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ANALYSIS OF FACTORS INFLUENCING APOPTOTIC PROCESSES DURING 
FORMATION OF LONG-TERM HEALTH EFFECTS OF SEVERE ACUTE POISONING 
WITH NEUROTROPIC TOXICANTS 

Evgeny B. Shustov1, Margarita V. Melnikova1, Kristina V. Masterova1, Vladimir F. Ostrov1, Ekaterina A. Zolotoverkhaja1, Larisa G. Kubarskaya1, 

Ksenia O. Tanayants1, Alexander A. Kozlov1, Yulia O. Sokolova1, Petr K. Potapov1,2.

1 Golikov Research Center of Toxicology, St. Petersburg, Russia

2 Military Medical Academy, St. Petersburg, Russia

Background. The nervous system damage caused by neurotoxicants is characterized by various morphological changes, manifested mainly by dystrophic 

and necrotic processes. The key mechanisms of post-intoxication asthenia pathogenesis, determined by the specifics of the toxicant, involve activation of 

apoptosis, trophic disorder, lipid peroxidation (LPO), neuropeptide regulatory insufficiency, as well as cerebrospinal fluid dynamics disorders.

Objective. Quantification of the contribution of apoptosis, oxidative stress, and neurotrophin regulation processes to the formation of long-term health con-

sequences of severe acute poisoning with neurotropic toxicants. 

Material and methods. Experimental studies were performed in male rats. The following toxicants were used: phenylcarbamate (1.6 mg/kg bw), methanol 

(11.5 g/kg bw), lead acetate (300 mg/kg bw). The period of formation of long-term health effects was 30 days. The level of apoptosis of the brain temporal 

cortex neurons was evaluated by the TUNEL method. The identification of blood plasma neurospecific proteins was carried out by the ELISA method. Evalu-

ation of LPO and antioxidant system was carried out by standard biochemical methods.

Results. Exposure to the substances caused the signs of toxic effects in rats on days 1–2. The maximum severity of poisoning with phenylcarbamate was on 

the first day, while the maximum severity of poisoning with methanol and lead acetate was manifested on the second day. By days 5–7, the survived animals 

showed a normalization in the status regardless of the toxicant. On day 30, violations were detected, the totality of which allowed the survived animals to be 

divided into subgroups according to the manifestation of functional signs of long-term health effects of acute poisoning.

Conclusions. The formation of long-term health effects of severe acute poisoning with the studied neurotoxicants was shown to be associated with an 

increase in the number of TUNEL positive neurons and a decrease in the S100 protein serum concentration. Lipid peroxidation in brain tissues during the 

specified period did not play a significant role in apoptosis activation.

Keywords: psychoorganic syndrome; antioxidant system; apoptosis; neuron-specific proteins; neurotoxicants, late effect of intoxication; lipid peroxidation
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АНАЛИЗ ФАКТОРОВ, ВЛИЯЮЩИХ НА ПРОЦЕССЫ АПОПТОЗА В ПЕРИОДЕ ОТДАЛЕННЫХ 
ПОСЛЕДСТВИЙ ТЯЖЕЛЫХ ОСТРЫХ ОТРАВЛЕНИЙ НЕЙРОТРОПНЫМИ ТОКСИКАНТАМИ

Е.Б. Шустов1, М.В. Мельникова1, К.В. Мастерова1, В.Ф. Остров1, Е.А. Золотоверхая1, Л.Г. Кубарская1, К.О. Танаянц1, А.А. Козлов1, 

Ю.О. Соколова1, П.К. Потапов1,2

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

2 Военно-медицинская академия имени С.М. Кирова, Санкт-Петербург, Россия

Введение. Поражение нервной системы при действии нейротоксикантов характеризуется различными морфологическими изменениями, прояв-

ляющимися в основном дистрофическими и некротическими процессами. Ключевыми механизмами патогенеза постинтоксикационной астении, 

определяющимися спецификой токсиканта, являются активация апоптоза, нарушение трофики, активация перекисного окисления липидов (ПОЛ), 

недостаточность нейропептидного звена регуляции, нарушения ликвородинамики.

Цель. Количественная оценка вклада процессов апоптоза, оксидативного стресса и нейротрофиновой регуляции в формировании отдаленных 

последствий тяжелых острых отравлений нейротропными токсикантами.

Материалы и методы. Экспериментальное исследование выполнено на крысах-самцах. В качестве токсикантов использовались: фенилкар-

бамат (1,6 мг/кг м.т.), метанол (11,5 г/кг м.т.), ацетат свинца (300 мг/кг м.т.). Период формирования отдаленных последствий составил 30 суток. 

Уровень апоптоза нейронов височной коры головного мозга определяли методом TUNEL. Определение нейроспецифических белков в плазме 

крови осуществлялось ИФА-методом. Определение показателей ПОЛ и антиоксидантной системы проводили стандартными биохимическими 

методами.

Результаты. Воздействие веществ вызывало признаки токсического действия у крыс на 1–2-е сутки, причем у фенилкарбамата с максимальной 

выраженностью в первые, а у метанола и ацетата свинца — на вторые. К 5–7-м суткам у выживших животных (независимо от токсиканта) состоя-

ние нормализовалось. На 30-е сутки были выявлены нарушения, совокупность которых позволила разделить выживших животных на подгруппы 

по уровню сформированности функциональных признаков отдаленных последствий острых отравлений.

© E.B. Shustov, M.V. Me lnikova, K.V. Masterova, V.F. Ostrov, E.A. Zolotoverkhaja, L.G. Kubarskaya, K.O. Tanayants, A.A. Kozlov, 

Yu.O. Sokolova, P.K. Potapov, 2024
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Выводы. Показано, что формирование отдаленных последствий тяжелых острых отравлений для исследуемых нейротоксикантов связано с по-

вышением количества TUNEL-позитивных нейронов и снижением концентрации белка S100 в сыворотке. Процессы ПОЛ в тканях мозга в указан-

ные сроки не играли существенной роли в активации апоптоза.

Ключевые слова: психоорганический синдром; антиоксидантная система; апоптоз; нейроспецифические белки; нейротоксиканты; отдаленные 

последствия отравлений; перекисное окисление липидов
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INTRODUCTION

The long-term period following severe acute poisoning with 

neurotropic toxicants is characterized by the development 

of mainly nonspecific manifestations of the psychoorganic 

syndrome, post-intoxication and cerebrogenic asthenia, 

toxic polyneuropathies. Toxic damage to the nervous sys-

tem, as well as to other body tissues, involves various mor-

phological changes at the cellular and tissue levels and is 

manifested by various dystrophic and necrotic processes 

[1–2]. The use of light microscopy makes it possible to es-

tablish the presence of neuronal apoptosis, which is a con-

sequence of most toxic lesions of the nervous system [3]. 

Toxic damage to brain tissue is characterized by small foci 

of necrosis, often elