for exact ion mass [M + H] + с m/z 321,21727 (M2)

Figure prepared by the authors using their own data

Fig. 6. Chromatogram of a rat urine sample 8 h after a single intragastric administration of AV6 at a dose of  
25 mg/kg bw: a — mass chromatogram reconstructed for exact ion mass [M + H] + с m/z 351,22783 (AV6), RT = 7.68 min; 
b — mass chromatogram reconstructed for exact ion mass [M + H] + с m/z 337,21218 (M1) RT = 3.75 min; c — mass 
chromatogram reconstructed for exact ion mass [M + H] + с m/z 321,21727 (M2) RT = 6.51 min
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rate of the compound is relatively low and is primar-
ily driven by chemical transformations at the nitrogen 
atom of the lactam ring. This results in the formation of 

metabolites that can be excreted in urine. The most likely 
mechanisms of these transformations include oxidative 
deacylation followed by hydrolysis.
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Fig. 7. Chromatogram of rat urine sample 24 h post single intragastric administration of AV6 (25  mg/kg  bw):  
a — mass chromatogram reconstructed for exact ion mass [M + H] + с m/z 351,22783 (AV6); b — mass chromatogram 
reconstructed for exact ion mass [M + H] + с m/z 337,21218 (M1); c — mass chromatogram reconstructed for exact ion 
mass [M + H] + с m/z 321,21727 (M2)
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ANTICONVULSANT ACTIVITY OF ORIGINAL VALPROIC ACID 
AMINOETHERS IN CHOLINESTERASE INHIBITOR POISONING

Alisa V. Belskaya, Aleksandra S. Melekhova, Veronika N. Zorina, Aleksandr Ya. Bespalov, Margarita V. Melnikova,  
Anastasiya A. Bondarenko

Golikov Scientific and Clinical Center of Toxicology, St. Petersburg, Russia

Introduction. Cholinesterase inhibitors present in household chemicals, agrochemicals, and a number of medicinal products represent the 
most common cause of acute intoxications accompanied by the development of convulsive syndrome. Delayed and repeated administration 
of existing antidotes proves ineffective. Compounds that are promising for the development of alternative therapeutic agents include deriva-
tives of valproic acid.
Objective. Evaluation of the anticonvulsant efficacy of original valproic acid aminoethers in intoxication with phenylcarbamate as a cholines-
terase inhibitor.
Materials and methods. Experiments were conducted using outbred white male rats aged 3 months with a body weight of 200–240 g. The 
tabular express method by Prozorovsky was used to determine the median lethal doses of the new compounds. To model the convulsive syn-
drome, phenylcarbamate was administered intraperitoneally to male rats at a dose of 1 mg/kg bw. The anticonvulsant activity of valproic acid 
aminoethers — N-methyl-4-piperidinol (VAA), quinuclidinol (QVA), and tropinol (TVA) — was assessed. The preparations were administered 
at doses of 21.5 mg/kg bw and 43 mg/kg bw after the onset of convulsions. The study was conducted using four experimental groups: phe-
nylcarbamate — P (n = 8), P+VAA (n = 16), P+TVA (n = 16), and P+QVA (n = 16). The test substances were dissolved in 0.9% sodium chloride 
solution and administered intraperitoneally, taking interspecies dose conversion into account. The volume of the intraperitoneally administered 
solution was 0.1 mL/100 g. The severity of the convulsive syndrome in the experiment was assessed using the Racine scale. The following 
efficacy indicators were taken into account: latent period, severity and duration of convulsive syndrome, and mortality. Statistical processing 
of the research results was performed using the Statistica 13.0 software package (Statsoft, USA). 
Results. The established LD

50
 values of the original valproic acid aminoethers under study correspond to class 3 of moderately toxic sub-

stances. At a dose of 21.5 mg/kg bw, the proportion of rats with severe convulsions significantly decreased in all groups; the fastest anticon-
vulsant effect was recorded in the QVA group (after 10 min, convulsions were absent). The efficacy of VAA and TVA at a dose of 43 mg/kg bw 
was comparable to the dose of 21.5 mg/kg bw; in the QVA group, the proportion of animals with convulsions remained high after 10 min. 
A significant reduction in the duration of convulsions was revealed in the QVA group at doses of 21.5 mg/kg bw and 43 mg/kg bw. A significant 
decrease in the intensity of convulsions was detected in the VAA and QVA groups at a dose of 21.5 mg/kg bw, and at a dose of 43 mg/kg bw 
in the VAA and TVA groups.
Conclusions. The new aminoethers of valproic acid exhibit anticonvulsant activity in intoxication with a reversible cholinesterase inhibitor. At 
a dose of 21.5 mg/kg bw, QVA is the most effective; however, at a dose of 43 mg/kg bw, manifestations of toxicity are observed and VAA is 
more effective. Despite animal mortality, TVA also demonstrates its efficacy at a dose of 43 mg/kg bw.

Keywords: valproic acid aminoethers; convulsive syndrome; cholinesterase inhibitors; carbamates; anticonvulsant therapy
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ПРОТИВОСУДОРОЖНАЯ АКТИВНОСТЬ ОРИГИНАЛЬНЫХ АМИНОЭФИРОВ ВАЛЬПРОЕВОЙ 
КИСЛОТЫ ПРИ ИНТОКСИКАЦИИ ИНГИБИТОРОМ ХОЛИНЭСТЕРАЗ

А.В. Бельская, А.С. Мелехова, В.Н. Зорина, А.Я. Беспалов, М.В. Мельникова, А.А. Бондаренко

Научно-клинический центр токсикологии им. академика С.Н. Голикова Федерального медико-биологического агентства,  
Санкт-Петербург, Россия

Введение. Наиболее распространенной причиной острых интоксикаций, сопровождающихся развитием судорожного синдро-
ма, являются ингибиторы холинэстераз в составе бытовой химии, агрохимикатов и ряда лекарственных средств. Отсроченное 
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и повторное применение существующих антидотов малоэффективно. К соединениям, перспективным для разработки альтерна-
тивных средств терапии, относятся производные вальпроевой кислоты.
Цель. Оценка противосудорожной эффективности оригинальных аминоэфиров вальпроевой кислоты при интоксикации ингибито-
ром холинэстеразы — фенилкарбаматом.
Материалы и методы. Эксперименты проведены на беспородных белых крысах-самцах возрастом 3 месяца и массой тела 200–
240 г. При определении средних летальных доз новых соединений использовали табличный экспресс-метод по В.Б. Прозоровскому. 
Для моделирования судорожного синдрома внутрибрюшинно вводили крысам-самцам фенилкарбамат в дозе 1 мг/кг м.т. Оценивали 
противосудорожную активность аминоэфиров вальпроевой кислоты: N-метил-4-пиперидинольный (АВК), хинуклидинольный (ХАВК) 
и тропиновый (ТАВК), вводимые в дозах 21,5 и 43 мг/кг м.т. после начала судорог. Исследование проведено на 4 опытных группах: 
фенилкарбамат «Ф» (n = 8), Ф+АВК (n = 16), Ф+ТАВК (n = 16), Ф+ХАВК (n = 16). Исследуемые субстанции растворяли в 0,9%-ном раство-
ре хлорида натрия и вводили внутрибрюшинно, с учетом межвидового пересчета доз. Объем вводимого внутрибрюшинно раствора 
составлял 0,1 мл/100 г. Выраженность судорожного синдрома в эксперименте оценивали по шкале Racine. Учитывали показатели 
эффективности: латентный период, выраженность и продолжительность судорожного синдрома, летальность. Статистическую об-
работку результатов исследования производили с помощью пакета программы Statistica 13.0 (Statsoft, США).
Результаты. Установленные значения ЛД

50
 оригинальных аминоэфиров вальпроевой кислоты соответствуют 3-му классу умерен-

но токсичных веществ. В дозе 21,5 мг/кг м.т. значимо уменьшалась доля крыс с выраженными судорогами во всех группах, наибо-
лее быстрый противосудорожный эффект регистрировали в группе ХАВК (через 10 мин судороги отсутствовали). Эффективность 
АВК и ТАВК при использовании в дозе 43 мг/кг м.т. была сопоставима с дозой 21,5 мг/кг м.т., в группе ХАВК через 10 мин доля жи-
вотных с судорогами оставалась высокой. Достоверное уменьшение продолжительности судорог выявлено в группе ХАВК в дозах 
21,5 и 43 мг/кг м.т. Достоверное снижение интенсивности судорог выявлено в группах АВК и ХАВК в дозе 21,5 мг/кг м.т., группах 
АВК и ТАВК — в дозе 43 мг/кг м.т.
Выводы. Новые аминоэфиры вальпроевой кислоты проявляют противосудорожную активность при интоксикации обратимым инги-
битором холинэстераз. В дозе 21,5 мг/кг м.т. наиболее эффективен ХАВК, однако в дозе 43 мг/кг м.т. наблюдаются проявления токсич-
ности и более эффективен АВК. Несмотря на летальность животных, ТАВК также проявляет свою эффективность в дозе 43 мг/кг м.т.

Ключевые слова: аминоэфиры вальпроевой кислоты; судорожный синдром; ингибиторы холинэстераз; карбаматы; 
противосудорожная терапия
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INTRODUCTION

Poisoning with cholinesterase inhibitors remains the 
primary cause of generalized convulsive syndrome of 
toxic etiology. Substances in this group include irre-
versible inhibitors, primarily organophosphorus com-
pounds (OPCs), and reversible inhibitors, such as de-
rivatives of carbamic acid (carbamates). Carbamates 
and OPCs are used as components of agricultural and 
household chemicals (pesticides, insecticides), as well 
as plasticizers and polymeric materials. Carbamates 
are also widely applied in the pharmaceutical indus-
try as part of medicinal products [1, 2]. The number 
of victims of poisoning with cholinesterase inhibitors 
(household poisonings, agrochemical poisonings, drug 
overdoses, or suicides) amounts to several million per 
annum worldwide. 

The toxic effects of cholinesterase inhibitors on the 
body are manifested in the development of miosis, 
bronchospasm, hypersecretion, vomiting, arrhythmia, 
and respiratory failure. These conditions result from en-
hanced muscarinic and nicotinic stimulation due to the 
inhibition of acetylcholinesterase (AChE) activity. This in-
hibition promotes the accumulation of acetylcholine in 
neuronal synapses and the development of cholinergic 
syndrome [3]. Additionally, butyrylcholinesterase, carbo-
xylesterase, and some other enzymes are inhibited [1, 
4, 5]. At the level of the central nervous system (CNS), 
intoxication effects include generalized convulsive sei-
zures, which can last for more than 30 min and involve 
significant damage to neurons and neuroglial cells in the 
brain. Furthermore, cholinergic manifestations are sup-
plemented by glutamatergic excitotoxicity, progression 
of neuroinflammation and neurodegeneration. Victims 
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may experience persistent neurological disorders for an 
extended period of time [6]. 

It appears evident that a timely and effective sup-
pression of convulsions is essential for improving the 
survival rates after acute poisoning with cholinesterase 
inhibitors, as well as for ensuring neuroprotection and 
prevention of CNS dysfunction in the long-term post-
intoxication period. However, the existing antidote ther-
apy is primarily aimed at reducing severity and prevent-
ing fatalities in the earliest stages of intoxication (prior 
to the onset of convulsions). 

The effectiveness of antidote therapy decreases 
significantly when administered during actively devel-
oping or established convulsive syndrome. In particu-
lar, atropin [5] acts only on muscarinic, rather than on 
nicotinic, cholinergic receptors [6]. This compound is 
most effective when administered prophylactically or 
within the first minutes after exposure. Oximes, such 
as pralidoxime, etc., are recommended as prophy-
lactic antidotes and exclusively for organophospho-
rus compound (OPC) poisoning [4]. Among benzodi-
azepines, which interact with gamma-aminobutyric 
acid (GABA) receptors, midazolam is preferred due 
to its rapid action, attributed to its high penetrative 
properties across the blood–brain barrier (BBB) [5]. 
However, their efficacy may be significantly reduced 
due to a substantial decline in the expression of re-
ceptor subunits and structurally associated proteins 
and enzymes capable of interacting with these sub-
stances within 10–20  min after exposure [6]. This 
greatly increases the share of refractory (antidote-re-
sistant) convulsions.

The above-mentioned considerations underscore 
the necessity for developing new effective means to 
suppress convulsive syndrome in poisoning with cho-
linesterase inhibitors. One promising direction consists 
in the development of anticonvulsant agents based on 
derivatives of valproic acid. It is known that valproic 
acid participates in pre- and postsynaptic modulation 
of GABAergic signaling, affects sodium, calcium, and 
potassium channels, can increase extracellular lev-
els of serotonin and dopamine in the hippocampus, 
modulate neurogenesis, and exert a neuroprotective 
effect [7]. However, the high effective dose of this an-
ticonvulsant for generalized convulsive syndrome (over 
150 mg/kg bw) limits its use as an antidote. Moreover, 

high doses of valproic acid are associated with a tera-
togenic effect [8]. 

With the purpose of reducing the effective dose, 
new pharmaceutical agents based on valproic acid are 
being developed. For example, valpromide (VPM), a 
recently developed substance, was shown to act as 
a prodrug (valproic acid is released during hydrolysis 
in the stomach) [8, 9]. However, VPM, approved only 
in France and Italy (Depamide®), is recommended for 
use exclusively in bipolar disorders (not as an anticon-
vulsant) [9]. Valnoctamide (VCD)  — an isomer of val-
promide — with its own therapeutic activity (biotrans-
formation with the release of valproic acid in the body 
is minimal) has been developed. Currently, VCD has 
successfully passed phase IIb of clinical trials and is 
included in the list of sedative agents as an anticon-
vulsant [8]. Sec-butylpropylacetamide (SPD), a recently 
synthesized homologue of VCD, showed high anti-
convulsant activity in various experimental models in 
preclinical studies, including cases of benzodiazepine-
resistant convulsions [8]. The efficacy of SPD is due 
to a significantly faster rate of penetration through the 
blood–brain barrier (12 times faster than valproic acid). 
SPD was demonstrated to preserve cognitive functions 
and reduce neuronal damage [10]. However, SPD and 
VCD are poorly soluble in water and are used in the 
form of an emulsion [11], which is inconvenient for use 
as an antidote. All the above-mentioned derivatives of 
valproic acid are not registered as agents for the relief 
of generalized convulsive syndrome.

The aim of the study is a comparative investigation 
of the anticonvulsant efficacy of original valproic acid 
aminoether substances in poisoning with a cholinester-
ase inhibitor — phenylcarbamate.

MATERIALS AND METHODS

Original valproic acid derivatives were developed and 
synthesized at the Laboratory of Drug Synthesis of the 
Golikov Federal Research Center of Toxicology. The list 
and structural formulas of the tested substances are 
presented in Table 1.

In the experiments, outbred white male rats aged 
three months and weighing 200–240 g were used as 
the test system. The animals were obtained from the 
nursery of the National Research Center “Kurchatov 

Table 1. Molecular characteristics of valproic acid aminoethers

Name Gross formula Purity (%)

(1-Methylpiperidin-4-yl) 2-propylpentanoate hydrochloride (VAA) С
14

Н
27

NO
2
*HCl 98.27

1-Azabicyclo[2.2.2]oct-3-yl 2-propylpentanoate (QVA) C
15

H
27

NO
2
*HCl 98.03

8-Methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate (TVA) C
16

H
29

NO
2
*HCl 98.09

Table compiled by the authors
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Institute” — RAPPOLOVO Laboratory Animal Breeding 
Facility (Leningrad Oblast). The animals were kept un-
der standard conditions in accordance with the rules1. 

At the first stage, an assessment of acute toxicity 
and determination of the median lethal dose (LD

50
) for 

TVA and QVA was conducted using the express method 
by Prozorovsky [12]. In order to study each compound, 
the experimental animals were divided into four groups 
of two rats each; a single intraperitoneal injection of the 
test solutions was performed (the substances were 
dissolved in 0.9% sodium chloride solution). The fol-
lowing doses were selected for the acute toxicity study 
of TVA and QVA substances: QVA — 63.1, 79.4, 100.0, 
126.0 mg/kg; TVA — 79.4, 100.0, 126.0, 158.0 mg/kg. 
Previous studies had determined the LD

50
 for VAA to be 

170 ± 1.2 mg/kg bw [13].
At the second stage, the pharmacological activ-

ity of the substances was studied using a model of 
convulsions induced by a reversible cholinesterase 
inhibitor — substituted 2[(dimethylamino)methyl] aryldi-
methylcarbamate hydrochloride (hereinafter referred 
to as phenylcarbamate) [14]. Phenylcarbamate was 
administered as a single intraperitoneal injection at a 
dose of 1 mg/kg bw [15]. The following experimental 
groups were formed: a group with isolated administra-
tion of phenylcarbamate “P” as the convulsive agent 
(n = 8), and three groups with administration of “P” fol-
lowed by administration of the test corrective agents: 
P+VAA (n = 16), P+TVA (n = 16), P+QVA (n = 16). The 
anticonvulsant efficacy of the VAA, QVA, and TVA sub-
stances was assessed at two doses — 21.5 mg/kg bw 
and 43.0 mg/kg bw (eight animals per dose for each 
test substance).

The selection of effective doses of the test sub-
stances and the administration regimen was based on 
the dosage and usage protocols of sodium valproate 
(Convulex®) adopted in clinical practice for humans. 
The average dose of 7 mg/kg bw was used as the ba-
sis for calculating the effective dose. Interspecies dose 
conversion from human to rat was performed using the 
standard recommendations of Mironov2. The test dose 
values were calculated using the following coefficients: 
the therapeutic dose for rats was 7.0 × 39 (coefficient 
for a human weighing 70 kg) / 6.5 (coefficient for a rat 
weighing 200 g) ≈ 43.0 mg/kg bw.

The test substances were dissolved in a 0.9% sodi-
um chloride solution and administered intraperitoneally, 
taking interspecies dose conversion into account. The 
volume of the intraperitoneally administered solution 
was 0.1 mL/100 g. Administration was performed with-
in the first minutes after the onset of seizures at lev-
els 3–4 on the Racine scale [16], which were induced 
by the administration of the cholinesterase inhibitor. 

The following efficacy indicators were taken into ac-
count: latent period, severity and duration of convulsive 

syndrome, and mortality. Observation and recording 
of lethal outcomes were conducted over a 24-h pe-
riod. Mortality was assessed based on the proportion 
of deceased rats relative to their total number in the 
study group after the administration of the convulsive 
agent during the 24-h observation period. The sever-
ity of convulsive syndrome in the experiment was as-
sessed using the Racine scale. Seizures of level 4 and 
above, equivalent to generalized clonic-tonic seizures 
in humans, were classified as severe. The duration of 
convulsive syndrome was measured in minutes.

To assess the significance of differences in the fre-
quency of rats exhibiting severe seizures, Fisher’s exact 
test was used. A comparative assessment of the con-
vulsive syndrome indicators in male rats poisoned with 
phenylcarbamate was performed using the Kruskal–
Wallis test. To identify differences between individual 
groups, as well as between the studied substances 
and the “P” group, Dunn’s multiple comparison test 
(post-hoc analysis) was employed. Statistical process-
ing of the research results was carried out using the 
Statistica 13.0 software package (Statsoft, USA).

RESULTS

In the course of work to determine the quantitative char-
acteristics of acute toxicity upon intraperitoneal admin-
istration of QVA, the following distribution of rat mor-
tality in each dose subgroup was established: 0, 0, 2, 
2 individuals, which allowed for the determination of the 
LD

50
 for QVA at a level of 89.8 ± 7.1 mg/kg; upon intra-

peritoneal administration of TVA — 0, 0, 2, 2 individuals, 
which corresponded to an LD

50
 of 113.1 ± 8.9 mg/kg. 

Based on the obtained LD
50

 values of the original valp-
roic acid aminoethers, the compounds can be classified 
as class 3 moderately toxic substances.

The experimental model of seizures induced by a 
reversible acetylcholinesterase inhibitor (phenylcarba-
mate) [12, 13] following the administration of VAA, QVA, 
and TVA at two doses (21.5 mg/kg bw and 43.0 mg/
kg bw) revealed no statistically significant difference 
between the share of deceased rats in the group of 
animals receiving the convulsive agent, regardless of 
the dose and the recorded time interval. During the ex-
periment, the death of one animal in the “P” group at 
the 30-min observation mark, the death of one rat fol-
lowing the administration of TVA at a dose of 21.5 mg/
kg bw at the 10-min observation mark, and the death of 
three rats in the QVA group at a dose of 43.0 mg/kg bw 
at the 20-min observation mark were recorded.

After the administration of phenylcarbamate, the 
number of rats with severe convulsions in the “P”   
group began to decrease from the 30-min observation 
point by 14%; by 70 min, convulsions were no longer 
recorded in the animals.

1	 SP  2.2.1.3218-14 dated September 28, 2014 “Sanitary and Epidemiological Requirements for the Design, Equipment, and Maintenance of Experimental-
Biological Clinics (Vivaria)”.

2	 Mironov AN. Guidelines for conducting preclinical drug trials. Part 1. Moscow: Grif&K; 2012. 
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The administration of the original aminoethers re-
duced the number of animals with convulsion severity 
of level 4 and above (Racine scale), which corresponds 
to a generalized convulsive syndrome in humans 
(Table 2).

Following the administration of the test substances 
at a dose of 21.5 mg/kg bw, a statistically significant 
reduction in the proportion of rats with severe convul-
sions was observed during the 10–40  min period of 
observation (Table 2).

In the P+QVA group, animals with severe convul-
sions were completely absent starting from the 10-min 
observation mark, whereas in the other two groups, the 
anticonvulsant effect occurred later. Specifically, in the 
P+TVA group, no severe convulsions were observed 
at 10 min; however, cases of clonic-tonic convulsions 
were recorded over the next 20 min, which ceased by 
40 min. In the P+VAA group, a reduction in convulsion 
severity occurred by the 20-min observation mark.

No statistically significant intergroup differences 
were identified when comparing animals that received 
different substances at the same time interval.

When the substances were administered at a dose 
of 43.0  mg/kg bw, the anticonvulsant efficacy in the 
P+VAA and P+TVA groups generally coincided with 
that established at the lower dose. However, in the 
P+QVA group, 10 min after substance administration, 
the number of animals with severe convulsions did 
not decrease compared to the “P” group. At the same 

time, by 10 min, in the P+VAA and P+TVA groups, the 
number of animals with convulsive syndrome was sta-
tistically significantly lower than that in the group with 
isolated administration of phenylcarbamate.

When assessing the total duration of convulsions 
using statistical processing of the results with the 
Kruskal–Wallis test, the presence of statistically sig-
nificant differences between all studied groups upon 
administration of the substances at both doses was 
revealed (Table 3).

When constructing a quadratic matrix of post-hoc 
comparisons (p-values) for the duration of convul-
sions following intraperitoneal administration of the 
test substances and in the phenylcarbamate group 
using Dunn’s post-hoc test, no statistically significant 
intergroup differences were identified. However, when 
comparing the duration of convulsions in the P+QVA 
group (dose 21.5 mg/kg bw) with the values in the “P” 
group, a statistically significant reduction in the medi-
an (Me) duration of convulsions by 77% was detected 
(p = 0.001). A lower median duration of convulsions by 
57% was also recorded when comparing the indicator 
in the P+QVA and P+VAA groups at the dose level of 
21.5 mg/kg bw (p = 0.041). 

When the substances were administered at a dose 
of 43.0 mg/kg bw, differences in the duration of con-
vulsions were established, comparable to the results 
obtained when studying the effects of lower doses. 
Specifically, significant differences were found when 

Table 2. Effect of the investigated drugs on the occurrence of seizures in rats following administration of 
phenylcarbamate and valproic acid aminoether substances

Group
Time intervals, min

0 5 10 20 30 40 50 60 70

Number of rats (n/N) after administration of substances at a dose of 21.5 mg/kg b.w.

P 8/8 8/8 8/8 8/8 6/7 5/7 3/7 1/7 0/7

P+VAA 8/8 8/8 3/8* 0/8* 0/8* 0/8* 0/8 0/8 0/8

P+TVA 8/8 8/8 0/7* 3/7* 1/7* 0/7* 0/7 0/7 0/7

P+QVA 8/8 8/8 0/8* 0/8* 0/8* 0/8* 0/8 0/8 0/8

Number of rats (n/N) after administration of substances at a dose of 43.0 mg/kg b.w.

P 8/8 8/8 8/8 8/8 6/7 5/7 3/7 1/7 0/7

P+VAA 8/8 8/8 2/8* 0/8* 0/8* 0/8* 0/8 0/8 0/8

P+TVA 8/8 8/8 1/8* 1/8* 0/8* 0/8* 0/7 0/7 0/7

P+QVA 8/8 8/8 8/8 0/8* 0/8* 0/8* 0/8 0/8 0/8

Table compiled by the authors based on their own data

Note: P  — Phenylcarbamate; VAA  — (1-methylpiperidin-4-yl) 2-propylpentanoate hydrochloride; QVA  — 1-azabicyclo[2.2.2]oct-3-yl 
2-propylpentanoate; TVA — 8-methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate; n — number of rats with severe convulsions; N — total 
number of rats in the group; * — differences are statistically significant compared to the P group (p ≤ 0.05).
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comparing the P+QVA group with the phenylcarbamate 
group (p = 0.001) and in the intergroup comparison be-
tween P+QVA and P+VAA (p = 0.039).

Time-weighted sums of seizure intensity scores 
(area under the curve “seizure score–time,” AUC) 
were calculated. Deceased individuals were excluded 
from the calculations. It was demonstrated (Table  4) 
that there are statistically significant differences be-
tween the AUC indicators upon administration of the 

substances at doses of 21.5 mg/kg bw (p = 0.001) and 
43.0 mg/kg bw (p = 0.001).

Upon administration of the substances at a dose of 
21.5 mg/kg bw, the time-weighted sums of seizure inten-
sity scores in the P+VAA group were found to be statis-
tically significantly lower by 77% than the correspond-
ing indicator in the phenylcarbamate group (p = 0.041), 
and in the P+QVA group — by 93% (p = 0.001) based 
on the median, respectively. In the P+TVA group, the 

Table 3. Comparative assessment of convulsion duration in rats after intraperitoneal administration of 
phenylcarbamate and valproic acid aminoether substances at doses of 21.5 and 43.0 mg/kg bw

Group
Dose of valproic 
acid aminoethers

Animals amount Convulsion duration, min p-value of 
intergroup 

differences1N M
e

Min Max

P – 8 87.0 13.0 103.0

0.003
P+VAA

21.5 mg/kg b.w.

8 46.5 34.0 57.0

P+TVA 8 40.0 8.0 44.0

P+QVA 8 20.0 20.0 20.0

P – 8 87.0 13.0 103.0

0.002
P+VAA

43.0 mg/kg b.w.

8 70.0 31.0 81.0

P+TVA 8 48.0 45.0 50.0

P+QVA 8 30.0 12.0 32.0

Table compiled by the authors based on their own data

Note: P  — Phenylcarbamate; VAA  — (1-methylpiperidin-4-yl) 2-propylpentanoate hydrochloride; QVA  — 1-azabicyclo[2.2.2]oct-3-yl 
2-propylpentanoate; TVA — 8-methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate; «–» — isolated administration of phenylcarbamate; 1 — 
p-value in the Kruskal-Wallis test.

Table 4. Comparative assessment of the time-weighted sum of seizure intensity scores in male rats after 
intraperitoneal administration of valproic acid aminoether substances at doses of 21.5 and 43.0 mg/kg bw

Group
Dose of valproic 
acid aminoethers

Number of 
animals 

Time-weighted sums of seizure 
intensity scores, score/min

p-value of 
intergroup 

differences1

M
e

min max

P – 7 270 210 310

0.001
P+VAA

21.5 mg/kg bw

8 61 53 98

P+TVA 7 85 48 115

P+QVA 8 19 18 20

P – 7 270 210 310

0.001
P+VAA

43.0 mg/kg bw

8 110 63 183

P+TVA 8 66 65 165

P+QVA 5 78 78 90

Table compiled by the authors based on their own data

Note: P  — Phenylcarbamate; VAA  — (1-methylpiperidin-4-yl) 2-propylpentanoate hydrochloride; QVA  — 1-azabicyclo[2.2.2]oct-3-yl 
2-propylpentanoate; TVA  — 8-methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate; «–»  — isolated administration of phenylcarbamate;  
1 – p-value in the Kruskal–Wallis test.
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AUC level was lower by 84%, although not reaching 
statistical significance compared to the “P” group. A 
statistically significant decrease in the AUC indicator 
was also recorded in the P+QVA group compared to 
the P+TVA group, with a difference of 78% (p = 0.026). 

When the substances were administered at a dose 
of 43.0  mg/kg bw, a significant reduction in the me-
dian AUC indicator was noted: by 59% (p  =  0.015) 
in the P+VAA group and by 79% in the P+TVA group 
(p = 0.001) compared to the animals that received only 
phenylcarbamate.

Figures 1 and 2 show the dynamics of the median 
scores for the severity of convulsive syndrome (from 0 
to 6 points on the Racine scale) after administration of 
the test substances over a 100-min observation pe-
riod. Administration of the QVA substance at a dose of 
21.5 mg/kg bw demonstrated the most favorable time 
course for the severity of convulsive syndrome, corre-
sponding to the greater anticonvulsant efficacy of this 
compound. Conversely, when a dose of 43.0  mg/kg 
bw was administered, more preferable changes were 
observed in animals that received VAA and TVA.

DISCUSSION

Our results indicate that the administration of original 
valproic acid aminoethers in the setting of acute intoxi-
cation with a cholinesterase inhibitor contributed to a 
pronounced reduction in the duration of convulsions 
within the first 10–20 min after the onset of exposure. 
The highest efficacy was demonstrated by QVA at a 
dose of 21.5 mg/kg bw. This dose led to cessation of 
convulsions in 100% of animals after 10 min.

The time-weighted sum of seizure intensity scores 
(AUC) in the groups receiving the original valproic acid 
aminoethers at both doses was significantly lower 
compared to the group of animals without therapy (only 
phenylcarbamate administration), indicating sufficient 
efficacy of the test substances in reducing the severity 
of not only intense but also other types of convulsions. 
Overall, the lowest median AUC value (corresponding 
to the highest efficacy) was established for QVA (valp-
roic acid quinuclidinol aminoether) when administered 
at a dose of 21.5 mg/kg bw. The VAA and TVA samples 
at the studied doses were comparable to each other in 
terms of efficacy.

Although no statistically significant differences in 
mortality were detected between the studied groups 
across all time intervals, the identified death cases of 
three animals at the 20-min mark of the experiment 
following the use of QVA at a high dose (43.0  mg/
kg bw) require further investigation. It is evident that 
these cases could have been associated with either 
the toxicity of QVA or the individual reaction of spe-
cific animals to phenylcarbamate exposure, inde-
pendent of QVA administration. Furthermore, the pro-
nounced efficacy of QVA at a dose of 21.5 mg/kg bw 
suggests that a further dose reduction without effi-
cacy loss is possible and that the 43 mg/kg bw dose 
may be excessive. It has been previously established 
that the anticonvulsant efficacy of valpromide in ex-
periments on mice is 3–5  times higher than that of 
valproic acid [9]; it is possible that in the case of 
QVA, the optimal dose will also be significantly low-
er and not associated with any manifestations of  
toxicity.

Figure prepared by the authors based on their own data

Fig. 1. Median-based plots of the severity of the con-
vulsive syndrome according to the Racine scale 
(points) versus time after administration of valproic 
acid aminoether substances at a dose of 21.5 mg/kg 
bw to male rats: P — Phenylcarbamate; VAA — (1-meth-
ylpiperidin-4-yl) 2-propylpentanoate hydrochloride; QVA — 
1-azabicyclo[2.2.2]oct-3-yl 2-propylpentanoate; TVA  — 
8-methyl-8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate

Figure prepared by the authors based on their own data

Fig. 2. Median-based plots of the severity of the convul-
sive syndrome according to the Racine scale (points) 
versus time after administration of valproic acid ami-
noether substances at a dose of 43 mg/kg bw to male 
rats: P  — Phenylcarbamate; VAA  — (1-methylpiperidin-
4-yl) 2-propylpentanoate hydrochloride; QVA  — 1-azabi-
cyclo[2.2.2]oct-3-yl 2-propylpentanoate; TVA — 8-methyl-
8-azabicyclo[3.2.1]oct-3-yl 2-propylpentanoate
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Previous animal models demonstrated that, in com-
parision with atropine — a standard antidote for intoxi-
cation with cholinesterase inhibitors [17], VAA is more 
effective in reducing the duration of convulsive syn-
drome. In this light, the developed original valproic acid 
derivatives should be considered promising for further 
study and the development of agents to terminate the 
convulsive syndrome induced by cholinesterase inhibi-
tors, including irreversible ones. 

CONCLUSIONS

1.  The developed original valproic acid derivatives 
(VAA, QVA, and TVA) are effective in relieving convulsive 

syndrome developing due to poisoning with cholinest-
erase inhibitors and can be used for further study as 
potential medicinal products.

2.  In terms of all the parameters studied, the QVA 
substance exhibited the highest anticonvulsant ef-
ficacy at a dose of 21.5  mg/kg  bw. However, when 
using a dose of 43  mg/kg  bw, the VAA substance 
demonstrated a more effective relief of the convulsive 
syndrome. The TVA substance exhibited its anticon-
vulsant efficacy when used at the increased dose of 
43 mg/kg bw.

3.  Further selection of effective doses and investi-
gation of the toxicity of the valproic acid quinuclidinol 
aminoether (QVA) are necessary.
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HEALTH RISKS TO THE POPULATION ASSOCIATED WITH POISONING 
BY NEUROTROPIC TOXICANTS (ANALYTICAL REVIEW)
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Introduction. Issues related to the epidemiologic aspects and clinical manifestations of poisoning by neurotoxicants, whose effects cause 
serious harm to the health of victims, are highly relevant. Acute and chronic poisoning can be manifested through diverse patterns; however, 
regardless of the type of neurotoxicant, all victims experience asthenovegetative and psychoorganic syndromes. These syndromes can de-
velop during both toxicogenic and somatogenic phases of poisoning, manifesting in the period of its long-term consequences.
Objective. Scientific substantiation of the risks of poisoning by neurotoxicants, which pose a serious threat to public health due to their sys-
temic toxic effects and the development of multiorgan pathology, including at the stage of long-term consequences of poisoning. 
Discussion. In Russia, among various types of acute poisoning, intoxications by substances causing primary damage to the central nervous 
system rank first. The routes of entry of neurotoxicants into the body are indicated, and the forms of manifestation of neurotoxic processes 
are described. The pathogenesis of the toxic action of organic solvents, heavy metal salts, barbiturates, and carbamates is analyzed. Toxic 
neurotropic substances can adversely affect the nervous system both directly and indirectly, through damage to other organs and systems. 
Clinical cases of acute poisoning by neurotoxicants are described. After poisoning by representatives of the group of neurotropic toxicants, 
after a certain period of time, the victim develops long-term consequences with a highly varying clinical picture.
Conclusions. The presented data on poisoning exposures to neurotoxicants demonstrate the clinical and pathogenetic significance of their 
effects not only on the central nervous system but also on other organs and tissues, the development of systemic pathological processes 
and multiorgan pathologies. The identified features of the toxic action must be taken into account when analyzing the health risks to victims 
of poisoning with neurotropic toxicants. The most significant manifestations of the effects on other organs/tissues should be reflected in the 
protocols for diagnosing the severity of such poisoning accidents and their long-term consequences, as well as in the use of metabolic and 
cytoprotective agents for their treatment.
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РИСКИ ДЛЯ ЗДОРОВЬЯ НАСЕЛЕНИЯ, СВЯЗАННЫЕ С ОТРАВЛЕНИЯМИ НЕЙРОТРОПНЫМИ 
ТОКСИКАНТАМИ (АНАЛИТИЧЕСКИЙ ОБЗОР)

П.К. Потапов1,2, Е.Б. Шустов1, М.В. Мельникова1, А.В. Бельская1, В.Ф. Остров1, К.В. Мастерова1, В.А. Башарин2, 
И.В. Маркин3, Н.С. Носков3

1 Научно-клинический центр токсикологии им. академика С.Н. Голикова Федерального медико-биологического агентства,  
Санкт-Петербург, Россия
2 Военно-медицинская академия им. С.М. Кирова Министерства обороны Российской Федерации, Санкт-Петербург, Россия
3 Военный инновационный технополис «ЭРА» Министерства обороны Российской Федерации, Анапа, Россия

Введение. Вопросы эпидемиологии и особенностей клинической картины отравлений нейротропными токсикантами, действие ко-
торых наносит серьезный вред здоровью пострадавших, являются актуальными и приоритетными. Картина острых и хронических 
отравлений может быть весьма разнообразна, однако есть ведущие синдромы, такие как астеновегетативный и психоорганиче-
ский, которые наблюдаются у пострадавших независимо от вида нейротоксиканта. Данные синдромы могут развиваться как в ток-
сикогенную фазу отравления, так и в соматогенную, проявляясь в периоде отдаленных последствий отравлений.
Цель. Научное обоснование рисков отравлений нейротоксикантами, представляющими серьезную угрозу для здоровья населе-
ния, связанную с их системным токсическим действием и формированием полиорганной патологии, в том числе на этапе отдален-
ных последствий отравлений.
Обсуждение. Отмечено, что в картине острых отравлений в Российской Федерации первое место занимают интоксикации веще-
ствами, вызывающими первичное поражение ЦНС. Показаны пути поступления нейротоксикантов в организм, описаны формы 
проявления нейротоксических процессов и патогенез токсического действия органических растворителей, солей тяжелых метал-
лов, барбитуратов и карбаматов. Установлено, что токсичные нейротропные вещества могут оказывать негативное воздействие 
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на нервную систему как напрямую, так и опосредованно, через повреждение других органов и систем. Представлены описания 
клинических случаев острых отравлений нейротоксикантами. Выявлено, что после отравления представителями группы нейро-
тропных токсикантов через определенный период времени у пострадавшего развиваются отдаленные последствия и клиническая 
картина их может быть весьма разнообразна.
Выводы. Представленные сведения по отравлениям нейротоксикантами показывают клиническую и патогенетическую значи-
мость их действия не только на ЦНС, но и на другие органы и ткани, развитие системных патологических процессов и полиорганной 
патологии. Выявленные особенности токсического действия необходимо учитывать при анализе рисков здоровью пострадавших 
от отравления нейротропными токсикантами, а наиболее значимые проявления действия на другие органы/ткани должны найти 
отражение в протоколах диагностики степени тяжести таких отравлений и их отдаленных последствий, а также в применении 
средств метаболического и цитопротекторного действия для их лечения.

Ключевые слова: нейротоксичность; нейротоксикант; отравление; метанол; барбитураты; тяжелые металлы; свинец; карбаматы; 
1,4-бутандиол
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INTRODUCTION

The rapid development of chemical science has been 
accompanied by uncovering fundamental patterns 
of chemical processes, developing chemical com-
pounds through targeted synthesis, and establishing 
large-scale chemical production, thereby integrating 
chemistry into virtually all spheres of human life, in-
cluding industry, agriculture, military affairs, and ev-
eryday life. The scientific and technological progress 
has undoubtedly enhanced the standards of living; 
however, it has also brought about new risks lead-
ing to incidents and even technological disasters of 
various scales. Virtually all types of emergencies are 
related to the potential adverse effects of chemical 
agents on human life, health, and the environment. 
Unfortunately, the frequency of accidents at chemi-
cally hazardous facilities resulting in casualties contin-
ues to demonstrate a persistent trend [1].

In Russia, for a number of years, mortality from ex-
ternal causes has been ranking third after oncological 
and cardiovascular diseases. In the structure of mortal-
ity from external causes, every fourth case of death has 
been caused by acute poisoning of chemical etiology. 
Acute poisoning remains a serious medical and social 
problem, as evidenced by its regular occurrence and 
the resulting consequences, including high rates of fa-
talities and disability among the victims [2].

According to poisoning statistics in the Russian 
Federation for the 2022–2024 period, the number of 
food poisoning incidents decreased; however, the 
number of victims of all other monitored toxicants 
showed a growing trend (Table  1). In 2023, Solonin 

et al. conducted a retrospective observational study 
to evaluate the results of chemical and toxicological 
analysis in patients admitted to the Department of 
Acute Poisonings and Somatopsychiatric Disorders 
of the Sklifosovsky Institute for Emergency Medicine 
(SIEM) in 2019–2021. Thus, during 2019–2021, 9590 
patients sought specialized toxicological care at the 
SIEM, which corresponded to approximately one case 
of poisoning with neurotropic toxicants per 1000  of 
the population [3].

In the structure of acute poisoning in the Russian 
Federation, intoxications by substances that primarily 
cause damage to the nervous system rank first. The 
share of poisoning cases by neurotropic toxicants was 
about 65%, with more than a third of cases classified 
as severe and extremely severe intoxications [4, 5].

Neurotoxicity is the ability of a toxic substance to 
affect the central nervous system (CNS), leading to 
the destruction of its structure and/or disruption of its 
function [6]. The toxic process can cause such disor-
ders in the body as changes in energy metabolism, 
neuromuscular transmission problems, damage to 
cell membranes and synapses. Neurotoxicity can be 
direct, i.e., caused by the action of a toxic substance 
directly on the nervous system, or indirect, when tox-
icity arises due to damage to other organs and sys-
tems [7].

Neurotoxic processes can manifest as impairments 
in motor, sensory, and cognitive functions, as well as 
changes in the emotional state [8]. Depending on the 
conditions of exposure, the structure of the toxicant, 
and its neurotoxic potential, the developing processes 
can be acute or chronic [6].
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The list of substances that can cause a chronic neu-
rotoxic process is quite extensive, with the most com-
mon being:
•	 toxicants present in the external environment (deriva-

tives of mercury, lead, arsenic, etc.);
•	 pharmaceuticals (antidepressants, antipsychotics, 

antiepileptic drugs, cytostatics, antibiotics, synthetic 
antimicrobial agents, etc.);

•	 organic solvents (benzene, toluene, acetone, ethyl, 
methyl, propyl alcohols, etc.);

•	 industrial chemicals and toxic compounds (organo-
phosphorus and organochlorine pesticides, carba-
mates, pyrethroids, defoliants and other agrochemi-
cal agents, carbon monoxide, etc.) [9].
As a result of poisoning exposure to neurotoxicants, 

persistent impairments in mental and physical activ-
ity, emotional state, cognitive processes, sensitivity, 
as well as focal neurological disorders may occur. The 
available literature shows that while the initial stages 
of pathogenesis and the clinical development of acute 
poisoning have been extensively studied, the long-term 
consequences of poisoning by neurotoxicants require 
elucidation. In addition, data on the statistics of delayed 
nervous system disorders are lacking. CNS lesions de-
veloping in the long-term period after acute intoxication 
are usually not associated with these poisoning inci-
dents2.

In this work, our aim is to scientifically substantiate 
the risks of poisoning by neurotoxicants, which pose a 
serious threat to public health due to their systemic toxic 
effects and the development of multiorgan pathologies, 
including at the stage of long-term consequences of 
poisoning.

MATERIALS AND METHODS

A literature search was conducted in electronic bib-
liographic databases, including the Russian Science 
Citation Index (RSCI), Scopus, Web of Science (WoS), 
and PubMed. Search queries included the following 
keywords: neurotoxicity, intoxications by neurotropic 
toxicants, severe poisonings, long-term consequenc-
es. The review covers publications with an information 
search depth of no more than five years, as well as lit-
erature sources that are considered fundamental works 
on the subject under discussion, regardless of their pub-
lication year.

RESULTS AND DISCUSSION 

In order to fulfill the research objectives, we carry out a 
detailed examination of representative substances from 
each group that can trigger a chronic neurotoxic pro-
cess.

1	 Information on acute poisonings of chemical etiology by constituent entities of the Russian Federation. Federal Center for Hygiene and Epidemiology of the 
Federal Service for Surveillance on Consumer Rights Protection and Human Wellbeing. https://fcgie.ru/sgm.html (access date: 10.04.2025).

2	 Methodological Recommendations (MR) FMBA of Russia 12.05-18. Clinical Presentation, Diagnosis, Prevention and Treatment of Central Nervous System 
Lesions Following Severe Poisonings with Neurotoxicants. Moscow; 2018.

Table 1. Distribution of poisoning cases of chemical etiology by main monitored groups in the Russian 
Federation for 2022–2024

Toxicants groups

Analyzed period (year)

2022 2023 2024

total 
(people)

of which 
fatal 

(people)

total 
(people)

of which 
fatal 

(people)

total 
(people)

of which 
fatal 

(people)

Alcohol-containing products 30,917 9228 32,540 10,013 30,321 9313

Narcotic substances 22,054 7077 25,188 7909 23,289 6546

Medicinal products 20,940 662 23,748 710 24,610 761

Food products 1549 27 1536 18 1174 15

Other monitored species 25579 5981 29671 6197 30259 6287

Total 101,039 22,975 112,683 24,847 109,653 22,922

Table prepared by the authors based on data from the internet source1

https://fcgie.ru/sgm.html
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Environmental pollutants (heavy metals)

The term “heavy metals” (HMs) characterizes a broad 
group of substances that enter the environment primar-
ily as a result of human activity [10, 11]. Sources of HM 
pollution include industrial and agricultural production, 
chemical plants, waste incineration facilities, and boil-
er houses. Additionally, there exist non-anthropogenic 
sources of HM pollution, such as volcanic eruptions [12]. 
Accumulation of HMs occurs in polluted air, water, soil, 
and consumer goods (e.g., cosmetic products) [13].

There are two primary routes of human exposure 
to heavy metals: oral and inhalation. In oral exposure, 
the main source is plant-based food, which accounts 
for 40–80% of heavy metal intake; atmospheric air 
and water contribute 20–40% of HMs. The second 
route is inhalation exposure, although it is less com-
mon [14].

According to the decision of the UN Economic 
Commission for Europe3, the group of the most haz-
ardous (and thus prioritized for monitoring, control, 
and regulation) HMs includes mercury, lead, cadmium, 
chromium, manganese, nickel, cobalt, vanadium, cop-
per, iron, zinc, and antimony (as well as arsenic and 
selenium) [15].

Poisoning with HM salts occurs through ingestion 
into the digestive system, inhalation of vapors, or expo-
sure via mucous membranes and skin. Multiple systems 
and organs — the CNS, kidneys, intestines, liver, endo-
crine organs, heart, and blood vessels — are affected. 
HM salts are capable of accumulating in the body, circu-
lating for extended periods and gradually releasing into 
the bloodstream from their depots, rendering the pro-
cess chronic [16].

Overall, the mechanisms of HM toxicity have been 
studied in detail. The impact of HM salts on the body 
is determined by numerous factors, including the na-
ture of the metal, the type of compound, and its con-
centration. Metal ions are part of coenzymes. One 
of the primary mechanisms of HM toxicity consists 
in their competition with essential metals for binding 
sites in proteins. Furthermore, many protein macro-
molecules contain free sulfhydryl groups that can in-
teract with ions of toxic metals, such as cadmium, 
lead, mercury, etc. This interaction subsequently 
leads to the loss of protein function and the develop-
ment of toxic effects [11].

Lead poisoning (Pb). According to estimates pre-
sented in the updated release of the WHO publication 
“The impact of chemicals on public health: known and 

unknown for 2021,” nearly half of the two million deaths 
caused by chemical substances in  2019 were due to 
lead exposure. Globally, the long-term health conse-
quences of lead exposure through various routes of 
entry (oral, inhalation, transcutaneous) result in the loss 
of 21.7  million years of life due to disability and death 
(disability-adjusted life years, DALYs). Lead, as a contrib-
uting factor to disease development, accounts for up to 
30% of all idiopathic intellectual disabilities, 4.6% of car-
diovascular diseases, and approximately 3% of chronic 
kidney diseases.4

Lead poisoning, in the setting of oxidative stress, re-
sults in leukocytosis, lymphocytosis, a decrease in total 
protein, albumin, and globulin levels [17]. The genotoxic 
effect of lead was demonstrated experimentally by ad-
ministering lead acetate in water (Pb) intraperitoneally 
to laboratory animals in small doses over six weeks. 
By the end of the observation period, the animals had 
developed moderate subchronic intoxication with signs 
characteristic of lead effects (caused by impaired heme 
formation and increased synthesis of cytochrome P450 
in the liver) [18].

It was found that approximately 80% of lead enter-
ing the body accumulates in bone tissue, while the re-
maining 20% is distributed in adipose tissue, kidneys, 
and liver, binding to sulfhydryl groups of proteins and 
forming toxic compounds [11, 19, 20]. The primary tar-
get organs in lead poisoning are the hematopoietic sys-
tem, CNS, and the kidneys. Lead poisoning is accom-
panied by changes in antioxidant status, ionic mimicry 
as a mechanism of molecular lead toxicity, alterations 
in the structure and function of intracellular organelles 
in neuronal cells, induction of autophagy through the 
PI3K/AKT/mTOR signaling pathway, effects on the cel-
lular receptor apparatus, changes in synaptic plasticity, 
and impacts on the cellular genetic apparatus [21]. In 
the brain, diffuse edema of gray and white matter can 
be observed, as well as dystrophic changes in corti-
cal and ganglionic neurons and demyelination of white 
matter [12].

The angiotoxic effect of lead is manifested through 
activation of mitogen-activated protein kinase signaling 
pathways, which triggers a cascade of reactions for the 
synthesis of pro-inflammatory proteins, leading to in-
creased vascular resistance and blood pressure [22]. 

Cadmium poisoning (Cd). According to the WHO, 
cadmium ranks fifth among the most hazardous chemi-
cal substances affecting the human body. This metal is 
typically present in the environment in small quantities. 
However, due to human activities, cadmium levels are 

3	 Protocol on Heavy Metals. UNECE; 1998.
4	 World Health Organization. URL: https://www.who.int/ru/news-room/fact-sheets/detail/lead-poisoning-and-health (access date: 05.04.2025).

https://www.who.int/ru/news-room/fact-sheets/detail/lead-poisoning-and-health
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gradually increasing each year [23]. Both in Russia and 
globally, the primary area of cadmium consumption is 
the production of nickel-cadmium batteries. Other ap-
plications of cadmium include anti-corrosion coatings, 
pigments, polyvinyl chloride stabilizers, and semicon-
ductors for solar cells [24].

Cadmium can enter the human body through inhala-
tion, via cigarette smoke (cadmium accumulates in to-
bacco leaves) or the air with accumulated road dust par-
ticles, including that generated from tire and brake pad 
wear. Orally, cadmium is ingested via its accumulating 
foods, such as mushrooms, various plants, and meat 
(pork or beef) [25]. Additionally, cadmium can also en-
ter food products through packaging (typical of canned 
goods, particularly those made of materials prohibited 
for contact with food) [26]. Cadmium is chemically simi-
lar to zinc, capable of its replacement in biochemical re-
actions, acting as a pseudo-inducer or pseudo-inhibitor 
of zinc-containing enzymes [27]. 

The pathogenesis of the toxic effects of HMs on the 
body exhibits uniform features characteristic of many 
types of damage: activation of lipid peroxidation (LPO) 
and damaging effects on intracellular proteins [28]. Since 
liver cells do not absorb the cadmium-protein complex, 
it is transported from the gastrointestinal tract directly to 
the kidneys [10]. The most pronounced inhibitory effect 
of Cd is on the antioxidant system, leading to oxidative 
cell damage [29].

Cadmium poisoning is accompanied by disrup-
tions in protein synthesis and nucleic acid metabolism. 
Cadmium also possesses carcinogenic and mutagenic 
properties; thus, experiments have confirmed its terato-
genic effect, which is associated with cell damage dur-
ing early stages of organogenesis [30].

Chronic cadmium intoxication leads to impaired 
functional state of the kidneys, characterized by sig-
nificant changes in glomerular filtration rate and tubular 
water reabsorption. The nephrotoxic effect of cadmium 
alters electrolyte metabolism, marked by increased ex-
cretion of sodium and calcium and decreased excre-
tion of potassium. In a situation of chronic cadmium 
poisoning, the concentrating function of the kidneys is 
impaired [31].

Arsenic poisoning (As). Arsenic, a natural component 
of more than 200 natural minerals, is included in the 
WHO list of 10 chemical elements that pose significant 
public health threats5.

The mechanism of action of trivalent and pentava-
lent arsenic compounds differs. Trivalent arsenic acts by 
blocking the pyruvate dehydrogenase complex, which 

plays a key role in glycolytic processes. Trivalent arsenic 
reduces ATP resynthesis and the formation of oxaloacet-
ic acid from pyruvate (disrupting pyruvate gluconeogen-
esis), ultimately leading to hypoglycemia. Trivalent ar-
senic also inhibits the activity of glutathione synthase, 
glucose-6-phosphate dehydrogenase, and glutathione 
reductase, resulting in glutathione deficiency in the liver 
and impaired arsenic detoxification processes. Due to 
disrupted glycolysis, acetylcholine synthesis is also im-
paired, which is a cause of peripheral neuropathy [32].

When entering the human body orally (through food 
or water) and via inhalation (atmospheric air, dust) in el-
evated quantities, arsenic can primarily cause liver dys-
function, allergic reactions, skin changes (hyperkera-
tosis, dermatitis), vascular damage (often in the lower 
extremities), hearing loss, immunosuppression, impaired 
hematopoiesis, and severe neurological disorders (in-
creased CNS excitability, irritability, headaches). Chronic 
As intoxications lead to damage to peripheral nerve fib-
ers, where demyelination is severely pronounced, even 
to the point of axonal destruction. Dermatological mani-
festations include the appearance of dark brown pig-
mentation in the form of isolated or merging spots on 
the skin, hyperkeratosis of the palms and soles, followed 
by the development of epidermoid carcinomas in these 
areas [33].

The main complications of acute As intoxication are 
the development of intravascular hemolysis, acute re-
nal and hepatic failure, and cardiogenic shock. Long-
term consequences of acute poisonings in children 
may include significant hearing loss. Damage to the 
nervous system manifests as toxic encephalopathy 
(impaired speech, coordination, epileptiform seizures, 
psychoses) [12].

Thallium poisoning (Tl). In the overall structure of 
HM poisonings, thallium compounds rank relatively low; 
however, the severity of their course, complex differential 
diagnosis, and challenges in treatment necessitate spe-
cial attention to these intoxications6. 

A significant role in the mechanism of thallium toxic 
action is played by blocking of sulfhydryl groups and 
suppression of thiol-dependent enzymes that regulate 
mitochondrial permeability, leading to water influx and 
swelling. Thallium was established to disrupt glutathione 
metabolism, enhance lipid peroxidation processes, 
damags the membrane apparatus, and cause cell death 
[34, 35]. Thallium also delays protein synthesis by acting 
on ribosomes (particularly the 60S subunit), leading to 
impaired keratinization and alopecia. Thallium intoxica-
tion results in disrupted riboflavin metabolism by forming 

5	 World Health Organization. URL: https://www.who.int/ru/news-room/fact-sheets/detail/lead-poisoning-and-health (access date: 05.04.2025).
6	 Livanov GA. Poisoning with Thallium Compounds (Clinical Presentation, Diagnosis and Treatment). A Guide for Physicians. Saint Petersburg; 2016.

https://www.who.int/ru/news-room/fact-sheets/detail/lead-poisoning-and-health
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an insoluble complex with riboflavin and leading to ribo-
flavin deficiency and impaired cellular energy supply [36, 
37]. Certain symptoms of thallium poisoning, such as 
peripheral neuropathy, alopecia, and dermatitis, confirm 
riboflavin deficiency (as demonstrated in animal models 
of riboflavin deficiency). All this leads to the blocking of 
active transport of alkali metal ions and causes disrup-
tions in various functional systems, which accounts for 
diverse clinical patterns [38].

Given the above, one of the most potent and wide-
spread forms of chemical pollution is HM contamination 
[10]. Lead is the most hazardous HM to human health, 
due to its ability to replace metal ions essential for bio-
chemical processes and disrupt biological processes 
in cells [39]. It is important to note that the kinetics of 
such HMs as lead and cadmium are similar. Indeed, they 
lack their own transporters and enter the cells and blood 
using transport systems intended for normally present 
metals and trace elements. However, although the neg-
ative impact of cadmium on human health is beyond 
doubt, the relationship between the dose levels of cad-
mium intake and deterministic genotoxic effects remain 
to be understood. Such effects are likely to be related 
to the multifactorial nature of cadmium action resulting 
from cadmium ions binding to numerous cellular targets. 
Consequently, the development of approaches to re-
ducing cadmium-induced toxicity is a priority direction 
in toxicological research [24].

Poisoning by medicinal neurotropic drugs

According to data from the World Association of 
Toxicological Centers (International Association of 
Forensic Toxicologists, TIAFT), acute poisonings with 
neurotropic drugs rank among the top positions in the 
structure of poisoning accidents [40]. Poisoning with 
barbiturates account for approximately 20–25% of all 
cases of acute poisonings for which patients are admit-
ted to specialized toxicological hospitals [41].

Barbiturate poisoning. Recent years have seen a de-
cline in barbiturate poisoning cases [42], attributed to 
both the reduced scope of application and distribution 
of barbituric acid derivatives, as well as the introduc-
tion of more modern/safer drugs, including benzodiaz-
epines. Despite this, barbiturates remain among the top 
15 classes of medications causing patient deaths from 
drug intake [43].

According to data from the Department of Clinical 
Toxicology of the Dzhanelidze Research Institute 
of Emergency Care, in  2015, out of 286  cases of 

barbiturate poisoning, 104 patients  (36.3%) were over 
60 years old, of whom 11  (3.8% of the elderly group) 
died. In  2016, out of 482  patients, 123  (25.5%) were 
of elderly and senile age, with 21 (17.1% of the elderly 
group) experiencing a fatal outcome. Poisoning by bar-
bituric acid derivatives is most commonly provoked by 
the use of combined medications such as Corvalol or 
Valocordin®, which, in addition to phenobarbital, con-
tain ethanol, ethyl ester of α-bromoisovaleric acid, and 
peppermint leaf oil. The severity of the patients’ condi-
tion was determined by the development of toxic en-
cephalopathy, clinically manifested by consciousness 
disorders of varying severity: from mild stupor to atonic 
coma [44].

Yesin et al. indicate that barbiturates are most fre-
quently used in suicide attempts by individuals over 
60 years old (27.6% of all suicidal poisonings in this age 
category), whereas among persons aged 18–59, suicid-
al barbiturate poisonings account for 11.8% [45].

For humans, a single oral intake of approximately 
10  therapeutic doses of the drug is considered lethal. 
The lethal dose of phenobarbital ranges 2–10 g [46]. In 
high doses, barbiturates exert a depressant effect on the 
sensory areas of the cerebral cortex, thereby reducing 
motor activity and suppressing cerebral functions [42].

Clinically pronounced symptoms of toxic barbiturate 
poisoning may manifest only several hours after drug 
ingestion. Intoxication presents as nystagmus, ataxia, 
dizziness, headache, increasing psychomotor retarda-
tion, suppression or complete loss of reflexes, marked 
drowsiness or agitation, progressing to respiratory de-
pression, pupillary constriction (alternating with paralytic 
dilation), increased or decreased heart rate while main-
taining normal cardiac rhythm, and cyanosis. Pulmonary 
edema and coma development are among the compli-
cated symptoms of barbiturate intoxication [46].

A detailed study of the clinical course of barbiturate 
intoxication conducted by Alexandrovsky et al. identified 
the main syndromes in 385 examined patients. These 
were comatose state and other neurological disorders 
(pupillary constriction, sensory disturbances, increased 
or decreased tendon and skin reflexes, etc.), respiratory 
and hemodynamic impairments [47].

Post-hypoxic brain injury is one of the most serious 
consequences of barbiturate poisoning. This complica-
tion is observed in 35% of patients with severe and ex-
tremely severe poisoning, manifested as reduced cogni-
tive function, paralysis, paresis, and impaired functioning 
of internal organs. In some cases, the development of 
cerebral edema can lead to fatal outcomes or irrevers-
ible damage to the CNS [22].
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Intoxication with organic solvents

Methanol poisoning. Methanol, also known as methyl or 
wood alcohol, is an organic chemical compound and 
the simplest aliphatic alcohol with the chemical formula 
of CH

3
OH. It is a colorless, poisonous liquid widely used 

in the industrial sector as a solvent, in the synthesis of or-
ganic compounds, in the production of resins and dyes, 
and is a component of windshield washing fluids. Due to 
the active search for alternative energy sources and the 
consideration of alcohols as a replacement for hydrocar-
bon fuels, the use of methanol is forecasted to increase 
worldwide [48].

The problem of methanol poisoning is extremely 
acute. According to Rosstat data, poisoning with alco-
hol-containing products continues to be a leading cause 
of fatal outcomes due to chemical poisoning. The most 
tragic case of mass methanol poisoning occurred in 
Irkutsk (December 2016), where 77 people died, with the 
maximum number of fatalities in the working-age popu-
lation [49]. Another highly publicized mass methanol poi-
soning in Russia occurred during the period from June 3 
to 5, 2023, when residents of several regions consumed 
alcoholic products under the brand of Mr. Cider. As a 
result, 47 people died and at least 106 were affected. 
Loskutnikova et al., Yakovenko et al. have also noted a 
wave-like dynamics in mortality rates from methanol poi-
soning [50, 51].

According to the statistical data presented in the state 
report “On the State of Sanitary and Epidemiological 
Well-Being of the Population in the Russian Federation 
in 2021,” 470,358 cases of acute poisoning with alco-
hol-containing products were registered in the Russian 
Federation in 2012–2021, with 124,813 of them being 
fatal (26.5%). The rate of acute poisoning with alco-
hol-containing products in  2021 was 21.19 cases per 
100,000 population.7

Thus, the statistical data on poisonings in the 
Vologda Oblast shows that methanol poisoning consist-
ently ranks second after the cases of ethanol poisoning 
(Table 2).

Acute methanol poisoning progresses through four 
stages: initial stage, stage of latent manifestations or 
false well-being, stage of pronounced clinical manifesta-
tions, and the period of poisoning consequences.8

The initial stage, lasting 1–12 h, is characterized by 
manifestations of ordinary alcohol intoxication caused 
by the narcotic effect of this alcohol on the CNS, with 
the degree of intoxication being less pronounced than 
that with comparable doses of ethyl alcohol9. The stage 
of false well-being follows the period of intoxication [53].

The stage of pronounced clinical manifestations is 
characterized by the development of toxic gastritis, toxic 
encephalopathy with headaches and dizziness, psycho-
motor agitation, stupor and confusion, loss of contact. 
At the culminating stage, symptoms of severe general 

7	 On the State of Sanitary and Epidemiological Well-Being of the Population in the Russian Federation in 2021: State Report. M.: Federal Service for Surveillance 
on Consumer Rights Protection and Human Wellbeing; 2022.

8	 Analysis of acute chemical etiology poisonings, including alcohol-related fatal cases for 2022. URL: https://fbuz35.ru/files.aspx?id=4038db6b560c4057b9be4e
4358af0412 (access data: 10.04.2025). 

9	 Clinical Guidelines “Toxic Effects of Methanol and Ethylene Glycol” (approved by the Ministry of Health of Russia). https://legalacts.ru/doc/klinicheskie-
rekomendatsii-toksicheskoe-deistvie-metanola-i-etilenglikolja-odobreny-minzdravom/?ysclid=mdfwi7hjv1220621463 (access data: 10.04.2025).

Table 2. Number of alcohol poisoning accidents in 2020–2022 (per 100,000 population) in the Vologda Oblast 
according to data from the Local Territorial Center for Hygiene and Epidemiology

Parameter

2020 2021 2022 

total
of which 

fatal
total

of which 
fatal

total
of which 

fatal

Toxic effects of alcohol (Т51) — total 6.4 3.7 4.7 1.8 4.5 1.4 

Ethanol (Т51.0) 4.4 2.7 3.5 1.4 3.2 0.8 

Methanol (Т51.1) 0.1 0.1 0.1 0.0 0.4 0.4 

2-propanol (Т51.2) 0.1 0.1 0.3 0.3 0.1 0.1 

Fusel oil (Т51.3) 0.2 0.2 0.0 0.0 0.0 0.0 

Other alcohols (Т51.8) 0.0 0.0 0.1 0.1 0.0 0.0 

Unspecified alcohol (Т51.9) 1.6 0.7 0.8 0.1 0.7 0.1 

Table prepared by the authors according to the source [52]

https://fbuz35.ru/files.aspx?id=4038db6b560c4057b9be4e4358af0412
https://fbuz35.ru/files.aspx?id=4038db6b560c4057b9be4e4358af0412
https://legalacts.ru/doc/klinicheskie-rekomendatsii-toksicheskoe-deistvie-metanola-i-etilenglikolja-odobreny-minzdravom/?ysclid=mdfwi7hjv1220621463
https://legalacts.ru/doc/klinicheskie-rekomendatsii-toksicheskoe-deistvie-metanola-i-etilenglikolja-odobreny-minzdravom/?ysclid=mdfwi7hjv1220621463
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intoxication develop in the form of acute respiratory and 
cardiovascular failure. Ophthalmological disorders are 
among the main consequences of methanol poisoning 
(in surviving patients). The main complications of metha-
nol poisoning include toxic kidney damage, acute toxic 
myocarditis, and, in the long-term period, psychoneu-
rological disorders in the form of memory impairment, 
emotional lability, disorders such as “body schema dis-
turbance”.

A characteristic feature of methanol intoxication con-
sists in its metabolism occuring according to the princi-
ple of “lethal” synthesis, resulting in the formation of more 
poisonous substances: formaldehyde, whose toxicity is 
33 times higher than that of methanol itself, and formic 
acid. Part of the formaldehyde interacts with proteins, 
and another part is converted into formic acid. The me-
tabolism of formaldehyde occurs through the two main 
ways: with the help of tetrahydrofolic acid and reduced 
glutathione. Formic acid is rapidly formed during the oxi-
dation of formaldehyde, and its further metabolism pro-
ceeds slowly. The main metabolic transformations occur 
in the liver tissue, which has the greatest ability to oxidize 
formaldehyde. In addition, a significant part of methanol 
is excreted through the lungs.

Poisoning with diols (1,4-butanediol and related com­
pounds). Among the most frequently encountered poi-
soning exposures to organic solvents, 1,4-butanediol 
(1,4-BD) holds a special place. It is a dihydric aliphatic 
alcohol widely used in industrial sectors as a solvent, an 
intermediate in organic synthesis, and the production of 
plastics10. In recent years, this compound has increas-
ingly been used illegally to achieve a specific emotional 
state (euphoria). Thus, the prevalence of 1,4-butanediol 
use as a psychoactive substance (PAS) among the drug-
dependent population ranges 22.3–43.7%; moreover, it 
is often consumed concurrently with other PAS (ethanol, 
amphetamine and its derivatives, etc.) [54, 55].

The toxicodynamics of oral 1,4-BD use includes rapid 
absorption by the stomach and upper small intestine into 
the blood from and passage through the blood–brain 
barrier. After oxidation by alcohol dehydrogenase (ADH) 
to gamma-hydroxybutyraldehyde, it is metabolized to 
GHB and its carboxyl metabolite (glucuronide) followed 
by metabolization in the liver to aldehyde metabolites un-
der the influence of ADH [56]. Moreover, 1,4-butanediol 
is metabolized to GHB, on average, within 1 min [57]. At 
the same time, studies on volunteers have shown sig-
nificant individual differences in the rate of metabolism 
of 1,4-butanediol to GHB, presumably associated with 
varying degrees of alcohol dehydrogenase activity [58]. 

The minimum toxic dose of 1,4-BD for humans is 5–20 g 
(88–300 mg/kg) [59].

The clinical pattern of acute 1,4-butanediol poisoning 
manifests as behavioral disorders in the form of psycho-
motor agitation accompanied by anxiety and aggres-
sion, hallucinations, disorientation, and delirium [59]. In 
severe 1,4-BD poisoning, loss of consciousness up to 
coma, neurological disorders, impaired respiratory func-
tion, cardiovascular activity, and various metabolic dis-
turbances are observed [55].

A number of studies have presented illustrative clini-
cal cases of acute oral poisonings with 1,4-BD. For in-
stance, Sinchenko et al. described a clinical case of 
acute 1,4-BD poisoning combined with ethanol in a 
young man who had long used this psychoactive sub-
stance in small doses to enhance sexual arousal and 
physical endurance. Acute poisoning occurred after a 
single intake of an excessive dose of the psychoactive 
substance, leading to the development of a convulsive 
syndrome, depression of consciousness to the level of 
stage  II coma, and the onset of toxic encephalopathy 
[55]. Livanov et al. described a clinical case of severe 
acute oral poisoning with 1,4-butanediol in a 12-year-old 
adolescent girl, accompanied by toxic-hypoxic enceph-
alopathy and stage III coma, resulting from the acciden-
tal ingestion of 1,4-BD [59].

In the USA and EU, the issue of the narcotic use of 
gamma-hydroxybutyric acid (GHB) and its precursors 
(1,4-butanediol and gamma-butyrolactone) is related to 
the frequent use of these substances in the commission 
of sexual crimes [57]. 

Industrial chemicals and toxic compounds

Carbamate poisoning. Carbamates are derivatives of 
carbamic acid used in agriculture as insecticides and 
pesticides, as well as in pharmacology as medicinal 
products (tranquilizers, muscle relaxants, antidotes, 
etc.). The main routes of carbamate entry into the hu-
man body are the respiratory organs and intact skin, as 
well as the gastrointestinal tract11.

Carbamate intoxication holds a significant posi-
tion in the structure of poisoning caused by neurotoxic 
chemicals. These compounds can cause dysfunction 
of the cholinergic system by activating nicotinic and 
muscarinic receptors. A number of carbamic acid de-
rivatives are highly toxic compounds, reversible (unlike 
organophosphates  — OPs) inhibitors of cholinester-
ases, leading to the so-called “cholinergic crisis.” This 
condition is associated with the development of gener-
alized convulsive syndrome, which results in coma and 

10	 Great Russian Encyclopedia: Scientific and Educational Portal. https://bigenc.ru/c/1-4-butandiol-b997fe/?v=8031024 (access data: 05.04.2025).
11	 Gerunova L, Boyko T. Toksikologiya pestitsidov. Moscow: ID Nauchnaya biblioteka; 2021.

https://bigenc.ru/c/1-4-butandiol-b997fe/?v=8031024
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death in severe cases. Due to the rapid hydrolysis of 
the C=O bond (decarbamoylation of the enzyme) dur-
ing acute carbamate intoxication, cholinesterase activ-
ity in survivors recovers within a few hours, with com-
plete restoration of cholinesterase function observed 
within 24–48 h [60].

The clinical pattern of carbamate intoxication is de-
termined by the accumulation of acetylcholinesterase 
at nerve endings. The symptoms of intoxication can be 
classified into the following groups [61]:

1.  Muscarinic-like manifestations: increased bron-
chial secretion, profuse sweating and salivation, lacrima-
tion, pupillary constriction, bronchospasm, abdominal 
cramps (vomiting and diarrhea), bradycardia.

2.  Nicotinic-like manifestations: fasciculations of 
small muscles (in severe cases, also respiratory and dia-
phragmatic muscles), tachycardia.

3.  Symptoms and signs of CNS damage: headache, 
dizziness, anxiety, memory loss, convulsions, coma.

4.  Depression of the respiratory center.
All these symptoms manifest in various combina-

tions and may vary in presentation and sequence de-
pending on the substance, dose, and route of expo-
sure. The duration of symptoms is generally shorter 
than with OP exposure [62]. In severe cases of poi-
soning, death may occur due to asphyxia from mus-
cle spasm or acute heart failure [63]. Long-term con-
sequences include significant impairments in cognitive 
and behavioral abilities [61]. 

Based on the analysis of the social status of indi-
viduals poisoned by carbamates, Reddy et al. revealed 
unexpected results: 23% of the victims were farmers, 
27% were temporary workers, 21% were homemakers, 
11% were permanent employees, and 8% were students 
[64]. Thus, in addition to the risk of poisoning in work-
places with hazardous conditions or during various ter-
rorist incidents, accidental or intentional self-poisoning, 
as well as toxic effects from drug overdoses, are quite 

widespread [65]. According to the WHO, approximately 
one million cases of unintentional acute pesticide poi-
soning are registered worldwide each year.

CONCLUSION

Our study has reviewed the characteristics of the 
main representatives of neurotropic toxicant groups 
that pose threat to public health. It was revealed that 
although the central nervous system is the primary 
target organ for neurotropic toxicants, their toxic-
ity adversely affects other organs. This explains the 
wide spectrum of pathologies developing as a result 
of exposure to these poisons (impairments of external 
respiratory function, cardiovascular activity, various 
metabolic disturbances up to multiorgan pathology). 
Signs of toxic action can manifest both immediately 
after intoxication and in the period of long-term con-
sequences.

The health risk of poisonings by neurotropic toxi-
cants is associated with the following aspects. First, 
such poisoning can occur not only in industrial but also 
in domestic settings. Second, poisoning by neurotropic 
toxicants leads to the development of chronic patho-
logical processes in the victim’s body. In addition, acute 
poisoning with some neurotropic toxicants includes a 
latent period lasting up to several days, which com-
plicates the diagnosis and hinders the timely initiation 
of treatment. Third, although the main disorders in the 
acute period, manifested in the nervous, respiratory, 
and cardiovascular systems, can be managed through 
drug therapy, there is a risk of developing long-term 
consequences.

Future studies should address the formation mecha-
nisms of long-term consequences in cases of intoxica-
tion with neurotropic toxicants, as well as the search for 
preventive and therapeutical measures to combat the 
arising pathological conditions.
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EFFECT OF GENERAL HYPERTHERMIA AND LOCAL COOLING 
ON FENTANYL TOLERANCE IN RATS

Jury Ju. Ivnitsky, Olga A. Vakunenkova, Alexandr I. Golovko, Nataliya V. Lapina, Vladimir L. Rejniuk

Golikov Scientific and Clinical Center of Toxicology, St. Petersburg, Russia

Introduction. The toxicity of a number of xenobiotics increases with air temperature. However, it remains unknown whether this applies to 
narcotic analgesics and whether this dependence can be corrected by first aid measures recommended for heat stroke. 
Objective. Evaluation of the effect of elevated air temperatures and local cooling on the acute toxicity of fentanyl.
Materials and methods. Three series of experiments were conducted. In the first series, the effect of elevated air temperatures on the dose 
dependence of the lethal and narcotic effects of fentanyl was studied. In total, 11 groups of 20 rats each were formed, which were intrave-
nously administered fentanyl at doses of 50, 100, 200, 300, or 400 μg/kg, and one group (n = 14) without drug administration. Following 
fentanyl administration, one subset of rats (n = 100) was kept for 24 h at an air temperature of 22 °C; the second subset (n = 100) was kept for 
40 min in a thermal chamber at 40 °C and then for 24 h at 22 °C. Those not receiving fentanyl were observed in a thermal chamber until the first 
case of death, then for 24 h at 22 °С. In the second series of experiments, the effect of head cooling on lethality, latent awakening time, and 
rectal temperature of rats (n = 49) 40 min after intravenous administration of fentanyl at a dose of 300 μg/kg (LD

5
) was studied. Four groups of 

animals were formed, which were kept after fentanyl administration for 40 min at 22 or 40 °С with or without local cooling of the neurocranium, 
followed by observation for 24 h at 22 °С. In the third series of experiments, following the same scheme, the effect of cooling the middle third 
of the ventral surface of the torso on lethality, latent awakening time, and rectal temperature of rats (n = 48) 40 min after fentanyl administration 
at the same dose was studied. Statistical analysis was performed using the OriginPro software.
Results. A 40-min exposure at 40 °С was non-lethal for intact rats. After administration of fentanyl at doses of 100–400 μg/kg, lethality 
reached 0–5% and 60–95% at 22 °С and 40 °С, respectively. Hyperthermia induced by 40 °С exposure under fentanyl administration at a 
dose of 300 μg/kg was mitigated by head cooling and prevented by cooling the ventral surface of the torso. Cooling the ventral surface of the 
torso, rather than the head, reduced lethality from 100% to 8%. At 22 °С, both local cooling methods deepened fentanyl-induced hypothermia 
without significantly affecting lethality or anesthesia duration.
Conclusions. The general overheating potentiates the lethal and narcotic effects of fentanyl in rats. Under these conditions, cooling the ven-
tral surface of the torso is an effective measure to prevent hyperthermia and lethality, while head cooling is ineffective. At room temperature, 
both local cooling methods deepen fentanyl-induced hypothermia without significantly affecting lethality. The efficacy of cooling the ventral 
surface of the torso requires evaluation not only during combined overheating but also during isolated overheating of the organism.
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ВЛИЯНИЕ ОБЩЕГО ПЕРЕГРЕВАНИЯ И МЕСТНОГО ОХЛАЖДЕНИЯ НА ПЕРЕНОСИМОСТЬ 
ФЕНТАНИЛА КРЫСАМИ

Ю.Ю. Ивницкий, О.А. Вакуненкова, А.И. Головко, Н.В. Лапина, В.Л. Рейнюк

Научно-клинический центр токсикологии им. академика С.Н. Голикова Федерального медико-биологического агентства, 
Санкт-Петербург, Россия

Введение. Токсичность многих ксенобиотиков возрастает с температурой воздуха, но неизвестно, относится ли это к наркотиче-
ским анальгетикам и как на эту зависимость влияют меры помощи, рекомендуемые при тепловом ударе.
Цель. Оценка влияния повышенной температуры воздуха и местного охлаждения на острую токсичность фентанила.
Материалы и методы. Проведены три серии экспериментов: в первой изучено влияние повышенной температуры воздуха на дозо-
вую зависимость летального и наркотического действия фентанила. Формировали 11 групп по 20 крыс, которым внутривенно (в/в) 
вводили фентанил в дозах 50, 100, 200, 300 или 400 мкг/кг и группу (n = 14) без введения препарата. После введения фентанила 
часть крыс (n = 100) содержали в течение суток при температуре воздуха 22 °С; вторую часть (n = 100) — 40 мин в термокамере 
при 40 °С и далее в течение суток при 22 °С; не получивших фентанил наблюдали в термокамере до первого случая гибели, за-
тем — в течение суток при 22 °С. Во второй серии изучено влияние охлаждения головы на летальность, латентное время пробуж-
дения, ректальную температуру крыс (n = 49) через 40 мин после в/в введения фентанила в дозе 300 мкг/кг (LD

5
). Формировали 

© Ju.Ju. Ivnitsky, O.A. Vakunenkova, A.I. Golovko, N.V. Lapina, V.L. Rejniuk, 2025
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4 группы животных, которых после введения фентанила содержали 40 мин при 22 или 40 °С с местным охлаждением neurocranium 
или без него и последующим наблюдением в течение суток при 22 °С. В третьей серии по такой же схеме изучено влияние охлажде-
ния средней трети вентральной поверхности туловища на летальность, латентное время пробуждения и ректальную температуру 
крыс (n = 48) через 40 мин после введения фентанила в той же дозе. Статистический анализ проведен с использованием программ-
ного обеспечения OriginPro.
Результаты. Сорокаминутное пребывание интактных крыс при 40 °С было нелетальным. После введения фентанила в дозах 100–
400 мкг/кг летальность составила 0–5% при 22 °С и 60–95% при 40 °С. Гипертермия при 40 °С на фоне введения фентанила в дозе 
300 мкг/кг замедлялась при охлаждении головы и предотвращалась при охлаждении вентральной поверхности туловища. Охлаж-
дение вентральной поверхности туловища, но не головы, снижало летальность со 100 до 8%. При 22 °С оба варианта местного 
охлаждения углубляли вызванную фентанилом гипотермию, существенно не влияя на летальность и продолжительность наркоза.
Выводы. Общее перегревание потенцирует летальное и наркотическое действие фентанила на крыс. Охлаждение в этих условиях 
вентральной поверхности туловища — эффективная мера предупреждения гипертермии и летальности, а охлаждение головы ма-
лоэффективно. При комнатной температуре оба варианта местного охлаждения углубляют вызванную фентанилом гипотермию, 
существенно не влияя на летальность. Требует оценки эффективность охлаждения вентральной поверхности туловища не только 
при комбинированном, но и при изолированном перегревании организма.

Ключевые слова: летальность; местное охлаждение; общее перегревание; острая интоксикация; температура тела; фентанил
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INTRODUCTION

Overheating of the body is a health condition caused by 
an increase in body temperature under the conditions 
where the sum of the thermal energy released during 
metabolic processes and received from the environment 
exceeds the thermal energy lost through radiation, con-
vection, and heat conduction. 

Climatic conditions conducive to overheating of the 
body are not uncommon in Russia. One aspect of this 
problem is the associated increase in the toxicity of a 
number of xenobiotics for poikilothermic [1] and homeo-
thermic animals [2]. In this regard, the influence of condi-
tions promoting overheating of the body on the sever-
ity of side effects of narcotic analgesics is of interest. 
Their overdose may occur during the medical evacua-
tion of the wounded. In addition, fentanyl derivatives are 
spreading rapidly on the illegal market of narcotic drugs 
and psychotropic substances [3]. However, there is a 
lack of data on predicting the effect of overheating on 
the toxicity of opioids. In order to fill this gap, the toxic-
ity of such substances in cases of overdose under con-
trolled climatic conditions should be studied.

Opioid overdose can be conveniently simulated by 
administering fentanyl to animals, due to a combination 
of short duration of action and its membership in the 
class of extremely toxic substances [4]. In addition, it is 
of interest to study the feasibility of therapeutic measures 

recommended for isolated overheating of the body in the 
form of heat stroke in the setting of opioid analgesia. The 
Russian Standard of Emergency Medical Care for Heat 
and Sun Stroke1 prescribes the “application of an ice 
pack” as such a measure, although not specifying the 
location for its placement. In educational and method-
ological sources, the forehead is most often indicated as 
such a location2. The back of the head, neck, temples, 
collarbones, inner bends of the elbow and knee joints, 
calf muscles, groin, and sacral areas are also mentioned 
[5]; however, there is a lack of objective data character-
izing the validity of such recommendations.

This study aims to evaluate the effect of elevated air 
temperature and local cooling on the acute toxicity of 
fentanyl.

MATERIALS AND METHODS

The study was conducted in November  2024 using 
male outbred albino rats weighing 191–210 g from the 
Rappolovo Laboratory Animal Breeding Facility of the 
Kurchatov Institute. Three series of experiments were 
performed.

In the first series of experiments, the effect of elevat-
ed air temperature on the dose dependence of the le-
thal and narcotic effects of fentanyl was studied. In to-
tal, 11 randomized groups were formed. In 10 groups, 
animals (n = 200) were injected with a fentanyl solution 

1	 Order of the Ministry of Health of the Russian Federation No. 1115n dated 20 Dec. 2012 “Standard of Emergency Medical Care for Heat and Sun Stroke”.
2	 Bykov IYu, Rakov AE, Sosyukin AE, eds. Military Field Therapy: A National Guide. Moscow: GEOTAR-Media; 2007.



477EXTREME MEDICINE | 2025, VOLUME 27, No 4

Original article | Toxicology

of 50 µg/mL (Moscow Endocrine Plant, batch 30212) at 
doses of 50, 100, 200, 300, 400 µg/kg into the lateral tail 
vein. In one group (n = 14), the drug was not administered.

The individuals that received fentanyl (n = 100) were 
left for 24 h at room temperature of 22 °C (control group); 
the second part of the animals (n = 100) was placed for 
40 min in open enclosures installed in a thermal cham-
ber at 40 °C, and then observed for 24 h at an air tem-
perature of 22 °C.

Rats that did not receive fentanyl (dose 0 mg/kg, vol-
ume 0 mL/kg) were placed in restrainers and kept in a 
thermal chamber until the first case of death. After re-
moval from the thermal chamber, observation continued 
for 24 h at 22 °C. During this time, awakening (at the mo-
ment of the first running movement upon tail percussion) 
or death was recorded. The study design is presented 
in the Table. 

In the second series of experiments using other rats 
(n = 49), the effect of general overheating and/or local 
head cooling on rectal temperature, lethality, and the la-
tent time of awakening 40 min after the administration of 
the officinal fentanyl preparation at a dose of 300 µg/kg 
was studied. This dose was preliminarily identified as 
LD

5
 for individuals kept at room temperature. Four rand-

omized groups were formed:
1.  Group 1 (n = 14) — animals that received fentanyl 

at a dose of 300 µg/kg and were then kept for 24 h at 
22 °C without local cooling;

2.  Group 2 (n = 12) — animals that received fentanyl 
at a dose of 300 µg/kg, then left for 40 min at 22 °C with 
local cooling, and then for 24 h at 22 °C without local 
cooling;

3.  Group 3 (n = 12) — animals that received fentanyl 
at a dose of 300 µg/kg, kept for 40 min at 40 °C without 
local cooling, and then for 24 h at 22 °C;

4.  Group 4 (n = 11) — animals that received fentanyl 
at a dose of 300 µg/kg, kept for 40 min at 40 °C with lo-
cal cooling, and then for 24 h at 22 °C.

To cool the head, plastic containers containing 70 g 
of melting ice were held on the surface of the neurocra­
nium of the animals for 40 min after fentanyl administra-
tion, after which local cooling was stopped and body 
temperature was measured. The outcome of intoxication 
(death or awakening) was recorded over 24 h.

According to the same scheme, in the third series 
of experiments using four  groups of 12  rats each, the 
influence of a 40-min stay in a thermal chamber at 40 °C 
and/or cooling the middle third of the ventral surface of 
the torso on acute fentanyl intoxication was studied. The 
conditions of local body cooling are illustrated in Fig. 1.

Climatic conditions promoting body overheating were 
simulated in a BMT Stericell SC 111 ECO thermal cham-
ber with a capacity of 111 L (Czech Republic), which main-
tained an air temperature of 40 ± 1 °C, relative humidity of 
48%, and an air exchange rate of 45 chamber volumes 
per hour. Body temperature was measured with an elec-
tric thermometer equipped with a RET-2 rat sensor (WPI, 
China), the tip of which was inserted into the rectum to a 
depth of 3 cm. Instrumental ophthalmoscopy was not per-
formed; the color of the ocular fundus was indirectly as-
sessed by the color of the eyes, which in albino rats lack 
pigments other than hemoglobin in the blood vessels.

Statistical analysis was performed using the OriginPro 
software. The results are presented as the mean value 

Table. Scheme for studying the influence of conditions promoting body overheating on the dose dependence of 
the lethal and narcotic effects of fentanyl

Rat number
Pharmacological effects

Climate impact
Fentanyl dose, μg/kg Drug volume, mL/kg

20 50 1

22 °C within 24 h after fentanyl 
administration

20 100 2

20 200 4

20 300 6

20 400 8

14 0 0 40 °C until the occurrence of first death, 
and then 22 °C for 24 h

20 50 1

40 °C for 40 min after the fentanyl 
administration and then for 24 h at 22 °C

20 100 2

20 200 4

20 300 6

20 400 8

Table prepared by the authors 
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and its error (M ± m). The Shapiro–Wilk test was used to 
check the normality of the distribution. The influence of 
the applied interventions on parametric indicators was 
assessed using analysis of variance. In cases of sig-
nificant models, intergroup comparison of means was 
performed using Tukey’s honestly significant difference 
test. LD

50
 values were calculated using the probit meth-

od. Intergroup differences in survival functions were 
assessed using the Gehan–Wilcoxon test, and the fre-
quency of occurrence of alternative traits was assessed 
using Fisher’s exact method. The critical significance 
level α was set at 0.05.

RESULTS 

In the first series of experiments, when studying the dose 
dependence of the lethal and narcotic effects of fenta-
nyl, 10–15  s after its administration, opisthotonus, tail 

extension, and short-term apnea followed by rare shal-
low breathing were observed in the rats. The ocular fun-
dus acquired a violet color. All cases of death occurred 
within the first 2 h, and awakenings occurred within the 
first 3.4 h. For individuals kept at room temperature, fen-
tanyl doses of 50 and 100 µg/kg were sublethal, while at 
doses of 200, 300, or 400 µg/kg, the lethality rate was 
5%. Thus, at room air temperature, the LD

50
 value for 

fentanyl administered intravenously as an official solu-
tion in a volume acceptable for rats  (≤ 2 mL) was not 
reached.

In animals placed in the thermal chamber for 40 min 
after fentanyl administration, the LD

50
 was 113 ± 16 µg/kg  

(Fig.  2A). Thermal exposure against the background 
of fentanyl administration increased the latent time to 
awakening by 1.6–4.0 times (from 10–110 to 40–176 min, 
Fig. 2B). In such animals, transient ataxia was observed 
after awakening, which was absent in the control group. 

Figure prepared by the authors

Fig. 1. Local cooling of the rat body after fentanyl administration: A — container with melting ice is in contact with the 
neurocranium; B — container with melting ice is in contact with the middle third of the ventral surface of the torso

Figure was prepared by the authors

Fig. 2. Lethality (A) and latent time of awakening (B) in rats after fentanyl administration followed by a 40-min stay 
at an air temperature of 22 °C or 40 °C
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For rats that did not receive fentanyl, the 40-min ther-
mal exposure was non-lethal; the first case of death 
was noted only 90 min after being placed in the thermal 
chamber.

Figure  2 shows that, compared to animals left at 
room temperature, the difference is significant in the 
dose range of 100–400 µg/kg for lethality and in the 
dose range of 50–400 µg/kg for the latent time of awak-
ening, p < 0.05.

In the second and third series of experiments, when 
studying the thermal state of the body, the initial rectal 
temperature was 38.1 ± 0.1 °C (n = 96). Thus, 40 min 
after fentanyl administration, the rectal temperature of 
surviving individuals in Group 1, left at room temperature 
without local body cooling, decreased to 34.5 ± 0.2 °C 
(n = 25), while in rats from Group 3 (n = 5) that remained 
alive at this time, it increased to 44.5 ± 0.4 °C. With head 
cooling, the body temperature in rats left at room tem-
perature was 33.7 ± 0.3  °C, Group 2 (n  = 10), and in 
the six surviving individuals from Group 4 at the time of 
removal from the thermal chamber, it was 39.8 ± 0.6 °C 
(Fig. 3A). Cooling the ventral surface of the torso reduced 
the body temperature of animals compared to those not 
receiving local cooling in animals that, after fentanyl ad-
ministration, were kept at both room and elevated air 
temperatures: to 29.7 ± 0.3 °C (n = 9) and 33.0 ± 0.5 °C 
(n = 11) over 40 min, respectively. Over 40 min, the dif-
ference in mean group body temperature values among 
the rats that survived exposure to the thermal chamber, 
without and with local cooling of the ventral torso sur-
face, reached 11.4 °C (Fig. 3B). 

In rats left at room temperature after fentanyl admin-
istration, lethality was 7–8%, while in those placed in a 
thermal chamber for 40 min, it was 100% (p < 0.05). The 

effect of head cooling on lethality showed a tendency to 
increase by 10% in rats left at room temperature and to 
decrease by 27% in those placed in the thermal cham-
ber (Fig. 4A).

Cooling the ventral surface of the torso completely 
prevented the aggravating effect of elevated air tempera-
ture on acute intoxication. Thus, the lethality decreased 
by 92% and was similar to that in rats left at room tem-
perature without local cooling (Fig.  4B). In animals left 
at room temperature after fentanyl administration, cool-
ing the ventral surface of the torso showed a tendency 
to increase lethality by 17% compared to those without 
local cooling. Rats subjected to thermal exposure after 
fentanyl administration without local body cooling died 
without awakening. No significant intergroup differences 
in the latent time of awakening were recorded among 
the remaining animals, who did not show signs of ataxia.

DISCUSSION 

The range of fentanyl doses used in the present study, 
50–400 µg/kg, included the ED

100
 for analgesic activity 

in rats: 75 µg/kg [6]. When calculated based on body 
surface area, the administered doses are bioequivalent 
to 8–67 µg/kg for humans. This is 1–8 times higher than 
the doses used for neuroleptanalgesia and 2–16 times 
higher than the doses used in surgeries with sponta-
neous breathing3, modelling an overdose of an opioid 
narcotic analgesic.

While unlikely in a hospital setting, such an overdose 
is possible due to lapses in the continuity of care for the 
wounded during stages of medical evacuation, including 
under conditions promoting body overheating. In humans 
performing light physical work, overheating occurs when 

Figure prepared by the authors

Fig. 3. Changes in the rectal temperature of rats after fentanyl administration at a dose of 300 µg/kg and a 40-min 
stay at an air temperature of 22 °C or 40 °C with ice cooling of the head (A) or the ventral surface of the torso (B) 

Note: statistically significant difference (p < 0.05): * — compared to the corresponding group of rats left at room temperature after fentanyl 
administration; † — compared to the corresponding group of rats without local cooling.
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3	 Mashkovsky MD. Medicinal Products. Moscow: Novaya Volna; 2021.
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the air temperature exceeds 31  °C as measured by a 
“wet” bulb thermometer [7], which, at a relative humidity 
of 48%, corresponds to 40 °C on a “dry” bulb thermom-
eter. According to the data obtained, a 40-min exposure 
to such conditions was easily tolerated by intact rats but 
severely exacerbated the toxic effects of opioids at dos-
es that are non-lethal under thermal comfort conditions. 
These data characterize the type of interaction between 
the undesirable side effects of the opioid and conditions 
promoting body overheating as potentiation.

Overheating in animals placed in a thermal chamber 
after fentanyl administration occurred despite its hypo-
thermic effect observed at room temperature [8]. In the 
setting of fentanyl exposure, overheating may have been 
facilitated by impaired evaporative heat loss from the 
body surface, which is hypothetically achieved in rats by 
spreading saliva onto their fur [9]. Narcotization deprived 
the animals of this thermoregulatory mechanism, analo-
gous to sweat evaporation in humans. Reduced evapo-
ration of moisture from the respiratory tract surface due 
to suppressed external respiration may also have con-
tributed to decreased heat loss. 

Exposure to a thermal chamber increased the rectal 
temperature of anesthetized rats to 44.5 °C, exceeding 
the threshold for irreversible tissue damage (43  °C) by 
1.5 °C [10]. This was a sufficient condition for their death. 
In comparison, without thermal exposure, the adminis-
tration of an equivalent dose of fentanyl was non-lethal 
for most animals. Reversible impairments, such as in-
creased blood–brain barrier permeability and elevated 
brain water content, can occur even at lower body tem-
peratures (42 °C) [10]; these may have been associated 
with the ataxia observed in rats that awakened after 
fentanyl administration and thermal chamber exposure. 
Thus, in the absence of local body cooling, hyperpyrexia 

was the factor precluding survival at an air temperature 
of 40 °C during acute fentanyl intoxication.

When the ventral torso surface or head was cooled, 
the body temperature did not reach 42  °C during the 
stay of animals in a thermal chamber. Although head 
cooling prevented hyperpyrexia during thermal cham-
ber exposure, it did not significantly affect lethality. 
Probable mechanisms of thanatogenesis in these rats 
included cerebral edema and swelling, which have been 
described in both severe opioid intoxications [11] and 
heat stroke [12]. An increase in brain volume within the 
confined space of the skull leads to elevated intracra-
nial pressure and reduced cerebral blood flow velocity. 
This may explain the lower cooling efficacy of ice ap-
plication to the head compared to the ventral torso sur-
face. These findings appear to contradict reports of high 
cerebral blood flow velocity4, high heat flux density from 
the head surface [13], and recommendations to cool the 
head during body overheating [5, 14]. This contradiction 
may be explained by the hypothesis of reduced cerebral 
blood flow velocity, which impeded heat transfer from 
the body thermal “core” to the cooled surface of the 
neurocranium during acute fentanyl intoxication under 
conditions of body overheating.

Cooling the middle third of the ventral surface of the 
torso proved to be a highly effective measure for pre-
venting body overheating despite elevated air tempera-
tures and reduced evaporative heat loss. This indicates 
the sufficiency of the volumetric blood flow rate in the 
visceral region for convective transfer to the cooled sur-
face not only of excess heat entering the body from the 
external environment but also of heat released during 
metabolic processes. In light of this, it seems expedi-
ent to evaluate the efficacy of local abdominal cooling 
not only against the background of opioid exposure but 

Figure prepared by the authors

Fig. 4. Survival of rats after fentanyl administration at a dose of 300 µg/kg and a 40-min stay at an air temperature 
of 22 °C or 40 °C with ice cooling of the head (A) or the ventral surface of the torso (B)

Note: statistically significant effect (p  < 0.05) was found for: general overheating without local cooling (A, B); local cooling during general 
overheating (B).
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also during isolated body overheating, with potential re-
visions to the current “Standard of Emergency Medical 
Care for Heat and Sun Stroke” if necessary.

However, the data obtained also indicate that local 
body cooling should not be recommended during acute 
opioid intoxication under comfortable climatic condi-
tions. It is likely that the decrease in body temperature 
during local cooling, combined with fentanyl-induced 
peripheral vasodilation [15] and its direct inhibitory effect 
on mitochondrial oxygen consumption [16], suppressed 
the respiratory center and exacerbated hypoxemia, as 
indicated by cyanosis of the ocular fundus of the ani-
mals.

The findings allow us to formulate a hypothesis re-
garding the mechanisms by which body overheating 
and cooling of the ventral torso surface against this 
background affect the toxic effects of fentanyl. Both 
opioids and heat stress inhibit the propulsive function of 
the gastrointestinal tract, promoting the overgrowth of 
thermophilic microflora and its production of toxic sub-
stances, including ammonia and lower amines [17]. The 
accumulation of fluid in the intestinal lumen associated 
with activation of μ-opioid receptors by fentanyl also 
stimulates bacterial growth, further facilitating the forma-
tion of these substances [18]. The translocation of am-
monia and lower amines from the gastrointestinal chyme 
into the bloodstream is enhanced by μ-opioid receptor 
agonist-mediated increased intestinal epithelial perme-
ability, which is mediated by Toll-like receptor activation 
[18]. The subsequent transfer of ammonia and lower 
amines from the blood into the brain may be facilitated 
by metabolic acidosis caused by body overheating and 
acute respiratory failure. The characteristic increase in 
the pH gradient between blood plasma and cytoplasm 

intensifies the entry of ammonia and lower amines from 
the blood into astroglia along the concentration gradient 
of their neutral gaseous forms [19], which should lead 
to the accumulation of free amino acids in the brain [20] 
and cerebral swelling. Due to the inverse relationship 
between water temperature and the solubility of gases 
(including ammonia and lower amines), such swelling 
cannot be alleviated by local head cooling. Conversely, 
cooling the gastric and intestinal chyme by the magni-
tude observed in this study — an 11.4 °C drop in body 
temperature during ice application to the ventral torso 
surface – should reduce the metabolic activity of ther-
mophilic gastrointestinal microflora by at least 2.2 times, 
thereby blocking the mechanisms of thanatogenesis 
mediated by acute intestinal endotoxemia. Testing this 
hypothesis in further research opens prospects for new 
approaches to the pathogenetic therapy of both acute 
opioid intoxication and heat stroke.

CONCLUSIONS

1.  Body overheating potentiates the lethal and narcotic 
effects of fentanyl in rats. Under these conditions, cool-
ing the ventral surface of the torso is an effective meas-
ure to prevent hyperthermia and reduce lethality, while 
head cooling is ineffective.

2.  At room air temperature, local cooling of both the 
head and the ventral surface of the torso exacerbates 
fentanyl-induced hypothermia without significantly af-
fecting rat lethality.

3.  The data obtained should be considered in fur-
ther research into the influence of climatic factors on the 
tolerability of narcotic analgesics in larger laboratory ani-
mals and humans.
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Introduction. Modern challenges to the national security of Russia necessitate improvements in the medical and sanitary support system, 
including the medical personnel and resources of the Federal Medical and Biological Agency (FMBA) of Russia during emergency situations, 
terrorist attacks, and armed conflicts. Special emphasis is placed on enhancing the promptness, effectiveness, and organization of providing 
specialized medical assistance and carrying out medical evacuations for victims, injured persons, and patients. This need is underscored by 
the existing experience of Joint Medical Teams (JMTs) of the FMBA of Russia participating in the elimination of large-scale emergency conse-
quences and ongoing Special Military Operation (SMO).
Objective. Development of proposals for improving the regulatory framework and methodological support for the creation, preparation, use, 
and operation of FMBA JMTs.
Materials and methods. The study utilized normative and methodological documents of the Agency, reports from district medical centers 
(DMCs), and data from a survey questionnaire involving 192 medical specialists engaged in the activities of JMTs over the period from Febru-
ary 2022 to June 2025, including their involvement in the SMO. The following methods were employed in conducting this research: formal legal 
analysis, content analysis, expert evaluation, statistical processing of data, as well as logical and information modeling techniques. The study 
encompassed legal, organizational, and methodological aspects related to the functioning of JMTs in various types of emergency situations. 
The analysis took into account extensive experience in mitigating health-related consequences of emergencies and the role of such teams in 
facilitating medical evacuation, delivering medical aid to affected individuals, wounded soldiers, and ill servicemen.
Results. Gaps in the normative and methodological support for the activities of FMBA JMTs were established, despite their relatively 
high response efficiency and functional effectiveness, confirmed by their participation in providing medical support during the SMO. The 
expert assessments among 192 medical professionals, most of whom (60.4%) had practical experience of working within JMTs, showed 
dissatisfaction with the current normative and methodological basis. According to the experts, the current framework does not provide for 
sufficient clarity or regulation for establishing, preparing, utilizing, maintaining, and implementing medical evacuation processes by JMTs. 
The collected data indicate a pressing need for a comprehensive improvement of the legal and methodological basis for JMT activities. 
These improvements include drafting and adopting a single Standardized Regulation for JMTs, supplementing FMBA Order No. 126 dated 
25.04.2022, taking into account specific tasks related to medical evacuation, entrusting DMCs with responsibilities for forming, training, 
and managing JMTs, and elaborating detailed methodological recommendations aimed at standardizing the organizational structure, 
equipping standards, and preparedness criteria for JMTs. The results obtained form a basis for resolving numerous problematic issues 
impeding effective functioning of JMTs.
Conclusions. The results obtained indicate gaps in the normative and methodological framework regulating the activities of FMBA JMTs, 
which hinder the development of clear mechanisms for their formation, application, and functioning when organizing and providing medical 
assistance to victims of emergencies, terrorist acts, and military conflicts. Implementation of the proposed measures will enhance the ef-
ficiency and effectiveness of JMTs within the healthcare system, contributing significantly to national security interests.

Keywords: joint medical team; FMBA of Russia; normative and methodological support; emergency situation; special military operation; 
medical evacuation; regional medical center; national security
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К ВОПРОСУ О НОРМАТИВНОМ РЕГУЛИРОВАНИИ И МЕТОДИЧЕСКОМ СОПРОВОЖДЕНИИ 
ДЕЯТЕЛЬНОСТИ СВОДНОГО МЕДИЦИНСКОГО ОТРЯДА ФМБА РОССИИ

М.А. Ратманов1, А.Я. Фисун2

1 Федеральное медико-биологическое агентство, Москва, Россия
2 Филиал Военно-медицинской академии, Москва, Россия

Введение. Современные вызовы национальной безопасности требуют совершенствования системы медико-санитарного обеспе-
чения, в том числе медицинских сил и средств Федерального медико-биологического агентства (далее — ФМБА России, Агентство) 
в условиях чрезвычайных ситуаций (ЧС), террористических актов и вооруженных конфликтов. Особую значимость приобретает 
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повышение оперативности, эффективности и организованности оказания специализированной медицинской помощи и проведе-
ния медицинской эвакуации пострадавших, раненых и больных, что подтверждается имеющимся опытом участия сводных меди-
цинских отрядов (СМО) ФМБА России в ликвидации последствий крупных ЧС и проводимой специальной военной операции (СВО).
Цель. Разработка предложений по совершенствованию нормативно-правовой базы и методического обеспечения создания, под-
готовки, применения и функционирования СМО ФМБА России.
Материалы и методы. В исследовании использованы нормативные и методические документы Агентства, отчетные материалы 
окружных медицинских центров (ОМЦ) и данные анкетного опроса 192 медицинских специалистов, вовлеченных в деятельность 
сводных медицинских отрядов в период 02.2022–06.2025, включая опыт участия в специальной военной операции. При выполне-
нии исследования применялись следующие методы: формально-юридический и контент-анализ, экспертная оценка, статистиче-
ская обработка данных, а также методы логического и информационного моделирования. Исследование охватывало правовые, 
организационные и методические аспекты функционирования  СМО в условиях чрезвычайных ситуаций различного характера. 
Анализ проводился с учетом обширного опыта ликвидации медико-санитарных последствий ЧС и участия СМО в осуществлении 
медицинской эвакуации, оказании медицинской помощи пострадавшим, раненым и больным военнослужащим.
Результаты. Выявлены пробелы в нормативно-методическом обеспечении деятельности СМО ФМБА России, несмотря на их до-
статочно высокую оперативность реагирования и эффективность функционирования по предназначению, подтвержденные опы-
том участия в медицинском обеспечении специальной военной операции. Экспертная оценка 192  медицинских специалистов, 
большая часть которых (60,4%) имела реальный практический опыт работы в составе СМО, показала низкий уровень удовлетво-
ренности действующей нормативно-методической базой, не обеспечивающей в полной мере четкого регулирования порядка соз-
дания, подготовки, применения, функционирования и выполнения медицинской эвакуации СМО. На основании полученных данных 
обоснована необходимость комплексного совершенствования правовых и методических основ деятельности  СМО, заключаю-
щаяся в разработке и утверждении единого Типового положения о сводном медицинском отряде, внесении дополнений в приказ 
ФМБА России от 25.04.2022 № 126 с учетом задач по медицинской эвакуации, закреплению за ОМЦ функции по формированию, 
подготовке и управлению СМО, а также разработке детализированных методических рекомендаций, стандартизирующих органи-
зационную структуру, оснащение и критерии готовности СМО. Реализация результатов исследования обеспечит создание условий 
для разрешения многих проблемных вопросов, имеющих высокую практическую значимость для СМО.
Выводы. Полученные результаты исследования свидетельствуют о наличии недочетов в нормативно-методической базе, опре-
деляющей порядок деятельности СМО, которые препятствуют созданию четких механизмов регулирования формирования, при-
менения и функционирования СМО при организации и оказания медицинской помощи пострадавшим в результате чрезвычайных 
ситуаций, террористических актов и военных конфликтов. Реализация предложенных мер позволит повысить оперативность и эф-
фективность применения СМО в системе медико-санитарного обеспечения в интересах национальной безопасности.

Ключевые слова: сводный медицинский отряд; ФМБА России; нормативно-методическое обеспечение; чрезвычайная ситуация; 
специальная военная операция; медицинская эвакуация; окружной медицинский центр; национальная безопасность
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INTRODUCTION

The implementation of the National Security Strategy of 
the Russian Federation involves the development, ad-
justment, and implementation of a set of diverse state 
programs aimed at ensuring safety and sustainable de-
velopment of the country.1 This applies in full measure to 
the development and improvement of medical person-
nel and resources of the Federal Medical and Biological 
Agency (FMBA)2 of Russia, enhancing the quality of 
medical and sanitary services provided to workers in in-
dustries with particularly hazardous working conditions, 
as well as residents living in service areas. Special at-
tention is given to preserving and strengthening public 

health, extending professional activity and overall life ex-
pectancy. In this context, enhancing the level of timely 
response, as well as the effectiveness and efficiency 
of preventive measures, localization, and mitigation of 
medical and sanitary consequences resulting from inci-
dents, accidents, disasters, natural calamities, and other 
emergencies of different nature becomes particularly 
important3.

Current challenges demand continuous enhance-
ment of the capabilities of medical units of the FMBA 
in the context of ensuring national security [1–4]. Key 
priorities remain improving the quality of medical care 
provided and ensuring readiness for efficient respons-
es to terrorist attacks, armed conflicts, and major 

1	 Presidential Decree No. 400 “On the Strategy of National Security of the Russian Federation” dated 02.07.2021. 
2	 Decree of the President of the Russian Federation No. 568 “Issues Concerning the Federal Medical and Biological Agency” dated 02.07.2024
3	 Order of FMBA of Russia No.  144 “On Approval of the Regulation on Functional Subsystem of Medical-Sanitary Assistance to Victims in Emergencies in 

Organizations (Facilities) Under the Jurisdiction of FMBA of Russia, as Well as in Organizations and Territories Serviced by FMBA of Russia” dated 20.05.2022.
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emergencies.4,5,6,7 The likelihood of terrorist attacks and 
armed conflicts accompanied by a significant number of 
casualties remains high. Victims belong to various popu-
lation categories and require timely specialized medical 
care and organized medical evacuation, which should 
be carried out to specialized stationary treatment facili-
ties using different modes of transport [5–10]. 

Mobile medical formations, specifically joint medical 
teams (JMTs), play a crucial role in addressing the medi-
cal and sanitary consequences of large-scale emergen-
cies and armed conflicts.8 Such units primarily provide 
urgent medical care and conduct medical evacuation 
of victims, wounded, and patients while adhering to 
routing principles [5–11]. Practice has confirmed the ef-
fectiveness of JMTs but also highlighted the need for 
their improved normative and methodological support. 
Optimizing the management system of subordinate or-
ganizations of the FMBA of Russia and establishing ef-
fective interaction with government authorities requires 
refinement of the legal framework regulating the activi-
ties of JMTs. Therefore, studying the current state of nor-
mative regulation and methodological support for their 
activities becomes particularly relevant. Additionally, an 
analysis of existing approaches can contribute to the 
development and modernization of the medical assis-
tance management system in emergency situations as 
a whole [12–16]. 

In this study, our aim was to develop proposals for 
improving the legal framework and methodological sup-
port for the creation, preparation, deployment, and op-
eration of FMBA JMTs.

MATERIALS AND METHODS

We used normative and methodological documents 
of the FMBA regulating the activities of JMTs, includ-
ing FMBA orders No.  60 dated 28.02.2022, No.  35 
dated 29.02.2024, and No. 1263 dated 25.04.2022, as 
well as the draft Regulations on the Organization and 
Coordination of Activities of JMTs of FMBA of Russia 
(2023), developed by the Center for Strategic Planning 
and Management of Medical and Biological Health 
Risks. Additionally, reports from district medical centers 
(DMCs) of FMBA were analyzed, covering the formation, 
deployment, and operation of JMTs (February 2022–
April 2025) during the Special Military Operation (SMO). 
The study also included data from surveys in the form of 
questionnaires assessing the condition of formation and 
functioning of JMTs. The questionnaires were filled out 
by medical experts directly involved in the work of these 
teams, including those who participated in responding 

to medical and sanitary consequences of emergencies, 
terrorist attacks, and military conflicts.

The formulated objectives were achieved by a set 
of methods, including a formal and legal analysis of 
normative documents, a content analysis of texts iden-
tifying gaps and contradictions, expert evaluations in-
volving 192 medical professionals. The latter were di-
vided into two groups: Group  1 (n  =  116) comprised 
individuals with practical experience working in JMTs, 
while Group 2 (n = 76) comprised specialists involved 
in forming the teams but not participating in actual 
emergency situations. Statistical data were processed 
using the SPSS Statistics 23.0 software package and 
Microsoft Excel  2010. Statistical data processing al-
lowed identification of patterns in assessments of the 
normative regulation and methodological support for 
JMTs. When developing proposals for improvement, 
methods of logical and informational modeling, as well 
as analytical methods ensuring systematic generaliza-
tion of the obtained results, were employed. The study 
covers both legal aspects of regulating the activities 
of JMTs, as well as organizational and methodologi-
cal issues related to the preparation, functioning, and 
management of JMTs in various types of emergency 
situations.

RESULTS

At the initial stage of the study, we assessed the level of 
satisfaction of medical professionals regarding the cur-
rent state of normative regulations and methodological 
support for the activity of JMTs. The results of expert 
evaluations indicate that, according to contemporary 
requirements for safety and operational conditions of 
JMTs, the current normative and methodological frame-
work regulating the order of creation, preparation, de-
ployment, and functioning of JMTs is less than optimal 
(Table). 

Only 24.0% of the experts assessed the current nor-
mative and methodological framework as fully support-
ing the activities JMTs. More than 66.6% of the respon-
dents (31.2% from Group 1 and 35.4% from Group 2) 
indicated limited or partial compliance of documents 
with the current requirements. Notably, 79.3% experts 
from Group 1, who have had the practical experience of 
working in JMTs, believe that existing norms and meth-
odologies do not adequately meet the needs of such 
teams. At the same time, 47.3% of experts from Group 2 
evaluated the normative and methodological support 
positively, confirming the influence of practical experi-
ence on objectivity.

4	 Order of FMBA of Russia No. 144 “On Approval of the Regulation on Functional Subsystem of Medical-Sanitary Assistance to Victims in Emergencies in 
Organizations (Facilities) Under the Jurisdiction of FMBA of Russia, as Well as in Organizations and Territories Serviced by FMBA of Russia” dated 20.05.2022.

5	 Order of FMBA of Russia No. 60 “On Formation of Joint Medical Teams of FMBA of Russia and Improving Readiness of Medical Institutions of FMBA of Russia 
for Work in Emergency Situations” dated 28.02.2022.

6	 Order of FMBA of Russia No. 35 “6. Amendment to the Order of FMBA of Russia No. 60 dated 28.02.2022 ‘On Forming Joint Medical Teams of FMBA of Russia 
for Operations in Emergency Situations’” dated 29.02.2024.

7	 Regulation on Organization and Coordination of Joint Medical Teams of the Federal Medical and Biological Agency (Draft). Moscow, 2023.
8	 Order of FMBA of Russia No.  126 dated 25.04.2022 “On Approval of Cases and Procedure for Organizing Provision of Medical and Sanitary Care and 

Specialized, Including High-Tech, Medical Aid by Medical Staff of Medical Institutions Subordinate to FMBA of Russia Beyond Such Medical Institutions”.
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Difficulties in assessment noted by 6.9–13.2% of the 
respondents can be explained by insufficient practical 
experience before the SMO. Then, JMTs were occa-
sionally deployed for small-scale emergency response 
efforts, preventing most specialists from gaining ad-
equate and objective experience in such conditions.

Completely different conditions emerged during the 
SMO course for testing the quality of normative and 
methodological documents. Large-scale, prolonged, 
and multifaceted employment of JMTs in combat zones 
enabled a substantial number of medical personnel to 
gain substantive experience, including practical verifi-
cation of provisions outlined in regulatory documents. It 
was precisely this hands-on experience that became a 
reliable criterion for evaluating the comprehensiveness, 
clarity, and applicability of these documents.

The experience gained by JMTs during the SMO 
revealed gaps in the existing documentation. Only 
15 (12.8%) experts involved in forming squadrons for 
the SMO reported complete and clear normative pro-
visions regarding structure, goals, establishment pro-
cess, and functionality. Meanwhile, 59 (51.3%) experts 
pointed to a partial coverage, 24  (20.5%) mentioned 
the lack of essential documents, and 18 (15.4%) found 
it difficult to respond. A significant proportion of the 
experts expressed the need for comprehensive reg-
ulation: 164  (85.4%) supported the idea of develop-
ing and validating an all-inclusive policy document. 
On the contrary, only 13  (6.8%) saw no need for 
such changes, while 15  (7.8%) remained undecided. 
Similarly, 143 (74.5%) experts backed amendments to 
FMBA Order No. 1269 dated 25.04.2022, concerning 

the creation, usage, and function of JMTs in handling 
the aftermath of emergencies, terrorist attacks, and 
armed conflicts, including integration into general 
therapeutic-evacuation systems for injured and ill 
military personnel. Among those who opposed and 
abstained were 29 (15.1%) and 20 (10.4%) experts, re-
spectively.

DISCUSSION 

The data obtained allow us to conclude that FMBA JMTs 
are becoming increasingly important in the system of 
medical and sanitary provision for dealing with the con-
sequences of emergencies, terrorist acts, and armed 
conflicts. 

According to the information presented by 
V.I. Skvortsova, Head of the FMBA of Russia, through-
out its participation in the SMO (02.2022–04.2025), 
medical teams assisted 143,000 injured military per-
sonnel, with 12,000 undergoing surgeries.10 These 
figures highlight not only the scale of engagement 
of FMBA medical units but also indicate a qualitative 
change in the type of medical care provided. As em-
phasized by V.I. Skvortsova, “the structure of medical 
assistance has changed, with surgical interventions 
now being the primary focus.”11 

In 2024, the volume of medical care provided by 
FMBA medical professionals increased by 65%, and 
the number of surgeries more than tripled compared 
to previous years.12 This trend reflects both the rising 
load on the FMBA medical staff and resources and 
the enhanced operational readiness and functional 

Table. Distribution of expert opinions regarding the state of normative regulation and methodological support 
for the activity of FMBA JMTs 

Assessment of normative  
and methodological support

Share of experts who 
selected the variant 

from the total number of 
experts, %  

(n = 192)

Including the assessment of this 
particular group of experts, %

first (n = 116) second (n = 76)

Provide the entire scope of activities 24.0 13.8 39.5

Provide on a limited basis 31.2 34.5 26.3

Provide partially 35.4 44.8 21.0

Difficult to answer 9.4 6.9 13.2

Total: 100.0 100.0 100.0

Table compiled by authors based on their own data

Note: n — number of experts.

9	 Order of FMBA of Russia No. 126 “On Approval of Cases and Procedures for Providing Medical and Sanitary Care, Specialized, Including High-Tech Medical 
Care, by Healthcare Professionals of Medical Facilities Subordinated to FMBA of Russia Outside These Facilities” dated 25.04.2022.

10	 FMBA medical teams provided medical assistance to 143,000 servicemen in the SMO zone. Kommersant; 2024. URL: https://www.kommersant.ru/doc/7693365 
(request date: 08.08.2025).

11	 Ibid.
12	 Ibid.

https://www.kommersant.ru/doc/7693365 
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sustainability of these teams. Notably, medical “spe-
cial forces” of FMBA, according to V.I.  Skvortsova, 
participated in nearly all major emergency incidents 
in Russia in 2024, highlighting the expansion of JMT 
functions and their integration into the national emer-
gency response system.13

Extensive and sustained deployment of JMTs dur-
ing the SMO uncovered deficiencies in their normative 
and methodological support. Most experts with practi-
cal experience in JMTs rated the normative framework 
as requiring further development and improvement. 
Serious concerns arise due to the absence of clear 
provisions in the current regulations defining the pro-
cedure for creating, preparing, functioning, equipping, 
and managing JMTs.

FMBA DMCs have demonstrated particular im-
portance. It is on their basis that JMTs are formed. 
However, Order No. 208 of the FMBA of Russia dated 
30.07.2020, which defines their functions, does not 
officially assign DMCs a role in the formation, training, 
and management of JMTs.14 This creates organiza-
tional and legal uncertainties and reduces account-
ability for the readiness of such teams. It is noteworthy 
that 80.7% of the experts supported assigning DMCs 
functions such as organizing the creation and training 
of JMTs, providing methodological support for their 
activities, monitoring readiness, and ensuring their 
deployment in emergency situations.

Another significant gap is the legal regulation of 
medical evacuation. Agency Order No.  126 dated 
25.04.202215 provides for the formation of mobile medi-
cal teams to deliver medical care outside assigned ter-
ritories; however, it does not regulate the procedure 
for medical evacuation. According to S.V. Markov, by 
early  2025, specialists from the Burnazian Federal 
Medical Biophysical Center alone had evacuated over 
32,000 patients, including more than 7000 by air trans-
port [6].

On the basis of the data obtained from the applica-
tion of JMTs in the SMO and emergency situations, sev-
eral practical steps may be recommended:
•	 establishment of typical organizational structures 

for JMTs tailored to the profile of emergency (chemi-
cal, radiation, biological, terrorism, warfare);

•	 determination of composition and equipment stand-
ards for medical brigades;

•	 development of protocols for functioning, including 
organization of medical care and evacuation along 
routing principles;

•	 codification of technologies for training and profes-
sional coordination;

•	 clarification of regulations for creation, replenish-
ment, and storage of reserve medical supplies and 
other property;

•	 integration of information technology and telemedi-
cine into JMT operations;

•	 formalization of accounting, reporting, and notifica-
tion systems.

CONCLUSION

The conducted research confirms the significance of 
FMBA JMTs as one of the key components of the overall 
medical support system in emergency situations, terror-
ist acts, and armed conflicts. Their practical application, 
especially during the SMO, demonstrated not only their 
ability to promptly respond and effectively provide medi-
cal care and perform medical evacuation for victims, the 
wounded, and sick individuals, but also the need for sys-
temic improvement of normative regulation and meth-
odological support for their activities.

The analysis of the normative and methodologi-
cal framework of JMTs revealed certain discrepancies 
between its current state and modern requirements. 
Specifically, there is a lack of clear regulation regarding 
the creation, preparation, application, and functioning of 
medical teams; ambiguity in task distribution and DMC 
functions concerning JMTs; and virtually no normative 
support for medical evacuation — a key element of JMT 
operations. Based on the data obtained, the necessity 
for a comprehensive improvement of the legal and meth-
odological foundation of JMT activities has been sub-
stantiated. This entails the development and approval 
of a uniform Model Regulation for consolidated medi-
cal teams, amendments to FMBA Order No.  126 dat-
ed 25.04.2022, incorporating tasks related to medical 
evacuation, assigning DMCs responsibility for forming, 
preparing, and managing JMTs, and developing detailed 
methodological recommendations standardizing organi-
zational structure, equipment, and readiness criteria for 
JMTs.

Implementation of these proposals can enhance 
the timeliness, efficiency, and resilience of the medical 
support system for victims, the wounded, and sick in-
dividuals. It will create conditions for more adaptive and 
effective operations of JMTs within a unified modern 
system countering threats to the security of the Russian 
Federation.

13	 FMBA medical teams provided medical assistance to 143,000 servicemen in the SMO zone. Kommersant; 2024. URL: https://www.kommersant.ru/doc/7693365 
(request date: 08.08.2025).

14	 Order of FMBA of Russia No. 208 “On Establishment of Network of Regional Medical Centers of FMBA of Russia” dated 30.07.2020.
15	 Order of FMBA of Russia No. 126 “On Approval of Cases and Procedures for Providing Medical and Sanitary Care, Specialized, Including High-Tech Medical 

Care, by Healthcare Professionals of Medical Facilities Subordinated to FMBA of Russia Outside These Facilities” dated 25.04.2022.

https://www.kommersant.ru/doc/7693365 
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APPLICATION OF MODIFIED PACKING IN THE COMBINATION TREATMENT 
OF EXTENSIVE TRAUMATIC LIVER INJURIES

Aleksey K. Vorontsov1, Yurij A. Parhisenko2, Evgeniy F. Cherednikov2, Sergey V. Barannikov2, Aleksandr A. Bezaltynnykh1

1 Smolensk State Medical University, Smolensk, Russia
2 Voronezh State Medical University, Voronezh, Russia

Introduction. Traumatic liver injuries are a significant challenge in modern emergency surgery. Developing new methods for surgical hemo-
stasis of traumatic liver injuries is an extremely relevant task in urgent surgery.
Objective. Development and testing of surgical hemostasis for traumatic liver injuries using a modified packing technique.
Materials and methods. A new method of surgical hemostasis for traumatic liver injuries was developed using cadaveric material. The clinical 
trial included 27 patients with severe traumatic liver injuries (AAST Grade IV). Patients were divided into the main (n = 14) and control (n = 13) 
groups. Patients in the main group were treated using a new method of surgical hemostasis for traumatic liver injuries, involving tamponade 
of the liver wounds with Surgitamp hemostatic gauze impregnated with Molselect G-50 granular sorbent, followed by modified liver packing 
with strips of polypropylene mesh implant. In the control group, surgical hemostasis was performed by tamponading the liver wound with 
hemostatic sponges followed by suturing. The effectiveness of the proposed method was evaluated based on the following parameters: 
definitive hemostasis, number of recurrent hemorrhages, number of reсurrent operations, mortality, hospital stay duration, intensive care unit 
stay duration. Statistical analysis of the study results was performed using the Statistica 10 software.
Results. The application of modified packing in the combination treatment of patients with severe traumatic liver injuries increased the reli-
ability of definitive hemostasis from 46.2% to 92.8% (p = 0.0391), reduced the number of re-bleeding episodes and re-operations from 38.4% 
to 7.1% (p = 0.0391), and decreased the mortality rate from 38.4% to 14.2% (p > 0.05).
Conclusions. The application of the new combined method of surgical hemostasis improved the treatment outcomes for patients with severe 
traumatic liver injuries by increasing the reliability of definitive hemostasis, reducing re-bleeding and re-operations, and lowering mortality.

Keywords: abdominal trauma; liver injuries; intra-abdominal bleeding; surgical hemostasis; Surgitamp; Molselect G-50; modified packing
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ПРИМЕНЕНИЕ МОДИФИЦИРОВАННОГО ПАКЕТИРОВАНИЯ В КОМПЛЕКСНОМ ЛЕЧЕНИИ 
ОБШИРНЫХ ТРАВМАТИЧЕСКИХ ПОВРЕЖДЕНИЙ ПЕЧЕНИ

А.К. Воронцов1, Ю.А. Пархисенко2, Е.Ф. Чередников2, С.В. Баранников2, А.А. Безалтынных1

1 Смоленский государственный медицинский университет, Смоленск, Россия
2 Воронежский государственный медицинский университет им. Н.Н. Бурденко, Воронеж, Россия

Введение. Травматические повреждения печени представляют собой серьезную проблему современной ургентной хирургии. Раз-
работка новых методов хирургического гемостаза травматических повреждений печени является крайне актуальной задачей не-
отложной хирургии.
Цель. Разработка и апробация хирургического гемостаза при травматических повреждениях печени путем применения модифи-
цированного пакетирования.
Материалы и методы. На кадаверном материале разработан новый метод хирургического гемостаза при травматических по-
вреждениях печени. В клиническом исследовании приняли участие 27 пациентов с тяжелыми травматическими повреждениями 
печени (IV степень по AAST). Пациенты были разделены на две группы: основную (n = 14) и контрольную (n = 13). В лечении паци-
ентов основной группы применен новый способ хирургического гемостаза травматических повреждений печени, заключающийся 
в тампонировании ран печени гемостатической марлей «Сургитамп», пропитанной гранулированным сорбентом «Молселект G-50», 
с последующим модифицированным пакетированием печени полосками полипропиленового сетчатого импланта; в контрольной 
группе хирургический гемостаз выполняли путем тампонирования раны печени гемостатическими губками с последующим уши-
ванием раны. Эффективность применения методики оценивали по следующим показателям: окончательный гемостаз, количество 
повторных кровотечений, количество повторных операций, летальность, длительность стационарного лечения, длительность пре-
бывания в ОРИТ. Статистическую обработку результатов исследования проводили в программе Statistica 10.

© А.К. Воронцов, Ю.А. Пархисенко, Е.Ф. Чередников, С.В. Баранников, А.А. Безалтынных, 2025
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Результаты. Применение модифицированного пакетирования в комплексном лечении пациентов с тяжелыми травматическими по-
вреждениями печени позволило повысить надежность окончательного гемостаза с 46,2 до 92,8% (p = 0,0391), снизить количество 
повторных кровотечений и операций с 38,4 до 7,1% (p = 0,0391) и уменьшить уровень летальности с 38,4 до 14,2% (p > 0,05).
Выводы. Применение нового комбинированного метода хирургического гемостаза позволило улучшить результаты лечения паци-
ентов с тяжелыми травматическими повреждениями печени за счет повышения надежности окончательного гемостаза, уменьше-
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INTRODUCTION

Traumatic injuries to the abdominal organs represent 
a serious problem in modern emergency surgery. 
According to statistics, abdominal trauma accounts for 
1.5–36.5% of all traumatic injuries. However, the mortal-
ity rate for injuries to the abdominal organs reaches ex-
tremely high figures — approximately 60%. Furthermore, 
the majority of the victims are of young and working age, 
which underscores the significant medical and social 
importance of this problem [1, 2].

A distinct category of injuries in abdominal trauma 
comprises those to the parenchymal organs. Damage 
to the spleen is most frequently encountered in clinical 
practice. Liver injuries rank second in the structure of 
abdominal parenchymal organ injuries, yet they repre-
sent a considerable challenge for global surgery. Severe 
liver injuries are often accompanied by the development 
of difficult-to-control intra-abdominal hemorrhage and 
the onset of hepatocellular insufficiency in the postoper-
ative period in cases of massive liver crush injury, which 
are the primary causes of unsatisfactory treatment out-
comes for victims with liver trauma and high mortality 
rates (up to 50% or more) in such injuries [3–5].

Most recent studies concerning the problem of 
traumatic liver injuries have been focused on refining 
tactical approaches to the management of liver trau-
ma, the application of endovascular hemostasis tech-
nologies, and the improvement of methods for surgi-
cal hemostasis of liver injuries [6]. Among the tactical 
approaches for the management of severe combined 
injuries, the strategy of staged surgical treatment, so 
called “damage control surgery,” is gaining increasing 
adoption. This strategy aims to shorten the initial phase 

of operative intervention, followed by stabilization of the 
patient’s condition and performance of the definitive 
surgical stage under more favorable circumstances. 
The strategy of damage control surgery currently dem-
onstrates favorable outcomes; however, it does not ad-
dress all aspects of the surgical management of severe 
traumatic liver injuries due to the development of early 
recurrent hemorrhages in patients with massive hepat-
ic parenchymal damage [7–9].

An important modern achievement in the manage-
ment of abdominal trauma, and primarily intra-abdom-
inal hemorrhages, has been the adoption of the Non-
Operative Management (NOM) strategy [10, 11]. The 
NOM strategy implies conducting a strict patient selec-
tion process and equipping hospitals with angiographic 
suites, coupled with a mandatory system for dynamic 
monitoring of patient condition [12]. However, most 
Russian hospitals providing emergency care to patients 
with abdominal trauma lack the appropriate facilities, 
which limits the applicability of the NOM strategy in the 
treatment of patients with liver injuries [13].

The primary current method for the management of 
severe traumatic liver injuries in patients with unstable 
hemodynamics is emergency operative intervention — 
midline laparotomy. Its main objective is to achieve reli-
able hemostasis of intra-abdominal hemorrhage [14, 15]. 
A multitude of methods for hemostasis of liver injuries, 
both temporary and definitive, have been developed and 
are used in clinical practice; however, none of them can 
be considered fully satisfactory due to the high incidence 
of recurrent hemorrhage in the postoperative period [16, 
17]. The development of new methods for surgical he-
mostasis of traumatic liver injuries remains an extremely 
urgent task in modern emergency surgery [18].
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In this study, we set out to develop and test a surgical 
hemostasis method for traumatic liver injuries through 
the application of modified perihepatic packing.

MATERIALS AND METHODS

Earlier, we conducted preliminary experimental studies 
to investigate the feasibility of a modified perihepatic 
packing technique for surgical hemostasis in laboratory 
animals [19].

In addition, we conducted preliminary studies on ca-
daveric material to develop a surgical technique for the 
application of modified perihepatic packing. The stud-
ies were carried out on seven  unfixed male cadavers 
with a mean age of 34.5 ± 3.2 years, who had died from 
causes unrelated to traumatic injuries or diseases of the 
abdominal organs. The cadavers were provided by the 

Voronezh Regional Pathological Anatomy Bureau. The 
authorization for the provision of the cadaveric material 
complied with the provisions of the current legislation.1 
The time interval from death to the study procedure did 
not exceed 24 h.

In each research subject, a traumatic liver injury was 
simulated. To that end, following a total laparotomy, the 
right lobe of the liver was exteriorized into the surgical 
wound and placed on a supporting platform/table. 

At a distance of 40  cm from the liver surface, a 
250  g steel weight was suspended from a laboratory 
stand using a thread. Upon readiness, the thread secur-
ing the weight was burned through with a gas burner 
flame, causing the weight to fall vertically and impact 
the diaphragmatic surface of the right liver lobe, result-
ing in the formation of a liver wound (Fig. 1A). The sim-
ulated liver wound was tightly packed with Surgitamp 

1	 Decree of the Government of the Russian Federation No. 750 “On the Approval of the Rules for the Transfer of Unclaimed Bodies, Organs, and Tissues of a 
Deceased Person for Use in Medical, Scientific, and Educational Purposes, as well as the Use of Unclaimed Bodies, Organs, and Tissues of a Deceased Person 
for the Said Purposes” (as amended) of 21.07.2012. 
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Fig. 1. Stages of modified perihepatic packing on a cadaveric model: A — simulated contused wound of the right liver 
lobe; B — tamponade of the liver wound with Surgitamp hemostatic material; C — application of Molselect G-50 granular 
sorbent; D — fixation of the polypropylene mesh implant strips to the diaphragm; E — fixation of the mesh implant strips 
along the visceral surface of the liver; F — final appearance of the liver after modified perihepatic packing
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hemostatic gauze (Fig. 1B), which had been impregnat-
ed with Molselect G-50 granular sorbent (Fig. 1C), after 
which the right liver lobe was compressed with gauze 
pads. 

To perform the procedure of modified perihepatic 
packing, mobilization of the right liver lobe was carried 
out. To that end, the right triangular, coronary, falci-
form, and round ligaments of the liver were transected 
with scissors, after which the right liver lobe was exte-
riorized into the surgical wound. Subsequently, a strip 
(width 4.0 cm and length 30.0 cm) of a mesh polypro-
pylene implant used for hernia repair was positioned 
in the sagittal plane. For this purpose, the edge of the 
mesh implant strip was sutured to the diaphragm with 
three separate interrupted sutures using polypropylene 
monofilament (Fig. 1D). Next, the diaphragmatic surface 
of the liver was wrapped, extending onto the visceral 
surface; the mesh implant was tensioned to provide 
compression, and its lower edge was fixed with inter-
rupted sutures to the starting edge of the strip, creating 
compression and tension. It is important to perform the 
modified perihepatic packing by maintaining a distance 
of 1.0–1.5 cm from the edges of the gallbladder; thereaf-
ter, it was enveloped with the greater omentum (Fig. 1E).

To provide additional compression in the transverse 
direction relative to the right liver lobe, three addition-
al polypropylene mesh strips were sutured in place 
(Fig.  1F). The strips were enveloped with the greater 
omentum, which was then fixed to the liver capsule with 
interrupted sutures to prevent the occurrence of intesti-
nal fistulas.

The subsequent phase of the study comprised the 
clinical evaluation of the modified perihepatic packing 
technique in patients with liver injuries. A pilot rand-
omized controlled clinical trial was conducted at Bryansk 
City Hospital No. 1, Voronezh Regional Clinical Hospital 
No. 1, Voronezh City Emergency Clinical Hospital No. 1, 
and Voronezh City Emergency Clinical Hospital No. 10. 
In total, 27 patients with traumatic liver injury were en-
rolled in the study. The clinical trial design is summarized 
in Figure 2.

The inclusion criteria for the study were blunt abdom-
inal trauma; patient age 18–80 years; signed informed 
consent for participation in the clinical trial; Grade  IV 
liver injury according to the American Association for the 
Surgery of Trauma (AAST) classification [19].

The exclusion criteria for the study were refusal to 
participate in the clinical trial; moribund state of the pa-
tient; allergic reactions to Molselect G-50, Surgitamp, or 
the polypropylene mesh implant.

The discontinuation criteria for the study were with-
drawal of consent for continued participation in the clini-
cal trial; injury to hollow organs, peritonitis; Grade  I–III 
liver injury according to the AAST classification; multi-
ple injuries to abdominal organs; macroscopic signs of 
liver cirrhosis; a score of > 13 points on the Military Field 
Surgery scale for determining surgical tactics.

According to the formulated objectives, the patients 
were divided into two groups: the main group (14 pa-
tients) and the control group (13 patients). Patient al-
location was performed by random sampling using a 
random number generator. The patients were com-
parable in terms of sex, age, nature of traumatic liver 
injury, structure of associated injuries, and severity of 
blood loss.

In the main group, the method for surgical hemosta-
sis of traumatic liver injuries, as described in the patent 
[20], was applied. In the control group, the method for 
surgical hemostasis of liver wounds involved tamponade 
of the liver wounds with hemostatic collagen sponges, 
followed by suturing of the liver wound with 2-0  PGA 
monofilament.

As part of combined management, patients in both 
groups received standard conservative treatment in the 
postoperative period, which included hemostatic and 
infusion therapy, blood transfusions as indicated, antibi-
otic therapy, analgesics, and wound dressings.

The study outcomes were assessed based on the 
following parameters: achievement of definitive hemo-
stasis, number of recurrent hemorrhages and reop-
erations, operative time, length of stay in the intensive 
care unit, duration of hospital stay, mortality rate, and 
the incidence and nature of postoperative complica-
tions.

Statistical analysis of the study results was per-
formed using the Statistica 10 software. Standard de-
scriptive statistics were calculated (mean (M), stand-
ard error of the mean  (m), median  (M

e
), lower  (Q

1
) and 

upper  (Q
3
) quartiles). The Shapiro–Wilk test was used 

to assess the normality of distribution for quantitative 
variables. The significance of differences for quantitative 
variables between independent groups was determined 
using Student’s t-test (for normally distributed variables) 
and the Mann–Whitney U-test (for non-normally dis-
tributed variables). Analysis of qualitative variables was 
conducted using Fisher’s exact test and the Z-test with 
Yates’ correction. Differences were considered statisti-
cally significant at p < 0.05.

RESULTS

The general characteristics of the patients enrolled in the 
study are presented in Table 1.

Table  1 summarized data on the patient groups. 
Traumatic liver injuries were most frequently encoun-
tered in males of working age  — 20  (74.1%). These 
injuries were significantly less common in females  — 
7 (25.9%) patients. The median age of patients with trau-
matic liver injuries was 36.0 [30.0; 43.0] years. Analyzing 
the mechanism of abdominal trauma, it should be noted 
that road traffic accidents were the predominant cause 
of traumatic liver injuries (12  (44.5%) patients), followed 
by catatrauma (fall from height) (9 (33.3%) patients) and 
domestic injury (6 (22.2%) patients). 
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Among the associated injuries, chest injuries were 
the most frequent  — 17  (32.5%), followed by skeletal 
trauma — 9 (16.7%), traumatic brain injury — 8 (29.6%), 
and pelvic injury — 5 (18.5%).

An analysis of comorbidities revealed that patients 
with abdominal trauma and liver injuries were largely so-
matically healthy. Comorbid conditions were identified 
in only 4 (14.8%) patients: coronary artery disease was 
present in 1 (3.7%) patient, and chronic pancreatitis was 
found in 3 (11.1%) patients.

As part of combined management of patients in the 
main group, a new method for surgical hemostasis of 

traumatic liver injuries was applied. This method involved 
tamponade of the liver wounds with Surgitamp hemo-
static gauze impregnated with Molselect G-50 granular 
sorbent, followed by modified perihepatic packing using 
strips of a polypropylene mesh implant [20] (Fig. 3A–F).

We established that immediately after tamponade of 
the liver wound with Surgitamp hemostatic gauze im-
pregnated with Molselect G-50 granular sorbent, which 
swells upon contact with blood and increases in vol-
ume, the sorbent transformed into a blood-soaked hy-
drogel. The Surgitamp hemostatic gauze provided com-
pression and enhanced the hemostatic effect. Manual 
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- blunt abdominal trauma; 
- patient age 18 –80 years; 
- signed informed consent for participation in the clinical study;  
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- liver injury AAST grade I–III (n = 32);
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Fig. 2. Clinical study design: MFS — Military Field Surgery; ICU — Intensive Care Unit; ASA — American Society of 
Anesthesiologists; AAST — American Association for the Surgery of Trauma
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compression of the liver achieved temporary hemosta-
sis; however, upon release of compression, the bleeding 
recurred. 

To achieve definitive hemostasis, the method of 
modified perihepatic packing with strips of polypropyl-
ene mesh implant was employed (the fixation technique 
is described above), which resulted in the final cessa-
tion of bleeding. Definitive hemostasis was achieved in 
13 (92.8%) patients in the main group. In one (7.14%) pa-
tient from the main group, signs of recurrent hemorrhage 
were observed on postoperative day 2. The patient un-
derwent emergency reoperation. During the abdominal 
cavity revision, the source of bleeding was identified as 
diffuse oozing from the liver wound due to insufficient 
compression from the tension of the polypropylene 

mesh implant strips. Additional tightening of the strips 
led to hemostasis and achievement of definitive control. 

In the main group, two  (14.3%) patients died. The 
cause of death was severe polytrauma. According to 
forensic autopsy findings, no signs of recurrent intra-
abdominal hemorrhage were observed in either case.

In the control group, to achieve definitive hemostasis 
of the liver injuries, the wounds were packed with he-
mostatic collagen sponges. The sponges became satu-
rated with blood; however, diffuse bleeding from the liver 
wounds persisted. To achieve definitive hemostasis, the 
liver wounds were sutured with U-shaped stitches (using 
2-0 PGA monofilament) to approximate the wound edg-
es. During suturing of the liver wounds, diffuse oozing 
from the needle puncture sites was observed, and the 

Table 1. Сharacteristics of the study groups 

Parameter
Main group

(n = 14)
Control group

(n = 13)
Statistical significance 

level, p

Currently employed, n (%) 3 (21.4%) 5 (38.5%) p > 0.05 

Unemployed, n (%) 8 (57.2%) 8 (61.5%) p > 0.05 

Retirees, n (%) 3 (21.4%) 0 id

Age, years M
e 
[Q

1
; Q

3
] 40 [54.0; 79.0] 36.7 [37.0; 61.0] p > 0.05

Males, n (%) 10 (58.7%) 10 (78.2%) p > 0.05

Females, n (%) 4 (41.3%) 3 (21.8%) p > 0.05

Road traffic injury, n (%) 5 (35.7%) 7 (53.8%) p > 0.05

Fall from height, n (%) 5 (21.4%) 4 (23.1%) p > 0.05

Domestic injury, n (%) 4 (28.6%) 2 (15.4%) p > 0.05

Coronary artery disease, n (%) 1 (83.2%) 0 id

Chronic pancreatitis, n (%) 1 (8.4%) 2 (9.0%) p > 0.05

Traumatic brain injury, n (%) 4 (60.5%) 4 (50.0%) p > 0.05

Chest injuries, n (%) 9 (30.9%) 8 (41.6%) p > 0.05

Skeletal trauma, n (%) 5 (8.6%) 4 (8.4%) p > 0.05

Pelvic bone injury, n (%) 3 (21.4%) 2 (15.3%) p > 0.05

II, n (%) 5 (35.7%) 4 (30.8%) p > 0.05

III, n (%) 7 (50%) 8 (61.5%) p > 0.05

IV, n (%) 2 (14.3%) 1 (7.7%) p > 0.05

III, n (%) 4 (28.6%) 3 (23.2%) p > 0.05

IV, n (%) 6 (42.8%) 5 (38.4%) p > 0.05

V, n (%) 4 (28.6%) 5 (38.4%) p > 0.05

Table compiled by the authors based on original data

Note: id — insufficient data; n — patient number in the group.
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liver parenchyma was lacerated by the suture material, 
which complicated the achievement of definitive hemo-
stasis and prolonged the operative time. In five (38.4%) 
patients in the control group, signs of recurrent bleeding 
were observed on postoperative days 2–3. These pa-
tients underwent emergency reoperation. The source of 
bleeding in all cases was oozing from the liver ruptures. 
In the control group, five  (38.4%) patients died due to 
acute blood loss, posthemorrhagic anemia, and associ-
ated injuries.

The comparative effectiveness of modified perihe-
patic packing in the management of traumatic liver inju-
ries is presented in Table 2.

The application of modified perihepatic packing in 
the combination management of patients with severe 
traumatic liver injuries (AAST Grade  IV) resulted in an 
increase in the reliability of definitive hemostasis from 
46.2% to 92.8% (p = 0.0391), a reduction in the rate of 

recurrent hemorrhages and reoperations from 38.4% 
to 7.1% (p = 0.0391), and a decrease in mortality from 
38.4% to 14.2% (p > 0.05).

The conducted analysis of postoperative surgical 
complications in the study groups showed that in the 
postoperative period, one  patient in the main group 
experienced recurrent hemorrhage. The patient un-
derwent emergency reoperation. During the abdominal 
cavity revision, the source of bleeding was identified as 
diffuse oozing from the liver wound due to insufficient 
compression from the tension of the polypropylene 
mesh implant strips. Additional tightening of the strips 
led to the cessation of bleeding and the achievement of 
definitive hemostasis.

In the control group, five patients exhibited signs of 
recurrent bleeding in the postoperative period. These 
patients underwent reoperation. Intraoperatively, lacera-
tion of the liver parenchyma by the sutures was identified; 
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Fig. 3. Stages of modified perihepatic packing in a patient with liver injury: A — gross appearance of a traumatic 
rupture of segments V, VI, and VII of the right liver lobe (AAST Grade IV); B — tamponade of the wound with Surgitamp 
hemostatic material impregnated with Molselect  G-50 granular sorbent, and temporary packing with a gauze towel; 
C — fixation of the polypropylene mesh implant strips to the diaphragm; D, E — fixation of the mesh implant strips in the 
transverse direction; F — final appearance of the surgical wound
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additional hemostasis was performed, comprising elec-
trocautery, application of a Tachocomb® patch to the site 
of diffuse oozing, or additional suturing of the rupture 
sites. One patient in the control group developed com-
plaints of right upper quadrant pain and weakness in the 
postoperative period; an abdominal ultrasound was per-
formed, revealing a biloma in the abdominal cavity. The 
latter complication required ultrasound-guided percuta-
neous drainage. The outcome was complete resolution, 
and the patient was discharged in satisfactory condition 
for outpatient follow-up on day 18. One patient devel-
oped disseminated intravascular coagulation (DIC) syn-
drome in the postoperative period following acute mas-
sive blood loss, which required intensive care in the ICU; 
this complication resolved. 

DISCUSSION

Injuries to the abdominal organs represent one of the 
most challenging and largely unresolved problems in 
emergency surgery [5, 9]. In the spectrum of abdomi-
nal trauma, liver injuries rank second, surpassed only by 
splenic injuries. However, the highest mortality rates (14–
58%) in patients with blunt abdominal trauma are as-
sociated precisely with severe liver injuries, which is at-
tributable to massive, difficult-to-control intra-abdominal 

hemorrhage and the development of hepatocellular in-
sufficiency in the postoperative period [13, 18].

The most frequent cause of mortality in abdominal 
trauma is traumatic liver rupture complicated by mas-
sive hemorrhage. In such cases, two factors are of para-
mount importance: the promptness and rapidity of sur-
gical intervention and the application of a reliable and 
effective method for surgical hemostasis [6].

Most surgeons in emergency settings employ wound 
suturing, electrocautery, and packing. A significant draw-
back of these methods is the development of ischemic 
necrotic areas between the sutures. For deep injuries, 
packing the wounds with omentum, various hemostatic 
sponges, films, or powdered hemostatic agents is used. 
However, as practice shows, these often prove to be 
ineffective. Tamponade of deep wounds with a towel, 
gauze pad, or any non-resorbable material necessitates 
reoperation [3].

In cases of extensive traumatic liver injuries, an ef-
fective method for hemorrhage control is perihepatic 
packing of the liver ruptures with a polypropylene mesh 
implant. This procedure involves mobilization of the liver 
from all its ligaments while mandatorily preserving ve-
nous outflow. However, in the postoperative period, after 
stabilization of all patients, reoperation is required to per-
form definitive surgical repair [1].

Table 2. Comparative effectiveness of management for patients with traumatic liver injuries

Parameter
Main group

(n = 14)
Control group

(n = 13)
Statistical significance 

level, p

Definitive hemostasis, n (%) 13 (92.8%) 6 (46.2%) p = 0.0391

Recurrent hemorrhages, n (%) 1 (7.1%) 5 (38.4%) p = 0.0391

Reoperations, n (%) 1 (7.1%) 5 (38.4%) p = 0.0391

Mortality, n (%) 2 (14.2%) 5 (38.4%) p > 0.05

Median duration of hospital stay, bed days 10.0 [9.0; 14.0] 16.0 [10.0; 18.0] p > 0.05

Median operative time, min 100.0 [85.0; 120.0] 130.0 [120.0; 150.0] p = 0.0022

Median ICU length of stay, bed-days 3.0 [1.0; 4.0] 5.0 [3.0; 6.0] p = 0.011 

Median volume of red blood cell 
transfusion, mL

1140 [1100; 1200] 1230 [1150; 1900] p = 0.0272

Median volume of FFP transfusion, mL 1175 [1100; 1250] 1430 [1350; 2100] p = 0.0001

Postoperative complications (according to the Clavien–Dindo classification)

III, n (%) 1 (7.1%) 5 (38.4%) p > 0.05

IIIa, n (%) – 1 (7.7%) id

IV, n (%) – 1 (7.7%) id

V, n (%) 2 (14.2%) 5 (38.4%) p > 0.05

Table compiled by the authors based on original data

Note: ICU — Intensive Care Unit; FFP — Fresh Frozen Plasma; id — insufficient data; n — patient number. 
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The presented data indicate that while numerous 
methods for hemostasis in liver injuries exist, none of 
them is fully satisfactory. In this context, the develop-
ment of new methods for surgical hemostasis of trau-
matic liver injuries remains a relevant problem in emer-
gency surgery.

Prior to the initiation of the clinical trial, we con-
ducted multifunctional integrated morphological, mor-
phometric, and immunohistochemical studies in labo-
ratory animals to develop a new method for surgical 
hemostasis [3]. In a series of in vivo experiments, it was 
initially demonstrated that the application of Surgitamp 
hemostatic agent and Molselect  G-50 sorbent ef-
fectively controls moderate parenchymal bleeding in 
models of bleeding liver wounds. Furthermore, in ex-
periments using models with active hemorrhage from 
liver wounds, the developed technique of combined 
surgical hemostasis — utilizing hemostatic agents and 
modified perihepatic packing — demonstrated high ef-
ficacy in achieving local hemostasis [19].

In accordance with the aim of our clinical study, the 
newly developed method of surgical hemostasis with 
modified perihepatic packing [20] was applied to the 
most severely affected category of patients with trau-
matic liver injury complicated by active hemorrhage 
(AAST Grade IV).

CONCLUSION

A new method for surgical hemostasis has been devel-
oped and introduced into clinical practice. This method 
involves tamponade of liver wounds with Surgitamp he-
mostatic gauze impregnated with Molselect G-50 gran-
ular sorbent, followed by modified perihepatic packing 
using strips of a polypropylene mesh endoprosthesis. 
This approach has improved treatment outcomes for 
patients with severe traumatic liver injuries by enhancing 
the reliability of definitive hemostasis, reducing the inci-
dence of recurrent hemorrhages and reoperations, and 
lowering the mortality rate.
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REMOVAL OF A METAL FRAGMENT AND FLOATING THROMBUS FROM 
THE INTERNAL JUGULAR VEIN OF A SERVICEMAN IN A FIELD HOSPITAL
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Introduction. Fragment wounds of the neck with neurovascular bundle injury sustained during combat operations represent a relevant 
problem in the field of extreme medicine. High mortality rates, along with a lack of sufficient research, contribute to uncertainty in determining 
optimal treatment tactics.
Case report. A successful surgical treatment of a serviceman with a fragment wound to the neck caused by a foreign metallic body (shell frag-
ment) involving the internal jugular vein and a floating thrombus was performed in a field hospital. An open surgery was conducted to remove 
the foreign metallic body and the floating thrombus from the internal jugular vein, followed by repair of the venous wall with a 7/0 polypropylene 
suture. The postoperative course was uneventful.
Conclusions. The presented case demonstrates previously unpublished data on a variant of fragment injury to the internal jugular vein. The 
proposed surgical technique has proven to be effective and safe.
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УДАЛЕНИЕ МЕТАЛЛИЧЕСКОГО ОСКОЛКА И ФЛОТИРУЮЩЕГО ТРОМБА ИЗ ВНУТРЕННЕЙ 
ЯРЕМНОЙ ВЕНЫ У ВОЕННОСЛУЖАЩЕГО В ВОЕННО-ПОЛЕВОМ ГОСПИТАЛЕ

Д.С. Васильев1, А.Н. Казанцев2, В.В. Колесников1, Р.П. Якимавичус1, А.Г. Шишкин1, Ж.М. Беляй1, Р.Р. Тенишев2, 
В.Н. Холматов2

1 442 Военный клинический госпиталь им. З.П. Соловьева Министерства обороны Российской Федерации, Россия
2 36 отдельный медицинский отряд (аэромобильный) воздушно-десантных войск Министерства обороны Российской Федерации, 
Россия

Введение. Осколочные ранения шеи с повреждением сосудисто-нервного пучка в ходе ведения боевых действий являются акту-
альной проблемой медицины экстремальных ситуаций. Высокая смертность, а также отсутствие достаточного количества иссле-
дований создают неопределенность в выборе тактики лечения.
Описание клинического случая. Представлено успешное хирургическое лечение военнослужащего в военно-полевом госпитале 
с осколочным ранением шеи инородным металлическим телом (осколком снаряда), внутренней яремной вены, и флотирующим 
тромбом. Выполнена открытая операция — удаление инородного металлического тела и флотирующего тромба из внутренней 
яремной вены с ушиванием стенки вены полипропиленовой нитью 7/0. Послеоперационный период протекал без особенностей.
Выводы. В представленной работе продемонстрированы ранее не публиковавшиеся данные о варианте осколочного повреждения 
внутренней яремной вены. Предложенный способ хирургического лечения показал свою эффективность и безопасность.

Ключевые слова: тромбоз внутренней яремной вены; флотирующий тромб; осколочное ранение шеи; военно-полевая хирургия; 
инородное тело яремной вены; тромбэктомия
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INTRODUCTION

Military-field vascular surgery remains a relevant dis-
cipline within modern medicine of extreme situations. 
However, the existing literature lacks sufficient research 
dedicated to the surgical management of patients with 
vascular injuries sustained during combat operations. 
This trend can be traced back to the report by Oppel [1], 
published during World War I in 1915. At that time, mili-
tary hospitals admitted rare patients with injuries to ma-
jor arteries and veins due to high mortality from ongoing 
bleeding on the battlefield [1]. Consequently, the propor-
tion of servicemen with such wounds did not exceed 
1%, presenting as false aneurysms in 30% of cases and 
as hemorrhage in 70% [2].

According to Akhutin [3], until 1938, the most 
common surgical method for arterial and venous in-
juries in combat settings had been vessel ligation. 
Reconstructive surgeries became more widespread in 
military field hospitals during World War II. This shift 
was partially determined by the difficulty in evacuating 
casualties due to artillery shelling and the moderniza-
tion of long-range weaponry. By April 1943, Petrovsky 
had performed 238  successful reconstructive proce-
dures for major vascular injuries [4]. Among these, frag-
ment wounds to the neck were of particular interest. 
The neck is the least protected body area, and bleed-
ing from injuries to the brachiocephalic arteries and/
or jugular veins cannot be controlled with a tourniquet 
on the battlefield, significantly reducing the wounded 
soldier’s chances of evacuation to specialized medical 
care facilities.

The first documented experience in surgical man-
agement of neck injuries in servicemen was published 
by Pirogov [5] during the Eastern War of 1853–1856. He 
emphasized the importance of urgent surgical interven-
tion in this cohort of patients [5]. During World War II, 
neck wounds accounted for 9.63–19.2% of all injuries, 
with fragment wounds comprising 68.4–74.0% of cases 
[6]. These figures highlight the high vulnerability of this 
anatomical region.

Surgical treatment of fragment wounds to major 
neck vessels remains critically relevant in modern com-
bat operations. However, the available literature contains 
only sporadic reports focusing primarily on arterial inju-
ries and surgical management of false aneurysms [7, 8]. 
This gap has resulted in the absence of a unified surgical 
approach for servicemen with injuries to the deep veins 
of the neck.

In this article, we report the outcome of surgical inter-
vention in a patient with a fragment wound to the neck 

penetrating the left jugular vein and complicated by a 
floating thrombus.

CASE REPORT

A 28-year-old male serviceman sustained a fragment 
wound from an artillery shell explosion during a combat 
mission and was evacuated to a field hospital.

The patient’s condition was assessed using military 
field surgery (MFS) scoring systems:

1.  MFS-DS (Damage Severity Scale for MFS): 
8.1 points — severe injury;

2.  Abbreviated Injury Scale: 4 points — critical injury;
3.  MFS-AS (Admission Severity Scale for MFS): 

12 points — non-severe condition;
4.  Revised Trauma Score: 7.8408 points — non-se-

vere condition.
Consciousness was clear (15 points on the Glasgow 

Coma Scale). Complaints included pain in the left shoul-
der and left side of the neck.

Local findings: A 2 cm lacerated wound on the pos-
terior surface of the left shoulder with scant serosan-
guineous discharge (Fig. 1).

Neck radiography revealed a metallic foreign body 
(fragment) measuring 2x2 cm within the deep tissues of 
the left neck (Fig. 2).

According to ultrasonography (USG), the fragment 
was located between the left common carotid artery 
and the internal jugular vein (IJV), penetrating the IJV. A 
3 cm floating thrombus attached to the fragment was 
visualized within the IJV lumen (Fig. 3).

Photograph taken by the authors

Fig. 1. Fragment wound of the left shoulder: 1 — the 
entrance wound is located on the posterior surface of the 
left shoulder
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Diagnosis established: Combined fragment wound 
to the left neck and left upper extremity. A blind (non-
penetrating) fragment wound to zone II of the left neck, 
resulting in injury to the internal jugular vein with forma-
tion of a floating thrombus. A blind fragment wound to 
the soft tissues of the left shoulder.

This injury is classified as severe according to 
the List of Injuries approved by Decree No.  855 
of the Government of the Russian Federation  
(29.07.1998)1.

The decision was made to perform surgical inter-
vention comprising thrombectomy from the IJV with 
removal of the fragment (time from injury to surgery 
onset: 5 h).

Procedure: A longitudinal incision was made along 
the lateral border of the left sternocleidomastoid muscle. 
The IJV was isolated. A 1 cm defect in the posterior wall 

of the IJV was identified, caused by foreign body inva-
sion — a metallic fragment.

Heparin was administered intravenously in the 
amount of 5000 IU. The IJV was clamped 3 cm distal 
and proximal to the defect. A 2 cm venotomy of the ante-
rior IJV wall was performed. The thrombus was removed 
from its lumen. Subsequently, the foreign body was ex-
tracted (Fig. 4).

The defect in the posterior wall of the IJV was re-
paired using a 7/0 polypropylene suture. Subsequently, 
a vascular suture of the venotomy site on the anterior 
wall was performed with 7/0  polypropylene. Clamps 
were removed, and satisfactory blood flow through the 
IJV was confirmed (Fig. 5).

The postoperative course was uneventful. Sutures 
were removed on day 12 after surgery, after which the 
patient was discharged and evacuated to the next stage 

Images obtained by the authors

Fig. 2. Neck radiography: 1 — lateral neck radiography: metallic foreign body (fragment) in the left neck tissues; 2 — 
anteroposterior neck radiography: metallic foreign body (fragment) in the left neck tissues

Images obtained by the authors

Fig. 3. Left neck ultrasound: 1 — floating thrombus in the lumen of the internal jugular vein; 2 — metallic foreign body 
(fragment) penetrating the lumen of the internal jugular vein; 3 — site of attachment of the floating thrombus to the metallic 
foreign body (fragment)

1	 Decree No. 855 of the Government of the Russian Federation of 29.07.1998 “On Measures to Implement the Federal Law ‘On Compulsory State Insurance of 
Life and Health of Military Personnel, Citizens Called up for Military Training, Privates and Commanders of Internal Affairs Agencies of the Russian Federation, and 
Employees of Federal Tax Police Bodies’”.
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of medical care. The following therapy was administered: 
apixaban 5 mg twice daily; ceftriaxone 1.0 g twice daily 
intramuscularly; analgesics.

According to ultrasonography findings, on the first 
day and on day 12 after surgery, the internal jugular vein 
(IJV) was patent, with no signs of thrombosis or reste-
nosis. 

DISCUSSION

The current literature lacks sufficient studies on the sur-
gical management of neck injuries in servicemen during 
combat operations. Anipchenko et al. described a case 
of gunshot wound to the neck [9]. The fragment did not 
damage blood vessels, being localized paraesophageally 
in the Killian’s triangle region. Subsequently, an abscess 
developed, requiring surgical intervention. Successful 
open surgery was performed to remove the foreign body 
and fragment. The postoperative course was uneventful 
[9]. This case highlights that foreign bodies (fragments) in 
deep neck tissues, even without causing bleeding, should 
be removed due to high risks of infectious complications, 
abscess formation, and mediastinitis.

Dadayan et al. presented a case of foreign body re-
moval from the neck after fragment wound [10]. However, 
the fragment did not damage the neurovascular bundle. 
According to ultrasound, it was localized between the 
jugular vein and common carotid artery. The fragment 
was removed via open surgery under ultrasound guid-
ance. The procedure was completed without complica-
tions [10]. The authors emphasized the importance of 
such operations due to risks of neurovascular bundle 
injury from foreign body migration.

Muminjonova et al. [7] reported a case of fragment 
wound to the neck with injury to carotid arteries, result-
ing in pseudoaneurysm formation. Aneurysm resection 
with subsequent prosthetic grafting was performed. This 
approach prevented potential aneurysm rupture-related 
bleeding and wound infection [7].

The clinical case presented in this article is the 
first report of a military-field surgical intervention de-
scribing surgical management of a neck fragment 
wound with fragment invasion into the IJV and float-
ing thrombus formation. The technological complex-
ity was due to the IJV wall defect being located on 
its posterior surface, preventing adequate thrombec-
tomy and subsequent repair. Thus, it was decided to 
perform anterior IJV venotomy, open thrombectomy, 
followed by posterior wall repair and venotomy clo-
sure. A 7/0 polypropylene suture was used for vascu-
lar repair to minimize vein incorporation and prevent 
residual restenosis. In our opinion, IJV ligation without 
reconstruction could acutely impair cerebral venous 
outflow, leading to venous congestion and potential 
cerebral edema.

Thus, the implemented surgical strategy has proven 
successful and allowed optimal treatment outcomes to 
be achieved. 

CONCLUSION

The presented case demonstrates previously unpub-
lished data on a variant of fragment injury to the internal 
jugular vein. The proposed surgical technique has prov-
en to be effective and safe. Its implementation prevented 
the development of distal embolism, wound infection, 
and bleeding.

Photograph taken by the authors

Fig. 4. Foreign metallic body (fragment) and thrombotic 
material removed from the internal jugular vein

Photograph taken by the authors

Fig. 5. Final result of the operation: 1 — closure of the 
venotomy site on the anterior wall of the internal jugular 
vein; 2  — internal jugular vein proximal to the site of 
reconstruction
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MAYAK WORKER COHORT: CHARACTERISTICS AND KEY RESULTS OF 
EPIDEMIOLOGICAL STUDIES 

Irina S. Kuznetsova, Mikhail E. Sokolnikov, Nailya R. Kabirova, Yulia V. Tsareva, Elena V. Denisova, Pavel V. Okatenko 

Southern Urals Federal Research and Clinical Center for Medical Biophysics, Ozersk, Russia

Introduction. The medical registry of workers at the Mayak Production Association (PA) was initially established with the purpose of studying 
the long-term stochastic health effects of occupational radiation exposure at the first nuclear industry enterprise in the USSR.
Objective. Assessment of radiogenic risk from prolonged occupational exposure among the Mayak PA worker cohort, including the subco-
hort of workers exposed to normal radiation conditions.
Materials and methods. This study represents one phase of a lifelong retrospective epidemiological investigation of health indicators, includ-
ing the incidence and mortality from malignant neoplasms (MN), conducted within the framework of the medical-dosimetric registry of Mayak 
PA workers. The available study cohort is limited to employees of three main production facilities and two auxiliary plants, hired between 1948 
and 1982. Within the study cohort, two subcohorts are distinguished based on factual data on radiation exposure levels and assessed medi-
cal outcomes. These include the subcohort of 1948–1958, personnel hired during the technology development phase and characterized by 
high occupational radiation exposure levels and that of 1959–1982, hired during routine operational periods with radiation doses comparable 
to modern limits. At the current stage, the attained age of workers in the second subcohort and the volume of accumulated data have enabled 
an analysis focused on individuals having worked under standard conditions, excluding the effects of high doses and dose rates. This has 
expanded the scope of statistically significant direct estimates of radiogenic MN risk. All studies of radiogenic risk in the cohort of Mayak PA 
workers were conducted using the Epicure statistical software package.
Results. The cohort comprised 25,755 workers. The vital status during the period of up to 31.12.2018 was known for 94% of subjects. In 
the 1948–1958 subcohort, the mean cumulative gamma radiation dose was 748 mGy, compared to 130 mGy in the 1959–1982 subcohort. 
Overall, 10,304 individuals (40.1% of the cohort) received low doses of gamma radiation. The mean cumulative lung dose from alpha radiation 
due to incorporated 239Pu was 179.4 mGy, with 329.2 mGy and 41.0 mGy for the 1948–1958 and 1959–1982 subcohorts, respectively. The 
estimated excess relative risk per 1 Gy of alpha radiation lung dose was 3.5–8 for 60-year-old males. No deviations from linearity were found. 
Radiogenic risk decreased with an increase in age. A nonlinear dose-response relationship was identified for liver MN. The primary long-term 
effect of external gamma radiation was leukemia development, where a nonlinear model incorporating effect modification by age at exposure, 
time since exposure, and attained age provided better approximation than a linear model. For solid MN, the risk coefficient from external 
gamma radiation ranged 0.1–0.4 per 1 Gy. Among workers employed under normal radiation conditions (1959–1982 hiring period), the attrib-
utable risk assessment suggests that 1–5% of MN (excluding tumors in plutonium primary deposition organs) were radiation-induced, solely 
due to external gamma exposure.
Conclusions. The Mayak PA worker cohort, with its high-quality medical and dosimetric data, serves as a crucial source for direct epidemio-
logical assessments of radiogenic risks from prolonged occupational radiation exposure. The identification of the routine production operation 
period not only validates the magnitude of carcinogenic risk but also highlights the need to extend both the follow-up period and the cohort 
itself to include more workers exposed to conditions comparable to modern standards.

Keywords: personnel; exposure; radiogenic risk; malignant neoplasms; non-tumor diseases; regulation; radiation safety

For citation: Kuznetsova I.S., Sokolnikov M.E., Kabirova N.R., Tsareva Yu.V., Denisova E.V., Okatenko P.V. Mayak worker cohort: Characteris-
tics and key results of epidemiological studies. Extreme Medicine. 2025;27(4):505–515. https://doi.org/10.47183/mes.2025-290

Funding: the study was carried out within the state assignment No. 11.001.25.800 on the research topic “Provision of individual dosimetric 
monitoring for personnel of the Mining and Chemical Combine”, and No. 11.002.22.800 “Forecast of radiogenic risk of morbidity and mortality 
among personnel of the nuclear industry enterprise Mayak Production Association until 2035 under maintained normal radiation conditions”.

Acknowledgments: the authors express their profound gratitude to Nina A. Koshurnikova (24.12.1926–13.02.2025), Professor and Doctor of 
Medical Sciences, who established the Radiation Epidemiology Laboratory, created the Mayak Production Association personnel registry, 
and worked tirelessly until her final days to advance knowledge in radiation safety — remaining throughout an exemplar of devotion to science.

Compliance with ethical principles: no bioethics committee approval was required as the study was based on archival data.

Potential conflict of interest: the authors declare no conflict of interest.

  Irina S. Kuznetsova kuznetsova@subi.su  

Received: 17 Mar. 2025 Revised: 17 June 2025 Accepted: 29 Aug. 2025 Online first: 3 Oct. 2025

УДК 613.648.4:614.876

КОГОРТА РАБОТНИКОВ ПО «МАЯК»: ХАРАКТЕРИСТИКА И ОСНОВНЫЕ РЕЗУЛЬТАТЫ 
ЭПИДЕМИОЛОГИЧЕСКИХ ИССЛЕДОВАНИЙ
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агентства, Озерск, Россия

Введение. Регистр персонала ПО «Маяк» создан для исследования отдаленных стохастических медицинских последствий про-
фессионального радиационного облучения работников первого в СССР предприятия ядерной промышленности.

© I.S. Kuznetsova, M.E. Sokolnikov, N.R. Kabirova, Yu.V. Tsareva, E.V. Denisova, P.V. Okatenko, 2025

4.0

mailto:kuznetsova@subi.su
https://crossmark.crossref.org/dialog/?doi=10.47183/mes.2025-290&domain=pdf&date_stamp=2025-12-01


506

Оригинальная статья | Радиобиология

МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ | 2025, ТОМ 27, № 4

Цель. Оценка радиогенного риска при пролонгированном профессиональном облучении в когорте работников ПО «Маяк», в том 
числе в когорте лиц, работавших в условиях штатной радиационной обстановки.
Материалы и методы. Выполненная работа является одним из этапов пожизненного ретроспективного эпидемиологического 
исследования показателей здоровья, в том числе заболеваемости и смертности от злокачественных новообразований (ЗНО), про-
водимого на базе медико-дозиметрического регистра работников ПО «Маяк». Доступная для исследованная когорта ограничена 
работниками трех основных производств и двух вспомогательных заводов, а также периодом найма на работу 1948–1982 гг. В ис-
следуемой когорте, основываясь на фактических данных об уровнях облучения и полученных оценках медицинских последствий, 
выделены две субкогорты: 1948–1958 гг. — субкогорта найма в период освоения технологии и высоких уровней профессионально-
го облучения и 1959–1982 гг. — субкогорта найма в период штатной эксплуатации производства и сопоставимых с современными 
пределами доз. На современном этапе достигнутый возраст работников, включенных во вторую субкогорту, и объем накопленных 
данных позволил провести анализ для лиц, работавших в штатных условиях, исключив влияние высоких доз и мощностей доз, 
и расширить область полученных статистически значимых прямых оценок радиогенного риска ЗНО. Все исследования радиоген-
ного риска в когорте работников ПО «Маяк» проведены с использованием пакета для статистической обработки данных Epicure.
Результаты. Когорта состоит из 25 755 работников. Жизненный статус в период до 31.12.2018 известен для 94%. В субкогорте 
1948–1958 гг. найма средняя накопленная доза гамма-облучения составила 748 мГр, 1959–1982 гг. — 130 мГр. В целом область 
малых доз гамма-излучения включала 10 304 (40,1% членов когорты) человека. Средняя накопленная доза в легких за счет аль-
фа-облучения инкорпорированным 239Pu составляла 179,4 мГр, для субкогорт 1948–1958 и 1959–1982 гг. — 329,2 и 41,0 мГр соот-
ветственно. Оценка избыточного относительного радиационного риска на 1 Гр дозы альфа-излучения в легких составила 3,5–8,0 
на 1 Гр для мужчин в возрасте 60 лет. Не найдено отклонений от линейности. Радиогенный риск снижался с увеличением возраста. 
Выявлена нелинейная зависимость риска ЗНО печени. Основным отдаленным эффектом внешнего гамма-облучения являлось 
развитие лейкоза, для которого нелинейная зависимость с модификацией радиационного риска по временным характеристикам, 
связанным с возрастом на момент облучения, временем, прошедшим с момента облучения, и достигнутым возрастом является 
лучшей аппроксимацией, чем линейная. Для солидных ЗНО коэффициент риска от внешнего гамма-излучения составил 0,1–0,4 
на 1 Гр. Среди лиц, работавших в условиях штатной радиационной обстановки (1959–1982 гг. найма), оценка атрибутивного риска 
ЗНО, за исключением опухолей органов основного депонирования плутония, позволяет отнести 1–5% случаев к радиационно-ин-
дуцированным, причем только вследствие влияния внешнего гамма-излучения.
Выводы. Когорта работников ПО  «Маяк», обеспеченная высококачественными медико-дозиметрическими данными, является 
важным источником прямых эпидемиологических оценок радиогенного риска при профессиональном пролонгированном ради-
ационном воздействии. Выделение периода штатной эксплуатации производства, с одной стороны, подтверждает величину кан-
церогенного риска, с другой — указывает на необходимость расширения периода наблюдения и самой когорты лиц, работавших 
в условиях, сопоставимых с современными.

Ключевые слова: персонал; облучение; радиогенный риск; злокачественные новообразования; неопухолевые заболевания; 
нормирование; радиационная безопасность
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INTRODUCTION

Hygienic regulation of ionizing radiation is based on 
understanding its medical consequences. For this 
reason, since the first years of practical use of ion-
izing radiation, permissible exposure levels have de-
creased by more than an order of magnitude: from 
500  mSv per year in the 1930s to 20  mSv per year 
today1. The primary reason for this gradual reduction 

in dose limits is related to the stochastic (carcinogen-
ic) nature of the main adverse effects of ionizing ra-
diation, which typically develop following long latency 
periods. To assess the risks associated with these ef-
fects, prolonged (and still ongoing) observation of ir-
radiated populations is required—currently spanning a 
maximum of 70–75 years. During this period, methods 
for radiation-epidemiological studies have been de-
veloped, and estimates of radiogenic risk have been 

1	 Romanovich IK, Balonov MI, Barkovsky AN, Brook GYa, Vishnyakova NM, Golikov VYu, et al. Comments on the Radiation Safety Standards (RSS-99/2009). 
Edited by Academician of the Russian Academy of Medical Sciences Onishchenko GG. St. Petersburg: Professor P.V. Ramzaev St. Petersburg Research Institute 
of Radiation Hygiene; 2012. EDN: YKYHSP

https://www.elibrary.ru/YKYHSP


507EXTREME MEDICINE | 2025, VOLUME 27, No 4

Original article | Radiobiology

obtained (through epidemiological and radiobiological  
research)2.

The selection, quality assessment, and evaluation of 
scientific research results are conducted by the United 
Nations Scientific Committee on the Effects of Atomic 
Radiation (UNSCEAR). Based on continuously updated 
data on the relationship between cancer incidence, 
mortality, and ionizing radiation doses, UNSCEAR sys-
tematically publishes scientific reports on the levels and 
consequences of radiation exposure to human health 
and the environment. These reports are recognized as 
a reliable and comprehensive source of information by 
the international community and are widely used for 
risk assessment and radiation protection measures. 
Radiation safety recommendations are formulated by 
the International Commission on Radiological Protection 
(ICRP). In the USSR and later in the Russian Federation, 
occupational dose limits for radiation workers have al-
ways aligned with ICRP guidelines [1].

The Life Span Study (LSS) of atomic bomb survivors 
in Hiroshima and Nagasaki (Japan) remains the primary 
source of quantitative radiogenic risk estimates, due to 
its large cohort size (over 100,000 subjects) and wide 
range of radiation doses (up to 4 Gy) [2]. The cohort in-
cludes both males and females of various ages at expo-
sure (from children to the elderly), enabling robust pop-
ulation risk assessments3. In its latest Publication 103, 
providing recommendations for the radiological protec-
tion of workers and the public, the ICRP states:

“Risk modeling was based on data from the LSS 
cohort of Japanese atomic bomb survivors, but epide-
miological literature was also reviewed to compare other 
studies with LSS-derived estimates.”4

Thus, from a radiation safety perspective, the scien-
tific community requires validation of LSS findings us-
ing data on the effects of occupational exposure among 
workers in radiation-hazardous industries.

The Mayak Production Association (PA) was the first 
nuclear industry enterprise in the USSR. The Mayak 
PA Personnel Registry was created as part of the 
Epidemiology Department to study long-term stochastic 
effects of occupational ionizing radiation exposure. Data 
collection began in the mid-1980s and continues up to 
the present [3].

The cohort derived from this registry differs from oth-
er similar cohorts [4–6], remaining the only global cohort 
demonstrating statistically significant effects from both 
alpha radiation (via incorporated plutonium) and external 
gamma exposure5.

In this research, we aim to assess radiogenic risks 
from prolonged occupational radiation exposure in the 
Mayak PA worker cohort, including the subcohort em-
ployed under normal radiation conditions.

MATERIALS AND METHODS

Inclusion criteria for the study cohort and subgroup 
stratification

A long-term retrospective epidemiological study on the 
incidence and mortality from malignant neoplasms (MN) 
was conducted using the medical-dosimetric registry 
of Mayak Production Association (PA) workers. Initially, 
the Mayak PA registry contained information exclusively 
on personnel working during the 1948–1972 period at 
three main production facilities (reactors, radiochemical 
and chemical-metallurgical plants) [7]. Subsequently, 
the registry was extended to include data on workers 
hired during the following decade [8], as well as those 
from two auxiliary facilities, i.e., the water treatment plant 
and the mechanical repair plant. The registry continues 
to be updated both by adding newly hired workers at 
these facilities, currently including individuals employed 
up to 2016 [3], and by collecting data on employees 
from other departments. As of today, the Mayak  PA 
medical-dosimetric registry covers the data on workers 
employed at the main plants and other enterprise divi-
sions in 1948–2016.

The Mayak worker cohort, which is currently avail-
able for study, is limited to workers from three main and 
two auxiliary production facilities hired in 1948–1982. 
This restriction is related to insufficient and lower-quality 
dosimetric monitoring of personnel from other Mayak PA 
departments, particularly regarding internal exposure 
from incorporated radionuclides.

At the time of commissioning the Mayak PA, knowl-
edge about the effects of radiation on the human body 
was limited. The delayed manifestation of health conse-
quences also contributed to a lag in implementing more 
stringent radiation exposure limits. In the USSR, radia-
tion safety standards were based on ICRP recommen-
dations. The authors in [9] provide detailed information 
on the evolution of dose limits for radiation workers — 
from initial levels of 0.1 R/day and 30 R/year to the an-
nual limit of 50 mSv recommended by the ICRP6 and 
implemented through Regulation No. 333-607.

The Mayak PA personnel registry initially identified 
four subcohorts based on the year of employment at 
the main production facilities: 1948–1953, 1954–1958, 
1959–1963, and 1964–1972 [10, 11]. Subsequently, the 
fifth subcohort (1973–1982) and workers from two aux-
iliary facilities were added [8]. Currently, based on ac-
tual radiation exposure levels and assessed health out-
comes, two subcohorts have been distinguished:
•	 the 1948–1958 subcohort includes workers hired 

during the technology development phase with high 
occupational radiation exposures;

2	 ICRP Publication 103. Recommendations of the ICRP. Annals of the ICRP; 2008. https://doi.org/10.1016/j.icrp.2007.10.003
3	 ICRP Publication 26. ICRP. Recommendations of the ICRP. Ann. ICRP; 1977.
4	 ICRP Publication 103. Recommendations of the ICRP. Ann. ICRP; 2008. https://doi.org/10.1016/j.icrp.2007.10.003
5	 ICRP Publication 150. Cancer risk from exposure to plutonium and uranium. Ann. ICRP; 2021. https://doi.org/10.1177/01466453211028020
6	 ICRP. Publication 1. Recommendations of the International Commission on Radiological Protection. Pergamon Press, Oxford; 1977.
7	 Sanitary Regulations for Work with Radioactive Substances and Sources of Ionizing Radiation No. 333-60, approved by the Chief State Sanitary Physician of the 

USSR on 25.06.1960.
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•	 the 1959–1982 subcohort includes workers hired 
during routine operations with exposure levels com-
parable to modern dose limits [8, 12].
All radiogenic risk studies in the Mayak worker cohort 

have employed methodologies and software tools, par-
ticularly the Epicure8 statistical software package [13], 
consistent with those used in both the LSS cohort and 
other radiation worker cohorts worldwide. Tabulated 
data are presented with quantitative characteristics in-
cluding median (M

e
), minimum (min), and maximum 

(max) values.

RESULTS AND DISCUSSION

Cohort size and follow-up period

Table 1 presents the cohort and subcohort sizes along 
with the distribution of workers by sex, birth year, age 
at hiring, and employment duration. The cohort com-
prised 25,755 workers, including 25% females, with a 
wide range of birth years (1886–1965) and ages at em-
ployment initiation (18–69 years). The 1948–1958 hiring 
subcohort included 13,790 workers (53.5%), while the 
1959–1982 subcohort contained 11,966 (46.5%). Due to 
sufficient availability of male specialists, females consti-
tuted only 20.7% in the latter subcohort, compared to 
28.2% in the early post-war years. Most workers had 
already completed their employment at the enterprise — 
by 2018, 98% of workers had been discharged, includ-
ing 100% from the first subcohort.

Information on the vital status of cohort members 
(specifically the year of departure from the city, loca-
tion, death data) was collected and prepared for use 
in epidemiological studies through 2018 inclusive 
(Table  2). The vital status is known for 24,146 indi-
viduals (93.8%). Among those with the known vital 
status, 17,810 persons (73.8%) had died, with 89.0% 
deceased in the first decade of hire subcohort and 
57.1% in the 1959–1982 hire subcohort. The increase 
in deaths in recent years (2009–2018) was substantial 
(23.3% of total deaths over the 70-year observation 

period). Extending the observation period through 
31.12.2018 allowed accumulation of over 1  million 
person-years of follow-up for analysis of radiogenic 
mortality risk.

Cause-of-death and cancer incidence data

Cause of death was coded according to two International 
Statistical Classifications of Diseases9 and Related 
Health Problems, 9th and 10th revisions (ICD-9, ICD-10). 
Both codes are provided for each worker.

For all individuals who died in the city, information 
on the cause of death was obtained from medical 
sources or civil registry records. Due to the availabil-
ity of medical information among those who died in 
the city, the proportion of unknown causes of death 
is 1.6% for the entire observation period and 2.7% for 
2010–2018.

For individuals who left the city, obtaining information 
on the cause of death from official sources is currently 
virtually impossible. However, even before the adop-
tion of the Federal Law “On Personal Data,”10 this was a 
challenging task. As a result, among those who left and 
died before the 2000s, the number of individuals with 
an unknown cause of death was ≈7%, while later—on 
average, about 50% (Fig.). Over the past 20 years, the 
primary source of data on the cause of death has re-
mained personal contact with relatives. 

The structure of causes of death differed slightly 
depending on the hiring period. On average, 47.8% of 
deaths were due to cardiovascular diseases, 24.3% 
to malignant neoplasms (MN), and 13.1% to external 
causes (Table 3).

Unlike mortality data, which were obtained for all 
members of the study cohort regardless of their place of 
residence, information on diseases is currently available 
only for the period when individuals resided in Ozersk. 
All cases were coded according to ICD-9 and ICD-10. 
Additionally, the data included morphological diagnoses 
of MN in accordance with the International Classification 
of Diseases for Oncology (ICD-O)11.

8	 Preston DL, Lubin J, Pierce DA, McConney ME, Shilnikova NS. Epicure Manuals.URL: https://hirosoft.com/wp-content/uploads/nethelp/NetHelp/index.
html#!Documents/userguide.htm (access date: 06.05.2025).

9	 International Classification of Diseases and Related Health Problems) ICD-10 Version:2019
10	 Federal Law No. 152-FZ of 27.07.2006 «On Personal Data».
11	 International Classification of Diseases for Oncology (ICD-O), 3rd ed., 1st revision. St. Petersburg: «Problems in oncology», 2017.
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A total of 4285 malignant neoplasm cases were di-
agnosed among 3805 workers in 1948–2018. Over the 
last 19  years of observation (2000–2018), the number 
of MN cases accounted for 49.2% (2107 cases)—nearly 
the same as during the previous 52 years (1948–1999; 
2178 cases).

Dosimetric data

Dosimetric information represents fundamental data for 
epidemiological studies of radiogenic risk. Therefore, 
alongside cohort member identification, continuous 

updates of individual vital status data, and records of di-
agnosed diseases, in the 1990s, research began to revise 
and reconstruct absorbed doses (hereinafter referred 
to as doses) in specific organs from both external and 
internal exposure. As a result, five generations of dosi-
metric systems for external exposure dose assessments 
were sequentially developed (Doses-1999, Doses-2000, 
Doses-2005, Doses-2008, and Doses-2013), as well 
as seven generations for assessments of 239Pu body 
content and corresponding internal exposure doses 
(Doses-1999, Doses-2000, Doses-2005, Doses-2008, 
Doses-2013, Doses-2016, and Doses-2019) [14–21].

Table 1. Quantitative composition of the Mayak PA worker cohort

Numerical Profile
Hiring period

1948–1958 1959–1982 1948–1982

Number of workers, n 13 790 11 965 25 755

males 9907 9486 19 393

females 3883 (28.2%) 2479 (20.1%) 6362

Birth cohort

before 1930 8080 1004 9084

1930–1950 5710 6867 12577

1950–1965 – 4094 4094

birth year range
M

e
 (min–max)

1928
(1886–1942)

1944 
(1893–1965)

1935 
(1886–1965)

Age at hiring at Mayak PA, years

<20 4369 5462 9831

20–30 7163 4372 11535

30–55 2243 2107 4350

55> 15 24 39

Age range
M

e
 (min–max)

22.4 
(14–65)

20.8
 (14–69)

21.8 
(14–69)

Duration of employment at Mayak PA, years

<5 3624 2730 6354

5–20 5121 3571 8692

20–40 4001 4144 8145

40< 1044 1520 2564

employment duration (M
e
) 11 18 14

Employment status

dismissed 13 790 11 511 25 301

continue to work as of 2018 0 454 454

Table compiled by the authors using data from the Mayak PA Personnel Registry
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Since the launch of the first industrial reactor at 
Mayak PA in 1948, the enterprise personnel have been 
provided with individual dosimeters for measuring 
gamma radiation doses [14–16]. Starting from 1984, 
systematic measurements of the neutron dose com-
ponent have been introduced. Among the study cohort 
members, dosimetric data on external exposure is avail-
able for all 25,755 workers (100%), with 80% of annual 
dose estimates based on individual dosimeter readings. 
About 29% of cohort members have at least one an-
nual dose estimated using only indirect data. For 2063 
workers (8.0%), the analysis of professional employment 
records confirmed the absence of occupational external 
exposure.

The sets of annual external exposure dose values 
in different generations of dosimetric systems differ 
primarily in the list of organs for which doses were as-
sessed and the size of the cohort. In 1949–1958, the 
average annual gamma radiation doses for personnel 
(Doses-2013, individual dose equivalent  — γHp10) ex-
ceeded 50 mSv, decreasing to 5–10 mSv in 1968–1989. 
Since 1990, the average annual dose has not exceeded 
5 mSv. Overall, 10,304 individuals (40.1% of the cohort) 
received low doses. The mean cumulative gamma dose 
was 748 mGy for the 1948–1958 hire subcohort and 
130 mGy for the 1959–1982 subcohort.

Annual gamma doses were estimated through 2007. 
Due to the cessation of participation of Mayak PA spe-
cialists in joint studies, access to external dose data 
from 2008 onward has been restricted.

An analysis of autopsy materials from cohort workers 
revealed that internal exposure in the Mayak PA cohort 

essentially involved dosimetry of inhaled 239Pu, com-
pared to doses from uranium fission products, which 
were orders of magnitude lower [17, 18]. Estimates of 
nuclide content and organ/tissue doses are based on 
urinary 239Pu activity measurements [19–21]. The latest 
Dose-2019 system includes dose estimates for 17  or-
gans/tissues and lung compartments for 8395 workers. 
Cumulative doses varied significantly between primary 
plutonium deposition organs and systemic pool organs, 
with maximum values in bone surfaces and minimum 
values in stomach, intestines, and muscles.

The mean cumulative lung dose was 179.4  mGy 
(329.2 mGy for the 1948–1958 hiring period; 41.0 mGy 
for the 1959–1982 hiring period). In the first subcohort, 
1394 workers (34.6%) received  >100  mGy lung dos-
es, compared to only 9.2% in the second subcohort. 
Conversely, 264 workers (6.5%) hired before 1959 and 
1734 (39.7%) hired later received <5 mGy lung doses. 
Systemic organ doses were two orders lower: the mean 
stomach dose was 1.2 mGy, with >5 mGy doses found 
in 4.7% of examined workers (only 13 in the later sub-
cohort).

Only 32.6% of workers in the study cohort under-
went examination. As of 2018, approximately 2000 local 
residents remained available for testing, including < 200 
early hires (first decade). For unexamined workers, dos-
es were estimated using the Job Exposure Matrix (JEM) 
approach, covering 25,423 workers (98.7%).

The Mayak  PA worker cohort remains the world’s 
primary source on health effects of occupational plu-
tonium exposure. The main stochastic effect of inhaled 
plutonium compounds is lung cancer. Numerous Mayak 

Table 2. Vital status in the Mayak PA worker cohort (follow-up through 31.12.2018)

Numerical Profile

Hiring period

1948–1958 1959–1982 1948–1982

in the 
town

beyond 
the town

in the 
town

beyond 
the town

in the 
town

beyond 
the town

Total

Number of workers, n 6478 7311 8530 3436 15 008 10 747 25 755

traceable individuals: 6478 6148 8530 2990 15 008 9138 24 146

alive 693 696 3915 1032 4608 1728 6336

died 5785 5452 4615 1958 10 400 7410 17 810

lost to follow-up (abroad) 
(abroad)

0
1163 
(131)

0
446 
(146)

0
1609 
(277)

1609

M
e
 of survival age, years 72.0 69.7 65.0 64.1 67.5 67.6 67.6

M
e
 of follow-up duration, years 45.8 44.8 40.9 41.5 42.3 43.4 42.5

Person-years of follow-up 285 621 298 546 338 662 134 088 624 283 432 634 1 056 917

Person-years of urban residence 348 938 369 600 718 538

Table compiled by the authors using data from the Mayak PA Personnel Registry
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Table 3. Structure of causes of death and malignant neoplasm incidence among Mayak PA workers (follow-up 
through 31.12.2018)

Cause of death / disease Mortality, % MN Incidence♦, %

Cause of death is known 15 767–100 –

Malignant neoplasms* 3837–24.3 4285–100

     solid MN▲ 3615–94.2 4056–94.7

     stomach cancer⁂ 563–15.6 455–11.2

     MN of colon, rectosigmoid junction and rectum 425–11.8 529–13.0

     cancer of liver and intrahepatic bile ducts ⁂ 114–3.2 76–1.9

     pancreatic cancer ⁂ 179–5.0 148–3.6

     lung cancer ⁂ 1021–28.2 720–17.8

     non-melanoma skin cancer ⁂ 18–0.5 571–14.1

     breast cancer □ 130–15.0 180–15.3

     MN of female genital organs □ 101–11.7 157–13.4

     prostate cancer ■ 147–4.9 266–8.6

     bladder cancer ⁂ 83–2.3 268–6.6

     cancer of the kidneys, other and unspecified urinary organs ⁂ 105–2.9 161–4

     unknown primary tumor ⁂ 151–4.2 40–1

     hemoblastoses ▲ 222–5.8 229–5.3

     leukemias ⁂ 129–58.1 114–49.8

Diseases of the blood and blood-forming organs* 20–0.1 –

Diseases of the circulatory system* 7538–47.8 –

     ischemic heart disease# 4067–54.0 –

     cerebrovascular diseases# 2510–33.3 –

External causes* 2061–13.1 –

Other causes* 2311–14.7 –

Table compiled by the authors using data from the Mayak PA Personnel Registry

Note: * — % of known causes of death; ▲ — % of malignant neoplasms (NM); ⁂ — % of solid NM; # — % of circulatory system diseases; □ — % 
of NM in women; ■ — % of NM in men; ♦ — incidence data reflect diagnoses made exclusively within the Ozersk population; “–” — cases of 
benign or non-neoplastic nature fall outside the scope of this registry.

studies employing various dosimetric systems, observa-
tion periods, and non-radiation factors have established 
lung cancer dose-response models and statistically sig-
nificant risk estimates [22–24].

The estimated excess relative radiation risk (ERR) 
per 1 Gy dose to the lungs was 3.5–8 per 1 Gy for 
males aged 60 years. No deviations from linear dose-
response relationships were found. Radiogenic risk 
values showed a stronger dependence on smok-
ing status than on gender, although these factors 

demonstrated moderate correlation (r  =  0.61) in the 
Mayak PA worker cohort. Additionally, the excess risk 
showed a statistically significant decline with an in-
crease in age.

Studies of the Mayak PA cohort also revealed dose-
dependent relationships between alpha radiation dose 
and MNs in other primary plutonium deposition organs 
(liver, bones). For liver cancer, a nonlinear dose response 
was observed, although apparently being driven exclu-
sively by high-dose exposures.
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For other solid tumors as well as lymphohematopoi-
etic malignancies, neither incidence nor mortality out-
comes showed demonstrable effects from incorporated 
plutonium exposure levels.

Beyond plutonium-related effects, the Mayak work-
er cohort has provided estimates of radiogenic cancer 
risks from external gamma exposure. The principal late 
effect of gamma radiation in this cohort was leukemia 
development. The radiation risk for leukemia (excluding 
chronic lymphocytic leukemia) was approximately 3 per 
1  Gy dose to red bone marrow under a linear model 
[25–27]. However, the data were statistically significantly 
better described by nonlinear (purely quadratic or linear-
quadratic) models incorporating effect modification by:
•	 age at exposure,
•	 time since exposure,
•	 attained age [26, 27].

For solid MN, the coefficient of excess relative risk 
per Gy (ERR/Gy) from external gamma radiation ranged 
0.1–0.4 per Gy across various studies [28–30]. When 
examining the influence of non-radiation factors (sex, 
smoking, type of production, attained age, age at hire) 
as modifiers of radiogenic risk, no statistically significant 
differences were found.

When developing models to predict MN risk among 
workers at modern facilities, it is important to consider 
the significant difference between the current working 
conditions, including dose loads, and those during the 
formative period [31–40]. The assessment of radiogenic 
risk for solid MN incidence (excluding MN in primary 
plutonium deposition organs) in relation to combined 
occupational gamma and alpha radiation levels among 
workers employed under normal radiation conditions 
(1959–1982 hiring period) revealed an increase in MN 
incidence at external radiation doses of 0.5–1.0  Gy 
(relative risk RR = 0.15; 95% CI:  -0.21–0.51) and at al-
pha radiation doses up to 0.005 Gy (RR = 0.30; 95% 
CI: 0.07–0.53). The linear coefficient of radiation risk for 
MN incidence (ERR/Gy) depending on gamma radiation 
dose was statistically significantly different from zero 
only at the 90% level (0.36; 95% CI:  -0.02–0.85; 90% 
CI: 0.03–0.76) when alpha radiation dose was not ac-
counted for [41]. Estimates of the linear ERR/Gy coef-
ficient for alpha radiation dose were negative12.

In the study of cancer mortality using a linear dose-
response function, the excess risk coefficient was zero 
for alpha radiation dose and positive, although not statis-
tically significant, for gamma radiation dose (ERR: 0.17/
Gy; 95% CI: -0.24–0.68)13. When conducting an interval 
dose estimation, a positive and statistically significant 
excess risk was observed only in the high-dose range 
of external radiation above 0.5 Gy (ERR: 0.33/Gy; 95% 

CI: 0–0.82). When modeling only alpha dose intervals, a 
statistically significant positive association was found in 
the dose range up to 0.005 Gy; however, this excess risk 
was not confirmed when using a model accounting for 
both radiation types [42].

Thus, among workers employed under normal ra-
diation conditions (1959–1982 hiring period), the at-
tributable risk assessment for MNs (excluding tumors 
in primary plutonium deposition organs) suggests that 
only 1–5% of cases can be considered radiation-in-
duced, and solely due to external gamma radiation 
exposure.

In the analysis of non-cancer mortality rates among 
workers hired in 1959–198214, a comparison of various 
excess relative risk models based on external radiation 
exposure levels, both with and without consideration of 
internal exposure levels, showed no increase in mortality 
with an increase in radiation exposure. Indeed, no dis-
ease category showed a positive estimate of the ERR/
Gy coefficient when using a linear dose-response rela-
tionship, nor was there a monotonic statistically signifi-
cant increase in relative risk when using a nonparametric 
dose-response relationship.

The improvement in data approximation quality when 
using dose intervals was statistically significant at the 
90% level only for the group of infectious and parasit-
ic diseases: however, this was solely due to a positive 
estimate of excess risk in the dose interval up to 100 
mGy (ERR = 0.6; 90% CI: 0.04–1.58). For the most rep-
resentative category of circulatory system diseases, no 
dose-effect relationship was observed as well, with the 
only positive estimate of excess risk obtained for doses 
exceeding 0.5 Gy (ERR = 0.05; p > 0.5).

CONCLUSION

The Mayak Production Association Personnel Registry 
constitutes an authoritative source for epidemiological 
assessments of radiogenic risks associated with pro-
longed occupational radiation exposure at nuclear in-
dustrial facilities. Based on the worker cohort hired in 
1948–1982, direct estimates of carcinogenic risk have 
been obtained for both external radiation doses and 
239Pu intake. The observation of workers who began 
employment during 1959–1982 serves dual purposes. 
On the one hand, this allows the magnitude of dose-
dependent carcinogenic risk from cumulative gamma 
radiation exposure to be assessed. On the other hand, 
this work highlights the need to extend both the obser-
vation period and the cohort itself to include personnel 
working under exposure conditions comparable to con-
temporary standards.

12	 Indicators and Risk Prognosis for Long-Term Medical Consequences of Prolonged Exposure to Ionizing Radiation from External and Incorporated Sources 
Among Personnel at the Nuclear Industry Enterprise ‘Mayak’ PA Under Normal Operating Conditions, and Assessment of Medical-Demographic Health 
Indicators of the Population Living Near the Radiation-Hazardous Facility. Research Report (Interim). Federal State Budgetary Scientific Institution ‘South Urals 
Institute of Biophysics’, Head: Sokolnikov ME. Ozersk: 2023. State Research Registration No. 122041300044-3. Deposited at CITIS 07.02.2025, No. IKRBS 
I224120300119-7 / 225020709083-0.

13	 Ibid.
14	 Ibid.



513EXTREME MEDICINE | 2025, VOLUME 27, No 4

Original article | Radiobiology

References

1.	 Panfilov AP. Evolution of the system supporting radiation 
safety in nuclear industry of Russia and its current status. 
Radiation and Risk. 2016;25(1):47–64 (In Russ.).

	 EDN: VZDXED
2.	 Grant EJ, Brenner A, Sugiyama H, Sakata R, Sadakane A, 

Utada M, et al. Solid Cancer Incidence among the Life Span 
Study of Atomic Bomb Survivors: 1958–2009. Radiation 
Research. 2017;187(5):513–37.

	 https://doi.org/10.1667/RR14492.1
3.	 Sokolnikov ME, Kabirova NR, Okatenko PV, Koshurnikova NA, 

Tsareva YuV, Martinenko IA, et al. Medical-dosimetry regis-
try of the personnel of “Mayak production association”: sta-
tus and perspectives. Journal of Radiation Sahety Issues. 
2023;3(111):42–55 (In Russ.).

	 EDN: WWGSJD
4.	 Boice JD, Cohen SS, Mumma MT, Ellis ED. The Million 

Person Study, whence it came and why. International Journal 
of Radiation Biology. 2022;98(4):537–50.

	 https://doi.org/10.1080/09553002.2019.1589015
5.	 Hunter N, Haylock RGE, Gillies M, Zhang W. Extended 

analysis of solid cancer incidence among the Nuclear 
Industry Workers in the UK: 1955–2011. Radiation Research. 
2022;198(1):1–17.

	 https://doi.org/10.1667/RADE-20-00269.1
6.	 Richardson DB, Leuraud K, Laurier D, Gillies M, Haylock R, 

Kelly-Reif K, et al. Cancer mortality after low dose expo-
sure to ionising radiation in workers in France, the United 
Kingdom, and the United States (INWORKS): cohort study. 
BMJ. 2023;16(382):e074520.

	 https://doi.org/10.1136/bmj-2022-074520
7.	 Koshurnikova NA, Shilnikova NS, Okatenko PV, Kreslov VV, 

Bolotnikova MG, Sokolnikov ME, et al. Characteristics of the 
cohort of workers at the Mayak nuclear complex. Radiation 
Research. 1999;152(4):352–63.

	 https://doi.org/10.2307/3580220
8.	 Koshurnikova NA, Shilnikova NS, Sokolnikov ME, 

Bolotnikova MG, Okatenko PV, Vasilenko EK, et al. Medical-
dosimetry registry of workers at the “Mayak” production asso-
ciation. International Joural of Low Radiation. 2006;2(3/4):236.

	 https://doi.org/10.1504/IJLR.2006.009516
9.	 Onischenko GG, Romanovich IK, Istorik OA, Vodovatov AV, 

Biblin AM, Kormanovskaya TA, et al. On the 125th anniver-
sary of the discovery of radioactivity: history of development 
and current state of regulation of the provision of the radia-
tion safety of the public. Radiation Hygiene. 2021;14(4):6–16 
(In Russ.).

	 https://doi.org/10.21514/1998-426X-2021-14-4-6-16
10.	 Koshurnikova NA, Shilnikova NS, Okatenko PV, Kreslov VV, 

Bolotnikova MG, Sokolnikov ME, et al. Characteristics of 
the cohort of workers of the nuclear enterprise “Mayak PA” 
(Part I). Radiation Safety Problems. 1998;2:46–55 (In Russ.).

	 EDN: WBJZRP
11.	 Koshurnikova NA, Shilnikova NS, Okatenko PV, Kreslov VV, 

Bolotnikova MG, Sokolnikov ME, et al. Characteristics of 
the cohort of workers of the nuclear enterprise “Mayak PA” 
(Part II). Radiation Safety Problems. 1998;3:48–58 (In Russ.).

	 EDN: WBJZRP
12.	 Koshurnikova NA, Okatenko PV, Shilnikova NS, 

Kuznetsova  IS, Sokolnikov ME. Health effects of occupa-
tional radiation exposure (cancer mortality among exploy-

ees of the main plants of the Mayak production association). 
Extreme Medicine. 2006;2(16):5–14 (In Russ.).

	 EDN: WLKKQZ
13.	 Nikipelov BV, Lyzlov AF, Koshurnikova NA. Experience of the 

first nuclear industry enterprise (levels of radiation and health 
of personnel). Priroda. 1990;2:30–8 (In Russ.).

	 EDN: WBJMEB
14.	 Vasilenko EK. Dosimetry of external irradiation of manu-

facturers of PA  Mayak: devices, methods, and monitoring 
results. In: Kiselev MF, Romanov SA, ed. Sources and ef­
fects of irradiation of manufacturers of PA “Mayak” and the 
population located on the territory of the industrial enterprise. 
Ozyorsk; 2009:66–135 (In Russ.).

	 EDN: ZBOYBT
15.	 Napier BA. The Mayak worker dosimetry system (MWDS-

2013): an introduction to the documentation. Radiation 
Protection Dosimetry. 2017;176(1–2):6–9.

	 https://doi.org/10.1093/rpd/ncx020
16.	 Hohrjakov VF, Hohrjakov VV, Suslova KG, Vostrotin VV, 

Shhadilov AE, Sokolova AB, et al. Progress in plutonium 
dosimetry development at Mayak  PA. Radiation Safety 
Problems. 2006;41(1):59–80 (In Russ.).

	 EDN: JUURIP
17.	 Efimov AV, Sokolova AB. History and program of biophysical 

examinations in the epidemiological cohort of employees of 
the PA  “Mayak”. Radiation and Risk. 2024;33(4):131–43 (In 
Russ.).

	 https://doi.org/10.21870/0131-3878-2024-33-4-131-143
18.	 Khokhryakov VV, Khokhryakov VF, Suslova KG, Vostrotin VV, 

Vvedensky VE, Sokolova AB, et al. Mayak Worker Dosimetry 
System  2008 (MWDS-2008): Assessment of Internal Dose 
from Measurement Results of Plutonium Activity in Urine. 
Health Physics. 2013;104(4):366–78.

	 https://doi.org/10.1097/HP.0b013e31827dbf60
19.	 Birchall A, Vostrotin VV, Puncher M, Efimov AV, Dorrian M-D, 

Soolova AB, et al. The Mayak worker dosimetry system 
(MWDS-2013) for internally deposited plutonium: an over-
view. Radiation Protection Dosimetry. 2017;176(1–2):10–31.

	 https://doi.org/10.1093/rpd/ncx014
20.	 Vostrotin VV, Napier BA, Zhdanov AV, Miller S, Sokolova AB, 

Bull RK, et al. The Mayak worker dosimetry system (MWDS-
2016): internal dosimetry results and comparison with MWDS-
2013. Radiation Protection Dosimetry. 2019;184(2):201–10.

	 https://doi.org/10.1093/rpd/ncy200
21.	 Sokolnikov ME, Gilbert ES, Preston DL, Ron E, Shilnikova NS, 

Koshurnikova NA, et al. Lung, liver and bone cancer mor-
tality in Mayak workers. International Journal of Cancer. 
2008;123(4):905–11.

	 https://doi.org/10.1002/ijc.23581
22.	 Gilbert ES, Sokolnikov ME, Preston DL, Schonfeld SJ, 

Schadilov AE, Vasilenko EK, et al. Lung Cancer Risks from 
Plutonium: An Updated Analysis of Data from the Mayak 
Worker Cohort. Radiation Research. 2013;179(3):332–42.

	 https://doi.org/10.1667/RR3054.1
23.	 Labutina EV, Kuznetsova IS, Hunter N, Harrison J, 

Koshurnikova NA. Radiation Risk of Malignant Neoplasms 
in Organs of Main Deposition for Plutonium in the Cohort 
of Mayak Workers with Regard to Histological Types. Health 
Physics. 2013;105(2):165–76.

	 https://doi.org/10.1097/HP.0b013e31828f57df

https://www.elibrary.ru/VZDXED
https://www.elibrary.ru/WWGSJD
https://www.elibrary.ru/WBJZRP
https://www.elibrary.ru/WBJZRP
https://www.elibrary.ru/WLKKQZ
https://www.elibrary.ru/WBJMEB
https://www.elibrary.ru/ZBOYBT
https://www.elibrary.ru/JUURIP


514

Оригинальная статья | Радиобиология

МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ | 2025, ТОМ 27, № 4

24.	 Shilnikova NS, Preston DL, Ron E, Gilbert ES, Vassilenko EK, 
Koshurnikova NA, et al. Cancer Mortality Risk among 
Workers at the Mayak Nuclear Complex. Radiation Research. 
2003;159(6):787–98.

	 https://doi.org/10.1667/0033-7587(2003)159
25.	 Kuznetsova IS, Labutina EV, Hunter N. Radiation 

Risks of Leukemia, Lymphoma and Multiple Myeloma 
Incidence in the Mayak Cohort: 1948–2004. PLoS ONE. 
2016;11(9):e0162710.

	 https://doi.org/10.1371/journal.pone.0162710
26.	 Sokolnikov ME, Preston DL, Stram D, Martinenko IA, 

Koshurnikova NA. Chronic effect of ionizing radiation and 
leukomogenic risk. Chronic radiation exposure: late medical 
and biological effects. Proceedings of the 7th scientific con-
ference. Chelyabinsk; 2022 (In Russ.).

27.	 Sokolnikov M, Preston D, Stram DO. Mortality from solid 
cancers other than lung, liver, and bone in relation to ex-
ternal dose among plutonium and non-plutonium workers 
in the Mayak Worker Cohort. Radiation and Environmental 
Biophysics. 2017;56(1):121–5.

	 https://doi.org/10.1007/s00411-016-0670-5
28.	 Sokolnikov ME, Preston DL, Gilbert E, Schonfeld S, 

Koshurnikova NA. Radiation Effects on Mortality from 
Solid Cancers Other than Lung, Liver, and Bone Cancer 
in the Mayak Worker Cohort: 1948–2008. PLoS ONE. 
2015;10(2):e0117784.

	 https://doi.org/10.1371/journal.pone.0117784
29.	 Hunter N, Kuznetsova IS, Labutina EV, Harrison JD. 

Solid cancer incidence other than lung, liver and bone in 
Mayak workers: 1948–2004. British Journal of Cancer. 
2013;109(7):1989–96.

	 https://doi.org/10.1038/bjc.2013.543
30.	 Wakeford R. What about the workers? Journal of Radiology 

Protection. 2024;44(2):011504.
	 https://doi.org/10.1088/1361-6498/ad4eea
31.	 Laurent O, Samson E, Caer-Lorho S, Fournier L, Laurier D, 

Leuraud K. Updated mortality analysis of SELTINE, the 
French cohort of nuclear workers, 1968–2014. Cancers. 
2022;15(1):79.

	 https://doi.org/10.3390/cancers15010079
32.	 Haylock RGE, Gillies M, Hunter N, Zhang W, Phillipson M. 

Cancer mortality and incidence following external occupa-
tional radiation exposure: an update of the 3rd analysis of the 
UK National Registry for Radiation Workers. British Journal 
of Cancer. 2018;119(5):631–7.

	 https://doi.org/10.1038/s41416-018-0184-9

33.	 Hunter N, Haylock R. Extended analysis of solid can-
cer incidence among nuclear industry workers in the 
UK 1955–2011: comparison of workers first hired in ear-
lier and later periods. Journal of Radiology Protection. 
2024;44(2):021515.

	 https://doi.org/10.1088/1361-6498/ad4c72
34.	 Kelly-Reif K, Bertke SJ, Daniels RD, Richardson DB, 

Schubauer-Berigan MK. Ionizing radiation and solid cancer 
mortality among US nuclear facility workers. International 
Journal of Epidemiology. 2023;52(4):1015–24.

	 https://doi.org/10.1093/ije/dyad075
35.	 Richardson DB, Daniels RD, Hamra GB, Leuraud K, Thierry-

Chef I. Risk of cancer from occupational exposure to ionising 
radiation: retrospective cohort study of workers in France, 
the United Kingdom, and the United States (INWORKS). 
BMJ. 2015;351:h535.

	 https://doi.org/10.1136/bmj.h5359
36.	 Wakeford R. Overview of epidemiological studies of nuclear 

workers: opportunities, expectations, and limitations. Journal 
of Radiological Protection. 2021;41(4):1075.

	 https://doi.org/10.1088/1361-6498/ac0df4
37.	 Cardis E, Vrijheid M, Blettner M, Gilbert E, Hakama M, 

Hill G, et al. The 15-country collaborative study of cancer 
risk among radiation workers in the nuclear industry: esti-
mates of radiation-related cancer risks. Radiation Research. 
2007;167(4):396–416.

	 https://doi.org/10.1667/RR0553.1
38.	 Wakeford R. Solid cancer mortality among US radiation work-

ers. International Journal of Epidemiology. 2023;52(6):1992–4.
	 https://doi.org/10.1093/ije/dyad131
39.	 Schubauer-Berigan MK, Daniels RD, Bertke SJ, Tseng 

C-Y, Richardson DB. Cancer mortality through 2005 
among a pooled cohort of U.S. nuclear workers ex-
posed to external ionizing radiation. Radiation Research. 
2015;183(6):620–31.

	 https://doi.org/10.1667/RR13988.1
40.	 Kuznetsova IS. Comparison of Radiation Risk of Cancer 

Incidence among PA  Mayak Workers Hired at Different 
Calendar Periods. Medical Radiology and Radiation Safety. 
2021;66(6):50–6 (In Russ.).

	 https://doi.org/10.12737/1024-6177-2021-66-6-50-56
41.	 Kuznetsova IS. Radiation risk of mortality from malig-

nant neoplasms among workers hired at different pe-
riods of Mayak  PA activity. Radiation Safety Problems. 
2023;4(112):82–9 (In Russ.).

	 EDN: ZMZQJW

Authors’ contributions. All authors confirm that their authorship meets the ICMJE criteria. The greatest contributions 
are as follows: Irina S. Kuznetsova — conceptualization, formal analysis, preparation of the draft manuscript, creation of 
the manuscript and its editing, and visualization; Mikhail E. Sokolnikov — methodology, research management, project 
administration, and funding acquisition; Nailya R. Kabirova — data administration; Yulia V. Tsareva — research execu-
tion; Elena V. Denisova — data verification; and Pavel V. Okatenko — software.

https://doi.org/10.1667/0033-7587(2003)159
https://www.elibrary.ru/ZMZQJW


515EXTREME MEDICINE | 2025, VOLUME 27, No 4

Original article | Radiobiology

AUTHORS

Irina S. Kuznetsova, Cand. Sci. (Biol.) 
https://orcid.org/0000-0002-1214-295X
kuznetsova@subi.su

Mikhail E. Sokolnikov, Dr. Sci. (Med.) 
https://orcid.org/0000-0001-9492-4316
sokolnikov@subi.su

Nailya R. Kabirova
https://orcid.org/0000-0001-7724-6103
kabirova@subi.su

Yulia V. Tsareva, Cand. Sci. (Med.)
https://orcid.org/0000-0001-5559-4457
tsareva@subi.su

Elena V. Denisova
https://orcid.org/0000-0002-6262-0067
denisova @subi.su

Pavel V. Okatenko
https://orcid.org/0000-0002-8260-1808
okatenko@subi.su



516

Обзор | Радиобиология

МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ | 2025, ТОМ 27, № 4

https://doi.org/10.47183/mes.2025-316 

PROSPECTS FOR THE USE OF ALPHA-2-MACROGLOBULIN 
AS A RADIOPROTECTIVE AGENT
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Introduction. The diversity of clinical manifestations of radiation sickness creates significant difficulties in the development of a versatile 
means for the prevention and treatment of radiation injuries.
Objective. Assessment of the prospects for using alpha-2-macroglobulin (α2M) as a radioprotective agent.
Discussion. The existing agents were established to be incapable of simultaneous implementation of multiple mechanisms of radiopro-
tective action, rendering the development of complex formulations the primary research direction. However, the toxicity, side effects, and   
multidirectional nature of many radioprotectors hinders their combined application. Along with inhibiting proteinases, alpha-2-macroglobulin 
(α2M) is involved in lipid metabolism and regulation of the antioxidant system. It influences enzyme activity, binds and transports numerous 
cytokines, affects the functions of immunocompetent cells, and controls the development of the inflammatory response and tissue remodel-
ing processes. A number of published studies confirm α2M to be a promising radioprotector and a key component of innate radioprotection. 
Conclusions. Preparations based on human blood polyfunctional proteins can serve as a basis for the development of means for preventing 
and treating radiation injuries. The α2M administration into the body reduces lethality, protects DNA from damage, lowers the oxidative stress 
level, mitigates the severity of leukopenia and thrombocytopenia, and reduces the number of necrosis foci. Further research into the radio-
protective properties of this protein and the optimization of methods for its isolation from blood for industrial-scale production are required.
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ПЕРСПЕКТИВЫ ИСПОЛЬЗОВАНИЯ АЛЬФА-2-МАКРОГЛОБУЛИНА КАК ПРОТИВОЛУЧЕВОГО 
СРЕДСТВА

В.Н. Зорина, Е.А. Евдокимова

Научно-клинический центр токсикологии им. академика С.Н. Голикова Федерального медико-биологического агентства, 
Санкт-Петербург, Россия

Введение. Многообразие клинических проявлений лучевой болезни создает значительные сложности в разработке универсаль-
ного средства профилактики и терапии радиационных поражений.
Цель. Оценка перспектив использования альфа-2-макроглобулина (α2-МГ) как противолучевого средства.
Обсуждение. Установлено, что существующие средства не позволяют одновременно реализовать несколько механизмов про-
тиволучевого действия, основным направлением является разработка комплексных рецептур. Однако многие радиопротекторы 
токсичны и имеют побочные эффекты, разнонаправленность их воздействия препятствует комплексному применению. Извест-
но, что α2-МГ, помимо ингибирования протеиназ, задействован в обмене липидов и регуляции антиоксидантной системы, влияет 
на активность ферментов, связывает и транспортирует многие цитокины, воздействует на функции иммунокомпетентных клеток, 
контролирует развитие воспалительной реакции и процессы ремоделирования тканей. Опубликован ряд работ, подтверждающих, 
что α2-МГ является перспективным радиопротектором и основным компонентом врожденной радиозащиты. 
Выводы. Препараты полифункциональных белков крови человека могут служить основой для разработки средств профилактики 
и лечения радиационных поражений. Введение α2-МГ в организм снижает летальность, защищает ДНК от повреждения, снижает 
уровень окислительного стресса, уменьшает выраженность лейкопении и тромбоцитопении, количество очагов некроза. Требуют-
ся дополнительные исследования радиозащитных свойств данного белка и оптимизация методов выделения из крови под произ-
водственные нужды.

Ключевые слова: альфа-2-макроглобулин; радиопротекторы; лучевая болезнь; терапия радиационных поражений; противолучевые 
средства
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INTRODUCTION

The current stage of technological development is as-
sociated with aggravation of radiation hazards to the 
level of public discussions around the possibility of 
using tactical nuclear weapons. At the same time, the 
delayed effects of radiation sickness are generally ig-
nored, ranging from acute leukemia, which developed 
en masse 9–10 days after the bombings of Hiroshima 
and Nagasaki [1], to teratogenic effects observed in ci-
vilians living for many years in areas adjacent to territo-
ries contaminated with depleted uranium (Iraq, Serbia, 
Libya, Somalia, Haiti, etc.) [2]. It should be noted that 
the existing technologies aimed at ecosystem restora-
tion and human safety, including biorevitalization and 
biomineralization methods, demonstrate insufficient ef-
ficiency [3]. Undoubtedly, the tragedy of Hiroshima and 
Nagasaki was a harsh lesson to learn for contemporar-
ies, intensifying experimental studies of radiation sick-
ness in laboratory animals, as well as the development 
of personal protective equipment and medical means 
of radiological protection. 

Today, the biological effects of ionizing radiation 
are viewed as a combination of molecular, biochemi-
cal, morphological, physiological, and genetic changes. 
Numerous deterministic and stochastic (dose-inde-
pendent) effects have been described and studied [4]. 
Overall, radiation pathology is characterized by a diver-
sity of clinical forms, hindering the creation of a unified 
classification of radiation injuries. In addition to the dura-
tion of exposure and dose, the routes of radionuclide 
intake into the body, distribution features, tropism to 
organs and tissues, and the ability to adapt and regen-
erate at the individual level are of great importance for 
pathogenesis. With an increase in the absorbed dose, 
the bone marrow and intestines are sequentially affect-
ed, vascular-toxemic, cardiovascular, and cerebral forms 
of acute radiation sickness develop, with a correspond-
ing reduction in the time to lethal outcome (a dose of up 
to 10 Gray is considered treatable) [4]. The diversity of 
clinical manifestations of radiation sickness creates sig-
nificant barriers to the development of versatile preven-
tion and treatment means.

The aim of this work is to assess the prospects for 
using alpha-2-macroglobulin as a radioprotective agent.

MATERIALS AND METHODS

The literature search was carried out in electron-
ic bibliographic databases in the Russian (E-library, 
CyberLeninka) and English (PubMed) languages and 
patent sources (FIPS, EspaceNet). Search queries in-
cluded the following keywords: alpha-2-macroglobu-
lin, radioprotector, radioprotection, anti-radiation. The 
search depth for the combination of keywords “alpha-
2-macroglobulin” and others was not specified, and the 
search depth for the remaining keywords was 10 years. 

RESULTS AND DISCUSSION 

Existing and novel radioprotective agents

Medicinal products used for the prevention and treat-
ment of radiation injuries lack a unified classification; 
however, they can be conventionally divided into radio-
protectors, agents for long-term enhancement of body 
resistance, and means for injury prevention. Based on 
the scenarios of exposure, they are distinguished as 
radioprotectors (providing short-term effects), radi-
omitigators (long-term exposure, stimulation of repair), 
radiomodifiers (non-specific enhancement of body re-
sistance), agents preventing incorporation and promot-
ing the elimination of radionuclides from the body, and 
means for suppressing undesirable body reactions to 
irradiation. Medical means are also conventionally sub-
divided into preventive (radioprotectors, stimulators of 
body radioresistance), therapeutic-prophylactic (radi-
omitigators, agents for alleviating the primary body reac-
tion and means for preventing effects from incorporated 
nucleotides), and therapeutic agents (treatment of acute 
bone marrow syndrome, skin and mucous membrane 
injuries). Additionally, classifications based on the bio-
logical activity of the agents and other criteria exist [4, 5].

It is important to note that none of the hypotheses 
regarding the radioprotective action of pharmacological 
compounds allow for a unified theoretical generalization 
of the mechanism of their action, as none of the recom-
mended or developed agents enable the simultaneous 
implementation of multiple mechanisms of radioprotec-
tive action [6]. In Russia, indralin  (B-190) [4, 6], a bio-
genic amine, is recommended as a radioprotector. The 
high protective efficacy of indralin is primarily associated 
with its vasoconstrictor activity, leading to regional im-
pairment of blood supply, including in radio-sensitive 
tissues. It has been suggested that B-190 provokes tis-
sue hypoxia by activating tissue respiration through α1-
adrenergic receptors. A radiomitigating effect has also 
been assumed; thus, indralin indirectly releases sero-
tonin from bone marrow tissues, and serotonin, in turn, 
stimulates the proliferation of hematopoietic stem cells. 
However, the radiomitigating properties of indralin, while 
contributing to increased radioresistance, are still not 
comparable to its radioprotective effect [6].

Along with B-190, naphthyzin, a common alpha-adre-
nomimetic with vasoconstrictive action, is also used as a 
radioprotector. Recommended as a means for prevent-
ing and alleviating the primary radiation reaction, ondan-
setron hydrochloride dihydrate (Latran®, granisetron) is 
essentially an antiemetic drug [5, 6]. Enterosorbents and 
other means for preventing injuries from incorporated 
radionuclides, including potassium iodide, potassium-
iron hexacyanoferrate (Ferrocyn®), calcium-trisodium salt 
of diethylenetriaminepentaacetic acid (Pentacin), and 
2,3-dimercaptopropanesulfonate (Unithiol) [5, 6], protect 
only specific organs and have application limitations, 



518

Обзор | Радиобиология

МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ | 2025, ТОМ 27, № 4

with many enterosorbents developed in the USSR long 
being discontinued.

The attempts to develop and test novel means of ra-
diation protection are ongoing. Some previously devel-
oped anti-radiation agents (cystamine, Mexamine®) have 
been surpassed in terms of tolerability and protective 
properties by modern radioprotectors and are seeking 
new medical applications [6]. Efforts are being made to 
reduce the side effects of amifostine (WR-2721 is the pri-
mary radioprotector in the USA and Western Europe) by 
modifying the active component. Thus, a new polycyste-
ine peptide with three thiol groups has been synthesized 
to reduce toxicity, demonstrating efficacy comparable to 
that of amifostine and a better safety profile [7].

Among original innovations, the proposal to use 
molecular hydrogen for radioprotection (as an anti-
oxidant, anti-inflammatory, anti-apoptotic agent, and a 
factor influencing gene expression) can be mentioned. 
Protective effects on cognitive functions, the immune 
system, lungs, heart, digestive organs, hematopoietic 
organs, testes, skin, and cartilage tissues have been re-
ported when administering hydrogen-enriched water to 
small laboratory animals. In patients undergoing radia-
tion therapy for therapeutic purposes, the intake of such 
enriched water reduced side effects without affecting 
the primary treatment outcome. Inhalation of gaseous 
H

2
 in terminal-stage cancer patients improved hemato-

poietic function [8].
Among substances of plant origin, celastrol (tripterin) 

has been described. This is a pentacyclic triterpenoid 
from the quinone methide family, derived from the roots 
of Chinese medicinal plants (Tripterygium wilfordii or 
Celastrus regelii). According to the authors, this sub-
stance is capable of inhibiting NF-κB pathways, exhib-
iting antioxidant activity, suppressing lipid peroxidation 
and oxidative DNA damage, and increasing animal sur-
vival in experiments [9].

As a separate research direction, the administration 
of bacterial strains to enhance survival has been de-
scribed. In particular, data were published showing that 
the introduction of a radioresistant variant of St. aureus 
followed by irradiation of animals at the LD100/30 level 
increased survival by 77.7% [10]. It is assumed that the 
modified strains actively synthesize antioxidant factors 
affecting various organs and systems, which collectively 
enhance the body’s resistance.

Since the creation of an original low-molecular-
weight chemical compound with multi-targeted ac-
tions and diverse biological activities presents a sig-
nificant challenge, research groups have long adopted 
the strategy of utilizing natural creations. In this regard, 
cytokines, hormones, and vitamins have been studied 
as a means for the prevention and early therapy of ra-
diation injuries [5]. Over a decade ago, the U.S. Food 
and Drug Administration (US FDA) approved a num-
ber of radioprotective agents (radiomitigators), includ-
ing 5-androstenediol (neumune), genistein (BIO  300), 

protein kinase ON01210 (Ex-RAD), Toll-like receptor 5 
agonist CBLB502 (entolimod), the corticosteroid be-
clomethasone (OrbeShield®), recombinant human inter-
leukin-12 (HemaMax®), and recombinant growth factor 
G-CSF (Neupogen®) [5]. An analogue of the latter agent 
(filgrastim) is also positioned as a means for the patho-
genetic therapy of acute radiation sickness [6], although 
it is essentially a genetically engineered granulocyte 
colony-stimulating factor that stimulates leukopoiesis. 
Beta-leukin, which is no longer produced but was rec-
ommended as an effective radiomitigator for early use 
after accidental irradiation [5, 6], is a recombinant ana-
logue of human pro-inflammatory interleukin-1β. While 
the aforementioned natural compounds and their re-
combinant analogues demonstrate certain levels of ra-
dioprotective activity — either directly or indirectly (e.g., 
by stimulating an inflammatory response that counter-
acts processes developing during radiation sickness) — 
and protect specific organs and systems from the pro-
gression of radiation sickness, they still fail to provide a 
comprehensive protection for the entire organism.

According to a number of radiology specialists, the 
primary direction in the development of approaches to 
pharmacological correction of the initial response to ir-
radiation is the creation of complex formulations. Their 
components should effectively target various organs 
and systems, and accordingly, different links in the 
pathogenesis of early disorders [5]. A consequence of 
this approach has been a striking diversity of means for 
preventing and treating individual manifestations of ra-
diation sickness, albeit with questionable acceptability 
of the results from their combined use.

This diversity is exemplified by Chinese authors [11], 
who illustrated all radioprotective means mentioned in 
scientific publications (Fig. 1). Among the listed agents, 
along with “classical” amifostine, are the non-steroidal 
anti-inflammatory benzydamine for treating oral muco-
sitis, glutamine for mucosal restoration, pentoxifylline 
with statins to reduce inflammation and prevent fibrosis, 
meloxicam as an anti-proliferative agent, and superoxide 
dismutase for protection against free radical damage. 
The authors also mentioned Toll-like receptor agonists, 
low-molecular nitroxide compounds, and sphingosine-
1-phosphate.

The natural radioprotective agents described so far 
include plant extracts (flavonoids, etc.), vitamins (A, C, E), 
trace elements (selenium), and components of bacterial 
lysates (flagellin). Cytokines (including a number of pro-
inflammatory cytokines and growth factors) and some 
immunomodulators (β-glucan and others) are separate-
ly listed, with stem cell therapy and gene therapy also 
mentioned [11].

It becomes absolutely evident that employing such a 
complex therapy with substances of multidirectional bio-
logical action is hazardous to health, even in the event 
of a direct threat to human life, as the cumulative side 
effects may well surpass the consequences of radiation 
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Figure prepared by the authors based on data from [11], CC BY license

Fig. 1. Main radioprotective agents: GM‑CSF, granulocyte‑macrophage colony stimulating factor; G‑CSF, granulocyte 
colony stimulating factor; M‑CSF, macrophage colony stimulating factor; IL, interleukin; TPO, thrombopoietin; M‑GDF, 
megakaryocyte growth development factor; F L, Flt‑3 ligand; TSLP, thymic stromal lymphopoietin; KGF, keratinocyte 
growth factor; HAPO, hemangiopoietin; LIF, leukemia inhibitor y factor; PF4, platelet factor 4; EPO, erythropoietin; SCF, 
stem cell factor; SDF‑1, stromal cell‑derived factor‑1; MSC, mesenchymal stem cell; AED, 5‑androstenone
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exposure. This justifies the necessity of searching for 
more versatile medicinal methods of protection.

Properties of alpha-2-macroglobulin and prospects 
for its use as a means for prevention and treatment 
of radiation injuries

The trend toward using natural molecules with a medium 
or high molecular weight, which allow for a more diverse 
impact on the organism compared to low-molecular-
weight chemical compounds, is evident. However, it has 
not reached its logical conclusion as high-molecular-
weight blood plasma components with radioprotective 
properties are now rarely discussed in the scientific lit-
erature.

Meanwhile, for over half a billion years, a family of 
proteins that exerts a complex effect on the body’s or-
gans and systems and possesses, among other things, 
pronounced radioprotective properties has existed. In 
humans, the main representative of this family is alpha-
2-macroglobulin (α2M); its concentration in blood serum 
is about 2–3 g/L. In humans, this family also includes 
pregnancy-associated alpha-2-glycoprotein and plasma 
protein-A (their blood levels increase during pregnancy 
and in estrogen-dependent tumors, but even then, they 
are significantly lower than the concentration of α2M). 
In rodents, this family additionally includes murinoglobu-
lins. Some authors also classify the complement com-
ponents C3 and C4 as part of this superfamily.

Possessing a significant molecular weight (720 kDa), 
α2M can perform regulatory and transport functions in 
the intercellular environment. This protein is known to be 
biologically active; however, low-molecular-weight com-
pounds diffuse rather slowly in the absence of fluid flow. 
This glycoprotein has four subunits in its structure, each 
containing a masked thiol ester that specifically binds a 
wide spectrum of proteinases while partially preserving 
their activity. Furthermore, the subunits have a fairly ex-
tensive hydrophobic region, which is also a binding site.

A unique property of α2M, along with its ability to 
form covalent and non-covalent bonds with a wide va-
riety of compounds, consists in its capacity to change 
the conformation and accessibility of binding sites on 
its surface. A number of functions are triggered only af-
ter interaction with proteinases (an example of the α2M 
structure based on cryo-electron microscopy data is 
shown in Fig. 2). Such features determine the variability 
of its properties, even regarding its clearance rate from 
circulation; thus, the α2M complex with some cytokines 
can circulate in the body for a long time, while after in-
teraction with a proteinase, the half-life of the complex 
is no more than 1.5 min. In general, the structure and 
functions of α2M, including those mentioned above, 
have been described in sufficient detail in the scientific 
literature from the 1980s to the present day [12–17].

Among the properties of this protein directly or indi-
rectly involved in radioprotection mechanisms is the fact 
that α2M subunits are paired by two zinc atoms and can 
interact with various metals via a competitive mecha-
nism [18]. This protein is capable of performing its func-
tions through different types of receptors expressed by 
various cell types, including endocytosis receptors (the 
low-density lipoprotein receptor family, or so-called LRP 
receptors) and signaling receptors (including GRP-78, 
classified as a heat shock protein). It has been previously 
established that α2M is involved in lipid metabolism, tis-
sue remodeling, regulation of enzymatic and antioxidant 
system functions, while controlling the development of 
an inflammatory response. The fact that α2M binds and 
transports many cytokines, and its synthesis is regulated 
by cytokines and growth factors (IL-6 stimulates synthe-
sis, while TGF-β inhibits), as well as the circumstance 
that α2M influences the functions of leukocytes (primar-
ily neutrophils), lymphocytes, and macrophages, and is 
actively involved in inflammatory, autoimmune, and pro-
liferative processes [12–16], indicates that many effects 
of currently used radioprotectors are realized with the 
direct participation of this protein. Among other things, 

Figure prepared by the authors based on data from [17], CC BY license

Fig. 2. Structure of the native and transformed (after interaction with a proteinase) alpha-2-macroglobulin 
molecule according to cryo-electron microscopy data 
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α2M can induce the activation of NF-κB signaling path-
ways [19] and is capable of interacting with histones [20]. 
Despite these promising observations, only a few pub-
lications have addressed the radioprotective properties 
of α2M.

The first attempts found in the scientific literature to 
use α2M as a radioprotective agent date back to the 
1960s. In 1967, the research team [21] showed that 
alpha-macroglobulin fractions (19S), isolated by zonal 
ultracentrifugation from the blood serum of rats and 
mice and administered both separately and in a mixture, 
increased the survival of mice irradiated at a dose of 
750 roentgen. It was shown that the «murine» α2M frac-
tion stimulates hematopoiesis; thus, differences in hema-
topoietic activity in irradiated (400 roentgen) mice receiv-
ing the macroglobulin fraction compared to the control 
averaged 3–5 times in the bone marrow and 9–10 times 
in the spleen. At the same time, the administration of 
a fraction of isologous proteins with a lower molecular 
weight did not produce a similar effect, underscoring the 
importance of using precisely native, undamaged prep-
arations of high-molecular-weight proteins. 

In 1974, British researchers also reported on the abil-
ity of α2M to provide radioprotection, including as part 
of fractions or preparations containing IgA impurities. 
Mice were irradiated at a sublethal dose of 500 rad and 
administered α2M or its containing protein fraction con-
taining 4 h after whole-body irradiation, with a second 
administration 4  days later. Human albumin was used 
as a reference protein. It was found that the adminis-
tration of α2M contributed to an increase in the total 
number of leukocytes. Since an unphysiologically high 
dose (20  mg), on the contrary, had a suppressive ef-
fect, a dose of 5 mg was considered promising. It was 
suggested that earlier administration (less than 4 h after 
radiation exposure) would be more effective [22]. 

Attempts to use α2M as a radioprotective agent were 
also made in Russia. In particular, in 1995, a patent was 
registered for an invention of a method for obtaining a 
blood plasma fraction containing α2M and intended, 
among other things, for the treatment of radiation in-
juries [23]. Despite a rather primitive and controversial 
production method (the fraction is essentially a mixture 
of α2M and IgM), the effectiveness of the development 
was demonstrated in clinical studies involving cancer 
patients undergoing chemo- and radiotherapy. The 
obtained preparation was administered intramuscu-
larly multiple times. In patients additionally receiving the 
preparation alongside their treatment, the frequency of 
leukopenia and thrombocytopenia decreased, general 
well-being improved, the number of inflammatory infil-
trates decreased, and in some cases, a regression of 
metastases was observed [23].

Serbian scientists published a series of works on the 
radioprotective properties of α2M in 2003, 2009, and 
2011. The initial experiments were conducted on rats ir-
radiated at a dose of 6.7 Gy. Amifostine was used as a 
reference drug. The α2M purification method included 

chromatography on DEAE-cellulose and gel filtration. It 
was demonstrated that the prophylactic administration 
of α2M provided  100% protection against lethal out-
come at the specified radiation dose, as well as ami-
fostine. In that experiment, a mixture of amifostine and 
α2M best preserved the total number of leukocytes and 
platelets [24].

In another study, the same research group admin-
istered α2M in physiological saline at a dose of 4.5 mg 
per rat weighing 200–250 g, 30 min after irradiation at 
6.7 Gy. In the untreated group, about 50% of the animals 
died within the 4-week observation period, while in the 
groups receiving amifostine or α2M, all animals survived 
and showed weight gain. In irradiated animals without 
treatment, the relative liver weight (calculated as the ra-
tio of the organ’s absolute weight to the animal’s body 
weight) decreased. Conversely, the administration of 
α2M and amifostine increased the relative weight, peak-
ing in differences at 14 days. When studying morpholog-
ical changes in the liver tissues of irradiated animals, the 
administration of α2M and amifostine minimized dam-
age and prevented the formation of necrotic foci [25].

It was experimentally established that both α2M and 
amifostine significantly reduced the number of DNA 
damages in irradiated animals (although not fully nor-
malizing this indicator). A comparable influence in the 
direction and magnitude of amifostine and α2M action 
on superoxide dismutase activity, the expression of the 
universal transcription factor NF-κB, and changes in se-
rum IL-6 concentration in rats upon irradiation was ob-
served. On this basis, the authors concluded that the 
radioprotective efficacy of α2M results from a combina-
tion of several mechanisms of action, each with its own 
effectiveness. It is possible that a number of the protec-
tive effects of amifostine are due to its ability to stimulate 
the synthesis of α2M. Thus, α2M is a central effector of 
natural radioprotection, at least in rats [26, 27].

These findings are of particular interest given the tox-
icity of amifostine, while a number of its radioprotective 
effects are mediated by the activity of a non-toxic protein 
(α2M), whose synthesis it stimulates.

In 2018, Liu et al. conducted experiments on cell 
cultures to demonstrate that α2M has a beneficial ef-
fect on the differentiation and proliferation of irradiated 
bone tissue cells, reduced autophagy, lowered oxidative 
stress levels, and decreased apoptosis activity, exhib-
iting pronounced radioprotective effects [28]. In 2022, 
other Chinese researchers, Huangfu et al., published 
data confirming the restoration of functions and main-
tenance of viability in irradiated fibroblasts, as well as a 
reduction in oxidative stress levels under the influence of 
α2M. Mitochondrial damage caused by irradiation was 
reduced with α2M, presumably by inhibiting the loss of 
mitochondrial membrane potential, calcium expression, 
and TRPM2 [29].

The significance of α2M and its receptor LRP1 (CD91) 
in the progression of malignant neoplasms has been re-
peatedly confirmed. It is suggested that restoring α2M 
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homeostasis in tumors to levels characteristic of healthy 
tissues may suppress the tumor’s ability to evade im-
mune surveillance and promote cancer cell death [30]. 
Since α2M levels and the activity of LRP receptor ex-
pression are directly interrelated with the growth activity 
of a number of malignant tumors, organismal aging, and 
a general decrease in resistance to external influences, it 
is evident that a number of teratogenic effects observed 
in radiation injuries may also be regulated by influencing 
the content of this protein in the body.

It is noteworthy that available literature contains al-
most no publications from Western European and North 
American scientists dedicated to studying the radiopro-
tective properties of α2M. We found only one study by 
US researchers, who demonstrated that individuals with 
high levels of α2M in their blood tolerate therapeutically 
prescribed irradiation more easily [31].

Among the literature reviews summarizing informa-
tion on the radioprotective properties of α2M, an article 
by Chinese specialists described its possible mecha-
nisms of action, including the ability to stimulate anti-
oxidant enzyme activity, prevent the development of 
fibrosis, maintain homeostasis and hemodynamic equi-
librium, and improve DNA repair and cell recovery pro-
cesses [32].

It is important to note that one of the possible rea-
sons for the scarcity of scientific studies on the radio-
protective properties of α2M relates to the difficulty in 
isolating highly purified preparations of α2M from blood 
with preserved structure and activity. Since aggressive 
solvents (e.g., acetonitrile) and elution buffers with acid-
ic pH destroy the protein’s structure, chromatography 
methods using HPLC are hardly applicable, as well as 
the attempts to obtain recombinant proteins enabling 
the purification of α2M via affinity chromatography [33]. 
The most acceptable methods are gentle, multi-step 
preparative low-pressure chromatography techniques.

Danish specialists made a significant contribution 
to the study and development of methods for the pre-
parative isolation of α2M. Between 1970 and 1990, re-
sults obtained via an extensive series of studies dedi-
cated to this protein and other members of its family 
were published, including descriptions of its structure, 
mechanisms of interaction with receptors and ligands 
[34–36]. The primary method proposed for isolating 
α2M from blood involved the removal of plasminogen 

by polyethylene glycol precipitation, zinc-chelate chro-
matography, followed by gel filtration and concentration 
via ultrafiltration [37]. A study of α2M and its receptors, 
which requires obtaining native α2M preparations in ac-
ceptable quantities, has also been undertaken by sci-
entists from the USA [20], Germany [13], Argentina [19], 
and Russia [38–40]. A patent has been registered for 
an invention describing two stages of zinc-chelate chro-
matography used to isolate this protein from blood [41]. 
A methodological approach for obtaining α2M prepa-
rations has been published, involving the removal of 
plasminogen on lysine-sepharose, polyethylene glycol 
precipitation, anion-exchange chromatography, zinc-
chelate chromatography, and gel filtration [42]. Some 
authors have attempted to simplify the production meth-
ods and integrate them with general blood processing 
approaches, as well as to increase their safety, which is 
already a significant step forward [43, 44]. However, the 
described method of obtaining α2M from the so-called 
Cohn fraction IV cannot be considered perfect from the 
perspective of the quality of the resulting protein.

In any case, methodological approaches to obtain-
ing preparations of native α2M require adaptation for the 
needs of industrial production of blood-derived drugs. 
However, no publications have appeared thus far on the 
deep processing of blood serum and plasma that would 
enable the production of such blood preparations, be-
yond the “standard” list recommended for practical use 
in clinical practice: albumin, protein fraction (the same 
albumin with impurities), a number of proteins affecting 
blood coagulation (fibrinogen, thrombin, antihemophilic 
globulin, fibrinolysin, cryoprecipitate components), and 
certain classes of immunoglobulins.1

CONCLUSION

Alpha-2-macroglobulin (α2M) is a promising radiopro-
tective agent and a key component of innate radioresis-
tance. The administration of this protein into the organ-
ism reduces lethality and oxidative stress levels, protects 
DNA from damage, mitigates the severity of leukopenia 
and thrombocytopenia, and decreases the number of 
necrotic foci. Further research into the radioprotective 
properties of this protein and the optimization of its isola-
tion methods from blood for industrial-scale production 
are required.
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Introduction. Primary hyperoxaluria type 1 (PH1) is an inherited disorder characterized by excessive oxalate production in the liver, leading 
to hyperoxaluria, kidney stone formation, nephrocalcinosis, and progressive kidney damage. PH1 is caused by mutations in the AGXT gene, 
whereas types 2 and 3 are associated with mutations in GRHPR and HOGA1, respectively. Lumasiran, an RNA interference (RNAi)-based 
therapeutic agent, targets the HAO1 gene (hydroxyacid oxidase 1), thus reducing the levels of glycolate oxidase. This action results in de-
creased hepatic oxalate production. 
Objective. Evaluation of the efficacy, safety, and clinical use of lumasiran in adults and children with genetically confirmed primary hyperox-
aluria type 1.
Materials and methods. The systematic review was conducted in accordance with the PRISMA 2020 guidelines. A comprehensive literature 
search was performed across four databases (PubMed, Scopus, Web of Science, and EMBASE). Studies were selected based on their focus 
on the use of lumasiran in pediatric or adult patients with genetically confirmed primary hyperoxaluria type 1. The quality and risk of bias were 
assessed using the Joanna Briggs Institute (JBI) critical appraisal tools. The final analysis included 11 studies: two randomized controlled tri-
als, two prospective single-arm studies, one case series (involving five patients), and six individual clinical case reports involving both pediatric 
and adult populations.
Discussion. Lumasiran treatment was found to lead to a significant reduction in urinary oxalate (UOx) levels (approximately 60–75%) and 
plasma oxalate (POx) levels (approximately 30–60%). Patients across all age groups, from infants to adults, exhibited markedly stabilized or 
improved renal function, alongside reduced progression of nephrocalcinosis. Lumasiran demonstrated a favorable safety profile, with the 
most common adverse events being mild injection-site reactions. No serious treatment-related adverse events requiring discontinuation of 
therapy were reported.
Conclusions. By suppressing glycolate oxidase expression, lumasiran has consistently demonstrated significant efficacy in reducing oxalate 
levels. However, there exist differences in therapeutic approaches for adult patients and infants, as well as in treatment effects based on 
baseline renal function and dosing regimens. Both pediatric and adult populations showed substantial improvement and stabilization of renal 
function, although infants and patients with advanced chronic kidney disease required dose adjustments. Studies also revealed a greater 
variability in renal outcomes, particularly regarding the progression of nephrocalcinosis. Although additional large-scale long-term studies 
are needed, our findings indicate that lumasiran may impede the progression of kidney disease and potentially reduce or delay the need for 
kidney transplantation in PH1.
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БЕЗОПАСНОСТЬ И ЭФФЕКТИВНОСТЬ ТЕРАПИИ ПЕРВИЧНОЙ ГИПЕРОКСАЛУРИИ 1-ГО 
ТИПА С ИСПОЛЬЗОВАНИЕМ МАЛЫХ ИНТЕРФЕРИРУЮЩИХ РНК-АГЕНТОВ (ЛУМАСИРАН): 
СИСТЕМАТИЧЕСКИЙ ОБЗОР

С. Наджафи1, Ф. Абасабади2, М.С. Сагафи3, Ф. Косрави4, М. Рахманян4

1 Мешхедский медицинский университет, Мешхед, Иран
2 Тегеранский университет, Тегеран, Иран
3 Кумский университет, Кум, Иран
4 Mедицинский университет им. Шахида Бехешти, Тегеран, Иран

Введение. Первичная гипероксалурия 1-го типа (ПГ1) — наследственное заболевание, вызывающее избыточную выработку окса-
латов в печени, что приводит к гипероксалурии, образованию камней в почках, нефрокальцинозу и прогрессирующему повреж-
дению почек. В основе ПГ1 лежат мутации гена AGXT, в то время как 2-й и 3-й типы гипероксалурии вызваны мутациями GRHPR 
и HOGA1 соответственно. Лумасиран, препарат на основе РНК-интерференции (RNAi), воздействует на ген HAO1 (оксидаза гидрок-
сикислот 1) и снижает уровень гликолатоксидазы, что приводит к снижению выработки оксалатов печенью.
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Цель. Оценка эффективности, безопасности и особенностей клинического применения лумасирана у взрослых и детей с генети-
чески подтвержденной первичной гипероксалурией 1-го типа.
Материалы и методы. Систематический обзор проведен согласно критериям PRISMA  2020; выполнен поиск в четырех базах 
данных (PubMed, Scopus, Web of Science и EMBASE). Отобраны исследования о применении лумасирана у детей или взрослых 
пациентов с генетически подтвержденной первичной гипероксалурией 1-го типа. Качество и риск системной ошибки оценивали 
с помощью инструментов критического анализа JBI (Института Джоанны Бриггс). В работу включено 11 исследований (2 рандо-
мизированных контролируемых исследования, 2 проспективных несравнительных исследования с одной группой, 1 серия случаев 
(с участием 5 пациентов) и 6 индивидуальных отчетов о клинических случаях с участием детей и взрослых).
Обсуждение. Установлено, что применение лумасирана способствовало снижению уровней оксалатов в моче (UOx) (примерно 
на 60–75%) и оксалатов плазмы крови (POx) (примерно на 30–60%). У пациентов разного возраста, от младенцев до взрослых, зна-
чительно стабилизировалась или улучшалась функция почек и снижалось прогрессирование нефрокальциноза. Лумасиран про-
демонстрировал благоприятный профиль безопасности, при этом наиболее частыми побочными эффектами были слабые реакции 
в месте инъекции и серьезных проблем, требующих прекращения лечения, не возникало.
Выводы. Подавляя экспрессию гликолатоксидазы, лумасиран неизменно демонстрировал выраженную эффективность в сни-
жении уровня оксалатов, однако есть различия в терапевтических подходах применения препарата у взрослых пациентов и мла-
денцев, а также различные эффекты от воздействия в зависимости от исходной ренальной функции и режимов дозирования. Как 
у детей, так и у взрослых наблюдали значительное улучшение и нормализацию почечной функции, но младенцам и пациентам 
с прогрессирующей хронической болезнью почек требовалась корректировка дозы; в исследованиях также продемонстрирова-
на большая вариабельность в значениях ренальных показателей и особенно в отношении прогрессирования нефрокальциноза. 
Хотя необходимы дополнительные крупномасштабные долгосрочные исследования, наши результаты показывают, что лумасиран 
может замедлять прогрессирование заболевания почек и потенциально снижать или отсрочить необходимость в трансплантации 
почек при ПГ1.

Ключевые слова: первичная гипероксалурия 1-го типа; лумасиран; малая интерферирующая РНК; пациенты детского возраста; 
взрослые пациенты; оксалат; повреждение почек
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INTRODUCTION

Primary hyperoxaluria (PH) is a rare (orphan) genetically 
determined autosomal recessive disorder. Its pathogen-
esis is rooted in impaired hepatic glyoxylate metabolism 
caused by mutations in the AGXT, GRHPR, and HOGA1 
genes, which encode enzymes involved in glyoxylate 
metabolism [1, 2].

Specifically, primary hyperoxaluria type  1 (PH1) 
is caused by mutations in the  AGXT  gene, encod-
ing the enzyme alanine-glyoxylate aminotransferase 
(AGT). AGT deficiency or dysfunction leads to exces-
sive conversion of glyoxylate to oxalate. This disorder 
results in:
•	 overproduction of oxalate in the liver;
•	 elevated plasma oxalate levels;
•	 increased urinary oxalate excretion;
•	 formation of renal calcium-oxalate crystals and ra-

diopaque stones (primarily calcium oxalate monohy-
drate).
Among the main clinical manifestations are:

•	 kidney stone formation;
•	 nephrocalcinosis;
•	 progressive chronic kidney disease (CKD).

Without intervention, systemic oxalate deposition 
may occur, potentially leading to end-stage renal dis-
ease (ESRD) [3–6].

Due to critical impairments in hepatic enzymatic func-
tion and renal excretory capacity, patients with advanced 
PH1 may require simultaneous or sequential combined 
liver and kidney transplantation [7]. Therapeutic options 
for PH1 have conventionally been limited to conservative 
medical management, including high fluid intake, vita-
min B6 (pyridoxine) supplementation, and crystallization 
inhibitors (e.g., citrate). However, these measures often 
fail to halt the relentless progression to end-stage renal 
disease (ESRD) [8].

Isolated kidney transplantation is generally insuffi-
cient, as persistent hepatic oxalate production leads to 
recurrent oxalate nephropathy. Consequently, combined 
liver-kidney transplantation has become the preferred 
treatment strategy [3]. Nevertheless, transplantation car-
ries inherent surgical risks, potential graft failure, and im-
munological complications.

Lumasiran, a small interfering RNA (siRNA)-based 
therapeutic agent, received approval from the U.S. 
Food and Drug Administration (FDA) in November 2020 
as the first drug indicated for the treatment of primary 
hyperoxaluria type 1 in adults and children aged six 
years and older [9]. OxlumoTM (lumasiran) operates 
via the molecular mechanism of RNA interference 
(RNAi), inducing degradation of target messenger 
RNA (mRNA) within the cell cytoplasm and enabling 
highly specific post-transcriptional gene regulation. 
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This therapeutic approach utilizes small RNA mol-
ecules to suppress the expression of specific genes 
by binding to complementary mRNA sequences and 
triggering their degradation [10, 11].

Lumasiran specifically targets the  HAO1  gene, 
which encodes the hydroxyacid oxidase 1 (HAO1) en-
zyme in hepatocytes, thereby inhibiting the production 
of the glycolate oxidase (GO) protein [9, 12]. By sup-
pressing GO synthesis, lumasiran reduces hepatic gly-
oxylate availability and consequently decreases oxalate 
production, ultimately preventing the accumulation of 
oxalate crystals in the kidneys and other organs [12].

Clinical trials have demonstrated that lumasiran is 
highly effective in reducing plasma and urinary oxalate 
levels, leading to improved renal function in patients with 
PH1 [13–15]. According to Garrelfs et al., a randomized, 
double-blind, placebo-controlled clinical trial of Oxlumo™ 
(lumasiran) showed a significantly greater reduction in 
24-h urinary oxalate excretion — 53.5 percentage points 
more with lumasiran than with placebo over a 6-month 
treatment period. By month 6, the majority of patients 
receiving lumasiran achieved urinary oxalate levels with-
in or near the normal range. Furthermore, none of the 
patients in the lumasiran group developed new kidney 
stones, whereas kidney stones were detected in 6 out 
of 12 patients in the placebo group. Additionally, 84% of 
lumasiran-treated patients exhibited a 24-h urinary oxa-
late excretion no more than 1.5 times the upper limit of 
normal by month 6, compared to the placebo group [14].

Lumasiran also demonstrated a favorable safety pro-
file with minimal adverse effects [15]. However, studies 
indicate that higher doses may be required to ensure ef-
ficacy in infants, and treatment may not fully prevent the 
development of nephrocalcinosis in the long term [16].

While these clinical trial results are promising, further 
research is needed to fully understand the safety and 
efficacy of lumasiran for treating hyperoxaluria. These 
findings may contribute to revised therapeutic protocols 
and reduce the need for liver transplantation in patients 
with PH1.

The aim of this study is to evaluate the efficacy, safe-
ty, and clinical use of OxlumoTM (lumasiran) in adults 
and children with genetically confirmed primary hyper-
oxaluria type 1.

MATERIALS AND METHODS

Study design and search strategy

A systematic review of study results was conducted 
in accordance with the PRISMA  2020 guidelines [17]. 
The review protocol was not registered in PROSPERO. 
A literature search was performed using the PubMed, 
Scopus, EMBASE, and Web of  Science databases. 
Original studies investigating the use of lumasiran in pa-
tients with a genetic or clinical diagnosis of primary hy-
peroxaluria type 1 were identified.

In the PubMed/Medline database, the search was 
conducted using Medical Subject Headings (MeSH) 
terms and keywords: lumasiran, RNAi, primary hyperox-
aluria type 1 (PH1), excessive hepatic oxalate, glycolate 
oxidase inhibition, and small interfering RNA (siRNA). To 
enhance search efficiency, Boolean operators OR (any 
of the keywords) and AND (all keywords combined) were 
used when combining MeSH terms and keywords up to 
May 2024.

Inclusion and exclusion criteria

The studies included in the systematic review com-
prised  interventional studies (randomized controlled 
trials, non-comparative studies, and quasi-experi-
mental designs), case series, and clinical case re-
ports containing original data on clinical outcomes of 
Oxlumo™ (lumasiran) therapy in children and adults 
with PH1.

The studies excluded from consideration were  re-
views, animal studies, duplicate full-text publications, 
conference abstracts without data, and articles with in-
sufficient patient information.

Subsequently, we analyzed sample sizes, patient de-
mographic characteristics, details of PH1 diagnosis, lu-
masiran dosing and administration regimens, treatment 
duration, changes in urinary/plasma oxalate levels, re-
nal function assessment data, and all reported adverse 
events. The studies encompassed patients across a 
wide age range, from infants (under one year) to elderly 
adults (50 years and older), with varying degrees of dis-
ease severity.

Study selection and data extraction

From the initial 91  articles identified from databases, 
53 duplicate publications were excluded. Two independ-
ent experts screened the remaining 38 records by title 
and abstract, excluding 12  irrelevant publications. Two 
additional articles were included following a search of 
grey literature via Google Scholar and citation track-
ing. A total of 26 full-text publications were selected for 
evaluation, supplemented by 2 additional records from 
grey literature and citation sources. During screening, 
15 articles were excluded due to overlapping data, one 
publication was a non-systematic review, and one was 
irrelevant to the topic. The remaining 11 studies met our 
inclusion criteria.

The systematic review included 11 studies:
•	 2 randomized controlled trials,
•	 2 non-comparative prospective single-arm studies,
•	 1 case series (involving 5 patients),
•	 6 individual clinical case reports.

These studies included both pediatric and adult pa-
tients, covering age groups from infants (< 1 year) to el-
derly adults (> 50 years), with varying degrees of PH1 
severity.
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Figure prepared by the authors 

Fig. PRISMA flow diagram of the systematic review

Quality assessment of included studies

The quality assessment of the included studies was 
conducted using the approved Joanna Briggs Institute 
(JBI) critical appraisal checklists, corresponding to the 
design of each study (randomized controlled trials, case 
reports, and case series studies). The criteria of each 
checklist were independently evaluated by two experts, 
and any discrepancies were resolved through consen-
sus or consultation with a third expert. The majority of 
the studies demonstrated high methodological quality 
with minimal bias. 

RESULTS AND DISCUSSION

The Table summarizes the aggregated study data, 
patient demographics, Oxlumo™ (lumasiran) dos-
ing regimens, key outcomes/disease progression, and 
documents a comprehensive analysis of the impact of 
Oxlumo™ (lumasiran) on the PH1course.

Frishberg et al. [18] reported a significant reduction 
in mean maximum 24-h Urinary oxalate (UOx) excre-
tion levels by 75%, or 43–92% from the baseline value 
of 1.69 mmol/24 h/1.73 m2. Notably, all study partici-
pants achieved UOx levels ≤ 1.5 times the upper limit of 
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normal (ULN). This confirms that the core mechanism 
of lumasiran lies in its ability to degrade glycolate oxi-
dase mRNA. Collectively, these results provide a com-
prehensive understanding of the efficacy of lumasiran 
in alleviating the course of PH1.

Garrelfs et al. [14] evaluated the effect of lumasiran 
therapy on changes in 24-h urinary oxalate excretion and 
plasma oxalate (POx) levels in PH1 patients. The data re-
vealed that 84% of lumasiran-treated patients achieved 
24-h UOx levels ≤  1.5  times the ULN. Furthermore, 

lumasiran treatment demonstrated a significant reduc-
tion in POx levels, providing compelling evidence of its 
established mechanism of action.

Michael et al. [13] observed that lumasiran admin-
istration led to a marked decrease in POx levels while 
maintaining a favorable safety profile  in individuals with 
progressive kidney disease and PH1.

Sas et al. [19]  conducted a study investigating the 
efficacy of lumasiran as a therapeutic agent for treating 
PH1 in pediatric patients. The study utilized a regimen 

Table. Summary of studies included in the systematic review on the effects of Oxlumo™ (lumasiran) on primary 
hyperoxaluria type 1 (PH1)

Stu-
dy 
ID

First 
author,
country

Year 
of 

pub-
lica-
tion

Type 
of 

Study

Sample 
size

Application method 
and dosage regimen for 

lumasiran

Follow- 
up du-
ration

Population Outcomes

1 Michael,
Israel, 
France, 
Germany, 
the UK, 
and Neth-
erlands 
[13]

2023 Clini-
cal 
trial 

single 
arm

Total 
par-
ticipants: 
21 
people, 
0–59 
years

Children weighing <10 kg: 
6 mg/kg monthly for three 
months (loading phase), fol-
lowed by 3 mg/kg monthly 
(maintenance phase).
Children weighing  
10–20 kg: 6 mg/kg monthly 
for three months (loading 
phase), followed by 6 mg/kg 
quarterly (every 3 months) 
(maintenance phase).
Children weighing >20 kg: 
3 mg/kg monthly for three 
months (loading phase), fol-
lowed by 3 mg/kg quarterly 
(every 3 months) (mainte-
nance phase).
All injections were adminis-
tered subcutaneously.

6–12 
months

Total number of 
participants: 21 
patients. All pa-
tients received 
treatment with 
lumasiran in 
two separate 
cohorts:
Cohort A  
(n = 6;  
50% female, 
50% male)
Cohort B  
(n = 15;  
40% female, 
60% male)

A reduction 
in POx levels 
of 33.3% and 
42.4% was 
observed, 
alongside an 
acceptable 
safety profile 
for patients

2 Garrelfs, 
the Neth-
erlands 
[14]

2021 RCT Total 
Par-
ticipants: 
39 indi-
viduals, 
aged 
6–47 
years

3mg/kg monthly for 
3 months. Followed by 
maintenance doses given 
once every 3 months, be-
ginning 1 month after the 
last loading dose, followed 
for 6 months.
All injections were per-
formed subcutaneously

6 
months

Total 
participants:  
39 patients.
Lumasiran 
group: n = 26 
(31% female; 
69% male).
Placebo 
group: n = 13 
(38% female; 
62% male)

64% reduc-
tion in 24-hour 
UOx excretion 
(84% below 
1.5 times the 
upper limit of 
normal)
Reduction in 
POx levels
eGFR re-
mained stable
Decrease in 
UOx/Cr ratio

3 Méaux, 
France 
[16]

2022 Case 
report

Total 
number 
of par-
ticipants: 
3

Dosing regimen: 6 mg/kg 
monthly for 3 months (load-
ing phase), followed by a re-
duction to 3 mg/kg monthly 
(maintenance phase) for 
children weighing less than 
10 kg. All injections were 
administered subcutane-
ously.

10 
months

Infants before 
2 years of age

Reduction in 
POx levels.
Decrease in 
UOx/Cr ratio.
Renal func-
tion remained 
normal
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Stu-
dy 
ID

First 
author,
country

Year 
of 

pub-
lica-
tion

Type 
of 

Study

Sample 
size

Application method 
and dosage regimen for 

lumasiran

Follow- 
up du-
ration

Population Outcomes

4 Frishberg,
Israel, 
France, 
Germany, 
the UK, 
and the 
Nether-
lands [18]

2021 RCT Total 
number 
of par-
ticipants: 
52 indi-
viduals, 
aged 
6–64 
years

Dosing and 
Administration Regimens:
•  1 mg/kg once monthly;
•  3 mg/kg once monthly;
•  3 mg/kg every 3 months.

Observation period:
At least 12 weeks.
All injections were adminis-
tered subcutaneously

85 
days, 
197 
days

Total number of 
participants: 
52 individuals.
Healthy volun-
teers: n = 32
•  Lumasiran 
group: n = 24 
(46% female; 
54% male)
•  Placebo 
group: n = 8 
(63% female; 
37% male)
Patients: 
n = 20
•  Lumasiran 
group: n = 17 
(71% female; 
29% male)
•  Placebo 
group: n = 3 
(33% female; 
67% male)

A 75% reduc-
tion in 24-hour 
UOx excretion 
(≤ 1.5 times 
the upper limit 
of normal).

A decrease in 
POx concen-
tration

5 Sas,
Israel, 
France, 
Germany, 
the UK, 
and the 
Nether-
lands [19]

2022 Clini-
cal 
trial 

single 
arm

Total 
number 
of par-
ticipants: 
18, 
aged 0 
months 
to 6 
years

Dosing regimen for pediatric 
patients:
•  Children weighing 
<10 kg: 6 mg/kg monthly 
for three months (load-
ing phase), followed by 
3 mg/kg monthly (mainte-
nance phase).
•  Children weighing 
10 kg to <20 kg: 6 mg/kg 
monthly for three months 
(loading phase), followed by 
6 mg/kg quarterly (every 
3 months) (maintenance 
phase).
•  Children weighing 
>20 kg: 3 mg/kg monthly 
for three months (load-
ing phase), followed by 
3 mg/kg quarterly (every 
3 months) (maintenance 
phase).
All injections were adminis-
tered subcutaneously

6 
months

Total number of 
participants: 18 
patients. All pa-
tients received 
treatment with 
lumasiran.
Stratified by 
weight group:
•  <10 kg: n = 3 
(33% female);
•  10 to 
<20 kg: n = 12 
(75% female);
•  ≥20 kg: n = 3 
(0% female).
All treated 
patients 
(pooled): n = 18 
(56% female)

A 72% 
reduction in 
UOx/Cr and 
a decrease in 
POx levels in 
children under 
6 years of age 
(50% lower 
than 1.5 times 
the upper limit 
of normal)

6 Aldabek, 
the USA 
[20]

2022 Case 
report

Total 
partici-
pants: 2

Dosing regimen: 6 mg/kg  
monthly for the first 
3 months (loading phase), 
followed by 3 mg/kg month-
ly (maintenance phase). All 
injections were adminis-
tered subcutaneously

8 
months

Two male 
twins,  
12 months old

Significant 
improvement 
in symptoms

Table (continued)
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Stu-
dy 
ID

First 
author,
country

Year 
of 

pub-
lica-
tion

Type 
of 

Study

Sample 
size

Application method 
and dosage regimen for 

lumasiran

Follow- 
up du-
ration

Population Outcomes

Lombardi, 
France 
[21]

2023 Case 
report

Total 
partici-
pants: 1

Dosing regimen: 3 mg/kg  
monthly for 3 months 
(loading phase), followed 
by maintenance doses 
administered once every 
3 months, starting 1 month 
after the last loading dose. 
All injections were adminis-
tered subcutaneously

14 
months

A male patient 
51 years old

Decrease of 
SOx and UOx 
concentration, 
as well as a 
decrease in 
oxalate crystal 
deposition in 
the kidneys

Sellier –
Leclerc, 
France 
[22]

2023 Case 
series

Total 
number 
of par-
ticipants: 
5, aged 
3–45 
years

Lumasiran was adminis-
tered via subcutaneous 
injections monthly for 
3 months (loading phase), 
followed by maintenance 
dosing every 3 months.
Data on the exact dosage 
are unavailable

13 
months

Total number 
of participants: 
5 patients. 
All patients 
received treat-
ment with 
lumasiran

Reduction of 
POx level

7 Chiodini, 
Belgium 
[23]

2022 Case 
report

Total 
partici-
pants: 1

Dosing Regimen: 3 mg/kg  
monthly for 3 months 
(loading phase), followed 
by maintenance doses 
administered once every 
3 months, starting 1 month 
after the last loading dose. 
All injections were adminis-
tered subcutaneously

18 
months

Patient boy, 
13 years old

Reduction of 
POx and UOx 
levels to within 
normal range.
70% reduc-
tion in UOx/Cr 
ratio.
eGFR 
remained 
stable (60 mL/
min/1.73 m2)

10 Joher, 
France 
[24]

2022 Case 
report

Total 
partici-
pants: 1

Lumasiran therapy before 
KTx

Dura-
tion not 
detailed

39 years old 
women

Normaliza-
tion of SOx 
concentration 
before KTx

11 Poyah,
Canada 
[25]

2021 Case 
report

Total 
partici-
pants: 1 
(adult, 
ESKD, 
cuta-
neous 
manifes-
tations)

Not specified Dura-
tion not 
detailed

A 40-year-old 
female with 
primary hyper-
oxaluria (PH), 
suffering from 
end-stage renal 
disease (ESRD) 
with cutaneous 
manifestations

POx level 
decreased 
by 36%, but 
renal func-
tion did not 
recover; 
progression 
of extrarenal 
involve-
ment with 
swan-neck 
deformity and 
pulmonary 
hypertension 
was observed

Table prepared by the authors using data from Ref. [13, 14, 16, 18–25]

Note: RCT — randomized controlled trial; NRCT — non-randomized controlled trial; POx — plasma oxalates; UOx / Cr — the ratio of oxalates 
in urine and creatinine level; UOx — urinary oxalates; SOx — serum oxalates; KTx — renal transplantation; eGFR — glomerular filtration rate.

Table (continued)
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of 4 or 6 loading doses of the drug, adjusted accord-
ing to the patient weight. The results demonstrated a 
72.0% reduction  in the oxalate-to-creatinine excretion 
ratio (UOx:Cr). Furthermore, half of the patients achieved 
UOx:Cr values within  half of the upper limit of normal 
(ULN). The reduction in POx reached 31.7%. To evaluate 
the impact of lumasiran therapy on PH1, six clinical stud-
ies were included in the analysis. 

Méaux et al. [16] in their study observed three infants 
diagnosed with PH1. The patients received lumasiran 
therapy, with dosage and frequency adjusted based on 
the child’s body weight. For the first 3 months, a dose of 
6 mg/kg per month was prescribed; for infants weighing 
less than 10 kg, this regimen was adjusted to 3 mg/kg 
per month. As explained by Méaux et al., this method 
underscores the importance of weight-based factors in 
determining the appropriate lumasiran dose for infants 
with PH1. Patient 1 was diagnosed with PH1 prenatally 
because his older sister was diagnosed with stage 5 
chronic kidney disease (CKD) at 4 months of age. After 
10 months of observation, renal hyperechogenicity in the 
patient began to decrease, with preserved kidney func-
tion. Patient 2, diagnosed with PH1, was hospitalized 
due to acute renal failure and dehydration at 2.5 months 
of age. Serum creatinine levels were 243 μmol/L, blood 
urea nitrogen 19 mmol/L, with an estimated glomerular 
filtration rate (eGFR) of 8  mL/min/1.73  m2, and UOx:Cr 
ratio (806 μmol/mmol) and POx (184 μmol/L), which were 
significantly elevated. After nine injections, the UOx:Cr 
ratio decreased by more than 60%  — to 310  μmol/
mmol, which was nearly normal. During the 10-month 
observation period, a sharp decline in serum creatinine 
levels was noted, eventually stabilizing at approximately 
120 μmol/L (eGFR 20 mL/min/1.73 m2). However, grade 
III nephrocalcinosis persisted. Due to the presence of 
grade III nephrocalcinosis at 3.5 months of age, patient 3 
was enrolled in the study with a diagnosis of PH1. After 
one week, the UOx:Cr ratio increased to 2167 μmol/mmol 
from an elevated baseline of 1651 μmol/mmol, according 
to biochemical analysis. POx level was 36 μmol/L, ac-
companied by an elevated plasma glycolate level, but 
normal kidney function (creatinine 30  μmol/L, eGFR 
77 mL/min/1.73 m2). After the initial administration, a rap-
id decrease in the UOx:Cr ratio to 1640 μmol/mmol was 
observed. Kidney function remained stable throughout 
the observation period. After the fifth injection, nephroc-
alcinosis decreased from grade III to grade II. The results 
indicate that lumasiran is effective in infants, exhibiting no 
negative side effects. However, despite the good toler-
ability of lumasiran, it is not possible to completely avoid 
the occurrence or progression of nephrocalcinosis, es-
pecially in its severe forms, even when therapy is initiated 
in the early neonatal period or combined with standard 
approaches to treating PH1 [22]. 

In a study conducted by Aldabek et al. [20], the focus 
was on two male twin infants diagnosed with PH1 who 
exhibited symptoms of nephrolithiasis and nephrocalci-
nosis. These patients received lumasiran treatment start-
ing at 12 months of age, with an initial dose of 6 mg/kg 

once monthly for the first three months, followed by an 
adjustment to 3 mg/kg monthly. Notably, the twin boys 
showed significant symptomatic improvement. Based on 
these positive outcomes, Aldabek et al. concluded that 
lumasiran is a successful treatment for pediatric PH1.

Chiodini et al. [23] observed an adolescent patient 
with PH1 who received lumasiran at a dose of 3 mg/kg 
over 18 months. The patient exhibited a rapid and sus-
tained reduction in the UOx:Cr ratio, averaging 70% af-
ter lumasiran administration. Throughout the 18-month 
observation period, UOx levels remained low, nearly 
approaching the normal range. Additionally, a rapid de-
cline in POx levels was observed, with an average re-
duction of approximately 60% following lumasiran treat-
ment. The estimated glomerular filtration rate (eGFR) 
showed no significant changes over the entire treatment 
period, ranging from 60 mL/min/1.73 m2 at baseline to 
62 mL/min/1.73 m2 at 18 months. 

Lombardi et al. [21] studied the efficacy of lumasiran 
therapy in a 51-year-old patient with PH1 who experi-
enced recurrent oxalate nephropathy after an isolated 
kidney transplant. The drug therapy involved subcuta-
neous administration of lumasiran at a dose of 3 mg/kg. 
A total of three-monthly injections were administered 
initially, followed by injections every three months. After 
initiating lumasiran, a reduction in serum oxalate (SOx) 
concentration, urinary oxalate, and renal oxalate crystal 
deposition was observed.

Another study conducted by Sellier-Leclerc et al. [22] 
included five patients with genetically confirmed PH1 who 
had undergone isolated kidney transplantation. The pa-
tients, with a mean age of 26 years (range 3–45 years), 
received lumasiran therapy for a median duration of 
13 months (range 5–17 months). The results showed a 
consistent and significant reduction in POx levels in all pa-
tients after initiating lumasiran: from 110 (20–150) μmol/L 
to 53  (10–72)  μmol/L at the time of kidney transplanta-
tion (KTx), and further to 7 (5–26) μmol/L at three months 
post-treatment (p < 0.05). Thus, in cases where the POx 
level ranges 80–90 μmol/L, the findings suggest that iso-
lated KTx combined with lumasiran therapy may be a safe 
treatment option for PH1 patients with renal failure. 

Joher et al. [24]  reported a 39-year-old female with 
PH1 and a history of kidney transplantation (KTx) who 
had previously received lumasiran therapy. The results 
showed that  SOx concentration normalized even be-
fore the KTx surgery. Lumasiran therapy led to favorable 
outcomes, including reductions in SOx, POx, 24-h UOx, 
and the UOx:Cr ratio. This was achieved through degra-
dation of mRNA encoding glycolate oxidase, the enzyme 
regulating AGT, thereby reducing oxalate production.

In a study by Poyah [25], a clinical case of prima-
ry hyperoxaluria type  1 was described in a 40-year-
old female with a history of recurrent nephrolithiasis. 
Lumasiran therapy was initiated 11 months after starting 
hemodialysis and pyridoxine treatment. After 14 months 
of high-intensity hemodialysis and three  months of lu-
masiran, no signs of renal recovery were observed, 
and extrarenal complications worsened, including 
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progressive  swan-neck deformities, reduced systolic 
heart function, and pulmonary hypertension. The patient 
was placed on the waiting list for combined liver–kidney 
transplantation.

The primary side effect associated with the use of 
lumasiran was mild and transient injection site reactions. 
Typical signs and manifestations included redness, skin 
discoloration, and hematoma at the injection site [18, 23, 
25]. During studies, some patients experienced minor 
adverse effects, including fever, vomiting, rhinitis, ab-
dominal pain, diarrhea, anemia, headache, or accidental 
overdose [13]. It is suggested that lumasiran does not 
have any clinically significant impact on laboratory re-
sults (including blood tests and liver function), ECG, or 
other vital signs [23]. This confirms that lumasiran ther-
apy is a safe and effective treatment for infants, young 
children, and adults.

In our work, we studied the efficacy, safety, and clini-
cal outcomes of lumasiran in the treatment of PH1. Our 
analysis of 11 studies, including randomized controlled 
trials, clinical case reports, and case series established 
that lumasiran, an RNA interference-based drug, signifi-
cantly reduces oxalate levels in both plasma and urine, 
stabilizes or modestly improves renal function, and re-
duces nephrocalcinosis in patients of various ages, 
including adults and children. It was found that most 
patients achieved normal or near-normal oxalate levels 
while using the drug. The drug was generally well tolerat-
ed, with the most commonly reported side effect being 
mild injection site reactions. Thus, lumasiran represents 
a promising breakthrough in the treatment of PH1. Long-
term follow-up data (>3 years) remain limited, particularly 
for infants, and further monitoring is essential to assess 
sustained efficacy and renal outcomes.

Across all the reviewed studies, lumasiran consist-
ently demonstrated significant efficacy in reducing oxa-
late levels. However, variations were observed in patient 
age, baseline renal function, and dosing regimens. Both 
children and adults showed substantial improvement 
and normalization of renal function, although infants 
and patients with progressive chronic kidney disease 
required dose adjustments. The studies also revealed a 
greater variability in renal outcomes, particularly regard-
ing the progression of nephrocalcinosis.

Lumasiran acts by suppressing the HAO1 gene, which 
encodes glycolate oxidase—an enzyme involved in oxa-
late production [9]. Consequently, by inhibiting glycolate 
oxidase, the substrate required for oxalate production 
is reduced, while the levels of calcium glycolate, a less 
harmful metabolite, increase [17]. This reduction in oxalate 
synthesis leads to decreased oxalate levels in both blood 
and urine [25]. Numerous clinical trials and case reports 
have confirmed these effects and their clinical implica-
tions, such as improved renal function in both pediatric 
and adult patients with PH1 [13, 18, 25]. Pharmacokinetic 
studies indicate that lumasiran is rapidly absorbed and 
eliminated, supporting its favorable safety profile [9].

In the Phase  III open-label single-arm study 
(ILLUMINATE-B) conducted in 2021, 18 children under 

six years of age with PH1 received lumasiran treatment 
for six months and demonstrated a rapid reduction in 
oxalate concentrations, ultimately reaching the upper 
limit of normal [18].

According to the ILLUMINATE-A study, kidney stone 
formation decreased after 6–12 months of lumasiran 
treatment in PH1 patients over six years of age [18, 11]. 
Urinary oxalate excretion also normalized [14].

Furthermore, the efficacy of lumasiran was evalu-
ated in patients of various age groups and those with 
progressive CKD over 12 months in the ILLUMINATE-C 
study [13, 17]. As a result, POx concentrations were sig-
nificantly reduced. This may delay the need for dialysis 
and transplantation in CKD patients and improve the 
prognosis for those who have already undergone kid-
ney transplantation [28]. Regarding renal function, after 
several months of lumasiran treatment, eGFR remained 
stable or even improved [18, 28].

In summary, lumasiran may impede the progression to 
end-stage renal failure by improving kidney function [20, 
23]. However, the optimal timing for initiating lumasiran 
remains unclear. While early treatment may help prevent 
the accumulation of oxalate crystals in the kidneys and 
other organs and slow the progression of nephrocalcino-
sis, it does not completely prevent these manifestations in 
some patients [23]. Therefore, further research is needed 
to clarify the goals of comprehensive therapy.

Another significant advantage of lumasiran consists 
in its favorable tolerability profile. The most frequently re-
ported adverse events were transient, mild injection site 
reactions [14, 18]. Some patients experienced at least one 
manageable minor side effect, including fever, vomiting, 
rhinitis, abdominal pain, upper respiratory tract infection, 
diarrhea, anemia, ear infection, headache, or accidental 
overdose, all of which resolved rapidly during the study 
[13]. It appears promising that lumasiran has no clinically 
relevant impact on laboratory results (including hemato-
logical and liver function tests), electrocardiograms, or 
vital signs [23]. The studies [23] reported neither serious 
safety concerns—such as treatment discontinuation or 
drug-related deaths, nor worsening of severe symptoms 
[15]. Symptoms such as fatigue, nausea, reduced appe-
tite, bone pain, decreased mobility, shortness of breath, 
renal colic, and others either improved or remained un-
changed during lumasiran treatment [15].

While studies on the use of lumasiran for treating 
PH1 are promising, certain limitations and areas requir-
ing further investigation remain. A notable drawback of 
many studies reviewed in our work is their sample size, 
frequently  involving only one or several patients. In order 
to gain deeper insights into the safety and efficacy of 
this drug, larger randomized controlled trials are neces-
sary. Additional research is also needed across diverse 
age groups, such as young children and elderly patients, 
as well as specific patient subgroups, including those 
with progressive kidney disease.

Furthermore, there is a lack of long-term data on the 
effects of lumasiran beyond one year, which is critical 
for understanding the full benefits and potential risks of 



534

СИСТЕМАТИЧЕСКИЙ ОБЗОР | ИННОВАЦИОННЫЕ МЕТОДЫ ТЕРАПИИ

МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ | 2025, ТОМ 27, № 4

this therapy. The optimal dosage and treatment sched-
ule  have not yet been definitively established, particu-
larly for pediatric patients. Although early initiation of 
treatment may prevent or reduce the development of 
nephrocalcinosis in some children, it does not fully elimi-
nate the condition.

While lumasiran therapy appears to reduce oxalate 
deposition in the kidneys, further studies are needed to 
determine its impact on  extrarenal oxalate deposition. 
Additionally, most existing studies were conducted in 
specialized centers using advanced PH1 treatment proto-
cols, which may limit the generalizability of their findings.

Finally, combination therapy involving lumasiran and 
adjunctive medications may offer additional benefits; 
however, its potential remains to be elucidated. More 
clinical trials are required to enable meaningful meta-
analyses. We therefore recommend conducting addi-
tional  systematic reviews alongside meta-analyses  to 
comprehensively evaluate the evidence.

In summary, while lumasiran demonstrates signifi-
cant potential as a promising treatment for PH1, future 
large-scale studies or registry-based trials will be essen-
tial to confirm its efficacy, safety, and broader applicabil-
ity. Key priorities include determining optimal dosing for 
neonates and patients with advanced-stage CKD, and 
evaluating whether combination therapies can reliably 
prevent the need for liver and kidney transplantation.

CONCLUSION

Our findings underscore the high efficacy and favorable 
safety profile of lumasiran, a breakthrough RNAi-based 
medication that reduces plasma and urinary oxalate lev-
els, thereby preventing kidney damage in patients with 

primary hyperoxaluria type 1 (PH1), across both pediat-
ric and adult populations. Lumasiran is primarily associ-
ated with mild, transient injection-site reactions and is 
emerging as a first-line therapy for PH1.

While lumasiran demonstrates robust oxalate-lower-
ing effects, variations exist in its therapeutic application:
•	 age-based considerations: dosing and response dif-

fer between adults and infants, with weight-adjusted 
regimens critical for young children;

•	  renal function dependence: efficacy and dosing 
must be tailored to baseline kidney function, particu-
larly in patients with advanced chronic kidney dis-
ease (CKD);

•	  heterogeneous renal outcomes: improvements in 
renal function are consistently observed, but vari-
ability persists in such metrics as nephrocalcinosis 
progression, especially in severe cases.
The results indicate that lumasiran can impede the 

progression of kidney disease and potentially reduce 
or delay the need for transplantation in PH1 patients. 
However, large-scale long-term studies are still need-
ed to confirm these findings. Future research should 
focus on:

1)  determining the  optimal timing for therapy initia-
tion, particularly during infancy;

2)  evaluating the  potential additive effects of com-
bination therapies (e.g., with pyridoxine or conservative 
measures);

3)  validating its durable benefits and safety over ex-
tended follow-up periods.

Further studies will provide evidence-based data to 
support broader clinical adoption of lumasiran, thereby 
enhancing understanding of treatment strategies, long-
term prognoses, and outcomes for PH1 patients.
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STUDY OF HORMONAL STATUS AND BONE METABOLISM IN UNDERAGE 
FEMALE ATHLETES WITH PRIMARY AMENORRHEA
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Introduction. Fractures, particularly low-energy ones, are more common in female athletes with oligo/amenorrhea compared to their peers 
without menstrual disorders. This problem is associated with various hormonal changes and impaired bone remodeling processes.
Objective. Assessment of bone metabolism and serum hormonal parameters in highly qualified under-18 female athletes both with primary 
amenorrhea and without menstrual cycle disorders.
Materials and methods. A single-center single-stage study involved 111 young female athletes aged 15–18 years (median age 15.9 [14.9; 
16.6] years), who were members of Russian national teams in five sports. All the participants underwent comprehensive medical examination 
at the Federal Scientific and Clinical Center for Children and Adolescents of FMBA of Russia between March 2021 and July 2023. The athletes 
were divided into two groups based on the presence of primary amenorrhea. The group with primary amenorrhea included 23 athletes (me-
dian age 15.8 [15.1; 16.3] years); the comparison group consisted of 88 athletes (median age 15.9 [14.9; 16.6] years) with a regular menstrual 
cycle. Serum levels of osteocalcin, C-terminal telopeptide (β-CrossLaps), type 1 procollagen (P1NP), parathyroid hormone (PTH), vitamin D 
(25(OH)D3), and alkaline phosphatase (ALP) activity were measured. To assess hormonal status, levels of luteinizing hormone (LH), follicle-
stimulating hormone (FSH), estradiol, and leptin were evaluated. Sexual maturity was assessed according to the Tanner rating, and body 
composition was evaluated using bioelectrical impedance analysis. Statistical data processing was performed using the Statistica v. 10.0 
software package (StatSoft Inc., USA).
Results. Athletes with primary amenorrhea were characterized by lower body weight (p < 0.0001) and body fat percentage (p < 0.0001) com-
pared to their peers without menstrual disorders. The analysis of LH (p = 0.328) and FSH (p = 0.069) levels did not reveal statistically significant 
differences between the study groups; however, the adolescent athletes with primary amenorrhea had lower levels of estradiol 182.0 [123.0; 
227.0] and 244.0 [143.5; 518.5] (p = 0.002) and leptin 2.1 [1.2; 4.1] and 9.1 [5.1; 14.9] (p < 0.0001) compared those without menstrual cycle 
disorders. The athletes with primary amenorrhea showed an increase in both bone formation markers (P1NP, osteocalcin) and bone resorp-
tion markers (β-CrossLaps and ALP) compared to their peers without menstrual disorders.
Conclusions. Minors with primary amenorrhea are characterized by disharmonious physical development due to underweight, accompanied 
by reduced body fat content, decreased levels of leptin and estradiol, preserved gonadostat function, and increased markers of bone metabo-
lism. The identified hormonal and metabolic features may represent a significant risk for impaired bone remodeling in this group of athletes. 
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ИЗУЧЕНИЕ ГОРМОНАЛЬНОГО СТАТУСА И МЕТАБОЛИЗМА КОСТНОЙ ТКАНИ У 
НЕСОВЕРШЕННОЛЕТНИХ СПОРТСМЕНОК С ПЕРВИЧНОЙ АМЕНОРЕЕЙ

Е.П. Исаева1,4, П.Л. Окороков1,2, С.А. Столярова1, И.В. Зябкин1,4, М.Р. Исаев3
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2 Национальный медицинский исследовательский центр эндокринологии, Москва, Россия
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Москва, Россия

Введение. Переломы, в особенности низкоэнергетические, чаще встречаются у спортсменок с олиго/аменореей по сравнению 
со сверстницами без нарушений менструального цикла, что связано с различными гормональными изменениями и нарушением 
процессов ремоделирования костной ткани.
Цель. Оценка состояния метаболизма костной ткани и гормональных показателей в сыворотке крови у высококвалифицированных 
спортсменок, не достигших 18-летнего возраста, с первичной аменореей и без нарушений менструального цикла.
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Материалы и методы. Проведено одномоментное одноцентровое исследование с участием 111 юных спортсменок в возрасте 
15–18 лет (средний возраст 15,9 [14,9; 16,6] года), входящих в состав сборных команд РФ по 5 видам спорта и проходивших углублен-
ное медицинское обследование в ФГБУ «ФНКЦ детей и подростков ФМБА России» в период с марта 2021 по июль 2023 г. Спорт
сменки были разделены на 2 группы в зависимости от наличия первичной аменореи. В группу с первичной аменореей включены 
23 спортсменки (средний возраст 15,8 [15,1; 16,3] года); в группу сравнения — 88 спортсменок (средний возраст 15,9 [14,9; 16,6] года) 
с регулярным менструальным циклом. У спортсменок определяли уровень остеокальцина, С-концевого телопептида (β-CrossLaps), 
проколлагена 1-го типа (P1NP), паратиреоидного гормона (ПТГ), витамина D (25(ОН)D3) и активности щелочной фосфатазы (ЩФ) 
в сыворотке крови. Для оценки гормонального статуса проведена оценка уровней лютеинизирующего гормона (ЛГ), фолликулости-
мулирующего гормона (ФСГ), эстрадиола и лептина. Оценка полового развития проведена по классификации Tanner, оценка компо-
зиционного состава тела — методом биоимпедансного анализа. Статистическая обработка данных произведена с использованием 
пакета прикладных программ Statistica v. 10.0 (StatSoft Inc., США).
Результаты. Для спортсменок с первичной аменореей характерны более низкие значения массы тела (р < 0,0001) и содержания 
жировой ткани (%) в организме (р < 0,0001) по сравнению со сверстницами без нарушений менструального цикла. Анализ уровней 
ЛГ (р = 0,328) и ФСГ (р = 0,069) не выявлял статистически значимых различий в исследуемых группах, однако у девочек с первич-
ной аменореей отмечали более низкие уровни эстрадиола 182,0 [123,0; 227,0] и 244,0 [143,5; 518,5] (р = 0,002) и лептина 2,1 [1,2; 4,1] 
и 9,1 [5,1; 14,9] (р < 0,0001) по сравнению со спортсменками без нарушений менструального цикла. У спортсменок с первичной аме-
нореей выявлено повышение как маркеров костеобразования (P1NP, остеокальцин), так и костной резорбции (β-CrossLaps и ЩФ) 
по сравнению со сверстницами без нарушений менструального цикла.
Выводы. Для несовершеннолетних спортсменок с первичной аменореей характерно дисгармоничное физическое развитие 
за счет дефицита массы тела, сопровождающееся снижением содержания жировой ткани в организме, снижением уровня леп-
тина и эстрадиола и сохранной функцией гонадостата, а также повышением маркеров метаболизма костной ткани. Выявленные 
гормональные и метаболические особенности могут являться значимым фактором риска развития нарушений ремоделирования 
костной ткани у данной группы спортсменок.

Ключевые слова: юные спортсменки; спортивная медицина; первичная аменорея; лептин; гормоны; маркеры костного 
метаболизма; витамин D
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INTRODUCTION

Relative energy deficiency in sport (RED-s) in ado-
lescent females is often associated with the develop-
ment of functional hypothalamic amenorrhea (FHA) [1, 
2]. Prolonged energy deficiency is accompanied by a 
decrease in the pulsatile secretion of gonadotropin-
releasing hormone in the hypothalamus, followed by 
impaired release of luteinizing hormone (LH) and folli-
cle-stimulating hormone (FSH) from the pituitary gland. 
In turn, this leads to decreased estradiol levels and the 
development of menstrual disorders, such as primary 
and secondary amenorrhea [3]. Underweight and par-
ticularly reduced adipose tissue in athletes with long-
term energy deficit are also associated with decreased 
leptin levels — a hormone produced by adipose tissue 
that is an important regulator of gonadostat functional 
activity [4].

The FHA development is associated with reduced 
bone mass accumulation and impaired bone micro-
architecture, being a leading risk factor in low-energy 

fractures in professional female athletes, particularly 
those under 18 years of age [1, 5, 6].

Studies into bone metabolism markers and their re-
lationship with hormonal parameters in underage highly 
trained female athletes with primary amenorrhea are lim-
ited and show contradictory results [5].

The aim of this study is to assess bone metabolism 
and serum hormonal parameters in highly qualified un-
der-18 female athletes both with primary amenorrhea 
and without menstrual cycle disorders.

MATERIALS AND METHODS

A single-center single-stage study involved young ath-
letes from the Russian national teams who underwent 
comprehensive medical examination at the Federal 
Scientific and Clinical Center for Children and Adolescents 
of FMBA between March 2021 and July 2023. A total 
of 111 young female athletes aged 15–18 years (medi-
an age 15.9 [14.9; 16.6] years), representing five sports 
(rhythmic gymnastics, artistic gymnastics, figure skating, 
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softball, synchronized swimming), included in the study, 
were divided into two  groups based on the presence 
of primary amenorrhea. Primary amenorrhea was diag-
nosed based on the absence of menstruation by age 151 
(provided that secondary sexual characteristics had de-
veloped).

The group with primary amenorrhea included 
23  athletes (median age 15.8  [15.1; 16.3]  years); the 
comparison group consisted of 88  athletes (median 
age 15.9  [14.9; 16.6]  years) with a regular menstru-
al cycle. The study groups were comparable in age 
(p = 0.794) and sexual maturity stage, although show-
ing statistically significant differences in the key an-
thropometric parameters (Table  1). Anthropometric 
measurements of the underage athletes included: 
height, body weight, and calculation of body mass in-
dex (BMI). BMI was assessed for the specific age and 
sex and presented as the number of standard devia-
tions from the mean (SDS). Body composition assess-
ment was performed using bioelectrical impedance 
analysis (InBody  570 analyzer, South Korea). Sexual 
maturity of the underage athletes was assessed ac-
cording to the Tanner rating.

When assessing sexual maturity, 21 (92%) athletes in 
the study group and 88 (100%) athletes in the compari-
son group had completed or nearly completed sexual 
maturity. Sexual maturity was assessed according to the 
Tanner rating [7]. Inclusion criteria for study participants 
were female athletes from Russian national teams aged 
15–18 years and the presence of primary amenorrhea. 
Inclusion criteria for the comparison group were regular 
menstrual cycle, gynecological age > 1 year.

For clinical and laboratory analysis, blood samples 
were collected from a peripheral vein in the morning 
after fasting. All young athletes had their serum lev-
els of osteocalcin (Roche, Switzerland), N-terminal 

propeptide of human type 1 procollagen (P1NP) (Roche, 
Switzerland), C-terminal telopeptide (β-CrossLaps) 
(Roche, Switzerland), vitamin  D (25-hydroxycholecal-
ciferol-25(OH)D3) (Roche, Switzerland) measured (ng/
mL). Parathyroid hormone (PTH) (Roche, Switzerland) 
in serum (pmol/L). Leptin (ng/mL), luteinizing hormone 
(LH) (IU/L), follicle-stimulating hormone (FSH) (IU/L), and 
estradiol (pmol/L) levels were determined by enzyme 
immunoassay (manufacturer Bender MedSystems, 
Austria). β-CrossLaps testing was performed by elec-
trochemiluminescence using a Cobas  e411 analyzer 
(Roche Diagnostics, Germany). Testing of P1NP, osteo-
calcin, PTH, 25(OH)D3 was carried out by solid-phase 
enzyme immunoassay. Serum alkaline phosphatase 
(ALP) activity (U/L) was determined by a kinetic colori-
metric method.

Statistical data processing was performed using the 
Statistica v. 10.0 software package (StatSoft Inc., USA). 
Since the studied quantitative indicators had a non-nor-
mal distribution (according to the Kolmogorov–Smirnov 
test), all data are presented as median (M

e
) and 1st and 

3rd quartiles [Q
1
; Q

3
]. The Mann–Whitney U  test was 

used to assess the statistical significance of differences 
in quantitative characteristics. Qualitative characteristics 
are presented as percentages (%) with absolute values. 
Contingency tables were constructed to assess dif-
ferences between qualitative characteristics, followed 
by evaluation using Pearson’s chi-square test  (χ2) with 
Yates’ correction. Correlation analysis was performed 
using Spearman’s criterion. A statistical significance lev-
el of p ≤ 0.05 was accepted for differences.

RESULTS

Athletes with primary amenorrhea were characterized 
by lower parameters of height (p = 0.023), body weight 

Table 1. Clinical characteristics of the study groups

Parameter
Group with primary 
amenorrhea (n = 23)

Group with regular menstrual 
cycle (n = 88)

Statistical 
significance level, р

Age, years 15.8 [15.1; 16.3] 15.9 [14.9; 6.6] 0.794

Height, m 1.63 [1.56; 1.67] 1.66 [1.61; 1.71] 0.023

Height SDS 0.15 [–1.17; 0.87] 0.66 [–0.06; 1.5] 0.016

Body weight, kg 46.8 [40.5; 48.8] 60.6 [54.2; 67.7] < 0.0001

BMI 17.4 [16.6; 18.2] 21.8 [19.7; 24.0] < 0.0001

BMI SDS –1.34 [–1.69; –0.88] 0.5 [–0.07; 1.14] < 0.0001

Sexual maturity:
Tanner II–III
Tanner IV–V

2 (8%)
21 (92%)

– (–)
88 (100%)

0.059

Table compiled by the authors based on their own data

Note: n = number of athletes; “–” — the absence of athletes at Tanner sexual maturity stages II–III in this group.

1	 Clinical guidelines “Amenorrhea and oligomenorrhea”; 2024 (In Russ.). URL: https://cr.minzdrav.gov.ru/preview-cr/644_2?ysclid=mdyjwyzaqy766941934

https://cr.minzdrav.gov.ru/preview-cr/644_2?ysclid=mdyjwyzaqy766941934
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(p < 0.0001), BMI (p < 0.0001), and BMI SDS (p < 0.0001) 
compared to their peers without menstrual disorders.

An analysis of gonadotropin levels (Table 2) did not 
reveal statistically significant differences between the 
study groups (p  =  0.328 for LH; p  =  0.069 for FSH). 
However, adolesent althleters with primary amenorrhea 
had lower levels of estradiol, 182.0  [123.0; 227.0], and 
leptin, 2.1 [1.2; 4.1], compared to those without menstru-
al cycle disorders: 244.0 [143.5; 518.5] (p = 0.002) and 
9.1 [5.1; 14.9] (p < 0.0001), respectively.

A correlation analysis revealed a strong positive cor-
relation between leptin levels and body fat percentage 
(r

s
 = 0.74; p < 0.05), LH levels (r

s
 = 0.16; p < 0.05), and 

estradiol levels (r
s
 = 0.24; p < 0.05).

According to the assessed bone metabolism pa-
rameters, athletes with primary amenorrhea showed 
an increase in both bone formation markers (P1NP by 
2.5 times and osteocalcin by almost 2 times) and bone 
resorption markers β-CrossLaps and ALP compared to 
their peers without menstrual disorders; the correspond-
ing data are presented in Table 2. The study groups did 
not show statistically significant differences in PTH levels 
(p = 0.242). However, when assessing vitamin D status, 
athletes with a regular menstrual cycle had lower lev-
els of 25(OH)D3 compared to the primary amenorrhea 
group (p = 0.001).

An evaluation of body composition in underage ath-
letes with primary amenorrhea revealed a statistically 
significant reduction in body fat percentage (%) com-
pared to the group of athletes with a regular menstrual 
cycle: 10.8 [9.3; 12.8] vs. 20.5 [16.1; 24.4], (p < 0.0001).

The conducted correlation analysis established a 
moderate negative association between leptin levels and 
osteocalcin (r

s
 = –0.33), P1NP (r

s
 = –0.39), β-CrossLaps 

(r
s
 = –0.45), and ALP (r

s
 = –0.43). Meanwhile, bone me-

tabolism markers in underage athletes were not de-
pendent on estradiol and gonadotropin levels.

DISCUSSION

It is known that fractures, particularly low-energy ones, 
are more common in athletes with oligo/amenorrhea 
compared to their peers without menstrual disorders 
and with normal physical activity levels [8]. The pres-
ence of primary amenorrhea is currently considered by 
the International Olympic Committee expert panel as 
an important risk factor used for stratifying the risks 
of developing RED-s syndrome, including in underage 
athletes [1].

Analysis of bone metabolism markers is an effective 
diagnostic tool for assessing the functional state of the 
skeletal system in clinical practice [9]. Our work demon-
strated that underage athletes with primary amenorrhea 
demonstrate elevated levels of key bone metabolism 
markers compared to athletes without menstrual disor-
ders. It is known that estrogens promote the inhibition 
of bone resorption processes [10], and their deficiency, 
identified in athletes with primary amenorrhea, leads 
to an increase in bone resorption markers. However, 
our results are not consistent with the data by Christo 
et al., who found reduced levels of N-terminal telopep-
tide (NTX) and P1NP in athletes with amenorrhea and 
low bone mineral density (BMD). The authors explained 
their finding by a “slowdown” in bone metabolism due to 
chronic energy deficiency in athletes [5].

Some authors have shown that the presence of 
menstrual disorders in young athletes is accompanied 
by reduced BMD, as determined by X-ray densitometry 

Table 2. Hormonal parameters and bone metabolism markers in underage highly qualified female athletes 
depending on the presence of primary amenorrhea

Studied parameters
Group with primary 
amenorrhea (n = 23)

Group with regular menstrual 
cycle (n = 88)

Statistical 
significance level, р

Osteocalcin, ng/mL 92.2 [60.0; 110.0] 49.0 [37.0; 65.0] < 0.0001

P1NP, ng/mL 505.3 [406.8; 750.8] 200.7 [136.0; 244.9] < 0.0001

ALP, U/L 200.2 [161.7; 285.1] 92.7 [75.3; 127.3] < 0.0001

β-CrossLaps, ng/mL 1.78 [1.39; 2.11] 1.27 [0.98; 1.51] 0.0001

PTH, pmol/L 4.6 [2.7; 5.4] 5.0 [3.6; 6.6] 0.242

25(ОН)D3, ng/mL 23.5 [13.3; 32.8] 14.3 [11.1; 19.8] 0.001

LH, IU/L 2.8 [2.3; 4.1] 3.4 [2.0; 5.8] 0.328

FSH, IU/L 5.4 [4.6; 6.5] 4.8 [3.5; 6.1] 0.069

Estradiol, pmol/L 182.0 [123.0; 227.0] 244.0 [143.5; 518.5] 0.002

Leptin, ng/mL 2.1 [1.2; 4.1] 9.1 [5.1; 14.9] < 0.0001

Table compiled by the authors based on their own data

Note: n = number of athletes.
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[5]. The reduction in bone tissue mineralization in highly 
qualified young athletes occurs despite the presence of 
strength and intensive physical loads, which have a pro-
tective effect on bone tissue [11].

Our work demonstrated that athletes with primary 
amenorrhea had lower BMI SDS values, which, accord-
ing to the literature, is a predictor of reduced BMD [12]. 
The group of athletes with primary amenorrhea was 
predominantly represented by rhythmic gymnastics and 
figure skating. In these sports, low body weight is a key 
factor for success; for this reason, athletes often resort 
to hypocaloric unbalanced diets, which is one of the 
causes of developing FHA within RED-s explaining the 
presence of primary amenorrhea [13]. For example, in a 
study of athletes aged 11–17 years engaged in rhythmic 
gymnastics, disharmonious physical development due 
to underweight was revealed, accompanied by a reduc-
tion in body fat and a high prevalence of primary amen-
orrhea (38%) [14].

Therefore, BMI SDS and estrogen deficiency can be 
considered as the leading independent factors contrib-
uting to impaired mineralization and microarchitecture of 
bone tissue in athletes with FHA. Underweight in ath-
letes is associated with a reduction in adipose tissue and 
circulating leptin. Normally, leptin, by affecting the secre-
tory activity of gonadotrophs, increases the pulsatile se-
cretion of LH and, to a lesser extent, FSH [15]. Currently, 
leptin is believed to be a crucial endogenous regulator 
and modulator of reproductive system functions, the 
dysfunction of which is a key factor in impaired bone 
remodeling and reduced BMD in athletes with RED-s 
syndrome [1, 17].

In addition to weight deficiency, athletes with men-
strual disorders have been recorded to have lower height 
and height SDS indicators, which may be due to reduced 
secretion of insulin-like growth factor-1 and the develop-
ment of partial resistance to growth hormone [1, 2].

An important limitation of our study is the presence 
of vitamin  D deficiency or insufficiency in the major-
ity of athletes in both study groups, which could have 

influenced the levels of the studied bone metabolism 
markers. We did not assess the impact of sports type 
on the levels of the investigated bone metabolism mark-
ers due to the small sample size of athletes with primary 
amenorrhea. Furthermore, underage athletes did not 
undergo assessment of biological (bone) age using hand 
radiography. It is known that bone age is an independ-
ent predictor of bone remodeling marker levels, which 
physiologically increase during active growth in puberty 
[17–19]. The greater the bone maturation values, the less 
growth potential the child has, and the lower the levels 
of bone remodeling markers he or she demonstrates.

Further studies into the characteristics of hormonal 
status and bone remodeling markers and their influence 
on BMD may have important practical significance for 
developing an individualized approach to diagnosing im-
paired bone remodeling and stratifying the risks of low-
energy fractures in underage athletes with FHA. 

CONCLUSION

The development of primary amenorrhea in underage 
highly trained athletes with FHA is accompanied by de-
creased estrogen levels, although not being associated 
with impaired gonadostat function. The state of under-
weight identified in athletes with primary amenorrhea is 
caused by a deficit in adipose tissue and is accompa-
nied by reduced blood leptin levels, which may contrib-
ute to the progression of reproductive system disorders.

Elevated bone metabolism markers in athletes with 
FHA may indicate disturbances in bone remodeling 
processes or may reflect ongoing growth and develop-
ment in adolescents. Given the known negative impact 
of estrogen deficiency on BMD, underage athletes with 
underweight and FHA constitute a high-risk group for 
developing low-energy fractures.

The influence of elevated bone metabolite levels in 
athletes with amenorrhea on bone mineral density, bone 
structure, and the risk of increased trauma requires fur-
ther research and elucidation.
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INJURIES AND DAMAGE TO LARGE JOINTS IN UNDERAGE ATHLETES. 
THERAPY WITH PLATELET-RICH PLASMA. A CLINICAL CASE 

Ilya V. Zyabkin1,2, Ivan V. Pankratov1, Aleksandra M. Kovalkova1, Victoria V. Khizhnikova1, Elena V. Zavaleva1,  
Valeriy A. Mukhortykh1

1 Federal Scientific and Clinical Center for Children and Adolescents of the Federal Medical and Biological Agency, Moscow, Russia
2 Russian Medical Academy of Continuous Professional Education, Moscow, Russia

Introduction. Approximately 46% of large joint injuries involve damage to the knee joint, among which anterior cruciate ligament (ACL) injuries 
account for about 15–24% in children and adolescents. In order to reduce the likelihood of long-term complications after injuries in underage 
professional athletes, shorten the rehabilitation period, and enable a quicker return to elite sports, innovative regenerative medicine tech-
nologies should be implemented into clinical practice, including the use of platelet-rich plasma (PRP). In comparison with other conservative 
treatment methods, PRP offers several advantages. Being an orthobiological agent, PRP is a biological substance derived from the patient’s 
own body, promoting accelerated regeneration with minimal risk of side effects. When performed correctly, this procedure shows minimal 
invasiveness and does not lead to complications. Although PRP therapy is widely used in treating diseases and injuries of large joints in adult 
patients, the application of this therapeutic method in underage athletes has not been sufficiently studied, which is the focus of this study. 
Case report. We present a clinical case of a professional athlete with a knee joint injury, assessing the functional and clinical outcomes of 
PRP therapy. Two standardized methods for PRP application are demonstrated, highlighting the advantages of a closed-loop PRP preparation 
system. These include minimized exposure to the external environment, mitigating potential risks of infection, and reduced consumption of 
materials, enhancing cost-effectiveness. The described clinical case of an ACL injury in a junior athlete, with complete functional and structural 
recovery (as confirmed by magnetic resonance imaging, MRI), demonstrated the efficacy, safety, and good tolerability of PRP therapy. Posi-
tive outcomes were observed both clinically (regression of pain assessed via the visual analog scale, restoration of joint function, and positive 
dynamics in provocative tests such as the Lachman test and anterior drawer test) and through MRI data.
Conclusions. The use of PRP therapy for ACL injuries in underage professional athletes represents a promising therapeutic approach in 
orthopedics and sports medicine, utilizing regenerative medicine technologies. The closed-loop system for PRP preparation offers several ad-
vantages over open-loop systems, including cost-effectiveness due to minimized consumption of medical supplies. The safety of the method 
is ensured provided that the procedural requirements are met (asepsis, antisepsis, ultrasound guidance, etc.); the high sensitivity of MRI in 
tracking the dynamics of ACL injuries is confirmed. 
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ТРАВМЫ И ПОВРЕЖДЕНИЯ КРУПНЫХ СУСТАВОВ У НЕСОВЕРШЕННОЛЕТНИХ 
СПОРТСМЕНОВ. ТЕРАПИЯ ПЛАЗМОЙ, ОБОГАЩЕННОЙ ТРОМБОЦИТАМИ. 
КЛИНИЧЕСКИЙ СЛУЧАЙ

И.В. Зябкин1,2, И.В. Панкратов1, А.М. Ковалькова1, В.В. Хижникова1, Е.В. Завалева1, В.А. Мухортых1

1 Федеральный научно-клинический центр детей и подростков Федерального медико-биологического агентства, Москва, Россия
2 Российская медицинская академия непрерывного профессионального образования Министерства здравоохранения Российской 
Федерации, Москва, Россия

Введение. Около 46% травм крупных суставов занимают повреждения коленного сустава, в структуре которых у детей и под-
ростков порядка 15–24% приходится на переднюю крестообразную связку (ПКС). Для сокращения вероятности отдаленных ос-
ложнений после травм у несовершеннолетних профессиональных спортсменов, реабилитационного периода и скорейшего воз-
вращения в спорт высших достижений необходимо внедрение в клиническую практику инновационных технологий регенеративной 
медицины, в том числе с использованием плазмы, обогащенной тромбоцитами (PRP). Применение PRP имеет ряд преимуществ 
по сравнению с другими консервативными методами терапии, а именно: являясь ортобиологическим препаратом, PRP представ-
ляет собой биологическое вещество собственного организма пациента, способствующее ускорению регенерации с минимальным 
риском возникновения побочных явлений; это малоинвазивная манипуляция, при соблюдении методики не приводящая к осложне-
ниям. Несмотря на то что PRP-терапия широко применяется при лечении заболеваний и повреждений крупных суставов у взрослой 
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категории пациентов, использование данного терапевтического метода у несовершеннолетних спортсменов изучено недостаточ-
но, в связи с чем и явилось целью настоящей работы.
Описание клинического случая. Представлено клиническое наблюдение профессионального спортсмена с травмой коленного 
сустава с оценкой функциональных и клинических результатов PRP-терапии. В данной работе продемонстрированы две стан-
дартизированные методики по применению PRP, обозначены преимущества закрытого цикла приготовления PRP: минимизация 
контакта с внешней средой, снижающего возможные риски инфицирования; сокращение расходных материалов, повышающего 
экономическую эффективность. Описанный клинический случай травмы ПКС у юниора с полным функциональным и структурным 
(по данным магнитно-резонансной томографии) восстановлением при проведении PRP-терапии продемонстрировал эффектив-
ность, безопасность и хорошую переносимость применения плазмы, обогащенной тромбоцитами. Положительный результат от-
мечен как клинически (констатация регресса болевого синдрома, оцениваемого по визуально-аналоговой шкале, восстановления 
функции сустава, положительная динамика провокационных тестов (тест Лахмана и переднего выдвижного ящика)), так и по дан-
ным визуализации.
Выводы. Применение PRP-терапии при травмах ПКС у несовершеннолетних профессиональных спортсменов является перспек-
тивным терапевтическим подходом в ортопедии и спортивной медицине с использованием технологий регенеративной медицины. 
Закрытый цикл приготовления PRP имеет ряд преимуществ перед открытым, включая экономическую эффективность благодаря 
минимизации расхода медицинских изделий. Показана безопасность метода при соблюдении требований к его проведению (асеп-
тика, антисептика, ультразвуковой контроль и др.) и подтверждена высокая чувствительность магнитно-резонансной томографии 
в рамках оценки динамики повреждений ПКС.

Ключевые слова: спортивная медицина; детские спортивные травмы; повреждения крупных суставов; PRP-терапия; 
несовершеннолетние спортсмены
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INTRODUCTION

The development of physical culture and sports, in-
cluding youth sports, is a priority direction of Russian 
state policy.1,2 According to the list of instructions of the 
President of Russia,3 the Federal Medical and Biological 
Agency (FMBA) serves as the lead organization for med-
ical support and biomedical supervision of athletes in 
Russian national teams. This role, combined with the 
country’s strategic national priorities in scientific and 
technological development, drives the adoption of inno-
vative technologies in sports medicine.4

In Russia, approximately 24.3 million children regu-
larly engage in physical culture, with 3.2 million training 
in sports centers. Elite sports involve about 17,000 chil-
dren. Sports-related injuries account for about 35.8% of 
all injuries among children (aged 5–17) [1]. Knee injuries 
dominate (approximately 46% of all major joint injuries), 
with anterior cruciate ligament (ACL) injuries remaining 

highly prevalent among professional athletes, children, 
and adolescents. These are severe conditions, compris-
ing 15–24% of such injuries, while meniscus trauma oc-
curs at a rate of 5.1 per 100,000 juniors [2, 3]. Upper 
limb injuries (shoulder, elbow joints) are common among 
athletes (including children) involved in overhead activi-
ties. In 75% of cases, these injuries result in temporary 
exclusion from sports [4], yet only 5% require surgical 
intervention [5].

The development of physical culture and sports in 
Russia has led to a growing number of professional ath-
letes, increasing the incidence of sports-related injuries. 
This trend necessitates the adoption of novel therapeu-
tic approaches, including regenerative medicine tech-
nologies such as the use of platelet-rich plasma (PRP). 

PRP, as an orthobiological agent and a biological 
substance derived from the patient’s own body, ac-
celerates recovery and promotes regeneration, allevi-
ates pain, and shortens the rehabilitation period. This 

1	 Decree of the Government of the Russian Federation No. 3081-r dated 24.11.2020 “On the Approval of the Strategy for the Development of Physical Culture and 
Sports in the Russian Federation for the Period up to 2030”. URL: https://docs.cntd.ru/document/566430492

2	 Resolution of the Government of the Russian Federation No.  1661 dated 30.09.2021 “On the Approval of the State Program of the Russian Federation 
‘Development of Physical Culture and Sports”. URL: https://base.garant.ru/402891691/

3	 List of Instructions of the President of the Russian Federation following the meeting of the Presidential Council for the Development of Physical Culture and Sport 
dated 29.11.2024, No. Pr-2500. URL: http://www.kremlin.ru/acts/assignments/orders/75738

4	 Decree of the President of the Russian Federation No. 145 dated 28.02.2024, “On the Strategy for Scientific and Technological Development of the Russian 
Federation”. URL: http://www.kremlin.ru/acts/bank/50358

https://docs.cntd.ru/document/566430492
https://base.garant.ru/402891691/
http://www.kremlin.ru/acts/assignments/orders/75738
http://www.kremlin.ru/acts/bank/50358
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is particularly critical in elite sports [6, 7]. Moreover, 
when performed according to guidelines, PRP therapy 
is a minimally invasive technique with a low complication 
rate [8]. While numerous publications address the use of 
PRP for joint diseases in adults with osteoarthritis and in 
older professional athletes [9, 10], studies evaluating the 
efficacy of PRP in underage athletes with injuries to large 
joints remain insufficient.

This work presents a clinical case of a professional 
athlete with a knee joint injury, assessing the functional 
and clinical outcomes of PRP therapy.

Preparation of Platelet-Rich Plasma (PRP)

Injuries and damage to various segments of the limbs are 
an unfortunate but integral part of elite sports. PRP has 
been successfully applied in such conditions as tennis 
elbow, golfers elbow, Achilles tendon injuries and plantar 
fasciitis, rotator cuff syndrome, adductor enthesopathy, 
jumpers knee, and runners knee [11].

PRP is human blood plasma with a concentration 
of platelets exceeding physiological levels. Platelets are 
anucleate cytoplasmic bodies formed through the frag-
mentation of megakaryocyte precursors. They circulate 
in the blood, expressing glycoproteins on their cell mem-
branes, playing a key role in hemostasis and wound 
healing through the formation of fibrin clots [12].

A number of studies have shown that platelet counts 
in healthy individuals change throughout life. The nor-
mal platelet count for adults of both sexes ranges 
(150–400)×109/L. In children, platelet levels vary with age 
during growth and development. For example, in a one-
month-old child, the platelet count is (208–352)×109/L, 
reaching about (198–340)×109/L5 by age 11.

PRP is obtained by separating platelets from other 
blood components through the collection of a specific 
volume of the patient’s blood followed by centrifugation. 
This process yields blood plasma with a high platelet 
concentration (exceeding the physiological baseline by 
3–10  times). The final platelet concentration may vary 
depending on the system used [13, 14].

Currently, a substantial number of scientific studies 
are dedicated to randomized clinical trials on the use 
of PRP therapy for injuries and disorders of the mus-
culoskeletal system [15, 16], including in professional 
athletes. However, Russia lacks a unified approved 
methodology for injections of PRP. To standardize the 
approach to PRP application for injuries and damage to 
large joints in junior athletes, two methods have been 
approved at the Federal Scientific and Clinical Center 
for Children and Adolescents: open and closed (Fig. 1).

When processed using a closed-loop system, plate-
lets are not exposed to the external environment after 
blood collection. This system involves the use of a com-
mercial kit, primarily in combination with additional cen-
trifugation.

There are numerous (over  40) protocols and com-
mercial systems for producing PRP; the relevant data 
are presented in Table. 

The study by Jildeh et al. present a comparative 
analysis of PRP preparation methods using commer-
cial systems. Technical specifications, cost, processing 
time, and centrifugation parameters of various com-
mercially available PRP devices differ significantly. The 
physician independently determines the characteristics 
that best align with their PRP requirements [17].

CLINICAL CASE DESCRIPTION

Patient  A, 16  years old (born  2007), a professional 
beach volleyball athlete, was under observation at the 
Traumatology Department of the Federal Scientific and 
Clinical Center for Children and Adolescents with the fol-
lowing diagnosis: S83.7 Injury of multiple structures of 
the knee joint. Partial tear of the anterior cruciate liga-
ment (ACL) of the left knee joint. W09.3 Fall involving 
sports ground equipment during sports activities and 
competitions.

Medical History. The patient is the first child from a 
physiological pregnancy and spontaneous delivery. Birth 
weight was 3450  g, length 52  cm, Apgar score  8–9. 
Breastfeeding continued until 10 months. Psychomotor 
development during the first year was age-appropriate. 
Past infectious diseases: ARVI, chickenpox. Preventive 
vaccinations were administered according to the na-
tional immunization schedule. No prior surgical interven-
tions.

History of Present Illness. In March  2025, during 
training, the patient sustained a left knee injury due to 
a fall. Given the trauma and severe pain, magnetic reso-
nance imaging (MRI) of the injured joint was performed 
outpatient at the local clinic. The MRI findings indicated 
an isolated ACL injury of the left knee joint (Fig. 2A). Two 
days post-injury, the patient was examined by a trauma 
orthopedist at the Federal Scientific and Clinical Center 
for Children and Adolescents.

Status Localis. Moderately pronounced edema in the 
left knee joint; positive patellar ballottement sign; flexion 
limited to 90° due to pain. Provocative tests (Lachman 
test, anterior drawer test) could not be performed at this 
stage due to severe pain. Pain intensity assessed via the 
Visual Analog Scale (VAS) (0 = no pain, 10 = worst pain) 
was 5 points.

Based on the history, complaints, physical exami-
nation, and diagnostic results, the final diagnosis was 
“Isolated injury of the anterior cruciate ligament of the 
left knee joint.” 

Management and Treatment Strategy. To reduce 
pain and stimulate regeneration of damaged tissues, 
a conservative treatment strategy was selected. This 
included immobilization of the knee joint (tutor for 
2  weeks), troxerutin gel (for 2  weeks) cold therapy 

5	 Normal Platelet Count in Blood. URL: https://wer.ru/articles/norma-trombotsitov-v-krovi/ (access date: 27.05.2025)

https://wer.ru/articles/norma-trombotsitov-v-krovi/
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(3  days) for local treatment, of a hinged brace with 
gradual increase in flexion angle by 15–30° every 
3 days, exclusion of running and jumping, and a course 
of PRP therapy (3  injections at 7-day intervals). After 
six months of the PRP therapy course, a follow-up MRI 
was conducted.

PRP Therapy. In accordance with the protocol de-
veloped and implemented at the Federal Scientific and 
Clinical Center for Children and Adolescents for candi-
date selection for PRP therapy, the patient was evalu-
ated using inclusion criteria before initiating the PRP 
course. This included assessment of complete blood 
count (CBC) and inflammatory markers (C-reactive pro-
tein, CRP) to promptly identify signs of systemic inflam-
mation or other contraindications. Additionally, prior to 
each injection, CBC was repeated to rule out potential 
contraindications (e.g., acute inflammatory processes, 
thrombocytopenia). Given normal laboratory values and 
no deviations from other inclusion criteria, the athlete re-
ceived a course of PRP therapy consisting of three injec-
tions at seven-day intervals.

For platelet-rich plasma preparation, a closed-loop 
method using a dual-syringe system was selected: 
15 mL of whole blood was collected from the medial cu-
bital vein into Arthrex tubes and centrifuged at 1500 rpm 
for 5  min using a Rotofix  32A centrifuge. After blood 
component separation, the formed platelet-rich plasma 

layer (approximately 5.0  mL) was transferred from the 
outer syringe to the inner syringe. A portion of the pre-
pared material (approximately 1.0 mL) was sent to a clini-
cal diagnostic laboratory for platelet concentration mea-
surement, which confirmed a twofold increase in platelet 
count compared to baseline. PRP injections were ad-
ministered percutaneously under ultrasound guidance. 
The procedure was performed under aseptic conditions 
after skin antisepsis, with the patient in a supine posi-
tion and the knee flexed at 90°. The injection was de-
livered into the knee joint cavity via a lateral approach. 
The patient tolerated PRP therapy satisfactorily, with no 
adverse reactions reported.

Therapy Results. After the completed course of 
PRP therapy, the patient noted improvement in knee 
joint function manifested in reduced pain syndrome 
(VAS  –  3  points), improved flexion function, and de-
creased discomfort phenomena in the left knee joint 
during physical exercises.

The follow-up examination after six weeks showed a 
complete regression of the edema of the knee joint area, 
a full restoration of the joint flexion, and the absence of 
pain syndrome (VAS – 1 point). Slight limping was not-
ed when leaning on the injured limb. Provocative tests 
(Lachman test and anterior drawer test) were question-
able; however, no signs of pronounced instability were 
detected. Importantly for the athlete, gradual return to 

Figure adapted from [8]

Fig. 1. Methods of PRP application for injuries and damage to large joints in underage athletes
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Table. Point-of-Care processing methods for platelet-rich plasma

Name of 
Commercial Kit

Claimed 
Platelet 

Increase Fold 
(Times)

Platelet 
Increase Fold 

(Times)

Centrifugation 
Time (min)

Key Advantages Disadvantages

ProofPoint
No data 
available

5.2 49
More than 4-fold 

increase in platelet 
count in plasma

Transfer via syringe. 
open system; 2 cen-

trifugation stages

AcCELLerated 4 5.2 18
More than 4-fold 

increase in platelet 
count in plasma

Absent

Arthrex 2–3 4.2 15

Reduction of pro-
cessing time;

More than 4-fold 
increase in platelet 

count in plasma

Non-permanent 
increase in platelet 

count

Celling
No data 
available

2.7 29 Usability
Non-permanent 

increase in platelet 
count

Terumo 3.62 4.1 24
More than 4-fold 

increase in platelet 
count in plasma

Variability of results

Table prepared by the authors using own data [17]

B

А

MRI image obtained by the authors.

Fig. 2. Magnetic resonance imaging of the left knee joint: A — after injury; B — after treatment
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previous sports load was noted, including running and 
cycling. Five months after the injury, the patient was able 
to resume gym training (leg press with 120 kg weight).

The follow-up examination six  months after the in-
jury showed the ability of the patient to walk indepen-
dently and confidently, without limping. No edema in 
the left knee joint area was present; the patella was in 
the midline. Ballottement sign was negative, Lachman 
and anterior drawer tests were negative, symmetrical on 
both sides. No subjective or objective signs of knee joint 
instability were detected, VAS was 0 points. Therefore, 
according to control MRI data, restoration of the anterior 
cruciate ligament structure was confirmed (Fig. 2B).

Thus, this clinical case demonstrates the efficacy, 
safety, and good tolerability of PRP application for ACL 
injury in an underage professional athlete. Positive out-
comes were observed both clinically — manifested as 
regression of pain assessed via VAS, restoration of joint 
function, and positive dynamics in provocative tests 
(Lachman test and anterior drawer test) — and through 
MRI data showing restoration of the  anatomical integ-
rity of the ligament. This highlights the importance of an 
individualized approach to treatment strategies for pa-
tients, particularly athletes with injuries and damage to 
large joints. The results align with current literature data, 
indicating the promise of therapeutic approaches in 
orthopedics and sports medicine utilizing regenerative 
medicine technologies.

CLINICAL CASE DISCUSSION

Anterior cruciate ligament (ACL) injury remains a com-
mon and severe trauma among professional athletes 
and sports enthusiasts [2]. Due to the high involvement 
of the ACL in knee mobility and stability, its injuries are of 
particular interest to sports medicine specialists, neces-
sitating reduced rehabilitation time, lower probability of 
long-term complications, and faster recovery and return 
of athletes to elite sports. In this context, regenerative 
medicine technologies, including the use of platelet-
rich plasma (PRP), hold a special place in orthopedics. 
Numerous research articles on PRP therapy have been 
published, demonstrating positive outcomes such as 
pain relief, stimulation of tissue regeneration, and ac-
celerated healing processes in patients with musculo-
skeletal injuries [18]. PRP therapy is a minimally invasive 
method that can be used both as a monotherapy and in 
combination with conservative treatment. To accurately 
assess the effectiveness of PRP, comprehensive and dy-
namic clinical and instrumental examination is required. 

Thorough history-taking, pain assessment, and physical 
examination are helpful in determining the most appro-
priate diagnostic tools. Some studies prioritize magnetic 
resonance imaging (MRI) for diagnosing ligamentous in-
juries of the knee joint in children [19].

Indeed, MRI is widely used for evaluating knee in-
juries, but its accuracy in cases of damage to various 
structures of the knee joint remains uncertain. However, 
for ACL injuries, the high sensitivity of this method 
amounting to 90.4% has been proven [20].

In the presented clinical case, the use of PRP for 
ACL injury in an underage professional athlete showed 
favorable results both in terms of pain relief and restora-
tion of functional abilities of the injured limb. It is impor-
tant to note that this method is safe when procedural 
requirements are met (asepsis, antisepsis, ultrasound 
guidance, etc.), cost-effective due to the use of the pa-
tient’s own plasma, and yields rapid results. The use of a 
closed-loop system for PRP preparation minimized po-
tential risks, reduced the consumption of medical sup-
plies, and shortened the time required for transferring 
PRP between tubes, thereby enhancing economic ef-
ficiency.

CONCLUSION

The study presents standardized methodologies for 
PRP therapy in injuries and damage to large joints in un-
derage athletes. The efficacy of PRP application for ACL 
injury in a professional beach volleyball athlete was eval-
uated. A set of trigger points to track dynamic changes 
during PRP therapy for ACL injuries was theoretically 
substantiated, including clinical presentation with pain 
assessment via VAS, physical examination data, results 
of specific functional tests (Lachman test and anterior 
drawer test), and MRI diagnostics. The presented clini-
cal case demonstrates the effectiveness of PRP therapy, 
with positive dynamics on radiological diagnostic results, 
culminating in complete restoration of the anterior cruci-
ate ligament structure within the period of six months.

Given the existing domestic and international experi-
ence of using PRP for diseases and injuries of large joints 
in older population cohorts, as well as the results ob-
tained in this clinical case, it appears promising to con-
tinue the application of PRP in underage athletes with in-
juries and damage to large joints. Subsequent evaluation 
of the efficacy of the proposed method should consider 
injury localization, type of damaged tissue, time since 
injury, and rehabilitation period, with documentation of 
clinical and functional dynamics.
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INFLUENCE OF DENTAL AND ORTHODONTIC DISEASES ON PHYSICAL 
PERFORMANCE AND ENDURANCE OF HIGH-CLASS COMBAT SPORTS 
ATHLETES

Zhaklin I. Rusak1, Aleksey L. Baginsky1, Ekaterina V. Milashenko2, Victoria V. Petrova3, Anton A. Artamonov4 

1 Russian State Social University, Moscow, Russia
2 Volgograd State Medical University, Volgograd, Russia
3 Burnasyan Federal Medical Biophysical Center, Moscow, Russia
4 Institute of Biomedical Problems of the Russian Academy of Sciences, Moscow, Russia 

Introduction. Oral health issues, such as dental caries, periodontal diseases, or malocclusion, can cause pain, discomfort, and systemic 
health problems, which in turn may negatively affect the performance and endurance of athletes. In this context, the development of compre-
hensive dental programs for athletes involved in professional sports is a relevant task.
Objective. To determine statistically significant differences in performance parameters among combat sports athletes for the development of 
measures to correct the dental status of highly qualified athletes.
Materials and methods. A mathematical and statistical analysis of anonymized medical data on comprehensive medical examination of elite 
athletes was conducted. Data from 1887 combat sports athletes were processed (n = 1887; males n = 1190; females n = 697). The sample 
was divided into two groups: athletes without dental pathologies — Group 0 (n = 791; M

e
 median age 21.00 [19.00; 25.00]); athletes with 

confirmed dental pathologies — Group 1 (n = 1096; M
e
 median age 19.00 [17.00; 24.00]). Diagnoses from endocrinologists and gastroenter-

ologists were also taken into account. Morphometric characteristics and physiological parameters from exercise stress testing were analyzed. 
Statistical analysis was performed using the StatTech v. 4.6.0 software.
Results. A significant influence of dental diseases on physical performance and endurance was identified. Compared to the group of 
athletes without a dental diagnosis (Group  0), the presence of a dental diagnosis (Group  1) was associated with statistically significant 
differences (p  <  0.05) across a range of physiological indicators characterizing physical endurance and performance: respiratory ex-
change ratio R(0) = 1.05  [1.03; 1.09], R(1) = 1.04  [1.03; 1.07]; heart rate at the aerobic threshold level HR

AerT
(0) = 110.00  [100.00; 122.00], 

HR
AerT

(1) = 114.00 [102.00; 126.00]; heart rate at the anaerobic threshold HR
AT

(0) = 143.00 [132.00; 154.00], HR
AT

(1) = 147.00 [134.00; 158.00]; 
peak heart rate at peak load HR

peak
(0) = 151.00 [144.00; 160.00], HR

peak
(1) = 152.00 [144.00; 163.00]; heart rate at the 3rd min of recovery 

HR
3min

(0) = 91.00 [82.00; 101.00], HR
3min

(1) = 93.00 [84.00; 102.00]; power output at the level of the anaerobic threshold Pwr
AT

(0) = 190.00 [165.00; 
230.00], Pwr

AT
(1) = 200.00 [165.00; 240.00].

Conclusions. Dental diseases reduce the performance athletes, in particular at submaximal load levels. This has a negative effect on the 
training process and competitive results in martial arts. In this regard, a comprehensive prevention program and regular dental checkups are 
recommended as an essential part of preparation, in particular, in contact sports. The use of individual aligners for mitigating excessive impact 
on teeth under the conditions of overload and extreme situations is proposed.

Keywords: dentistry; sports medicine; combat sports athletes; comprehensive medical examination; aligners; retrospective study; physical 
performance; physical endurance
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Введение. Проблемы со здоровьем полости рта, такие как кариес зубов, заболевания пародонта и неправильный прикус, могут 
вызывать боль, дискомфорт и системные проблемы со здоровьем, что, в свою очередь, может негативно сказаться на работоспо-
собности и выносливости спортсмена. Наряду с этим существует и необходимость разработки комплексных стоматологических 
программ для профессионального спорта.
Цель. Определение статистически значимых различий параметров работоспособности у спортсменов-единоборцев для разработ-
ки мероприятий по коррекции стоматологического статуса у высококвалифицированных спортсменов.
Материалы и методы. Проведен математико-статистический анализ деперсонализированных медицинских данных результатов 
углубленного медицинского обследования спортсменов высокого класса. Обработаны данные 1887 представителей спортивных 
единоборств (n = 1887; мужчины n = 1190; женщины n = 697). Выборка была разделена на 2 группы: спортсмены без стоматоло-
гической патологии — группа «0» (n = 791; M

e
 среднего возраста 21,00 [19,00; 25,00]); спортсмены со стоматологическими диагно-

зами — группа «1» (n = 1096; M
e
 среднего возраста 19,00 [17,00; 24,00]). В работе учитывали также диагнозы эндокринолога и га-

строэнтеролога. Анализировали морфометрические характеристики и физиологические показатели нагрузочного тестирования. 
Статистический анализ проводился с использованием программы StatTech v. 4.6.0.
Результаты. Выявлено значительное влияние стоматологических заболеваний на физическую работоспособность и выносли-
вость. Наличие стоматологического диагноза (группа «1») связано со статистически значимыми различиями (р < 0,05) по сравнению 
с группой спортсменов без стоматологического диагноза (группа «0»), по ряду физиологических показателей характеризующих 
физическую выносливость и работоспособность: дыхательный коэффициент R(0) = 1,05 [1,03; 1,09], R(1) = 1,04 [1,03; 1,07]; частота 
сердечных сокращений аэробного порога ЧСС

АП
(0) = 110,00 [100,00; 122,00], ЧСС

АП
(1) = 114,00 [102,00; 126,00]; частота сердечных со-

кращений на уровне анаэробного порога ЧСС
ПАНО

(0) = 143,00 [132,00; 154,00], ЧСС
ПАНО

(1) = 147,00 [134,00; 158,00]; частота сердечных 
сокращений на пике нагрузки ЧСС

ПИК
(0) =151,00 [144,00; 160,00], ЧСС

ПИК
(1) = 152,00 [144,00; 163,00]; частота сердечных сокращений 

на 3-й минуте восстановления ЧСС
3 мин

(0) = 91,00 [82,00; 101,00], ЧСС
3 мин

(1) = 93,00 [84,00; 102,00]; мощность ступени, на которой 
достигнут уровень порога анаэробного обмена, Мощ

ПАНО
(0) = 190,00 [165,00; 230,00], Мощ

ПАНО
(1) = 200,00 [165,00; 240,00].

Выводы. Стоматологические заболевания снижают работоспособность спортсменов, особенно на субмаксимальных уровнях на-
грузки, что может негативно сказываться на тренировочном процессе и соревновательных результатах в боевых искусствах. В связи 
с этим рекомендованы комплексная программа профилактики и регулярные стоматологические осмотры как обязательная часть 
подготовки, особенно в контактных видах спорта. На основании анализа результатов исследования предложено использовать ин-
дивидуальные элайнеры для предотвращения избыточного воздействия на зубы в условиях перегрузок и экстремальных ситуаций.

Ключевые слова: стоматология; спортивная медицина; единоборцы; углубленное медицинское обследование; элайнеры; 
ретроспективное исследование; физическая работоспособность; физическая выносливость
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INTRODUCTION

Dental and orthodontic diseases represent a multifac-
eted problem that directly or indirectly affects the per-
formance of athletes. Oral diseases can cause severe 
pain, which directly impacts the ability of athletes to train 
and compete [1]. This is particularly relevant in combat 
sports, where physical conditioning, concentration, and 
endurance are crucial. The presence of oral diseases 
can affect the ability to eat properly, leading to nutritional 
deficiencies that negatively impact physical performance 
and endurance. Pain caused by dental caries or peri-
odontal disease can result in reduced training volumes 
and complicate participation in competitions. Teixeira et 
al. demonstrated that athletes with oral diseases may 
experience up to a 21% decline in performance [2]. 
Unsatisfactory dental conditions can lead to systemic 
diseases, such as cardiovascular and respiratory com-
plications, impairing muscle recovery and overall physi-
cal performance [2]; negatively affect the confidence 

and quality of life of athletes [3], their appearance and 
social interactions, which are extremely important for 
maintaining a positive mental state [4]. Additionally, there 
is evidence suggesting that oral health problems can im-
pact cognitive functions necessary for strategic thinking 
and decision making [5].

This study aims to determine statistically significant 
differences in performance parameters among combat 
sports athletes to develop measures for correcting the 
dental status of highly qualified athletes.

MATERIALS AND METHODS

A mathematical and statistical analysis of anonymized 
medical data from the comprehensive medical examina-
tion (CME) of high-class athletes, not lower than Masters 
of Sport of Russia, was conducted.

Data on 1887  (n  =  1887; males n  =  1190; females 
n  =  697) representatives of combat sports, including 
aikido, arm wrestling, boxing, wrestling, belt wrestling, 
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freestyle wrestling, Greco-Roman wrestling, grappling, 
jiu-jitsu, judo, karate, kickboxing, Kyokushin, hand-to-
hand fighting sport, savate, sambo, sumo, Muay Thai, 
taekwondo, universal fighting, and wushu, were ana-
lyzed. The sample was divided into two groups: athletes 
without dental pathologies (median age 21.00  [19.00; 
25.00]); athletes with dental diagnoses (median age 
19.00  [17.00; 24.00]). Athletes with a dental diagnosis 
listed under K02–K08.9 according to ICD-10 formed 
Group  1 (n  =  1096); those without a dental diagnosis 
(n = 791) formed Group 0.

The study also considered endocrinological (ICD-10 
codes: E00–E07, E10–E16, E40–E46, E65–E68, E70–
E90) and gastroenterological (ICD-10 codes: K00–K93) 
diagnoses.

Data for both groups were compared based on the 
results of the CME, including functional testing on a bi-
cycle ergometer using the Ramp-30 protocol. This is a 
method of stress testing involving ergospirometry on a 
V-ergoPro bicycle ergometer: “to failure” under gradually 
increasing load starting from 5 W.

The inclusion criteria for the study were completion 
of the CME and the athlete’s clearance for competitions.

For subsequent processing, the following quantita-
tive indicators were identified: height  (cm); weight  (kg); 
oxygen consumption at the anaerobic threshold level 
(VO

2 AT
, mL/min/kg), i.e., the amount of oxygen utilized 

primarily by working muscles per unit time at the moment 
of reaching the anaerobic threshold; oxygen consump-
tion at the maximum stage of load testing (VO

2
 
peak

, mL/
min/kg), i.e., the amount of oxygen utilized primarily by 
working muscles per unit time at the maximum achieved 
power during testing with submaximal loads (if VO

2 max
 — 

maximal oxygen consumption — is not reached, then 
it coincides with VO

2  max
); respiratory exchange ratio 

(R,  relative units), i.e., the ratio of carbon dioxide re-
leased to oxygen consumption, reflecting the ratio of 
oxidized substrates, ventilation-perfusion ratios in the 
lungs, and the activity of the blood bicarbonate buffer; 
heart rate before exercise (HR

rest
, bpm), which depends 

on age, gender, stage of the training process, and skill 
level; heart rate at the aerobic threshold (HR

AerT
, bpm), 

which is the upper limit of the individual aerobic zone 
and the lower limit for the developmental zone of exer-
cise intensity; heart rate at the anaerobic threshold level 
(HR

AT
, bpm), which is the upper limit of the developmen-

tal and lower limit of the anaerobic individual zones of 
exercise intensity; heart rate at peak load (HR

peak
, bpm), 

i.e., the maximum recorded heart rate during exercise 
“to failure”; heart rate at the 3rd min of recovery (HR

3 min
, 

bpm), i.e., supporting the body’s recovery processes, 
one of the criteria for assessing fitness; power output at 
the level of the anaerobic threshold (Pwr

AT
, W), reflect-

ing the absolute power that an athlete can generate at 
the anaerobic threshold level; power output at the maxi-
mum stage of testing (Pwr

peak
, W), reflecting the abso-

lute power that an athlete can generate; relative power 
at the anaerobic threshold level (Pwr

AT
/weight,  W/kg), 

i.e., a relative indicator that takes into account the ath-
lete’s body weight and allows for comparing work ef-
ficiency considering individual physical parameters (it is 
particularly important when assessing athletes of differ-
ent weights, due to its more accurate representation of 
functional capabilities per unit of body weight); (Pwr

peak
/

weight, W/kg) is the relative power at peak load.
In modeling formulas, quantitative indicators are rep-

resented by adding the index X to the studied parame-
ters and Y to the analyzed value; diagnoses from gastro-
enterologists, dentists, and endocrinologists (presence 
of diagnosis — 1, absence of diagnosis — 0); gender 
(0 — female (F), 1 — male (M)).

Quantitative indicators were assessed for compliance 
with normal distribution using the Shapiro–Wilk test (for 
sample sizes less than 50) or the Kolmogorov–Smirnov 
test (for sample sizes greater than 50). Quantitative in-
dicators with normal distribution were described us-
ing arithmetic means (M) and standard deviations (SD), 
and 95% confidence interval (95% CI) limits. In the ab-
sence of normal distribution, quantitative data were de-
scribed using median (M

e
) and lower and upper quartiles 

[Q
1
;  Q

3
]  ([IQR]). Comparison of the study groups for a 

quantitative indicator with normal distribution, assum-
ing equal variances, was performed using Student’s 
t-test; for unequal variances, Welch’s t-test was used. 
Comparison of the study groups for a quantitative indi-
cator with a distribution different from normal was per-
formed using the Mann–Whitney U-test.

A predictive model characterizing the dependence 
of the quantitative variable HR

AerT
 (heart rate at aerobic 

threshold) on gender, diagnoses from gastroenterolo-
gists, dentists, endocrinologists, weight, and indicators 
HR

rest
, HR

AT
, HR

3min
, Pwr

AT
, Pwr

AT
/weight, was developed 

using the linear regression method. Differences were 
considered statistically significant at p < 0.05. Statistical 
analysis was performed using the StatTech v. 4.6.0 soft-
ware (StatTech, Russia).

RESULTS AND DISCUSSION

Table 1 presents the results of descriptive statistics for 
groups of high-class combat athletes.

Table 1 demonstrates statistically significant differ-
ences between the groups of athletes with (Group  1) 
and without a dental diagnosis (Group  0) across sev-
eral parameters. For instance, heart rate before exercise 
was higher in Group 1 (M

e
 = 81.00 bpm) compared to 

Group 0 (M
e
 = 78.00 bpm, p < 0.001). A similar trend was 

observed for heart rate at the aerobic threshold (HR
AerT

) 
(114.00 vs. 110.00  bpm, p  <  0.001) and heart rate at 
the anaerobic threshold (HR

AT
) (147.00 vs. 143.00 bpm, 

p < 0.001). These differences may indicate higher base-
line activation of the sympathetic nervous system in 
athletes with oral health issues, likely associated with 
chronic inflammation or pain caused by dental caries or 
periodontitis. Studies by other authors confirm that in-
flammatory processes in the oral cavity can exacerbate 
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systemic stress, increasing cortisol levels and affecting 
cardiovascular regulation [12].

Furthermore, power output at the anaerobic thresh-
old (W) and relative power at the anaerobic threshold 
(W/kg) were higher in Group 1 (p = 0.028 and p = 0.006, 
respectively), which may suggest compensatory mech-
anisms. Thus, athletes with chronic pain or discomfort 
might exert more effort to achieve the same perfor-
mance level. However, peak power and VO

2
 
peak

 showed 
no significant differences (p  =  0.982 and p  =  0.449), 

indicating that dental issues have a limited impact on 
maximal aerobic capacity.

For each parameter reflecting the performance and 
endurance of athletes, regression models were devel-
oped. Our approach was strictly guided by statistical 
analysis, and we present robust mathematical models. 
The strength and closeness of the relationship between 
the studied parameters were assessed based on the 
correlation coefficient, considering the appropriate lev-
el of statistical significance and the observed variance 

Table 1. Descriptive statistics of quantitative variables by presence of dental diagnosis

Parameters

Dental report
Statistical 

significance 
level, p

Group 0 
(n = 791)
M

e
 [IQR]

Group 1 
(n = 1096)
M

e
 [IQR]

Age, years
21.00 

[19.00; 25.00]
19.00 

[17.00; 24.00]
0.285

Height, cm
174.00 

[167.00; 182.00]
173.00 

[166.00; 181.00]
0.285

Body weight, kg
73.00 

[63.00; 87.00]
73.00 

[63.00; 87.00]
0.852

Oxygen consumption at the anaerobic threshold level 
(VO

2 AT
), mL/min/kg

31.02 
[26.68; 35.45]

31.31 
[26.84; 36.11]

0.333

Oxygen consumption at the maximum stage of exercise 
testing (VO

2
 
peak

), mL/min/kg
33.84 

[29.59; 38.18]
33.59 

[29.01; 38.03]
0.449

Respiratory exchange ratio (R), rel. units
1.05 

[1.03; 1.09]
1.04 

[1.03; 1.07]
0.002

Heart rate before exercise (HR
rest

), beats per min (bpm)
78.00 

[70.00; 87.00]
81.00

[72.00; 89.00]
<0.001

Heart rate at aerobic threshold (HR
AerT

), beats per min 
(bpm)

110.00 
[100.00; 122.00]

114.00
[102.00; 126.00]

<0.001

Heart rate at anaerobic threshold (HR
AT

), beats per min 
(bpm)

143.00 
[132.00; 154.00]

147.00 
[134.00; 158.00]

<0.001

Heart rate at peak load (HR
peak

), beats per min (bpm)
151.00 

[144.00; 160.00]
152.00 

[144.00; 163.00]
0.025

Heart rate at 3 min of recovery (HR
3min

), beats per min 
(bpm)

91.00 
[82.00; 101.00]

93.00 
[84.00; 102.00]

0.017

Power output at the anaerobic threshold level (Pwr
AT

), W
190.00 

[165.00; 230.00]
200.00 

[165.00; 240.00]
0.028

Power output at the maximum stage of testing  
(Pwr

Peak
), W

215.00 
[180.00; 260.00]

215.00 
[175.00; 260.00]

0.982

Relative power output at anaerobic threshold per body 
weight (Pwr

AT
/weight), W/kg

2.63 
[2.27; 3.01]

2.72 
[2.29; 3.16]

0.006

Relative maximal power output per body weight during 
testing (Pwr

Peak
/weight), W/kg

2.94 
[2.59; 3.31]

2.96 
[2.54; 3.36]

0.568

Table compiled by the authors based on their own data

Note: IQR — interquartile range
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magnitude. The corresponding data are presented in 
Table 2.

The observed dependence of the HR
AerT

  (bpm) in-
dicator is described by the following linear regression 
equation:

Y
HR AerT

 = –18.046 – 4.633 × X
М
 + 5.500 × X

gastro
 + 

+ 1.375 × X
dent

 + 2.219 × X
endo

 + 0.167 × X
weight

 +  
+ 0.120 × X

HR rest 
+ 0.646 × X

HR AT
 + 0.130 × X

HR 3min
 – 

– 0.079 × X
PWR AT

 + 8.007 × X
PWR AT/weight

.

Based on the presented regression model equation, 
athletes can expect an increase in HR

AerT
 with a gastro-

enterological diagnosis (by 5.500 bpm), a dental diagno-
sis (by 1.375 bpm), and an endocrinological diagnosis 
(by 2.219 bpm).

The HR
AerT

 indicator will increase with a 1 bpm increase 
in HR

rest
 — by 0.120 bpm; with each kilogram increase 

in the athlete’s body weight — by 0.167 bpm; with a 1 
bpm increase in HR

AT
 — by 0.646 bpm; with a 1 bpm in-

crease in HR
3min

 — by 0.130 bpm; with a 1 W/kg increase 
in Pwr

AT
/weight — by 8.007 bpm. At the same time, with 

an increase in Pwr
AT

, a decrease in the HR
AerT

 indicator by 
0.079 bpm can be expected. According to the regression 
model results, males are expected to have a decrease in 
HR

AerT
 by 4.633 bpm compared to females.

The obtained regression model is characterized by a 
multiple correlation coefficient R

xy
 = 0.830; (p < 0.001), 

which corresponds to a high strength of association ac-
cording to the Chaddock scale. The obtained model al-
lowed the change in the HR

AerT
 indicator to be predicted 

with high accuracy, accounting for 68.9% of the ob-
served variance. The assessment of the dependence of 
HR

AT
 (bpm) on quantitative factors was performed using 

the linear regression method. The number of observa-
tions was 1887.

The linear regression results (Table 2) confirm that the 
presence of a dental diagnosis is independently associ-
ated with an increase in HR

AerT
 by 1.375 bpm (p = 0.017). 

Although this effect seems minor, it has cumulative sig-
nificance in the context of other factors, such as gen-
der (increase in HR

AerT
 in men by 4.633 bpm, p < 0.001), 

presence of a gastroenterological diagnosis (increase by 
5.500 bpm, p = 0.021), and endocrinological problems 
(increase by 2.219 bpm, p = 0.039). The model explains 
68.9% of the variance in HR

AerT
 (R

xy
 = 0.830, p < 0.001), 

indicating high predictive power and confirming the sys-
temic nature of the influence of dental diseases.

Interestingly, an increase in power at the anaerobic 
threshold (Pwr

AT
) is associated with a decrease in HR

AerT
 

(-0.079 bpm per 1 W, p = 0.007), which may reflect bet-
ter cardiovascular adaptation to exercise in more trained 

Table 2. Statistical description of the regression model

Parameters
Сontribution 
in regression 

equation

Standard 
error of the 

mean

t-test of regres-
sion model 
parameters

Statistical 
significance 

level, p

Intercept -18.046 6.357 2.839 0.005

Gender: M 4.633 0.759 6.105 <0.001

Gastroenterologist 5.500 2.389 2.302 0.021

Dentist 1.375 0.573 2.398 0.017

Endocrinologist 2.219 1.073 2.069 0.039

Body weight, kg 0.167 0.074 2.262 0.024

Heart rate before exercise (HR
rest

), beats per 
min (bpm)

0.120 0.029 4.174 <0.001

Heart rate at anaerobic threshold (HR
AT

), 
beats per min (bpm)

0.646 0.027 23.870 <0.001

Heart rate at 3 min of recovery (HR
3min

), 
beats per min (bpm)

0.130 0.024 5.470 <0.001

Power output at the anaerobic threshold 
level (Pwr

AT
), W

-0.079 0.029 -2.706 0.007

Relative power output at anaerobic 
threshold per body weight (Pwr

AT
/weight),  

W/kg
8.007 2.340 3.421 < 0.001

Table compiled by the authors based on their own data

Note: Intercept — dimensionless indicator
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athletes. However, an increase in relative power at the 
anaerobic threshold (Pwr

AT
/weight) increases HR

AerT
 by 

8.007  bpm (p  <  0.001), highlighting the complex rela-
tionship between body weight, strength, and cardiac re-
sponse. It should be noted that, despite the significance 
of the identified differences in cardiorespiratory param-
eters, peak power output metrics showed no statistically 
significant differences between the groups. This may 
indicate that short-term maximal performance remains 
unaffected, while endurance and recovery speed are 
impaired, which is particularly critical for combat sports 
athletes.

The data obtained are consistent with those reported 
in literature demonstrating that oral health affects ath-
letic performance through several mechanisms. First, 
chronic pain from dental caries or periodontitis can re-
duce training volumes and concentration, which is par-
ticularly critical in martial arts where strategic thinking is 
required [13]. Second, systemic inflammation caused by 
periodontal infections may impair muscle recovery and 
increase the risk of cardiovascular complications [14]. 
Third, nutritional problems due to pain or tooth loss can 
lead to deficiencies in macronutrients and micronutri-
ents, thus reducing endurance [15].

Our study used the data of comprehensive medical 
examinations (CME) of 1887 combat sports athletes to 
reveal a significant impact of dental diseases on physi-
cal performance and endurance. The analysis showed 
that the presence of dental problems leads to changes 
in a range of physiological indicators, including heart 
rate (HR) during various phases of exercise and recov-
ery, as well as power output at the anaerobic thresh-
old  (AT). These results underscore the importance of 
oral health as a factor influencing athletic performance 
[5], particularly in martial arts, which demand a high level 
of physical conditioning [8] and concentration [1, 9].

The identified dependence of HR
AT

 and HR
peak

 on the 
presence of dental diseases confirms the hypothesis of 
the negative impact of dental pathologies on the adap-
tive capabilities of athletes. Elevated HR during various 
exercise phases may indicate reduced efficiency of en-
ergy metabolism and slower recovery processes, which 
are crucial in professional sports. The conducted re-
gression analysis also revealed that, in addition to den-
tal diseases, physiological parameters of athletes are 
influenced by conditions affecting other body systems, 
such as gastrointestinal and endocrine pathologies [10, 
11]. This reinforces the need for comprehensive medical 
support for athletes, with an emphasis on an interdisci-
plinary approach.

The obtained data are consistent with the results of 
similar studies [16, 17] and indicate a high prevalence 
of dental diseases affecting physiological indicators and 
athletic performance among combat sports athletes. 
The presence of dental pathologies is associated with 
increased load on the cardiovascular system [19], which 
may reduce the body’s adaptive capabilities to physi-
cal exertion and impair recovery processes [18, 20–22]. 

Many athletes lack sufficient awareness and, conse-
quently, adherence to preventive oral hygiene practices 
[7], leading to the neglect and exacerbation of oral health 
problems [5]. Increasing awareness among athletes, 
coaches, and sports organizations about the impor-
tance of oral hygiene could lead to improved preventive 
measures and better outcomes [10]. The use of aligners 
or braces for bite correction, adapted for contact sports 
[23], may serve as an effective prevention measure of 
orthodontic issues. Regular dental checkups and the 
use of protective devices, such as custom-made mouth-
guards, can help prevent oral injuries and diseases [1]. 
Effective strategies for promoting oral health are neces-
sary to minimize its impact on performance [4].

The similarity of psychophysiological stress during 
combat in martial artists to the overload states experi-
enced by pilots, astronauts, and military personnel [10] 
suggests the potential applicability of individual aligners 
in aerospace medicine and extreme situation medicine.

The identified differences highlight the need to inte-
grate dental care into training programs. The absence of 
significant differences in VO

2 peak
 and peak power may 

indicate that a greater level of impact of dental diseases 
at submaximal exertion levels, which are characteristic 
of prolonged training and competitions in martial arts. 
This aligns with data from [9], which revealed up to a 
21% decrease in performance among athletes with poor 
oral health.

CONCLUSION

The presence of a dental diagnosis is associated with 
increased heart rate at rest, at the anaerobic threshold, 
and during the recovery phase, as well as with chang-
es in power output at the anaerobic threshold. These 
changes may be attributed to pain, systemic inflam-
mation, and nutritional disturbances, highlighting the 
systemic nature of the problem. The regression model 
demonstrated high predictive power, identifying dental 
diseases as an independent factor influencing HR

AerT
, 

alongside gender, weight, and other medical diagnoses.
In our study, a significant impact of dental diseas-

es on physical performance and endurance was iden-
tified. The presence of a dental diagnosis (Group  1) 
was associated with statistically significant differences 
(p  <  0.05) compared to the group of athletes without 
a dental diagnosis (Group 0) across a range of physi-
ological indicators characterizing physical endur-
ance and performance: respiratory exchange ratio 
R(0)  =  1.05  [1.03; 1.09], R(1)  =  1.04  [1.03; 1.07]; heart 
rate at aerobic threshold HR

AerT
(0)  =  110.00  [100.00; 

122.00], HR
AerT

(1)  =  114.00  [102.00; 126.00]; heart 
rate at anaerobic threshold HR

AT
(0)  =  143.00  [132.00; 

154.00], HR
AT

(1)  =  147.00  [134.00; 158.00]; heart rate 
at peak load HR

peak
(0)  =  151.00  [144.00; 160.00], 

HR
peak

(1)  =  152.00  [144.00; 163.00]; heart rate at 
3  min of recovery HR

3min
(0)  =  91.00  [82.00; 101.00], 

HR
3min

(1) = 93.00  [84.00; 102.00]; power output at the 
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anaerobic threshold level Pwr
AT

(0)  =  190.00  [165.00; 
230.00], Pwr

AT
(1) = 200.00 [165.00; 240.00].

The identified patterns indicate the need to incor-
porate dental examinations and preventive measures 
into mandatory medical support for athletes. Regular 
checkups, timely treatment of oral diseases, and the 
use of protective devices, such as mouthguards, can 
mitigate the negative impact of dental pathologies on 
athletic performance. Based on statistically significant 
differences in performance parameters among combat 
sports athletes, measures have been proposed to devel-
op interventions for correcting the dental status of highly 
qualified athletes. These include:

1)  need for prevention (regular dental examina-
tions, the use of protective mouthguards, and increased 
awareness among athletes and coaches about oral hy-
giene are key measures to minimize negative impacts);

2)  comprehensive approach (integrating dental 
care into the athletes’ medical support system should 

become a mandatory part of preparation, particularly in 
contact sports);

3)  further research (additional studies are needed to 
assess the long-term effects of dental interventions and 
their impact on cognitive functions and psychological 
state of athletes);

4) use of individual aligners (to prevent excessive im-
pact on teeth under conditions of overload and extreme 
situations.

These findings and recommendations can serve as a 
basis for developing prevention programs and improving 
athletic performance through optimizing oral health. The 
use of individual aligners is recommended for specialists 
whose activities involve overload and extreme situations 
(pilots, astronauts, military personnel). Individual aligners 
are considered as a means of prevention and adapta-
tion to real and simulated conditions of changing gravity, 
relevant to the development of adequate methods for 
preventing the negative impact of space flight factors. 
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COMPARATIVE ASSESSMENT OF PROTEOMIC REGULATION OF BONE 
TISSUE DURING 21-DAY HEAD-DOWN BED REST (–6°) AND 21-DAY DRY 
IMMERSION

Ludmila Kh. Pastushkova, Anna G. Goncharova, Daria N. Kashirina, Irina M. Larina

Institute of Biomedical Problems of the Russian Academy of Sciences, Moscow, Russia 

Introduction. Experimental possibilities during actual spaceflight are limited, making ground-based models, such as dry immersion (DI) and 
head-down bed rest (HDBR) tests, highly relevant. Changes in bone tissue are induced by alterations in a complex set of environmental fac-
tors at the proteomic level, compensating for changes caused by reduced gravity and decreased motor activity. However, upon continued 
exposure, other regulatory circuits are activated. 
Objective. Comparative assessment of proteomic regulation of bone tissue status in 21-day HDBR (tilted at 6°) and 21-day DI tests.
Materials and methods. Using mass spectrometry methods, plasma samples from 8  healthy male volunteer subjects (mean age 20–
44 years) under the conditions of 21-day HDBR and 10 subjects (mean age 23–34 years) under 21-day DI were studied. The Perseus software 
was used for statistical analysis and identification of molecular functions and biological processes involving the proteins. The correspondence 
of major biological processes, according to gene ontologies specified in the GO database, and identified proteins was established using the 
knowledge base of the ANDSystem and STRING.
Results. Nine proteins with significantly altered levels on Day 21 of HDBR (p < 0.05) and eight proteins with significantly altered levels on 
Day 21 of DI (p < 0.05) were identified. These proteins are associated with biological processes occurring in bone tissue. Some of the identi-
fied proteins form stable protein–protein interaction (PPI) networks, indicating potential co-expression. Two common proteins — haptoglobin 
(Hp) and glutathione peroxidase (GPx) — were identified on Day 21 of both DI and HDBR. 
Conclusions. The findings offer an insight into the proteomic mechanisms regulating biological processes in bone tissue of healthy individuals 
under the influence of 21-day HDBR and 21-day DI. Annotations for each protein involved in bone tissue biological processes during 21-day 
HDBR (tilted at 6°) and 21-day DI are provided. These results are of great importance for aerospace and clinical medicine.

Keywords: dry immersion; head-down bed rest; proteome; skeletal system; healthy volunteer subjects

For citation: Pastushkova  L.Kh., Goncharova  A.G., Kashirina  D.N., Larina  I.M. Comparative assessment of proteomic regulation 
of bone tissue during 21-day head-down bed rest (–6°) and 21-day dry immersion. Extreme Medicine. 2025;27(4):558–568.  
https://doi.org/10.47183/mes.2025-296

Funding: the work was performed within the framework of the basic research themes of the Russian Academy of Sciences (RAS) FMFR-
2024-0032. The organization of the experiment was funded by the Russian Science Foundation (RSF) grant No. 19-15-00435.

Compliance with ethical principles: the study was approved by the Biomedical Ethics Committee of the Institute of Biomedical Problems 
of the Russian Academy of Sciences (Protocol No. 483, 03.08.2018). All participants provided written informed consent for participation in 
the study.

Potential conflict of interest: the authors declare no conflict of interest.

  Daria N. Kashirina daryakudryavtseva@mail.ru

Received: 20 Mar. 2025 Revised: 1 July 2025 Accepted: 20 Aug. 2025 Online first: 25 Sep. 2025 

УДК 577.29:611.018.41

СРАВНИТЕЛЬНАЯ ОЦЕНКА ПРОТЕОМНОЙ РЕГУЛЯЦИИ СОСТОЯНИЯ КОСТНОЙ ТКАНИ 
В 21-СУТОЧНОЙ АНТИОРТОСТАТИЧЕСКОЙ ГИПОКИНЕЗИИ (-6°) И 21-СУТОЧНОЙ 
«СУХОЙ» ИММЕРСИИ 

Л.Х. Пастушкова, А.Г. Гончарова, Д.Н. Каширина, И.М. Ларина 

Институт медико-биологических проблем РАН, Москва, Россия 

Введение. Экспериментальные возможности во время реального космического полета ограничены, поэтому актуально использо-
вание наземных моделей, таких как «сухая» иммерсия (СИ) и антиортостатическая гипокинезия (АНОГ). Изменения костной ткани 
индуцируются изменением комплекса факторов внешней среды на протеомном уровне, компенсируя изменения, вызванные сни-
жением гравитации и уменьшением двигательной активности, но в дальнейшем с продолжением воздействия включаются другие 
контуры регуляции. 
Цель. Сравнительная оценка протеомной регуляции состояния костной ткани в 21-суточной антиортостатической гипокинезии (-6°) 
и 21-суточной «сухой» иммерсии.
Материалы и методы. Методами масс-спектрометрии исследовали образцы плазмы крови 8 здоровых испытателей-доброволь-
цев мужчин (средний возраст 20–44 года) в условиях 21-суточной АНОГ и 10 испытателей (средний возраст 23–34 года) в условиях 
21-суточной «сухой» иммерсии. Для статистического анализа и определения молекулярных функций и биологических процессов, 
в которых участвовали белки, применяли программный пакет Perseus. Соответствие основных биологических процессов, соглас-
но генным онтологиям, указанным в базе данных GO, и определенных белков устанавливали с помощью базы знаний системы 
ANDSystem, STRING.
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Результаты. Выявлено 9 белков с достоверно изменяющимся уровнем на 21-е сутки АНОГ (р < 0,05) и 8 белков с достоверно из-
меняющимся уровнем на 21-е сутки СИ (р < 0,05), связанных с биологическими процессами, протекающими в костной ткани. Часть 
выявленных белков связаны в устойчивые сети белок-белковых взаимодействий, то есть могут коэкспрессироваться. Выделены 
два общих белка (гаптоглобин и глутатионпероксидаза) на 21-е сутки СИ, 21-е сутки АНОГ. 
Выводы. Полученные данные впервые обращают внимание на протеомные механизмы регуляции биологических процессов кост-
ной ткани у здоровых лиц под влиянием 21-суточной АНОГ и 21-суточной «сухой» иммерсии. Приведены аннотации каждого бел-
ка — участника биологических процессов в костной ткани в 21-суточной АНОГ (-6°) и 21-суточной «сухой» иммерсии. Эти результа-
ты имеют большое значение для авиакосмической и клинической медицины.

Ключевые слова: «сухая» иммерсия; антиортостатическая гипокинезия; протеом; костная система; здоровые испытатели-
добровольцы
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INTRODUCTION

The knowledge of biological changes in bone tissue 
induced by prolonged exposure to microgravity, as a 
component of the set of spaceflight (SF) factors, is of 
paramount importance for space agencies planning to 
conduct deep space exploration missions.

Weightlessness causes physiological changes af-
fecting the musculoskeletal system and interrelated sen-
sory, neuromuscular, vascular, and other processes. In 
view of the limited experimental opportunities during ac-
tual spaceflight, ground-based models [1] can be used 
to assess the effects of microgravity, to identify gravita-
tional mechanisms regulating the body’s physiological 
systems, and to elucidate adaptation mechanisms to 
weightlessness [1].

Comparisons of the results obtained by ground-
based model experiments (head-down bed rest, HDBR; 
dry immersion, DI) and those during actual SF have 
demonstrated the utility of ground-based simulations 
of specific SF factors for studying fundamental patterns 
and changes in the organism. The use of these models 
has become essential for research purposes, allowing 
for a broader participant pool and enhanced scientific 
significance through the analysis of various protocols 
(e.g., different durations or use of countermeasures) [2]. 
Notably, the use of invasive procedures (e.g., venipunc-
ture for blood sampling, biopsies) and the logistics of 
cargo delivery to the orbit and back to the Earth pre-
sent significant challenges [2], further emphasizing the 
importance of ground-based model studies.

Extended knowledge in this field is crucial for the 
social and economic aspects of maintaining the health, 
work capacity, and social activity of astronauts. Research 
into the effects of physical inactivity and forced bed 
rest on human health is highly relevant in the context of 

modern health issues and population aging [2]. Reduced 
mechanical loading on the skeleton, caused by bed rest 
and/or spaceflight, leads to bone mass loss, reflected 
in a decrease in the bone mineral density (BMD) both 
throughout the entire skeleton and in specific sites, such 
as the spine, femoral neck, and tibia [3, 4].

Baran et al. and Man et al. identified structural chang-
es in the radius and tibia using peripheral quantitative 
computed tomography (pQCT) and high-resolution pe-
ripheral quantitative computed tomography (HR-pQCT) 
under spaceflight conditions [5, 6]. 

Alterations in hormonal status accompanying bone 
resorption and formation processes have been noted 
in several studies. For instance, disrupted circadian 
rhythms of somatotropin and a decrease in its average 
daily concentration during a 370-day HDBR experiment 
were described [7]. Grigoriev et al. and Austermann et 
al. demonstrated changes in the levels of hormones 
regulating calcium metabolism during both 120-day 
and 370-day HDBR. Specifically, by day 75 of the ex-
periment, parathyroid hormone (PTH) levels were below 
baseline, while the calcitonin (CT) concentration was 
elevated [8, 9]. Inoue et al. established that insulin-like 
growth factor  I (IGF-I), its binding protein (IGFBP), and 
insulin-like growth factor binding protein 3 (IGFBP-3) in-
creased during 120-day bed rest, suggesting potential 
IGF-I resistance in bones under reduced mechanical 
load and strain [10].

Although model studies cannot fully replicate the 
conditions experienced by astronauts during SF, there 
is a notable similarity in the pathophysiological changes 
observed during prolonged mobility restriction (bed rest) 
and the issues faced by astronauts [2].

In DI tests, the lack of mechanical support for spe-
cific body areas during immersion creates a state akin 
to weightlessness, termed unloading, which induces 
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physiological changes in the musculoskeletal and other 
bodily systems [1]. Hypokinesia and hypodynamia are 
primary characteristics of physical inactivity induced by 
DI. Hypodynamia implies reduced postural muscle load, 
while hypokinesia represents a decrease in motor activ-
ity. In addition to the acute restriction of normal muscle 
activity and reduced load on muscles and bones, ther-
moneutral immersion rapidly induces a significant de-
cline in muscle tone and tension [11, 12], which is unat-
tainable even with prolonged bed rest models.

Kotov et al. found that after seven days of DI, the 
bone mineral density (BMD) in the lower skeleton 
(proximal femoral epiphysis) decreased by 2%, while 
the density in the upper body (skull, hand, rib bones) 
was approximately 2% higher than the baseline values. 
Moreover, three weeks of recovery after DI were suffi-
cient to reverse these bone density changes [13]. It is 
hypothesized that these changes are a secondary ef-
fect of the cranial fluid shift to the upper body, where 
increased hydrostatic pressure promotes the movement 
of ions and proteins into the bone. Thus, DI appeared 
to exert a similar effect as HDBR on bone resorption in 
specific body regions. Baecker et al. showed that mark-
ers of bone resorption increased as early as day 2 of 
bed rest [14]. Kotov et al. also confirmed the rapid onset 
of bone tissue degradation under immobilization condi-
tions, such as DI or HDBR.

According to Markin et al., biochemical processes 
involved in bone formation were not affected by day 7 
of DI, as evidenced by the lack of changes in serum al-
kaline phosphatase (ALP) concentration [13, 15], serum 
procollagen type  I N-terminal propeptide (PINP), and 
bone-specific alkaline phosphatase (BAP). Markers of 
bone resorption, such as tartrate-resistant acid phos-
phatase (TRAP) and urinary C-terminal telopeptide of 
type I collagen (CTX), showed a slight increase during a 
7-day DI [16]. However, Markin et al. did not detect any 
changes in the activity of total acid phosphatase as a 
biomarker of osteoclast activity during a 7-day DI [15].

It is evident that alterations in bone tissue are induced 
by a complex set of environmental factors at the pro-
teomic level, initially compensating for reduced gravity 
and decreased motor activity. However, upon prolonged 
exposure, additional regulatory pathways become en-
gaged. 

In this research, we aim to carry out a comparative 
assessment of proteomic regulation of bone tissue sta-
tus under the conditions of 21-day head-down bed rest 
(tilted at –6°) and 21-day dry immersion.

MATERIALS AND METHODS

The 21-day head-down bed rest (HDBR) study involved 
eight healthy male volunteers aged 20–44  years. The 
participants were maintained at a –6° head-down tilt 
position relative to the horizontal for 21 days under con-
trolled conditions at the MEDES Research Center as 

part of the joint Russian-French CaDy WEC laboratory 
program (Toulouse, France, 2014). No countermeasures 
to prevent adaptive physiological changes were imple-
mented. The participants received a standardized diet 
with controlled nutrient content and monitored water in-
take. Blood samples were collected prior to the study 
(baseline) and on day 21 of HDBR.

The 21-day dry immersion (DI) study involved 
10  healthy male volunteers aged 23–34  years, ap-
proved by the IBMP RAS Medical Expert Commission. 
All participants provided their written informed consent 
(IBMP RAS Bioethics Committee Protocol No.  483, 
03.08.2018). The study complied with the require-
ments of Helsinki Declaration for participant safety 
and risk management. The experiment was conduct-
ed at IBMP RAS using the Dry Immersion facility, part 
of the “Medical and Technical Complex for Innovative 
Space Biomedicine Technologies” research facility 
(RSF grant No.  19-15-00435). Proteomic research 
was supported by state assignment No. FMFR-2024-
0032. Both studies used comparable diets and hydra-
tion protocols.

Plasma samples were collected at identical time-
points in both studies, including seven days prior to ex-
posure (baseline) and on day 21 of DI/HDBR. Blood was 
drawn from the cubital vein (5 mL) into EDTA tubes after 
fasting. Samples were centrifuged in 9 mL K

3
 EDTA vac-

uum tubes at 3000 rpm (MPW-350R centrifuge, Poland) 
for 10  min at 4°C. The preparation technique and the 
subsequent chromatography-mass spectrometry analy-
sis were identical for all biological samples, regardless of 
the experimental exposure factor, in order to ensure the 
validity of the comparison of the results obtained in both 
experiments.

FASP filters were used for sample preparation. Mass 
spectrometry analysis was performed using a MaXis 4G 
spectrometer (Bruker Daltonics, Germany) equipped 
with the MaxQuant software. Peak lists included up to 
eight major peaks per 100 Da window. The SwissProt 
database (forward/reverse) with 10 ppm precursor mass 
tolerance was used for identification purposes. Peptides 
were identified with ≥7 amino acids, FDR (false discov-
ery rate) 0.01, and the “match between runs” option.

Statistical analysis was conducted using the Perseus 
software with Mann–Whitney U tests for small samples 
[17]. Functional annotation was carried out using the 
ANDSystem and STRING databases with GO term en-
richment1.

RESULTS AND DISCUSSION

The results of a comparative proteomic analysis of sta-
tistically significant differentially expressed proteins in 
ground-based model studies is presented in the Table.

The analysis of the data presented in the Table re-
veals statistically significant differences (p  <  0.05) in 
protein levels compared to the baseline values under 

1	 ANDSystem Knowledge Base. https://www-bionet.sysbio.cytogen.ru/and/cell/#!/app/about
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21-day HDBR conditions. These include increased lev-
els of APOE, Hp, complement C5 alpha chain, GPx3, 
HCII, and decreased levels of CD146 antigen, AngII, 
and CHLE. Meanwhile, under 21-day DI conditions, sta-
tistically significant increases were observed in PHLD, 
PON1, TTHY, TRFE, VTNC, as well as Hp and GPx3 
compared to the baseline values.

Angiotensinogen (AGT gene) is involved in bone re-
modeling regulation. The renin-angiotensin-aldosterone 
system (RAAS) is known to participate in bone tissue 
regulation. Angiotensin  II activates osteoclasts through 
increased expression of receptor activator of nuclear 
factor κ-B ligand (RANKL) on osteoblasts, leading to re-
duced BMD. The use of angiotensin  II receptor block-
ers is associated with lower rates of bone fractures [18]. 
Some evidence suggests that RAAS blockade may re-
duce the risk of osteoporotic fractures [19]. However, 
other studies indicate that RAAS blockers do not reduce 

and may even increase the incidence of osteoporotic 
fractures [20]. RAAS components are expressed in bone 
tissue, activating local RAAS responses that lead to de-
creased bone density [21]. Angiotensinogen increased 
interleukin-6 secretion in vitro and reduced alkaline 
phosphatase activity only in otosclerotic cells. These 
observations suggest a connection between local renin-
angiotensin system activity and otosclerosis, suggesting 
new therapeutic possibilities.

Mineralocorticoid receptors have also been identi-
fied in human osteoblasts, osteoclasts, and bone cells. 
Previous research indicates that local bone RAAS plays 
an important role in various causes of osteoporosis. 
RAAS blockers may reduce BMD loss through cas-
cades involving angiotensin II type 1 receptor (AT1R), the 
ligand-receptor system (OPG/RANKL), and angiotensin-
converting enzyme 2 (ACE2/Ang)(1-7)/Mas. By restoring 
bone physicochemical properties and reducing fracture 

Table. Comparative assessment of proteomic regulation of bone tissue status during 21-day head-down bed 
rest (–6°) and 21-day dry immersion 

Protein names Genes

21-day HDBR 21-day DI

Protein 
levels in % 
relative to 
baseline

Level of confi-
dence in the ob-
served changes 

(p-value)

Protein 
levels in % 
relative to 
baseline

Level of 
confidence in the 

observed changes 
(p-value)

Apolipoprotein Е (APOE) APOE 104.2 0.0024 – –

Haptoglobin (Hp) HP 105.3 0.0047 107.8 0.000018

Complement C5 alpha chain C5 115.1 0.0014 – –

CD146 antigen (MUC18) MCAM 95.7 0.0020 – –

Extracellular glutathione 
peroxidase (GPx3)

GPX3 106.5 0.0084 113.6 0.0000023

Angiotensinogen (AngII) AGT 96.1 0.0035 – –

Heparin cofactor II (HCII) SERPIND1 108.1 0.0038 – –

Cholinesterase (CHLE) BCHE 94.3 0.0039 – –

Phosphatidylinositol-glycan-
specific phospholipase D (PHLD)

GPLD1 – – 113.2 0.000015

Serum paraoxonase (PON1) PON1 – – 115.2 0.00005

Fibronectin (FINC) FN1 – – 108.7 0.00000013

Transthyretin (TTHY) TTR – – 105.0 0.000013

Serotransferrin (TRFE) TF – – 109.6 0.0000018

Vitronectin (VTNC) VTN – – 109.9 0.0000065

Table prepared by the authors using their own data

Note: “–” the data are not presented due to the lack of statistically significant differences.
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risk, RAAS blockers could serve as an effective adjuvant 
therapy for osteoporosis [21].

Heparin cofactor II HCII (SERPIND1 gene) stimulates 
osteogenic activity. Studies on HCII effects have inves-
tigated bone formation models stimulated by human tu-
mors. HCII induced new bone growth over the cranial 
surface, even at a distance from the tumor mass. This 
suggests bone growth induction through growth factor 
production and the combined action of multiple factors 
on bone tissue [22].

Cholinesterase (BCHE gene) is an esterase with a 
broad substrate specificity. Acetylcholinesterase inhibi-
tors (AChEIs) are known to stimulate acetylcholine re-
ceptors and are used in the treatment of Alzheimer’s 
disease, providing protection against osteoporosis 
and inhibiting osteoclast differentiation and function. 
AChEIs variably reduced RANKL-induced transcription 
of nuclear factor of activated T cells 1 (Nfatc1) and os-
teoclast marker gene expression (primarily donepezil 
and rivastigmine, rather than galantamine). Additionally, 
AChEIs differentially inhibited RANKL-induced MAPK 
signaling, accompanied by reduced acetylcholinest-
erase transcription. Finally, AChEIs protected against 
OVX-induced bone loss primarily by inhibiting osteoclast 
activity. Collectively, AChEIs (mainly donepezil and riv-
astigmine) positively affected bone protection by sup-
pressing osteoclast function through MAPK and Nfatc1 
signaling pathways via downregulation of acetylcho-
linesterase [23].

Apolipoprotein  E (APOE gene) is a biomarker of 
fracture risk and an indicator of lower BMD in patients 
with osteoporosis. The APOE2 and APOE4 alleles have 
been associated with lower BMD, as well as with higher 
levels of serum C-terminal telopeptide and urinary de-
oxypyridinoline, which are biomarkers of bone resorp-
tion. Codominance of the APOE3 allele was also asso-
ciated with fewer bone fractures in these patients over 
a 5-year follow-up period [24]. Apolipoprotein  E levels 
were shown to increase significantly on day 7 of a space 
flight [25].

During the study under HDBR conditions, 33  sig-
nificantly altered proteins were identified. Nine of these 
are associated with biological processes occurring in 
bone tissue (Fig. 1) and showed statistically significant 
changes compared to the baseline values. The proteins 
AGT and AGT II are annotated together as they are local 
regulators of bone tissue, belonging to the same group 
of angiotensin system regulators. Consequently, they 
are bioinformatically grouped by the ANDVisio software.

The results of 21-day HDBR exposure revealed sta-
tistically significant associations between specific pro-
teins and key bone tissue biological processes. The 
ossification process demonstrated connections with 
four proteins, i.e., MUC18, GPX3, AngII, and APOE. 
Osteoblast differentiation was associated with one pro-
tein (Complement  C5 alpha chain), while bone miner-
alization correlated with AngII levels. Bone development 
involved two proteins  — AngII and CHLE, and bone 

resorption was linked to two proteins — AngII and Hp. 
Osteoclast differentiation similarly involved two proteins 
(AngII, Hp), bone growth was associated with one pro-
tein (HCII), and bone remodeling regulation correlated 
with AngII.

Our study also identified protein–protein interac-
tion networks related to bone tissue regulation under 
21-day HDBR conditions, with the corresponding data 
presented in Fig. 2. Six proteins  — apolipoprotein  E, 
haptoglobin, complement C5 alpha chain, angiotensin, 
cholinesterase, and extracellular glutathione peroxi-
dase — formed an interconnected protein–protein in-
teraction network suggesting potential co-expression. 
One protein (CD146 antigen) remained outside this 
network (Fig. 2). The constructed network reflects the 
mutual influence of these proteins on common bone 
tissue targets.

The protein interactions indicate coordinated regula-
tion of bone metabolic pathways during mechanical un-
loading, with angiotensin II (AngII) emerging as a central 
regulator across multiple processes, including ossifica-
tion, mineralization, and bone resorption. The network 
analysis provides insights into potential molecular mech-
anisms underlying HDBR-induced bone adaptation and 
suggests targets for countermeasure development.

Bergdolt et al. demonstrated that the complement 
protein C5 receptor (C5aR1) plays a crucial role in bone 
metabolism and fracture healing, being highly expressed 
on immune and bone cells, including osteoblasts and os-
teoclasts. C5aR1 induces osteoblast migration, cytokine 
production, and osteoclastogenesis. C5aR1 signaling in 
osteoblasts may potentially influence the RANKL/OPG 
signaling pathway balance that regulates bone tissue 
homeostasis, involving the receptor activator of nuclear 
factor κ-B ligand (RANKL) and osteoprotegerin (OPG), 
leading to increased bone resorption. Binding to the 
C5AR1 receptor triggers various responses, including 
intracellular calcium release, smooth muscle contrac-
tion, increased vascular permeability, and histamine 
release from mast cells and basophilic leukocytes [26]. 
Ignatius et al. suggested that complement may enhance 
the inflammatory response of osteoblasts and increase 
osteoclast formation, particularly in pro-inflammatory 
environments such as during bone healing or inflamma-
tory bone diseases [27].

Pimenta-Lopes et al. established that genetic dele-
tion of C5ar1, the receptor for the anaphylatoxin C5a, 
or treatment with a C5AR1 inhibitor reduced mono-
cyte chemotaxis and osteoclast differentiation, partially 
preventing bone loss and osteoclastogenesis during 
chemotherapy or ovariectomy. Thus, inhibition of alter-
native complement pathways may have specific thera-
peutic effects in osteopenic disorders [28]. Meanwhile, 
Kunimatsu et al. showed that the cell surface glycopro-
tein MUC18 (MCAM gene) acts as a surface receptor 
that triggers tyrosine phosphorylation of FYN and a tem-
porary increase in intracellular calcium concentration. 
This protein stimulates a cell population capable of bone 
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formation and transendothelial migration in vivo, induc-
ing bone tissue regeneration [29].

Thus, the identified changes indicate the involvement 
of both systemic and local protein regulators of bone tis-
sue status in the biological processes of bone metabo-
lism. Notably, the local bone RAAS plays an important 
role in the development of osteoporosis of various etiolo-
gies already in the early stages of exposure to the set of 
simulated SF factors. RAAS blockers may reduce BMD 
loss through AT1R, OPG/RANKL, ACE2/Ang (1-7)/Mas 
cascades.

In turn, AChEI inhibition exerts a positive effect on 
bone protection by suppressing osteoclast function 
through MAPK and Nfatc1 signaling pathways via down-
regulation of AChE. Changes in apolipoprotein E lev-
els may reflect the activation of a protective biological 
process of osteogenesis in response to the duration of 
HDBR exposure.

An analysis of the blood plasma proteome on day 21 
of DI identified 31 proteins with significantly altered lev-
els, out of which eight proteins were associated with the 
regulation of biological processes in bone tissue, such 
as bone remodeling (serum paraoxonase), osteoclast 
differentiation (haptoglobin and transthyretin), bone min-
eralization (transthyretin), bone regeneration (transthyre-
tin, fibronectin), osteoblast differentiation (fibronectin), 
resorption (transthyretin, serotransferrin), BMP-4 signal-
ing pathway (fibronectin), and bone biosynthesis, includ-
ing bone growth and development processes (fibronec-
tin) (Fig. 3).

These proteins form a stable protein–protein inter-
action network (Fig. 4). The analysis of protein–protein 
interactions related to bone tissue regulation under 

21-day DI conditions are presented in Fig. 4. Seven 
proteins, including haptoglobin, extracellular glu-
tathione peroxidase, serum paraoxonase, serotrans-
ferrin, transthyretin, vitronectin, and fibronectin, form a 

Figure prepared by the authors using their own data

Fig. 1. Interrelationship between significantly altered proteins and bone tissue processes under 21-day head-
down bed rest (HDBR) conditions. Lines of different colors and labels indicate relationships between phenomena 
in peer-reviewed literature: black lines represent co-mention in scientific publications and association with biological 
processes; purple lines indicate stimulation or enhancement of biological process activity; green lines denote involvement 
or participation in biological processes, showing functional engagement in pathway mechanisms

Figure prepared by the authors using their own data

Fig. 2. Protein–protein interactions associated with 
the regulation of bone tissue processes during 21-
day head-down bed rest (HDBR). Protein–protein 
interaction lines are color-coded to indicate different types 
of evidence: light green represents co-mention in PubMed 
abstracts, indicating textual co-occurrence in scientific 
literature; crimson denotes experimentally determined 
interactions validated through laboratory methods; black 
indicates protein co-expression observed in transcriptomic 
or proteomic studies; light blue represents interactions 
curated from established biological databases
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protein–protein interaction network, indicating potential 
co-expression, while one protein (phosphatidylinosi-
tol-glycan-specific phosphatase) remains outside this 
network (Fig. 4). The constructed network reflects the 

mutual influence of these proteins on common bone 
tissue targets.

Fibronectin (FN1 gene)  participates in osteoblast 
condensation through matrix assembly via fibronectin 
fibrillogenesis, regulates type  I collagen deposition by 
osteoblasts, and acts as a ligand for the immunoglob-
ulin-like receptor family membrane protein (LILRB4), in-
hibiting monocyte activation. Fibronectin fibrillogenesis 
is involved in bone mineralization processes. Specific 
regulation of FN1 during different phases of osteoblast 
differentiation has been established.

In studies by Xiong et al., fibronectin-1, thrombos-
pondin-1, and biglycan were identified as key bone 
mineralization genes, with their upregulation associ-
ated with potential disturbances in bone remodeling 
processes. Fibronectin-1 (FN1), thrombospondin-1 
(THBS1), and biglycan (BGN) were determined as the 
most significant genes in treating non-union fractures, 
highlighting the crucial role of FN1, THBS1, and BGN in 
extracellular matrix mineralization dynamics and bone 
regeneration [30]. Increased FN1 expression promotes 
fracture healing by activating the TGF-β/PI3K/Akt sign-
aling pathway [31].

Serotransferrin (TF gene) is involved in regulating bio-
logical processes of bone resorption and osteoclast dif-
ferentiation. Higher levels of soluble transferrin receptor 
(sTfR) correlate with a lower trabecular number, cortical 
thickness, and cortical pore diameter. The relationship 
between the tibial bone density and strength and low 

Figure prepared by the authors using their own data

Fig. 3. Interrelationship between significantly altered proteins and bone tissue processes under 21-day dry 
immersion (DI) conditions. Lines of different colors and labels indicate evidence-based relationships between biological 
phenomena: black lines represent co-occurrence in scientific literature and association with biological processes; purple 
lines indicate stimulation or enhancement of biological process activity; green lines denote functional involvement or 
participation in biological processes

Figure prepared by the authors using their own data

Fig. 4. Protein–protein interactions associated with 
regulation of bone tissue processes during 21-day dry 
immersion (DI). Protein colors are assigned randomly by 
the visualization software. Interaction lines are color-coded 
as follows: light green indicates co-mention in PubMed 
abstracts (text mining evidence); crimson represents 
experimentally validated interactions; black denotes protein 
co-expression patterns
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circulating concentrations of bone resorption and for-
mation markers with serotransferrin levels likely results 
from the direct role of iron ions in collagen synthesis [32, 
33]. Serotransferrin levels in dry blood spot extracts from 
cosmonauts were significantly altered after three and six 
months of SF [25]. This indicates that ground-based 
model studies do reproduce some proteomic biological 
processes of bone tissue regulation observed at differ-
ent time points during SF [11].

Vitronectin (VTN gene)  is present throughout the 
mineralized bone matrix of cancellous and cortical 
bones, suggesting its participation in bone remodeling 
through bone formation, resorption, and osteogenesis 
biological processes. Vitronectin is known to interact 
with glycosaminoglycans and proteoglycans, inhibiting 
the membrane-damaging effect of the terminal cytolytic 
complement pathway. Vitronectin deficiency was shown 
to increase osteoclast numbers and reduce total femoral 
bone volume in an ovariectomized mouse osteoporosis 
model [34]. Our previous studies noted that vitronectin 
levels significantly decreased after six months of SF [25], 
confirming the role of vitronectin in regulating osteogen-
esis and bone remodeling under DI and SF conditions in 
overall bone volume formation.

Serum paraoxonase/arylesterase  1 (PON1 gene) 
plays an important role in maintaining the buffering 
colloidal properties of intervertebral discs. Low lev-
els of PON1 expression were established as a pre-
dictor of nucleus pulposus degeneration in interver-
tebral discs. Inflammation and oxidative stress can 
deteriorate the cellular environment of the nucleus 
pulposus, leading to intervertebral disc degeneration. 
Paraoxonase is an enzyme with anti-inflammatory and 
antioxidant effects. Aydın et al. investigated PON1 ex-
pression in 88 human intervertebral disc samples and 
rat models, measuring tumor necrosis factor (TNF-α), 
interleukin (IL-1β), mitosuperoxide (SOX), aggrecan, 
and collagen II levels in nucleus pulposus cells. PON1 
expression was significantly suppressed in degenera-
tive human and rat intervertebral discs. PON1 levels 
were significantly reduced in degenerative cell models 
induced by TNF-α and oxidative stress (H

2
O

2
). TNF-α 

and interleukin-1β (IL-1β) levels clearly increased, while 
aggrecan and collagen expression decreased in cells 
transfected with PON1 siRNA. PON1 levels were also 
significantly higher in patients with osteoporotic hip 
fractures, particularly intertrochanteric femoral frac-
tures and femoral neck fractures, compared to the 
control group [35].

Thus, low PON1 expression is a predictor of severe 
intervertebral disc dysfunction. PON1 plays a crucial role 
in maintaining the homeostatic balance of the interver-
tebral disc nucleus pulposus. Therapeutic approaches 
targeting PON1 may be beneficial for alleviating nucleus 
pulposus dysfunction in the future.

Phosphatidylinositol-glycan-specific phospholi-
pase D (GPLD1 gene) primarily functions to hydrolyze 
the inositol phosphate bond in phosphatidylinositol 

glycan-anchored proteins, releasing these proteins 
from the membrane. Additionally, associations be-
tween the phosphatidylinositol-glycan-specific phos-
pholipase locus and alkaline phosphatase levels were 
established, suggesting the specificity of this protein 
for bone tissue [36].

Transthyretin (TTR gene), TTHY is a transport pro-
tein involved in regulating biological processes of bone 
resorption and growth. Transthyretin levels gradually de-
crease with a reduction in BMD in osteoporosis patients 
[37]. Similar changes in the levels of this protein were 
identified in the dry blood spots of cosmonauts after six 
months of SF [25].

Two common proteins were identified regarding their 
participation in the biological processes of bone tissue 
regulation, observed both following 21  days of HDBR 
and 21  days of DI. These proteins are haptoglobin 
(Hp) and glutathione peroxidase (GPx3) (Fig. 5).

When examining the participation of these proteins 
in regulating the biological processes of bone tissue, 
the following observations should be mentioned. Thus, 
altered haptoglobin concentrations (Hp gene) were de-
tected at day 21 in both DI and HDBR exposure condi-
tions. Haptoglobin participates in regulating osteoclast 
differentiation and bone resorption. The protein Zscan10 
is likely to be involved in regulating haptoglobin transcrip-
tion during osteoclast differentiation. In vitro studies by 
Yanagihara et al. into the effects of human haptoglobin on 
bone resorption and prostanoid formation demonstrated 
that haptoglobin transcription negatively regulates oste-
oclast differentiation and modifies bone resorption pro-
cesses [38]. Importantly, a proteomic analysis of the dry 
blood spots of cosmonauts after three months of SF also 
revealed significant changes in haptoglobin levels [25].

Our study identified altered concentrations of glu-
tathione peroxidase 3 (GPx3 gene) at day 21 under both 
DI and HDBR conditions. This protein protects structural 
elements of bone tissue cells from oxidative damage 
by catalyzing the reduction of hydrogen peroxide, lipid 
peroxides, and organic hydroperoxides with glutathione, 
thereby shifting the balance between osteoblast and 
osteoclast activity. According to Föger-Samwald et al., 
increased expression of SOD2 and GPX3 suggests 
enhanced antioxidant activity in bone samples from 
individuals with osteoporosis and hip fractures [39]. It 
is hypothesized that osteoclast production of reactive 
oxygen species suppresses protective mechanisms of 
natural antioxidants. Concomitant oxidative stress may 
lead to bone loss and, consequently, to osteoporosis 
development [40].

Notably, when comparing proteomic results from 
ground-based experiments (using identical materi-
als, blood plasma, and sampling timepoints) and pro-
longed SF (dried blood spot extracts, different sam-
pling timepoints), common proteins were identified 
across different timepoints (7 days, 3 and 6 months) 
of a long-duration SF [18], and in blood plasma sam-
ples analyzed at day  21 of HDBR and DI. These 
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include haptoglobin, apolipoprotein  E, transthyretin, 
serotransferrin, and vitronectin. Their participation in 
bone tissue biological processes has been described 
above.

CONCLUSION

In the present study, we conducted a comparative as-
sessment of proteomic regulation in bone tissue dur-
ing 21-day head-down bed rest (tilted at 6°) and 21-
day dry immersion tests. Proteomic investigations of 
bone tissue regulation mechanisms in ground-based 
model studies identified nine proteins with signifi-
cantly altered levels under HDBR conditions and eight 
proteins with statistically significant changes under DI 
conditions, all associated with the regulation of bio-
logical processes in bone tissue (osteogenesis, os-
teoblast differentiation, osteoclast differentiation, re-
sorption, bone mineralization, bone development, and 
bone remodeling regulation).

Several proteins (in both HDBR and DI studies) 
formed protein–protein interaction networks, indicat-
ing potential co-expression. Different protein networks 
were associated with distinct biological effects of an-
tiorthostatic hypokinesia and DI of the same duration. 

Two common proteins were identified — haptoglobin 
(Hp) and glutathione peroxidase 3 (GPx3) — partici-
pating in the regulation of bone tissue biological pro-
cesses on day 21 of both DI and HDBR. Hp transcrip-
tion negatively regulates osteoclast differentiation 
and alters bone resorption processes. GPx3 protects 
structural elements of bone tissue cells from oxidative 
damage, shifting the balance between osteoblast and 
osteoclast activity.

Bone system metabolism is a complex process in-
volving numerous mechanisms. The proteomic level of 
regulation examined in our study extends the current 
understanding of the mechanisms underlying bone tis-
sue changes at specific timepoints (day 21) of HDBR 
and DI. This duration is not sufficiently long for osteope-
nia to develop in healthy subjects; however, proteomic 
regulation of bone tissue biological processes signifi-
cantly changes during this period. These findings indi-
cate the involvement of both systemic and local protein 
regulators in bone tissue metabolic processes. For the 
first time, we revealed that the local bone renin-angio-
tensin-aldosterone system (RAAS) plays an important 
role in regulating bone tissue biological processes by 
day 21 of model studies. RAAS blockers may reduce 
the loss of bone mineral density (BMD) through AT1R, 
OPG/RANKL, and ACE2/Ang  (1–7)/Mas cascades. 
Inhibition of acetylcholinesterase (AChEI) positively in-
fluences bone protection by suppressing osteoclast 
function through MAPK and Nfatc1 signaling pathways 
via downregulation of AChE. Changes in apolipopro-
tein E levels may reflect the activation of a protective 
biological process of osteogenesis in response to the 
duration of HDBR exposure.

Notably, significant alterations were observed in 
transport proteins involved in regulating biological pro-
cesses of both bone resorption and growth. The pro-
duction of reactive oxygen species (ROS) by osteoclasts 
and the role of oxidative stress in bone mass loss were 
also highlighted. Changes in the proteomic regulation of 
mineralization in the cancellous and cortical bone matrix 
are of great importance. The state of the matrix deter-
mines bone remodeling through structure formation, re-
sorption, and osteogenesis.

Our findings draw attention to the primary proteomic 
mechanisms regulating biological processes in bone 
tissue in healthy individuals under exposure to 21-day 
HDBR and 21-day DI. These results hold significant im-
plications for aerospace and clinical medicine.
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CURRENT ISSUES IN ASSESSING THE EXPECTED PROFESSIONAL 
LONGEVITY OF EMPLOYEES 

Maria Yu. Kalinina1, Alexander A. Kosenkov1, Elena Yu. Mamonova2

1 Burnazian Federal Medical Biophysical Center, Moscow, Russia
2 JSC “Atomic Insurance Broker,” Moscow, Russia

Introduction. The task of maintaining the professional longevity of employees, particularly in technology-intensive and potentially hazardous 
industries, is becoming increasingly relevant in the context of aging populations and increasing life expectancy. Existing methods for assess-
ing occupational health are in many cases fragmented and fail to account for the entire set of physical, psychological, and social factors. In 
this article, we address this issue by developing an integral group index of professional longevity (IGIPL).
Objective. The development and implementation of the IGIPL as a tool for quantitative assessment of the level of professional longevity 
among nuclear industry employees, taking into account morbidity, health status, results of medical examinations and psychophysiological 
testing, stress levels, and engagement.
Materials and methods. A retrospective study covering the period of 2023–2024 was conducted. The analysis was based on depersonal-
ized data from employees of VNIITF (Snеzhinsk) and the Kalinin NPP (Udomlya). The study included HR reports on morbidity with temporary 
disability (TD), final reports of periodic medical examinations (PME), annual reports of psychophysiological examinations (PPE), as well as 
the results of corporate surveys on stress levels (SL) and emotional burnout (EB). We present only relative summary data, without consider-
ing working conditions in the index calculation. Standardized methods were used to assess the parameters, including the Perceived Stress 
Scale-10, the Burnout Assessment Tool, and the E.L. Notkin method for analyzing TD.
Results. The calculation of the IGIPL showed a positive trend. Thus, the index increased by 2.6 points at the Kalinin NPP (a rise from 69.6 to 
72.2 points) and decreased at VNIITF (from 67.2 to 65.8 points). The key factor that had the most pronounced negative impact was the high 
rate of morbidity with temporary disability (1914 days per 100 workers at VNIITF). At the Kalinin NPP, an improvement in the distribution of 
employees by health groups and a decrease in the proportion of individuals with a high level of emotional burnout were recorded, indicating 
the effectiveness of the preventive measures implemented by the organization. 
Conclusions. The IGIPL has proven its effectiveness as a tool for monitoring professional longevity and identifying risk areas. The study 
results underscore the necessity for comprehensive programs aimed at reducing morbidity, managing stress, and increasing employee 
engagement. The IGIPL methodology can be adapted for other industries. Its further elaboration will enhance the accuracy of assessments. 
The data obtained hold practical significance for developing corporate programs aimed at preserving health and extending the professional 
longevity of employees.
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АКТУАЛЬНЫЕ ВОПРОСЫ ОЦЕНКИ ОЖИДАЕМОГО ПРОФЕССИОНАЛЬНОГО ДОЛГОЛЕТИЯ 
РАБОТНИКОВ

М.Ю. Калинина1, А.А. Косенков1, Е.Ю. Мамонова2

1 Федеральный медицинский биофизический центр им. А.И. Бурназяна Федерального медико-биологического агентства, Москва, 
Россия
2 Акционерное общество «Атомный страховой брокер», Москва, Россия

Введение. В современных условиях старения населения и увеличения продолжительности жизни актуальной становится пробле-
ма сохранения профессионального долголетия работников, особенно в высокотехнологичных и потенциально опасных отраслях. 
Существующие методы оценки профессионального здоровья часто фрагментарны и не учитывают комплексное влияние физиче-
ских, психологических и социальных факторов. Для решения этой проблемы предлагается разработка интегрального группового 
индекса профессионального долголетия (ИГИПД).
Цель. Разработка и внедрение ИГИПД как инструмента количественной оценки уровня профессионального долголетия коллекти-
ва работников атомной отрасли с учетом заболеваемости, состояния здоровья, результатов медосмотров и психофизиологическо-
го обследования, уровня стресса и вовлеченности.
Материалы и методы. Проведено ретроспективное исследование с периодом охвата 2023–2024 гг. Объектом анализа были де-
персонифицированные данные работников ВНИИТФ (г. Снежинск) и Калининской АЭС (г. Удомля). В исследование включены кадро-
вые отчеты о заболеваемости с временной утратой трудоспособности (ВУТ), заключительные акты периодических медицинских 
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осмотров (ПМО), годовые отчеты психофизиологических обследований (ПФО), а также результаты корпоративных анкетирований 
уровня стресса (УС) и эмоционального выгорания (УЭВ). В статье приведены только относительные сводные данные; условия труда 
в расчет индекса не включались. Для оценки параметров применялись стандартизированные методики: «Шкала воспринимаемого 
стресса-10», «Burnout Assessment Tool», а также методика Е.Л. Ноткина для анализа ВУТ.
Результаты. Расчет ИГИПД показал положительную динамику: индекс претерпел повышение на 2,6 балла на Калининской АЭС 
(рост с 69,6 до 72,2 балла) и снижение показателя во ВНИИТФ (с 67,2 до 65,8 балла). Ключевым фактором, оказавшим наиболее 
выраженное негативное влияние, явился высокий уровень заболеваемости с временной утратой трудоспособности (1914  дней 
на 100 работников во ВНИИТФ). На Калининской АЭС зафиксировано улучшение распределения работников по группам здоровья 
и снижение доли лиц с высоким уровнем эмоционального выгорания, что указывает на эффективность реализуемых организацией 
профилактических мероприятий.
Выводы. ИГИПД доказал свою эффективность как инструмент для мониторинга профессионального долголетия и выявления зон 
риска. Результаты исследования подчеркивают необходимость комплексных программ, направленных на снижение заболеваемо-
сти, управление стрессом и повышение вовлеченности работников. Методология ИГИПД может быть адаптирована для других 
отраслей, а ее дальнейшее совершенствование позволит повысить точность оценок. Полученные данные имеют практическую 
значимость для разработки корпоративных программ по сохранению здоровья и продлению профессионального долголетия ра-
ботников.
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INTRODUCTION

In the current demographic context of an aging society 
driven by increasing life expectancy in Russia, as well as 
the need to address humanitarian and economic chal-
lenges, the task of preserving the professional longev-
ity of employees is acquiring particular relevance. The 
growth in the retirement age and rising demands on 
qualifications and working conditions require new ap-
proaches to assessing and managing the professional 
activity of employees throughout their careers. The issue 
of extending professional longevity is inextricably linked 
to ensuring timely and accessible medical care, includ-
ing prevention, diagnosis, and rehabilitation. These tasks 
are set by the national project “Long and Active Life”, the 
implementation of which began on 01.01.2025.

According to the WHO definition, “health is a state of 
complete physical, mental and social well-being and not 
merely the absence of disease or infirmity.1

At the beginning of the 21st  century, due to the 
growing life expectancy of the population in eco-
nomically developed countries, the WHO launched a 
program for active longevity (in the original  — active 

ageing) [1], focusing mainly on the quality of life and 
maintaining the health of older people.2 However, in 
the 2015 edition, the program shifted attention to the 
employment of older people. This shift is explained by 
growing concerns among governmental and business 
structures that population aging would place an un-
sustainable burden on the budgets of enterprises and 
social support institutions, primarily pension funds. In 
order to counter these threats, a series of urgent meas-
ures [2] were proposed to improve the economic situ-
ation, including measures to retain specialists in the la-
bor market beyond the retirement age.3,4

Thus, concern for the working individual, beyond its 
humanitarian significance, has acquired a pronounced 
macroeconomic meaning. As a result, the concepts 
of “occupational health” and “professional longevity” 
have become the focus of close attention for special-
ists in medicine, occupational psychology, and related 
disciplines. Occupational health is defined as an integral 
characteristic of the “functional state of the human body 
based on physical and mental parameters, aiming to as-
sess its ability for specific professional activity with given 
efficiency and duration over a specified life period, as 

1	 Preamble to the Charter (Constitution) of the World Health Organization. https://apps.who.int/gb/bd/PDF/bd48/basic-documents-48th-edition-ru.
pdf?ua=1#page=9 (request date of 07.04.2025). 

2	 Active ageing: a policy framework; 2002. WHO reference number: WHO/NMH/NPH/02.8. https://extranet.who.int/agefriendlyworld/wp-content/uploads/2014/06/
WHO-Active-Ageing-Framework.pdf (request date of 02.05.2025). 

3	 World Health Organization (WHO). Project 1: Global Strategy and Action Plan on Ageing and Health. 2015. https://www.who.int/ageing/ageing-global-strategy-
draft1-ru.pdf (request date of 15.08.2020).

4	 Multisectoral action for healthy ageing based on a life-cycle approach: draft global strategy and action plan on ageing and health. Report of the Secretariat 
of the Sixty-ninth session of the WHO World Health Assembly, 22 April 2016. https://apps.who.int/iris/bitstream/handle/10665/253277/A69_17-ru.
pdf?sequence=1&isAllowed=y (request date of 05.02.2022).

https://apps.who.int/gb/bd/PDF/bd48/basic-documents-48th-edition-ru.pdf?ua=1#page=9
https://apps.who.int/gb/bd/PDF/bd48/basic-documents-48th-edition-ru.pdf?ua=1#page=9
https://extranet.who.int/agefriendlyworld/wp-content/uploads/2014/06/WHO-Active-Ageing-Framework.pdf 
https://extranet.who.int/agefriendlyworld/wp-content/uploads/2014/06/WHO-Active-Ageing-Framework.pdf 
https://www.who.int/ageing/ageing-global-strategy-draft1-ru.pdf
https://www.who.int/ageing/ageing-global-strategy-draft1-ru.pdf
https://apps.who.int/iris/bitstream/handle/10665/253277/A69_17-ru.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/253277/A69_17-ru.pdf?sequence=1&isAllowed=y
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well as its resistance to adverse factors accompanying 
this activity.”5

The aforementioned WHO definition of health, which 
includes mental and social well-being, should be ex-
tended by the concept of occupational health, i.e., a 
person’s ability to fully realize themselves as a qualified 
specialist, experience a sense of self-worth and engage-
ment in the life of the team and the work process, ac-
ceptance and support from colleagues, as well as to feel 
cared by management.

Professional longevity is the “ability of a person to 
solve professional tasks at a high level throughout the 
entire period of labor activity allotted by society,”6 “that 
is, to maintain occupational capacity [4, 8, 9].” Given 
the demographic situation, the importance of pre-
serving this ability and the desire to continue working 
after reaching retirement age should be emphasized. 
Human health is influenced by a large number of so-
cial and economic factors, with the living and working 
conditions of citizens being of particular importance. 
Surveys of the working population have revealed that 
“more than a third lead a sedentary lifestyle, 56% 
regularly face overtime work, 54% of Russians report 
periodic stress at work, 10% report constant stress, 
and 45% say they have experienced professional 
burnout.”7 

The Russian government has developed a number 
of regulatory legal acts and national projects aiming to 
improve the health and increase the life expectancy of 
the country’s population, as well as to overcome diffi-
culties related to the demographic situation. Decree of 
the President of the Russian Federation No. 3098 speci-
fies national development goals for the period up to 
2030 and with a perspective to 2036, among which the 
foremost are preserving the population, strengthening 
health, improving people’s well-being, and supporting 
the family. 

The current stage involves the implementation of the 
national projects for the next six  years. Among them, 
the National Project9 is aimed at increasing the popula-
tion’s life expectancy to 78 years by 2030. The plans in-
clude modernization of the primary healthcare system in 
Russia, development of measures for the prevention and 
early diagnosis of cancer, creation of a national digital 
platform “Health,” and development of a medical reha-
bilitation system. 

In order to ensure early and timely detection of chronic 
non-communicable diseases, which are the main cause 
of mortality (cardiovascular, oncological, and respiratory 
diseases, diabetes, etc.), preventive medical examina-
tions and population health checkups are being carried 
out [4, 5].

Decree of the President of the Russian Federation 
No. 14510 has declared a transition to personalized, pre-
dictive, and preventive medicine, high-tech healthcare, 
and health preservation technologies, including for the 
working population. Directive No. 830-r11 outlines strat-
egies for extending active healthy longevity, creating 
conditions for realizing the personal potential of elderly 
citizens, and expanding their participation in the soci-
ety. Federal Law No. 311-FZ12 has introduced compre-
hensive amendments to the Labor Code of the Russian 
Federation aimed at transforming approaches in the 
field of labor protection, implementing and developing 
a system for the prevention of occupational injuries and 
diseases, and improving mechanisms to incentivize em-
ployers to enhance working conditions.

Labor protection has become one of the priority ar-
eas of the Russian state policy, with the goal of creat-
ing a prosperous and safe environment for the citizens. 
There is a raising awareness among employers about 
the economic feasibility of promoting a healthy lifestyle 
among employees and encouraging regular preventive 
medical examinations and health checkups, as well as 
the importance of implementing special comprehensive 
programs to create appropriate conditions for employ-
ees to maintain a healthy lifestyle [7].

Directive of the Government of the Russian Federation 
No. 833-r13 has approved a set of measures to incentiv-
ize employers and employees to improve working con-
ditions and preserve the health of workers, as well as 
to motivate citizens to adopt a healthy lifestyle. These 
measures provide for the creation and replication of best 
corporate and regional practices for encouraging em-
ployers to enhance working conditions and preserve the 
health of workers.

While acknowledging the importance of the meas-
ures implemented by the Russian state to improve public 
policy in healthcare and labor protection for preserving 
the health of the working population, attention should be 
drawn to the persistently high mortality rate from non-
communicable diseases, the prevalence of smoking and 

5	 Health Psychology: Textbook for Universities / Edited by GS Nikiforov. — St. Petersburg: Peter, 2006.
6	 L.V. Mardakhaev Social Pedagogy: Textbook. Moscow: Gardariki, 2005.
7	 Federation Council of the Federal Assembly of the Russian Federation. Transcript of parliamentary hearings on the topic “Protecting the Health of the Working 

Population” dated 24.10.2024. http://council.gov.ru/activity/activities/parliamentary/161497/ (request date of 05.05.2025).
8	 Decree of the President of the Russian Federation No. 309 “On the National Development Goals of the Russian Federation for the Period until 2036” dated 

07.05.2024. http://government.ru/docs/all/155078/
9	 National project “Long and Active Life”. https://национальныепроекты.рф/new-projects/prodolzhitelnaya-i-aktivnaya-zhizn/
10	 Decree of the President of the Russian Federation No. 145 “On the Strategy for Scientific and Technological Development of the Russian Federation” dated 

28.02.2024. http://www.kremlin.ru/acts/bank/50358
11	 Decree of the Government of the Russian Federation No. 830-r dated 07.04.2025, on the approval of the “Strategy for Action in the Interests of Older Citizens 

in Russia until 2030.” http://government.ru/docs/54753/
12	 Federal Law No. 311-FZ “On Amendments to the Labor Code of the Russian Federation” dated 02.07.2021. http://www.kremlin.ru/acts/bank/46959
13	 Decree of the Government of the Russian Federation No.  833-r dated 26.04.2019, on the approval of the “Set of Measures to Stimulate Employers 

and Employees to Improve Working Conditions and Preserve the Health of Workers, as well as to Motivate Citizens to Lead a Healthy Lifestyle.”.  
http://static.government.ru/media/files/ElHhjehSWOoZSfE4OuOTqJuF5mr7e7P7.pdf

http://council.gov.ru/activity/activities/parliamentary/161497/ 
http://government.ru/docs/all/155078/
http://www.kremlin.ru/acts/bank/50358
http://government.ru/docs/54753/
http://www.kremlin.ru/acts/bank/46959
http://static.government.ru/media/files/ElHhjehSWOoZSfE4OuOTqJuF5mr7e7P7.pdf
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alcohol consumption among the population, poor nu-
trition, insufficient physical activity, a formalistic attitude 
and low level of trust in health checkups. Psychosomatic 
diseases are becoming widespread, to a large extent 
being influenced by psychological factors, insufficient 
stress resistance, and prolonged psychoemotional ten-
sion.

In the context of demographic challenges and in-
creasing demands to preserve labor potential, objective 
tools capable of assessing the health status of employ-
ees and their level of professional longevity are becom-
ing particularly important. In order to address this task, 
we set out to develop a methodology for calculating an 
Integral Group Index of Professional Longevity (IGIPL) 
based on a set of medical, psychophysiological, and 
social parameters. The index enables the planning and 
monitoring of corporate and state programs aimed at 
extending professional activity, allows for tracking the 
dynamics of key parameters, and facilitates comparative 
analysis across different enterprises.

In this study, we aim to develop an IGIPL for use as 
a tool for quantitative assessment of the level of pro-
fessional longevity among nuclear industry employees, 
taking into account morbidity, health status, results of 
medical examinations and psychophysiological testing, 
stress levels, and engagement.

To that end, we set the following objectives:
•	 to justify the IGIPL calculation methodology, includ-

ing the selection of parameters and determination of 
their weight significance based on expert assess-
ments;

•	 to calculate an IGIPL and carry out a comparative 
analysis of its values using the example of two nu-
clear industry enterprises for 2023 and 2024, with an 
assessment of parameter dynamics;

•	 to determine general approaches to developing cor-
rective measures based on the IGIPL, aimed at in-
creasing the level of professional longevity of employ-
ees.

MATERIALS AND METHODS

We carried out a retrospective and observational study 
covering the period of 2023–2024. The analysis was 
based on anonymized data from employees of two nu-
clear industry enterprises: VNIITF (Snеzhinsk) and the 
Kalinin NPP (Udomlya).

The following information sources were used:
•	 Human Resources (HR) reports on morbidity with 

temporary disability (TD);
•	 final reports on the results of periodic medical exami-

nations (PME) indicating the distribution of employ-
ees by health groups;

•	 annual reports of psychophysiological examinations 
(PPE);

•	 materials from corporate surveys assessing stress 
levels (SL) and emotional burnout (EB).
In this article, we present exclusively relative values 

based on aggregated, anonymized data. It should be 
noted that working conditions were not considered in 
the calculation of the IGIPL; therefore, their detailed anal-
ysis was beyond the scope of this study.

Standardized methodologies were used to assess 
specific parameters:
•	 SL was assessed using the “Perceived Stress 

Scale-10.” The maximum score on this scale is 
50 points. To normalize the data (i.e., to convert the 
scale to a 100-point dimension), the obtained values 
were multiplied by two;

•	 EB level14 was assessed using the “Burnout 
Assessment Tool (BAT),” specifically its version for 
working individuals. A short Russian-language ver-
sion provided by the developer of the methodology 
was used [3];

•	 The E.L. Notkin method15 was used to assess mor-
bidity with TD, calculated as the number of days per 
100 employees.
Thus, the combination of the above sources and 

methods enabled a comprehensive analysis of profes-
sional health parameters and the calculation of the IGIPL.

Weight coefficients (W) were established based on 
an expert assessment method aimed at determining the 
relative significance of various parameters for the pro-
fessional longevity of employees. The study involved 
20 experts in the fields of occupational medicine, psy-
chophysiology, and human resource management. Data 
collection was carried out using standardized question-
naires followed by their statistical processing for the de-
termination of valid weight coefficients (Table 1).

The assigned coefficients reflect the contribution of 
each parameter to the overall value of IGIPL. Experts at-
tributed the greatest significance (coefficients of 0.20–
0.15) to the following parameters: temporary disabil-
ity (TD), health group (HG), stress level (SL), emotional 
burnout level (EB), and work engagement (E). According 
to specialists, these parameters most significantly de-
termine the current state and dynamics of professional 
longevity, being directly linked to the risks of lost work 
capacity, decreased motivation, and premature depar-
ture from the profession.

Lower weight coefficients (0.10 each) were assigned 
to the parameters of fitness for work based on medical 
examinations (PME) and psychophysiological resilience 
(PPR). Despite their undeniable importance, experts 
considered these factors to play more of a supportive 
rather than a determining role in shaping professional 

14	 Burnout Assessment Tool: version for working individuals. https://burnoutassessmenttool.be/wp-content/uploads/2020/11/BAT_Russian.pdf (request date of 
03.05.2025).

15	 Methodological Guidelines MR 2.2.9.0375-25 “Analysis of the causes of temporary disability to identify priority professional groups for the development of 
medical and preventive measures”.

https://burnoutassessmenttool.be/wp-content/uploads/2020/11/BAT_Russian.pdf 
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longevity, especially in the presence of other critical de-
viations.

The integration of the TD parameter was carried 
out through the S_TD assessment scale (Table 2). This 
approach normalizes the parameter to a 0–100  scale, 
reflects the generally accepted expert assessment ac-
cording to the E.L. Notkin scale, and eliminates math-
ematical distortions at extreme values.

Therefore, the formula for calculating the Integral 
Group Index of Professional Longevity (IGIPL) takes the 
following form: 

IGIPL = W_TD × S_TD + W_HG × HG +  
	 + W_PME × PME + W_PPE × PPE + + W_E × E +	 (1) 

+ W_SL × (100 – SL) + W_EB × (100 – EB),

wherein:
W — the weight coefficient of the parameter;

S_TD — the score for morbidity with temporary disability;
HG — the proportion of employees in health groups I–II 
(%);
PME — the proportion of employees deemed fit for work 
without restrictions based on the results of periodic 
medical examinations (%);
PPE — the proportion of employees deemed fit based 
on the results of psychophysiological examinations (%);
E — the level of work engagement (%);
SL — the stress level according to the scale (points);
EB — the level of emotional burnout (%).

The IGIPL calculation was conducted using the ex-
ample of enterprises of the State Corporation “Rosatom,” 
which operate in technology-intensive and potentially 
hazardous industries: nuclear power and the defense-
industrial complex.

The objects under analysis were the All-Russian 
Research Institute of Technical Physics (VNIITF, 
Snezhinsk) and the Kalinin Nuclear Power Plant 

Table 1. Weight coefficients determined by experts

No. Parameter Abbreviation Weighting coefficients (W)

1. Temporary Disability TD 0.20

2. Health Group HG 0.15

3. Periodic Medical Examination PME 0.10

4. Psychophysiological Examination PPE 0.10

5. Stress Level SL 0.15

6. Emotional Burnout Level EB 0.15

7. Engagement E 0.15

Table compiled by the authors based on their own data

Table 2. Temporary disability assessment scale (S_TD)

Temporary disability in days per 100 workers according to 
E.L. Notkin

Points on the S_TD assessment scale*

< 500 100

500–599 85

600–799 70

800–999 55

1000–1199 40

1200–1499 25

> 1500 10

Table compiled by the authors based on data from source MR 2.2.9.0375-2516

Note: * — the S_TD scale step is designed such that for every increase of 200–300 days of TD per 100 employees, the index value sequentially 
decreases by 15 points.

16	 Methodological Guidelines MR 2.2.9.0375-25 “Analysis of the Causes of Temporary Disability to Identify Priority Professional Groups for the Development of 
Medical and Preventive Measures”.
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(Udomlya). These enterprises are characterized by a 
high degree of responsibility, complex technological 
processes, and stringent requirements for the health 
and psychophysiological resilience of their employees. 

RESULTS AND DISCUSSION

The IGIPL is formed based on a set of various param-
eters. When growing, these parameters either contribute 
to the growth of professional longevity or, conversely, 
lead to its decrease. The key parameters influencing the 
IGIPL are presented below.

Factors whose growth has a positive effect on the 
IGIPL:
•	 Health Group (HG): The more employees belong to 

Health Groups I and II, the higher the overall level of 
resilience and physical readiness of the team to per-
form professional tasks.

•	 Fitness for Work based on Medical Examinations 
(PME): A high proportion of workers without medical 
restrictions reflects good overall health of the person-
nel and contributes to stable labor activity.

•	 Psychophysiological Resilience (PPE): The ability to 
maintain performance under difficult conditions is a 
crucial component for sustaining professional lon-
gevity.

•	 Work Engagement (E): A high level of engagement 
promotes professional stability, reduces the likeli-
hood of burnout, and increases motivation.

Factors whose growth has a negative effect on the 
IGIPL:
•	 Temporary Disability (TD, days): An increase in the 

number of disability days indicates a decline in the 
overall health level of the team and negatively im-
pacts the index value.

•	 Stress Level (SL): An elevated stress level leads to 
decreased performance, reduced psychological 

resilience, and a decline in the quality of professional 
duties.

•	 Emotional Burnout (EB): A high level of burnout is one 
of the primary factors for premature termination of 
employment.

The IGIPL was developed as a practical tool for 
employers to assess the level of professional longev-
ity among employees at the enterprise level. The index 
can be used to formulate, implement, and subsequently 
evaluate the effectiveness of programs aimed at protect-
ing employee health, increasing motivation, and improv-
ing the psychological climate within the team.

We performed IGIPL calculations based on the pa-
rameters of physical, psychological, and social well-be-
ing for the period of 2023–2024 in accordance with the 
developed methodology (Table 4). 

According to the results obtained, the IGIPL values 
at VNIITF decreased over the year by 1.4 points (from 
67.2 to 65.8  points). However, at the Kalinin NPP, the 
index increased by 2.6 points (from 69.6 as of 2023 to 
72.2 points in 2024). Both organizations were character-
ized by an average level of IGIPL (60–79 points), which 
reflects a satisfactory but insufficiently stable state of 
the professional longevity level of employees. A slight 
decrease in the parameter was noted at VNIITF, while 
a positive trend was observed at the Kalinin NPP, likely 
associated with the effectiveness of the implemented 
measures to strengthen occupational health and im-
prove working conditions.

Our analysis identified key parameters that deter-
mine the value of IGIPL. The most significant factor was 
morbidity with temporary disability (TD). The VNIITF en-
terprise exhibited a critically high level of morbidity with 
TD: 1914 days per 100 workers in 2023 and 1912 days 
in 2024. According to the E.L. Notkin scale, this corre-
sponds to the minimum score (10 points) and indicates 
an area of chronic overload and unfavorable health status 
of personnel, requiring immediate corrective measures. 

Table 3. Interpretation of IGIPL values 

Scores Level Interpretation of IGIPL Values

80–100 High High level of professional longevity. Supportive measures for health protection, 
strengthening psychological well-being, and employee engagement are sufficient

60–79 Medium Medium level of professional longevity. The implementation of regular preventive 
programs for stress management and maintaining employee motivation is 

required

40–59 Low Low level of professional longevity. Targeted health-improvement and 
organizational measures aimed at improving the physical and psycho-emotional 

state of workers are necessary

< 40 Critical Critical level of professional longevity. The implementation of comprehensive 
programs for health protection, workload reduction, and fostering a favorable 

work environment is required

Table compiled by the authors based on their own data 
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At the Kalinin NPP, this parameter was somewhat lower 
(1321 and 1222 days per 100 workers in 2023 and 2024, 
respectively), which corresponds to 25 points and also 
indicates a significant loss of working capacity.

The second most significant factor is the distribution 
of employees by health groups. At the VNIITF enterprise, 
a moderate increase in the proportion of employees with 
Health Groups  I–II was observed over time (from 22% 
in 2023 to 27% in 2024); however, the baseline level re-
mains low. At the Kalinin NPP, a pronounced positive 
shift was observed: from 30% in 2023 to 45.9% in 2024, 
reflecting a more effective implementation of preventive 
and health-improvement measures.

The results of PME showed high values at both en-
terprises. For instance, at VNIITF, over 98% of employ-
ees were cleared for work without restrictions, indicating 
strict control of professional suitability. At the Kalinin NPP, 
this parameter was somewhat lower (88–91%), although 
remaining within acceptable standards.

Psychophysiological examination (PPE) at both enter-
prises showed a 100% clearance of employees for fur-
ther work. This result indicates the low informativeness 
of the parameter “proportion of employees suspended 
based on PPE results.” However, the signs of strain and 
impaired psychophysiological adaptation identified dur-
ing the examination are significant predictors of somatic 
ill-health and require consideration when planning pre-
ventive measures. In the future, it is advisable to use an 
integral assessment of psychophysiological adaptation, 
e.g., by indicating the proportion of employees with pro-
nounced impairments.

The conducted analysis of psychoemotional fac-
tors revealed differences between the organizations. 
The stress level among workers at VNIITF was elevated, 
ranging 7–12  points, which should be considered an 
alarming signal and a prerequisite for developing target-
ed preventive measures. At the Kalinin NPP, this param-
eter remained stable (around 9 points), corresponding to 
a moderate level requiring regular monitoring.

The dynamics of emotional burnout also differed. At 
VNIITF, its prevalence increased from 7% to 12%, which, 
combined with rising stress levels, indicated a growing 

risk of deterioration in the psychoemotional state of 
workers. Conversely, at the Kalinin NPP, a decrease in 
the proportion of workers with a high level of burnout 
was recorded, from 11% to 7%, reflecting positive trends 
and the need to maintain them further.

The engagement index remained high at both enter-
prises (VNIITF: 94% → 90%; Kalinin NPP: 95% → 90%), 
which is a factor of resilience to stress and the likelihood 
of staff turnover. The slight decrease in engagement at 
VNIITF in the setting of increasing stress and burnout 
can be considered an early sign of professional exhaus-
tion among the workforce.

As a result of the conducted research, a compre-
hensive assessment of professional longevity at two 
enterprises of the State Corporation “Rosatom” was ob-
tained. We established that both organizations are within 
the stable range of IGIPL, indicating the stability of labor 
potential despite the presence of risk factors.

However, differences in dynamics were identified. 
Positive shifts were recorded at the Kalinin NPP, driven 
by a decrease in morbidity with temporary disability, a 
reduction in the prevalence of emotional burnout, and a 
significant increase in the proportion of employees with 
Health Groups I–II according to medical checkup data. 
Conversely, at the VNIITF enterprise, a critically high 
level of morbidity with temporary disability persisted, 
which is a key limiting factor for professional longevity. 
Furthermore, unfavorable changes in the psychoemo-
tional state of the workforce were noted, including an 
increase in stress levels, a rise in the proportion of em-
ployees showing signs of burnout, and a decrease in 
engagement.

The obtained results underscore the necessity for 
long-term observation (at least 4–5 years) to confirm the 
identified trends and to form sustainable management 
strategies. At the same time, the IGIPL has proven its 
scientific and practical significance as an integral pa-
rameter. It demonstrates high sensitivity to key risks in 
the occupational environment and enables an objective 
assessment of the effectiveness of corporate and state 
programs aimed at preserving health and extending the 
professional longevity of personnel.

Table 4. Calculation of IGIPL for each enterprise for 2023–2024

Organization Year S_TD W_TD × 
S_TD

W_HG × 
_HG

W_PME × 
PME

W_PPE × 
PPE

W_SL × 
(100 – SL)

W_EB × 
(100 – EB)

W_E × 
E

IGIPL

VNIITF 2023 10 2.0 3.3 9.92 10.0 13.9 13.9 14.1 67.2

VNIITF 2024 10 2.0 4.05 9.88 10.0 13.2 13.2 13.5 65.8

Kalinin NPP 2023 25 5.0 4.5 8.84 10.0 13.6 13.3 14.2 69.6

Kalinin NPP 2024 25 5.0 6.88 9.18 10.0 13.6 13.9 13.5 72.2

Table compiled by the authors based on their own data

Note: W — the weight coefficient of the parameter; TD — temporary disability; HG — health groups; PME — periodic medical examination; 
PPE — psychophysiological examinations; SL — stress levels; EB — emotional burnout.
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CONCLUSION

The Integral Group Index of Professional Longevity 
serves as a tool for monitoring the effectiveness of 
measures aimed at preserving the health of the work-
ing population and extending professional longevity. 
Its application will enhance the objectivity of assess-
ing programs implemented by enterprises and facilitate 
the development of more targeted preventive measures 
against key risk factors.

The implementation of IGIPL-based targeted meas-
ures may contribute to extending the active working 
life of employees, reducing morbidity and professional 
burnout, and increasing labor productivity. Undoubtedly, 
a competent personnel policy must account for the neg-
ative impact of biological aging on psychophysiological 
functions. 

The proposed algorithm for IGIPL calculation is a dy-
namic model that can be refined with new accumulated 

data on the influence of various factors on professional 
longevity.

Effective use of the IGIPL requires a comprehensive ap-
proach, including studying successful experience of other 
organizations, analyzing domestic and international scien-
tific research in the field of occupational health, developing 
methodological recommendations tailored to industry spe-
cifics, assessing necessary resources, and creating a sys-
tem for monitoring the effectiveness of implemented meas-
ures. The conducted research and the proposed algorithm 
can serve as a basis for forming a program aimed at en-
hancing the professional longevity of employees, reducing 
losses associated with temporary disability, and increasing 
motivation and job satisfaction. Companies that invest in 
employee health, adaptation, and psychological support 
see a 5–10% increase in efficiency and reduced costs as-
sociated with staff turnover. Thus, professional longevity is 
not merely the length of a career but a strategic factor for 
productivity growth in the context of labor shortage. 
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DIAGNOSTIC SIGNIFICANCE OF SUBCLINICAL EPILEPTIFORM ACTIVITY 
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Introduction. The high prevalence and significant disability of patients with Alzheimer’s disease (AD) necessitate the search for new mark-
ers of disease progression and novel treatment approaches. Recent evidence is increasingly attracting the research attention to the value of 
electroencephalography (EEG) in detecting epileptiform activity in this patient population.
Objective. Detection of the frequency of epileptiform activity in patients with AD and evaluation of its clinical and diagnostic significance.
Discussion. EEG, in particular, prolonged sleep-deprived EEG, is capable of detecting subclinical epileptiform activity, which is associated 
with more severe cognitive impairments and contributes to disease progression. This review examines research data on the prevalence and 
clinical significance of subclinical epileptiform activity in AD patients without an epilepsy diagnosis. It also highlights key pathophysiological 
mechanisms linking epileptiform activity to the progression of cognitive decline in AD. Furthermore, it addresses the rationale for prescribing 
specific antiepileptic therapy upon detection of subclinical epileptiform activity.
Conclusions. The high clinical significance of performing electroencephalography and detecting epileptiform activity in patients with Al-
zheimer’s disease,  due to its potential negative impact on the progression of cognitive impairments and increased risks of developing epileptic 
seizures, has been demonstrated. 
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ДИАГНОСТИЧЕСКАЯ ЗНАЧИМОСТЬ СУБКЛИНИЧЕСКОЙ ЭПИЛЕПТИФОРМНОЙ 
АКТИВНОСТИ У ПАЦИЕНТОВ С БОЛЕЗНЬЮ АЛЬЦГЕЙМЕРА

С.Г. Бурд1,2, А.Н. Боголепова1,2, А.В. Лебедева1,2, Ю.В. Рублева1, Е.А. Коваленко1,2, Е.В. Махнович1,2, Н.А. Осиновская1, 
Е.А. Гилева1, Н.В. Пантина1, И.И. Ковалева1

1 Федеральный центр мозга и нейротехнологий Федерального медико-биологического агентства, Москва, Россия
2 Российский национальный исследовательский медицинский университет им. Н.И. Пирогова, Москва, Россия

Введение. Высокая распространенность и значительная инвалидизация пациентов с болезнью Альцгеймера (БА) требуют поиска 
новых маркеров прогрессирования этого заболевания, а также новых подходов к его лечению. В последнее время накапливается 
все больше сведений о значимости применения электроэнцефалографии у пациентов с БА с целью выявления эпилептиформной 
активности у данной категории.
Цель. Определение частоты встречаемости эпилептиформной активности у пациентов с БА и оценка ее клинической и диагности-
ческой значимости.
Обсуждение. Установлено, что проведение ЭЭГ, особенно продолженной, с включением сна, позволяет выявить субклиническую 
эпилептиформную активность, которая ассоциирована с более выраженными когнитивными нарушениями и способствует про-
грессированию заболевания. В обзоре рассмотрены данные исследований по распространенности и клинической значимости 
субклинической эпилептиформной активности у пациентов с БА без диагноза «эпилепсия». Также освещены основные патофизио-
логические механизмы взаимосвязи эпилептиформной активности и прогрессирования когнитивных нарушений в рамках БА. Кро-
ме того, рассматривается вопрос о целесообразности назначения специфической противоэпилептической терапии при выявлении 
субклинической эпилептиформной активности.
Выводы. Показана высокая клиническая значимость проведения электроэнцефалографии и выявления эпилептиформной актив-
ности у пациентов с болезнью Альцгеймера вследствие ее потенциального негативного влияния на прогрессирование когнитивных 
нарушений и повышения рисков развития эпилептических приступов.

Ключевые слова: нейродегенеративное заболевание; болезнь Альцгеймера; электроэнцефалография; видео-ЭЭГ-мониторинг; 
субклиническая эпилептиформная активность; противоэпилептические препараты; эпилепсия
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INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of 
dementia and one of the most prevalent diseases in the 
elderly, affecting 10–20 million people worldwide [1]. The 
disease is characterized by the formation of neurofibril-
lary tangles and amyloid plaques in the brain, manifest-
ing as progressive cognitive impairment. Annual direct 
and indirect costs associated with this disease amount 
to $100 billion, making the search for new diagnostic and 
therapeutic methods critically important. It is predicted 
that delaying disease progression by five years could re-
duce healthcare costs related to AD by half [2–5].

Despite significant advances in laboratory and ge-
netic diagnostics, as well as modern neuroimaging 
methods (magnetic resonance imaging (MRI) of the brain 
with morphometry, positron emission tomography), di-
agnosing dementia-related diseases remains challeng-
ing and, in many cases, inaccessible due to the cost of 
examinations. Currently, electroencephalography (EEG) 
is not part of the standard examination protocol for pa-
tients with dementia, including those with AD. However, 
numerous literature sources report that pathological 
brain activity (e.g., slowing of the background rhythm 
or epileptiform activity) may be recorded during EEG in 
AD patients, which could exacerbate the progression of 
cognitive impairments and increase the risk of epileptic 
seizures, further disadapting patients with AD [6, 7].

EEG with functional tests is a simple diagnostic meth-
od that allows assessment of the bioelectrical activity of 
the brain. Non-epileptiform pathological activity, such as 
theta or delta slowing (regional/diffuse) of bioelectrical 
brain activity, is a common finding in AD patients dur-
ing routine EEG [6]. There is evidence suggesting that 
increased relative power of theta oscillations may be an 
early sign preceding dementia, thus being an important 
biomarker of disease progression [8, 9].

The detection of epileptiform activity in AD patients 
holds a great significance. However, routine EEG is of-
ten insufficient for capturing epileptiform activity, since 
approximately 85% of standard EEG recordings fail to 
detect epileptiform activity even in AD patients with epi-
leptic seizures [10]. This highlights the need for more sen-
sitive methods, such as prolonged video-EEG monitor-
ing including sleep, magnetoencephalography (MEG), or 
invasive electrode placement through the foramen ovale 
to identify this pathological activity [10]. Some authors 
emphasize the higher prevalence of epileptiform activity 

in AD patients compared to the healthy population, as 
well as its significance in the progression of cognitive 
impairments in neurodegenerative disease. Thus, this 
pathological activity may represent a promising target 
for intervention in treating cognitive impairments in AD.

The aim of the study is to detect the frequency of epi-
leptiform activity in patients with AD and verify its clinical 
significance.

MATERIALS AND METHODS

The search for scientific literature was conducted in elec-
tronic bibliographic databases in the Russian (eLibrary, 
CyberLeninka) and English (PubMed, Google Scholar) 
languages. The search queries included the following 
keywords or their combinations: Alzheimer’s disease, 
electroencephalography, video-EEG monitoring, sub-
clinical epileptiform activity.

The inclusion criteria for publications were literature 
systematic reviews and meta-analyses with data on the 
prevalence of subclinical epileptiform activity in AD, the 
pathophysiology of its occurrence, and the relationship 
between the neurodegenerative process, epileptiform 
activity, and cognitive impairments. The exclusion crite-
ria were publications covering theoretical models, ab-
stracts, and conference materials. In total, 52 articles 
published from 1998 to 2024 were reviewed.

RESULTS AND DISCUSSION

Subclinical epileptiform activity (SEA) in patients 
with Alzheimer’s disease (AD)

Subclinical epileptiform activity (SEA) typically refers to 
epileptiform activity detected in EEG in patients without 
a history of epileptic seizures. According to scientific re-
search, data on the prevalence and diagnostic signifi-
cance of epileptiform activity in patients with AD are lim-
ited and contradictory. The reviewed publications show 
a significant variability (ranging from 2% to 54%) in the 
reported prevalence of SEA among patients diagnosed 
with AD, likely due to substantial methodological differ-
ences across the studies (Table) [11].

The presence of epileptiform activity may exacer-
bate the progression of cognitive impairments in AD 
patients. Moreover, its detection may serve as a mark-
er for the potential development of epileptic seizures. 
For example, Kang and Mendez et  al. observed the 
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development of epilepsy in approximately 10–22% of 
AD patients [7, 12].

When investigating the prevalence and significance 
of epileptiform discharges in patients with various types 
of dementia, Liedorp et al. [15] found that routine 30-
min EEG detected epileptiform activity (predominantly 
regional in the temporal areas) only in 2% of patients 
with AD, mild cognitive impairment (MCI) and in 1% of 
patients with other types of dementia. These rates are 
similar to those in the general population. Only in 10% 
of patients with dementia, whose EEG showed epilep-
tiform activity, developed seizures later in the course of 
the disease [15].

The low detection rate of epileptiform activity in pa-
tients with AD prompted researchers to use additional 
foramen ovale EEG electrodes for its identification. Thus, 
Lam et al. applied foramen ovale electrodes and showed 
that subclinical epileptiform activity, predominant during 
sleep (affecting memory consolidation), can be detected 
in the early stages of AD, in the absence of changes in 
the routine scalp EEG [21]. This highlights the need for 
larger EEG studies using additional techniques, includ-
ing foramen ovale recording, to determine the diagnostic 
value of EEG in clinical practice.

According to a number of studies, a significant prev-
alence of SEA has been detected in AD patients, which 
is likely associated with the use of prolonged video-EEG 
monitoring including during sleep. Recently, increasing 
attention has been paid to the presence of SEA in AD 
patients due to evidence of a more pronounced cogni-
tive decline and a faster disease progression in patients 
with SEA compared to those without it [16, 18, 22, 23].

Thus, Horvath et al. analyzed SEA in 52 AD patients 
and detected significantly more frequent subclini-
cal epileptiform discharges (54%) among this group 
compared to healthy elderly people of correspond-
ing age  (25%) [18]. SEA was detected predominantly 
in the temporal regions, mostly on the left side, with 
bitemporal and right-temporal epileptiform activity be-
ing less common. The vast majority of SEA episodes 
occurred during sleep, most frequently recorded dur-
ing stages 2 and 3 of sleep, while fewer spikes were 
detected in stage  1 sleep. Moreover, the presence 
of SEA was associated with more severe cognitive 
impairments. Horvath et al. showed that in patients 
with AD combined with SEA, cognitive decline over 
the observation period (3  years) occurred 1.5  times 
faster than in patients without epileptiform activity [18]. 
According to Vossel et al., epileptiform activity was de-
tected in 42.4% of patients with AD and only in 10.5% 
of individuals in the control group of corresponding 
age without cognitive impairments [16]. Patients with 
SEA showed a faster decline in executive functions 
and global cognition, as measured by the instrument 
of Mini-Mental State Examination (MMSE), averaging 
3.9  points/year compared to 1.6  points/year in pa-
tients without SEA [16]. 

Nous et al. studied patients with different stages of 
AD (preclinical, MCI, dementia) using such various meth-
ods as prolonged EEG, 50-min MEG, and high-density 
EEG [11]. The prevalence of SEA in these patients was 
31% compared to the control group (8%) without cog-
nitive dysfunction. The frequency was increasing along 
with the disease progressed, i.e., in 50% of cases with 
developed dementia, in 27% with MCI, and in 25% at 
the preclinical stage of AD. Although the use of MEG 
did not lead to a more frequent detection of SEA in AD 
compared to prolonged EEG and high-density EEG, 
MEG significantly outperformed other methods in terms 
of spike detection rate per 50 min (epileptiform activity 
representation index). Furthermore, in AD patients, the 
presence of SEA was associated with more pronounced 
impairments in visuospatial functions and attention, as 
well as with a relatively larger volume of the left frontal, 
left temporal, and entorhinal cortex compared to pa-
tients without epileptiform activity [7].

Pathophysiological mechanisms of the relationship 
between epileptiform activity, neurodegenerative 
process, and cognitive impairment in Alzheimer’s 
disease

A number of authors consider epileptiform activity to be 
part of the pathophysiological mechanisms leading to 
cognitive impairment in AD. The proposed mechanisms 
include compromised glutamatergic system, excitotox-
icity-induced neurodegeneration, accelerated amyloid 
and tau  protein deposition under the influence of epi-
leptiform discharges, remodeling due to increased excit-
ability leading to functional network disconnection, and 
sleep architecture changes [23].

One hypothesis describes a vicious cycle where mo-
lecular changes in AD promote neuronal hyperexcitabil-
ity [24], which in turn exacerbates the neurodegenerative 
process in AD [25]. It was reported that in AD, soluble 
oligomeric Aβ (amyloid-beta), rather than Aβ plaques, 
is the primary cause of neuronal hyperexcitability [24]. 
For instance, Aβ1-42 (the most toxic form of soluble Aβ 
peptides) was to increase neuronal excitability through 
selective inhibition of K+ currents [26]. It was described 
that under the influence of Aβ, AD patients experience 
impaired neuronal and glial glutamate reuptake, leading 
to excitotoxicity. Similarly, glutamate excitotoxicity is also 
exacerbated by the effect of Aβ on the function of the 
N-methyl-D-aspartate receptor (NMDA-R) [27]. It was 
suggested that activation of cholinergic receptors and 
Ca2+ channels under the influence of Aβ may cause early 
subclinical epileptic activity preceding the development 
of clinical Alzheimer’s disease [28]. Furthermore, it was 
shown that beta-secretase 1 (BACE1 is a key protein in-
volved in Aβ formation) cleaves the β2 and β4 subunits of 
the voltage-gated Na+ channel [24]. Cleavage of β2 alters 
transcription and receptor expression on the cell surface 
[21]; cleavage of β4 significantly increases intracellular 
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Table. Prevalence of subclinical epileptiform activity in patients with Alzheimer’s disease 

No
Literature 
reference

Cognitive 
impair-
ment 

severity

People 
amount

SEA 
prevalence, 

%

Epileptiform 
Activity 

Index (EAI)
SEA localization EEG type

1 Brunetti et 
al. [13]

AD
MCI
CG

50
50
50

AD – 6.38; 
MCI – 11.63; 
CG – 4.43

0.015–0.025/
hour

No data available LTVEM + 
PSG + 
MEG

2 Vossel et 
al. [14]

AD + MCI 113 6 No data 
available

No data available routine 
EEG

3 Liedorp et 
al. [15]

AD
MCI
other 

dementias

510
225
193

2 AD;
2 MCI;
1 other 

dementia

No data 
available

No data available 30-min 
EEG

4 Vossel et 
al. [16]

AD
CG

33
19

42.4 AD; 
10.5 CG

0.03–5.18/
hour

9.9% wakefulness; 
25.7% N1, 64.4% N2-N3;

43% left temple; 
29% left central area; 
14% right frontal area; 
14% bifrontotemporally

Nighttime 
PSG + 
MEG

5 Horvath et 
al. [17]

AD 42 28 No data 
available

No data available 24-h EEG

6 Horvath et 
al. [18]

AD
CG

52
20

54 AD; 
25 CG

0.29–6.68/
hour

8% wakefulness; 
23% N1, 21% N2, 34% N3; 

4% REM;
52% left temple;

22% right temple; 
26% bitemporally; 

3% biparietal;
3% right frontal area;

9% bifrontal

24-h EEG

7 Lam et al. 
[19]

AD
CG

41
43

22 AD; 
4.7 CG

1.5–3/day 20% N1, 80% N2;
85.7% left temporal 

region; 
28.6% bifrontal

24-h EEG

8 Babiloni et 
al. [20]

AD с MCI;
MCI with-

out AD

56
32

No data  
available  

AD + MCI;
41 MCI  

without AD

No data 
available

No data available routine 
EEG

9 Nous et al. 
[11]

AD+  
dementia;
AD + MCI;
AD preclini-

cal stage

49 31 among all 
patients with 

AD;
50 in 

dementia; 
27 in MCI;

25 on clinical 
stage

Number of 
spikes per 

50 min:
Prolonged 

EEG: 0,19 spi-
kes/min;

50-min MEG: 
64.5 spikes/
min; High-

Density EEG: 
3 spikes/min

Fronto-temporal regions 
(more often on the left).
Single cases: central 

region, bifrontotemporal, 
bitemporal, right parietal, 

right temporal, right frontal 
regions.

More often, stages 1 and 
2 of sleep

Prolonged 
EEG and/
or 50-min 
MEG and/
or 50-min 

High-
Density 

EEG

Table compiled by the authors based on data from sources [11, 13–20]

Note: MCI — mild cognitive impairment; CG — healthy control group; SEA — subclinical epileptiform activity; EEG — electroencephalography; 
LTVEM — long-term video-EEG monitoring, MEG — magnetoencephalography; PSG — polysomnography; N1 — sleep stage 1; N2 — sleep 
stage 2; N3 — sleep stage 3; REM — rapid eye movement sleep.
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Na+ levels [26]. Both processes contribute to overall neu-
ronal hyperexcitability, which may promote the develop-
ment of epileptic seizures.

Both epilepsy and Alzheimer’s disease involve neu-
roinflammation induced by Aβ, characterized by the in-
duction of an immune response in the central nervous 
system (CNS) in reaction to the pathological process 
[29]. Inflammation in the CNS is primarily mediated by 
microglia, astrocytes, and oligodendrocytes [30]. Aβ-
induced glial activation leads to the release of numerous 
pro-inflammatory cytokines (e.g., TNF-α, IL-6, or IL-1β), 
triggering generalized neuroinflammation. This process, 
in turn, promotes neurotoxic effects that ultimately result 
in neuronal hyperexcitability, exacerbating the neurode-
generative process [24]. It was also described that pro-
inflammatory cytokines, such as IL-1β, increase neuronal 
hyperexcitability either by enhancing glutamate release 
from astrocytes and reducing its reuptake [31], or by up-
regulating NMDA-R, which increases intracellular Ca2+ 
influx [32].

Tau protein plays a distinct role in epileptogenesis 
during AD, given that this protein is one of the key me-
diators of Aβ-induced epileptogenic mechanisms [33]. 

Tau protein contributes to neuronal excitotoxicity by in-
creasing extracellular glutamate and causing NMDA-R 
dysfunction [34]. Tau protein is also associated with ab-
normal neuronal migration in the hippocampus—a brain 
structure closely linked to the development of epilepsy 
[35, 36]. Furthermore, animal models of epileptogenesis 
confirmed reduced activity of phosphatase 2A, leading 
to increased p-tau in epileptogenic brain regions [37].

The neurosteroid allopregnanolone was also linked 
to the development of Alzheimer’s disease [38]. Some 
authors reported decreased levels of allopregnanolone 
in the plasma and brain, particularly in the prefrontal 
cortex, of patients with AD. Reduced allopregnanolone 
levels lead to diminished neuroprotection, activation of 
astrocytes and microglia, which in turn promotes the 
production of neurotoxic cytokines, chemokines, and 
reactive oxygen and nitrogen species. These mecha-
nisms contribute to the progression of neurodegenera-
tive disease and neuronal hyperexcitability [38].

The key components of the pathogenetic relationship 
between epileptiform activity and the neurodegenerative 
process are presented in the Figure below. Increased 
activity of the glutamatergic system in AD leads to 

Figure prepared by the authors based on data from [23], CC BY license

Fig. Vicious cycle of glutamate-mediated hyperexcitability and accumulation of pathological proteins in cognitive 
impairment in Alzheimer’s disease
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elevated expression of AMPA receptors and mobiliza-
tion of intracellular calcium. The rise in intracellular cal-
cium levels results in the release of amyloid oligomers 
into the extracellular space and enhanced phosphoryla-
tion of tau oligomers (red arrows). Increased neuronal 
excitation, manifested as epileptic discharges, is also a 
consequence of glutamate-mediated hyperexcitability. 
On the other hand, the accumulation of amyloid plaques 
and tau neurofibrils alters the expression of glutamate 
receptors and triggers excessive glutamate release from 
microglial cells and astrocytes (green arrows). This bidi-
rectional pathological interaction can lead to progressive 
neurodegeneration (black arrows), which is typically ac-
companied by cognitive impairment [23].

Pathological remodeling of hippocampo-cortical 
connections is also considered to play a major role in 
the presence of epileptiform activity. As a result of epi-
leptiform activity, local intrahippocampal connections 
are strengthened, while the strength and number of 
long-range connections are reduced. This remodeling 
of neural networks leads to relative isolation of the hip-
pocampus from the cortex, impairing the functioning of 
hippocampo-cortical circuits [23].

Furthermore, the presence of epileptiform activity 
disrupts physiological sleep patterns and impairs the 
memory consolidation process. Thalamic sleep spindles 
at a frequency of 12–16 Hz are crucial for memory for-
mation, synchronizing hippocampal activity with cortical 
neurons. Slow waves associated with cortical sleep pro-
vide the highest degree of synchronization, promoting 
the activation of hippocampal activity and thalamic sleep 
spindles. Epileptiform activity contributes to:
•	 transformation of hippocampal activity;
•	 disorganization of sleep spindle architecture;
•	 reduction of cortical slow waves due to cortical hy-

perpolarization.
In combination, these changes reduce the efficiency 

of memory consolidation [23].

Treatment of subclinical epileptiform activity as an 
alternative approach to AD therapy

Given the existing concept of SEA potentiating the 
pathophysiological mechanisms that contribute to the 
progression of cognitive impairment in AD, some au-
thors propose therapeutic approaches for treating AD 
patients with SEA, such as prescribing antiseizure medi-
cation (ASM). There is a wide range of ASMs available; 
however, due to the negative effects of most of them on 
cognitive functions and memory, the choice of ASM in 
such patients is limited.

According to numerous studies on the effects of 
ASMs on cognitive functions in patients with epilepsy, 
some drugs exhibit a so-called “pro-cognitive” effect. 
Levetiracetam is one example of such drugs. Due to the 

potentially beneficial effects of levetiracetam on cogni-
tive functions, most studies aimed at treating SEA and 
epilepsy in AD patients focus on this particular medi-
cation [14, 39–44]. Experiments showed that levetirace-
tam modulates neuronal hyperexcitability, reduces the 
number of amyloid plaques, and regulates neurotrophic 
factors [39, 45]. It is known that in AD patients with epi-
leptiform activity, cognitive functions deteriorate faster 
than in those without such activity. For instance, Vossel 
et al. studied the effects of levetiracetam on various do-
mains of cognitive function in a group of 34 participants 
with AD. The analysis showed that in the group of pa-
tients with seizures or SEA, the use of levetiracetam led 
to positive dynamics in tests of executive function and 
visuospatial memory [46]. 

Lamotrigine, which has no negative effect on cogni-
tive functions, may also be considered for use in patients 
with AD and SEA [12, 45, 47–50]. Lamotrigine prevents 
the accumulation of extracellular β-amyloid, suppresses 
glutamate excitotoxicity, thereby exerting neuroprotec-
tive properties [51, 52]. A study by Tekin et al. of AD 
patients without epilepsy showed that the use of la-
motrigine at a dose of 300 mg/day for eight weeks had 
a positive effect on cognitive indicators (in performing 
tasks on recognition and naming of objects and match-
ing names with objects) and mood [52]. However, there 
are currently no clear clinical guidelines for prescribing 
antiseizure therapy to AD patients with SEA having no 
seizures, which requires further study.

CONCLUSION

The conducted review indicates the high clinical signifi-
cance of performing electroencephalography and de-
tecting epileptiform activity in patients with Alzheimer’s 
disease due to its potential negative impact on the pro-
gression of cognitive impairment and increased risk of 
epileptic seizures in such patients. The frequency of 
SEA in AD patients can vary (2–54%) depending on 
the duration of EEG recording, sleep inclusion, and 
the use of additional techniques (MEG, foramen ovale 
electrodes). Most literature data emphasize a higher in-
cidence of SEA in AD patients compared to those with 
other types of dementia or healthy individuals of the 
corresponding age. Pathophysiological mechanisms 
highlight common etiopathogenetic links in the pro-
gression of AD and the formation of neuronal hyperex-
citability, which is associated with the appearance of 
epileptiform activity on EEG. The use of ASM for SEA 
therapy may become a new treatment strategy for AD 
patients, not only as a means of preventing epileptic 
seizures but also in the treatment of cognitive impair-
ment. However, the advisability of treating subclinical 
epileptiform activity in Alzheimer’s disease patients re-
mains a subject for further investigation.
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DETERMINATION OF PREDICTORS OF ADVERSE DISEASE OUTCOME 
IN PATIENTS WITH COVID-19 BASED ON HEMOSTASIS SYSTEM ANALYSIS

Olesia U. Matvienko, Olga A. Smirnova, Olga G. Golovina

Russian Research Institute of Hematology and Transfusiology, St. Petersburg, Russia

Introduction. Severe complications of the novel coronavirus infection (COVID-19) include arterial or venous thromboses, which not only 
complicate the disease course but also increase mortality. The development of hypercoagulability, which precedes the occurrence of throm-
bosis, is associated with a significant activation of the hemostasis system, as well as the appearance of microparticles in circulation. These 
microparticles, generated by activated blood cells, enhance the procoagulant orientation of hemostasis. In this regard, assessment of the 
prognostic value of changes in hemostasis system parameters associated with the progression and outcome of COVID-19 represents a rel-
evant research task.
Objective. To identify predictors of adverse outcomes of the novel coronavirus infection based on the assessment of parameters character-
izing the state of the hemostasis system. 
Materials and methods. A total of 163 patients (78 males and 85 females, aged 35–90 years, median age 69 years) were examined during 
the acute phase of the disease with severe and moderate severity. Depending on the disease outcome, the patients were divided into two 
groups: the group of survivors (n = 120) and the group of the deceased (n = 43). A study of plasma hemostasis parameters was conducted, 
including Quick’s prothrombin test, fibrinogen concentration, activated partial thromboplastin time, factor VIII activity, ristocetin cofactor activ-
ity, von Willebrand factor content, protein C activity, antithrombin, and free protein S. In addition, the characteristics of microparticles were 
studied. Statistical processing of the results was performed using the Statistica 12.0 software package.
Results. In patients with adverse disease outcomes, a significant decrease in Quick’s prothrombin time (PT) and antithrombin activity was 
observed, along with an increase in von Willebrand factor activity, D-dimer concentration, and platelet microparticle count. The analysis of 
sensitivity and specificity of these parameters allowed Quick’s PT less than 70% (sensitivity and specificity were 70% and 74.3%, respectively), 
D-dimer level more than 800 ng/ml (sensitivity and specificity — 72% and 75.2%, respectively), and platelet MP count more than 3.22% (sen-
sitivity and specificity — 77.8% and 72.7%, respectively) to be considered as threshold values associated with lethal outcome from COVID-19.
Conclusions. Based on the conducted ROC analysis, predictive models for the risk of adverse outcomes of COVID-19 associated with 
changes in hemostasis system parameters were obtained. The parameters of D-dimer concentration, Quick’s prothrombin time, and platelet 
microparticle count can be used as laboratory predictors of unfavorable disease progression.

Keywords: adverse outcome; COVID-19; hypercoagulation; Quick’s prothrombin test; D-dimer; platelet microparticles
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ОПРЕДЕЛЕНИЕ ПРЕДИКТОРОВ НЕБЛАГОПРИЯТНОГО ИСХОДА ЗАБОЛЕВАНИЯ 
У ПАЦИЕНТОВ С COVID-19 НА ОСНОВАНИИ ИССЛЕДОВАНИЯ СИСТЕМЫ ГЕМОСТАЗА

О.Ю. Матвиенко, О.А. Смирнова, О.Г. Головина

Российский научно-исследовательский институт гематологии и трансфузиологии Федерального медико-биологического агентства, 
Санкт-Петербург, Россия

Введение. Среди тяжелых осложнений новой коронавирусной инфекции (COVID-19) выделяют артериальные или венозные тром-
бозы, которые приводят не только к более тяжелому течению заболевания, но и к увеличению летальности. Развитие гиперкоа-
гуляции, предшествующее реализации тромбоза, обусловлено выраженной активацией системы гемостаза, а также появлением 
в циркуляции микрочастиц  (МЧ), которые генерируются активированными клетками крови и увеличивают прокоагулянтную на-
правленность гемостаза. В связи с этим оценка прогностического значения изменений показателей системы гемостаза, связанных 
с течением и исходом COVID-19, представляет большой интерес.
Цель. Выявить предикторы неблагоприятного исхода новой коронавирусной инфекции на основе оценки параметров, характери-
зующих состояние системы гемостаза.
Материалы и методы. Обследовано 163 пациента (78 мужчин и 85 женщин, возраст которых колебался от 35 до 90 лет, медиана 
возраста — 69 лет) в остром периоде с тяжелым и среднетяжелым течением заболевания. В зависимости от исхода заболевания 
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пациенты были разделены на две группы: группа «выжившие пациенты» (n = 120); группа «умершие пациенты» (n = 43). Проведено 
исследование показателей плазменного гемостаза (протромбинового теста по Квику, концентрации фибриногена, активирован-
ного парциального тромбопластинового времени, активности фактора  VIII, ристоцетин-кофакторной активности и содержания 
фактора Виллебранда, активности протеина С, антитромбина, уровня свободного протеина S), а также оценка характеристик МЧ. 
Статистическую обработку полученных результатов выполняли с помощью пакета программного обеспечения Statistica 12.0.
Результаты. У пациентов с неблагоприятным исходом заболевания получено значимое снижение протромбинового теста  (ПТ) 
по Квику и активности антитромбина, повышение активности фактора Виллебранда, концентрации D-димера и количества тромбо-
цитарных МЧ. Проведенный анализ чувствительности и специфичности данных параметров позволил рассматривать ПТ по Квику 
менее 70% (чувствительность и специфичность составили 70 и 74,3% соответственно), уровень D-димера более 800 нг/мл (чувстви-
тельность и специфичность — 72 и 75,2% соответственно) и количество тромбоцитарных МЧ более 3,22% (чувствительность и спе
цифичность — 77,8 и 72,7% соответственно) в качестве пороговых значений, ассоциированных с летальным исходом от СOVID-19.
Выводы. На основании проведенного ROC-анализа получены прогностические модели риска возникновения неблагоприятного 
исхода COVID-19, сопряженные с изменениями параметров системы гемостаза: концентрации D-димера, ПТ по Квику и количества 
тромбоцитарных МЧ, которые могут быть использованы в качестве лабораторных предикторов неблагоприятного течения забо-
левания.

Ключевые слова: неблагоприятный исход; COVID-19; гиперкоагуляция; протромбиновый тест по Квику; D-димер; тромбоцитарные 
микрочастицы
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INTRODUCTION

It has been established that the novel coronavirus in-
fection (COVID-19) is associated with the development 
of endothelial dysfunction, activation of blood cells with 
the formation of blood plasma microparticles, plasma 
fibrinolytic failure, and the development of a cytokine 
storm syndrome [1, 2]. Such pathological changes lead 
to a procoagulant shift in the hemostatic system, which 
may be associated with the development of hyperco-
agulability followed by thrombosis in the microvascu-
lature, distress syndrome, and multiple organ failure. 
Thromboembolic complications are among the leading 
causes of increased mortality in patients with COVID-19.

Studies have shown that the frequency of thrombotic 
complications reaches 18% in patients treated in inten-
sive care units [3, 4]. During COVID-19, activation of the 
hemostatic system occurs, affecting both its plasma and 
cellular components, leading to a prothrombotic state 
[5–8]. Microparticles derived from various blood cells 
and capable of participating in a range of biological re-
actions may play a significant role in these procoagulant 
changes. Plasma microparticles are phospholipid mi-
crovesicles ranging 0.1–1 μm in size. They are surround-
ed by a cell membrane, lack a nucleus, and vary sig-
nificantly in the composition of antigenic determinants 
on their surface, depending on the mechanism of their 

formation and the nature of the stimulating influence. 
Due to the negatively charged phospholipids and tissue 
factor localized on their surface, MPs actively participate 
in hemostatic reactions, which may be a significant fac-
tor in the development of thrombotic complications in 
various pathologies, including COVID-19 [9–11].

The use of various laboratory and instrumental stud-
ies to identify predictors of adverse outcomes and pro-
gression of the novel coronavirus infection is of great in-
terest. Thus, determination of the SARS-CoV-2 viral load 
and assessment of lung CT results upon hospitalization 
using artificial intelligence have shown good prognostic 
value; however, these methods are not widely available 
for clinical use [12, 13]. Certain informativeness is offered 
by the level of lymphopenia and changes in lymphocyte 
subpopulations, as well as such indicators as C-reactive 
protein, procalcitonin, and ferritin, which are nonspecific 
markers of inflammation [14–17]. Given the character-
istic changes in the blood coagulation system accom-
panying COVID-19, the search for such markers is also 
conducted among hemostatic parameters. A number 
of researchers have noted a correlation between high 
D-dimer levels and mortality, although its threshold 
prognostic values vary widely [18–20].

The selection of parameters characterizing the state 
of plasma hemostasis and the degree of blood cell acti-
vation, which can be used for prognostic assessment of 
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disease severity and outcome, will contribute to a more 
rational management of patients with COVID-19.

This study is aimed at identifying predictors of ad-
verse outcomes of the novel coronavirus infection based 
on the assessment of parameters characterizing the 
state of the hemostasis system. 

MATERIALS AND METHODS 

The study group included 163 patients (78 males and 
85  females, aged 35–90  years, median age 69  years) 
with severe or moderate forms of COVID-19. All the pa-
tients were treated in intensive care units. The inclusion 
criteria were the age over 18 years old and confirmed 
novel coronavirus infection with a positive laboratory test 
for SARS-CoV-2 RNA. The exclusion criteria were the 
age under 18 years, history or presence of oncological 
disease, HIV infection, hepatitis B and C, liver pathology 
with impaired function, kidney disease with altered glo-
merular filtration rate, and regular use of any anticoagu-
lant drugs prior to the onset of the disease.

The severity of the disease was determined by the 
degree of lung involvement, which exceeded 25%, as 
well as patient comorbidities. Among the examined 
patients, 120  (74%) recovered, while 43  (26%) had an 
adverse (fatal) outcome. Depending on the disease out-
come, patients were divided into two groups for the as-
sessment of hemostasis parameters and microparticle 
(MP) characteristics: the group of survivors (n = 120) and 
the group of deceased patients (n = 43).

Blood samples for the study were collected upon pa-
tients’ admission to the hospital, prior to the initiation of 
specific therapy and anticoagulant prophylaxis, using a 
vacuum system with Vacutest vacuum tubes containing 
3.2% sodium citrate as an anticoagulant.

The following parameters characterizing the state of 
plasma hemostasis were evaluated: Quick’s prothrombin 
time (PT), fibrinogen concentration (Fg), activated partial 
thromboplastin time (APTT), factor VIII activity (f.VIII), ris-
tocetin cofactor activity and von Willebrand factor con-
tent (vWF:RCof and vWF:Ag, respectively), protein C ac-
tivity (PC) and antithrombin (AT), as well as free protein S 
level (PS). Reagents from HemosIL (Instrumentation 
Laboratory, USA) were used, and all studies were per-
formed in accordance with the manufacturer’s instruc-
tions for reagents and equipment. The listed parameters 
were determined using automated coagulometers of the 
ACL series, including ACL Top 300 CTS and ACL Elite 
Pro (Automated Coagulation Laboratory, Instrumentation 
Laboratory, USA). 

For the analysis of microparticle characteristics using 
flow cytometry, platelet-poor plasma was centrifuged 
using a ThermoFisherScientific centrifuge (Germany) at 
22°C for 30 min at 14,000 g. After high-speed centrifuga-
tion, the supernatant was aspirated, and the pellet was 
collected and resuspended by adding 100 μL of phos-
phate-buffered saline (PBS). The resulting microparticle 

suspension was used for further analysis. To determine 
the quantity and origin of microparticles, a laser flow cy-
tometer Cytoflex (Beckman Coulter, USA) was employed 
using fluorescently labeled antibodies against surface 
markers of cells as follows: platelet-derived (CD41), leu-
kocyte-derived (CD45), and endothelial-derived (CD144).

Statistical analysis of the results obtained was per-
formed using the Statistica 12.0 software (StatSoft Inc., 
USA). Asymmetrical data distribution was identified us-
ing the Shapiro–Wilk test; the results are presented as 
median  (M

e
) and interquartile [25–75 percentile] range 

[Q
1
–Q

3
]. Comparison between the two groups was 

conducted using the non-parametric Mann–Whitney 
U-test. To identify the threshold values of variables as-
sociated with adverse outcomes of COVID-19, ROC 
analysis was performed with the construction of ROC 
curves. The quantitative interpretation of ROC curves 
was assessed using the Area Under the Curve (AUC) 
metric, which represents the area bounded by the ROC 
curve and the axis of false positive rates. An AUC value 
below  0.5 indicated the unsuitability of the selected 
classification method, while an AUC above  0.7 char-
acterized the high predictive power of the constructed 
model. The Youden index was used as a criterion for 
determining the optimal threshold point or cutoff value 
along the ROC curve, allowing evaluation of the differ-
ence between the proportion of true positive results 
(sensitivity) and the proportion of false positive results 
(specificity) to select the optimal threshold value. The 
critical level of statistical significance was set at 0.05.

RESULTS

The results obtained by comparing the plasma hemo-
stasis parameters of the examined patients, depending 
on the disease outcome, are presented in Table 1.

The results presented in Table 1 indicate significant 
differences between the two groups of examined pa-
tients. Thus, an adverse disease outcome was associ-
ated with a 1.4-fold increase in von Willebrand factor 
activity (340.0 [260.1–420.0]; p = 0.01), a 1.2-fold de-
crease in Quick’s prothrombin time (65.3  [51.0–73.9]; 
p  =  0.00), and a reduction in antithrombin activity to 
85.3  [71.0–97.5]; p  =  0.034 when compared to the 
group of survivors. The most significant differences in-
volved the concentration of D-dimer, which was nearly 
four times higher in deceased patients (1670.0 [715.0–
4334.5]; p ≤ 0.0001) relative to levels in patients with a 
favorable disease outcome. These findings are consist-
ent with data obtained by other researchers who have 
also identified a significant increase in D-dimer levels 
as a marker of adverse progression and outcome of the 
novel coronavirus infection [21, 22].

Additionally, we conducted an analysis of plasma 
microparticle characteristics in the examined patients 
based on disease outcome. The obtained results are 
presented in Table 2.
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The data presented in Table 2 indicate a significant 
increase in platelet-derived microparticles in patients 
with adverse disease outcomes compared to survivors. 
No significant differences were observed between the 
two groups in the number of endothelial-derived MPs. 
Leukocyte-derived microparticles were detected in 
negligible quantities, which precluded robust statistical 
analysis.

For further analysis, results from tests with param-
eters that significantly differed between patient groups 
based on disease outcome were selected, namely: 
•	 D-dimer concentration,
•	 von Willebrand factor (vWF) activity,
•	 antithrombin (AT) activity,
•	 Quick’s prothrombin time (PT),
•	 platelet-derived MP count.

ROC analysis of vWF activity and antithrombin activ-
ity did not yield high-quality predictive models for ad-
verse outcomes of COVID-19. Conversely, ROC analy-
sis for parameters such as D-dimer, Quick’s PT, and 

platelet-derived MP count — which are directly associat-
ed with adverse COVID-19 outcomes — demonstrated 
models with a high predictive power:
•	 AUC for D-dimer 0.787;
•	 AUC for Quick’s PT 0.747;
•	 AUC for platelet-derived MPs 0.798.

The results allowed the determination of threshold 
values for these parameters, indicating a high probability 
of lethal outcome. For D-dimer levels, the highest Youden 
index  (47.2), corresponding to a sensitivity of 72% and 
specificity of 75.2%, was achieved at a threshold value 
of **800 ng/mL** (Fig. 1).

For the indicator of Quick’s prothrombin time (PT), 
the highest Youden index of  44.3, corresponding to a 
model sensitivity of 70% and specificity of 74.3%, was 
achieved at a threshold value of 70% (Fig. 2).

For the platelet-derived microparticle count, the high-
est Youden index of 50.5, corresponding to a sensitivity 
of  77.8% and specificity of  72.7%, was achieved at a 
threshold value of 3.22% of events (Fig. 3).

Table 1. Parameters characterizing the plasma hemostasis status of COVID-19 patients 

Parameters Survivors (n = 120) Deceased (n = 43)
Level of statistical 

significance*, p

APTT 0.88 [0.82–0.97] 0.88 [0.82–1.08] 0.407

PT, % 79.0 [70.2–85.1] 65.3 [51.0–73.9] 0.000

FG, g/L 5.4 [4.1–6.9] 5.5 [3.6–8.0] 0.931

F.VIII, % 112.4 [85.8–165.5] 150.0 [80.3–217.2] 0.08

vWF:RCo, % 250.5 [180.0–350.1] 340.0 [260.1–420.0] 0.01

vWF:Ag, % 219.6 [198.3–321.2] 340.0 [260.1–420.0] 0.08

D-dimer, ng/mL 387.0 [220.0–724.5] 1670.0 [715.0–4334.5] <0.0001

АТ, % 97.7 [84.3–105.0] 85.3 [71.0–97.5] 0.034

PC, % 97.0 [79.7–117.3] 88.0 [67.2–102.0] 0.185

PS, % 75.2 [56.5–90.0] 62.7 [48.2–86.3] 0.138

Table compiled by the authors based on original data

Note: * — comparison was performed between groups of COVID-19 patients; APTT — activated partial thromboplastin time, PT — Quick’s 
prothrombin time, FG — fibrinogen concentration, f.VIII — factor VIII activity, vWF:RCo — ristocetin cofactor activity, vWF:Ag — von Willebrand 
factor antigen, АТ — antithrombin activity, PC — protein C activity, PS — free protein S.

Table 2. Characterization of microparticles in COVID-19 patients

Cellular Marker Survivors (n = 15) Deceased (n = 9)
Level of statistical 

significance*, p

CD41+ (% of events) 2.22 [1.385–3.25] 4.27 [3.48–4.61] 0.025

CD144+ (% of events) 0.03 [0.02–0.03] 0.05 [0.03–0.06] 0.8

Table compiled by the authors based on original data 

Note: * — comparison was performed between the study groups of COVID-19 patients. 
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Thus, the analysis of sensitivity and specificity of 
the selected parameters allows us to consider the fol-
lowing markers as predictors of an adverse outcome in 
COVID-19:
•	 Quick’s prothrombin time (PT) below 70%,
•	 D-dimer level above 800 ng/mL,
•	 Platelet-derived microparticle  (MP) count 

above 3.22% of events.

CONCLUSION

Disturbances in the hemostatic system play a key 
role in the pathogenesis of COVID-19 complications. 
Prothrombotic changes lead to the development of 
thrombotic processes in vessels of various types and 
calibers, thus aggravating the disease prognosis. Our 
study revealed that a number of parameters characteriz-
ing the state of the hemostasis system, namely D-dimer 
concentration and Quick’s prothrombin time (PT), can 
be used as laboratory predictors of lethal disease out-
comes. Given the limited size of the patient sample in 
which microparticle characteristics were determined, 
further research is needed to establish their significance 
for the development of adverse COVID-19 progression 
and outcomes.

Figure prepared by the authors based on original data

Fig. 1. ROC curves for evaluating the predictive model 
of elevated D-dimer levels and adverse outcomes in 
COVID-19

Figure prepared by the authors based on original data

Fig. 2. ROC curves for evaluating the predictive model 
of Quick’s prothrombin test (PT) reduction and adverse 
outcome in COVID-19

Figure prepared by the authors based on original data

Fig. 3. ROC curves for evaluating the predictive 
model of platelet-derived microparticles and adverse 
outcomes in COVID-19

S
e

n
si

ti
vi

ty

1 – Specificity

Diagonal segments generated by ties

0.0

0.2

0.4

0.6

0.8

1.0

0.2 0.4 0.6 0.8 1.00.0

S
e

n
si

ti
vi

ty
1 – Specificity

Diagonal segments generated by ties

0.0

0.2

0.4

0.6

0.8

1.0

0.2 0.4 0.6 0.8 1.00.0

S
e

n
si

ti
vi

ty

1 – Specificity

Diagonal segments generated by ties

0.0

0.2

0.4

0.6

0.8

1.0

0.2 0.4 0.6 0.8 1.00.0



592

Оригинальная статья | Гематология

МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ | 2025, ТОМ 27, № 4

References

1.	 Galstyan GM. Coagulopathy in COVID-19. Pulmonology. 
2020;30(5):645–57 (In Russ.).

	 https://doi.org/10.18093/0869-0189-2020-30-5-645-657
2.	 Bulanov AYu, Roitman EV. New coronavirus infection, hemo-

static and heparin dosing problems: it is important to say 
now. Thrombosis, Hemostasis and Rheology. 2020;2:11–8 
(In Russ.).

	 https://doi.org/10.25555/THR.2020.2.0913
3.	 Lobastov KV, Porembskaya OYa, Schastlivtsev IV. Efficiency 

and safety of antithrombotic therapy in COVID-19. Ambulatory 
Surgery. 2021;18(2):17–30 (In Russ.).

	 https://doi.org/10.21518/1995-1477-2021-18-2
4.	 Di Minno AD, Ambrosino P, Calcaterra I, Di Minno MND. 

COVID-19 and venous thromboembolism: a meta-analysis of 
literature studies. Seminars in Thrombosis and Hemostasis. 
2020;46(7):763–71.

	 https://doi.org/10.1055/s-0040-1715456
5.	 Matvienko OYu, Korsakova NE, Lerner AA, Shvedova TN, 

Papayan LP. The state of the plasma hemostasis in patients 
with coronavirus infection caused by the SARS-CoV-2 virus. 
Thrombosis, Hemostasis and Rheology. 2020;4:52–6 (In Russ.).

	 https://doi.org/10.25555/THR.2020.4.0945
6.	 Schulman S, Hu Y, Konstantinides S. Venous thrombo-

embolism in COVID-19. Thrombosis and Haemostasis. 
2020;120(12):1642–53.

	 https://doi.org/10.1055/s-0040-1718532
7.	 Kuznetsov SI, Shestakov EA, Zhiburt EB. Coagulopathy in 

COVID-19 infection. Thrombosis, Hemostasis and Rheology. 
2020;4:31–4 (In Russ.).

	 https://doi.org/10.25555/THR.2020.4.0942
8.	 Ranucci M, Ballotta A, Di Dedda U, Baryshnikova E, Dei 

Poli M, Resta M, et al. The procoagulant pattern of patients 
with COVID-19 acute respiratory distress syndrome. Journal 
of Thrombosis and Haemostasis. 2020;18(7):1747–51.

	 https://doi.org/10.1111/jth.14854
9.	 Momot AP, Tsarigorodtseva NO, Fedorov DV, Bishevski KM, 

Vostrikova NV, Klimova EE. Platelet microvesicles and their 
role in providing hemostatic potential (literature review). 
Siberian Scientific Medical Journal. 2020;40(2):4–14 (In 
Russ.).

	 https://doi.org/10.15372/SSMJ20200201
10.	 Zubairov DM, Zubairova LD. Microvesicles in the blood. 

Functions and their role in thrombus formation. Moscow: 
GEOTAR-Media; 2009 (In Russ.).

11.	 Sirotkina OV, Ermakov AI, Gaykovaya LB, Kudlay DA, Vavilova 
TV. Microparticles of blood cells in patients with COVID-19 as 
a marker of hemostasis activation. Thrombosis, Hemostasis 
and Rheology. 2020;4:35–40 (In Russ.).

	 https://doi.org/10.25555/THR.2020.4.0943
12.	 Tang K, Wu L, Luo Y, Gong B. Quantitative assess-

ment of SARS-CoV-2 RNAemia and outcome in patients 
with coronavirus disease. Journal of Medical Virology. 

2021;93(5):3165–75.
	 https://doi.org/10.1002/jmv.26876
13.	 Li Y, Shang K, Bian W, He L, Fan Y, Ren T, et al. Prediction 

of disease progression in patients with COVID-19 by artificial 
intelligence assisted lesion quantification. Scientific Reports. 
2020;10(1):22083.

	 https://doi.org/10.1038/s41598-020-79097-1
14.	 Ozel AS, Altunal LN, Aydin M, Unal M, Cam G, Ozer MC, et al. 

Clinical characteristics and risk factors associated with severe 
disease and outcome of patients with COVID-19. Journal of 
Infection in Developing Countries. 2022;16(3):435–44.

	 https://doi.org/10.3855/jidc.15411
15.	 Henry BM, de Oliveira MHS, Benoit S, Plebani M, Lippi G. 

Hematologic, biochemical and immune biomarker abnor-
malities associated with severe illness and mortality in coro-
navirus disease 2019 (COVID-19): a meta-analysis. Clinical 
Chemistry and Laboratory Medicine. 2020;58(7):1021–8.

	 https://doi.org/10.1515/cclm-2020-0369
16.	 Mishchenko TA, Ermakova PA, Ermakova AA, Tseller LP, 

Rogozhkina YA, Verteletskaya MI, et al. Predictors of severe 
course of new coronavirus infection (COVID-19): study de-
sign. Therapeutic Archive. 2022;94(11):1246–51 (In Russ.).

	 https://doi.org/10.26442/00403660.2022.11.201402
17.	 Bobcakova A, Petriskova J, Vysehradsky R, Kocan I, 

Kapustova L, Barnova M, et al. Immune profile in patients 
with COVID-19: lymphocytes exhaustion markers in relation-
ship to clinical outcome. Frontiers in Cellular and Infection 
Microbiology. 2021;11:646688.

	 https://doi.org/10.3389/fcimb.2021.646688
18. 	 Rajpoot A, Mishra M, Banerjee S, Kumar A, Panda PK, 

Sindhwani G, et al. Predictors of poor outcome in patients 
with COVID-19 associated respiratory failure: a retrospective 
observational study. Journal of the Association of Physicians 
of India. 2023;71(4):11–2.

19.	 Oudkerk M, Büller HR, Kuijpers D, Oudkerk SF, van Beek JR. 
D-Dimer and COVID-19. Radiology. 2020;297(3):343–4.

	 https://doi.org/10.1148/radiol.2020203481
20.	 Zhang L, Yan X, Fan Q, Liu X, Liu Z, Zhang Z, et al. D-dimer 

levels on admission to predict in-hospital mortality in patients 
with Covid-19. Journal of Thrombosis and Haemostasis. 
2020;18(6):1324–9.

	 https://doi.org/10.1111/jth.14859
21.	 Momot DA, Mamaev AN, Nikolaeva MG, Momot AP, 

Kudinov  AV, Neimark MI. Advancing plasma D-dimer level 
determination: an applicability analysis for COVID-19 pa-
tients at the hospital stage. Bulletin of Medical Science. 
2023;2(30):79–86 (In Russ.).

	 https://doi.org/10.31684/25418475-2023-2-79
22.	 Vorobyeva NA, Vorobyeva AI. Predictive value of D-dimer in 

COVID-19. Health Care Standardization Problems. 2021;5–
6:36–42.

	 https://doi.org/10.26347/1607-2502202105-06036-042

Authors’ contributions. All authors confirm that their authorship meets the ICMJE criteria. The greatest contributions 
are as follows: Olesia U. Matvienko — conceptualization, development of the research methodology, data administra-
tion, and writing the draft manuscript; Olga A. Smirnova — data visualization and research; Olga G. Golovina — writing 
and editing the manuscript.



593EXTREME MEDICINE | 2025, VOLUME 27, No 4

Original article | Hematology

AUTHORS

Olesia U. Matvienko, Cand. Sci. (Med.)
https://orcid.org/0000-0003-2728-6590
matolesya@mail.ru 

Olga A. Smirnova, Cand. Sci. (Med.)
https://orcid.org/0000-0001-5060-5102
olasova@mail.ru

Olga G. Golovina, Cand. Sci. (Biol.)
https://orcid.org/0000-0002-8532-8958
olga.golovina.48@mail.ru 





Journal of FMBA of Russia

ISSN Print 2713-2757
ISSN Online 2713-2765

Vol. 27 No. 4 / 2025

MAIN TOPIC: CURRENT ISSUES 
IN TOXICOLOGY 

EXTREMEMEDICINE.RU

Scientific and practical reviewed journal
of FMBA of Russia
extrememedicine.ru




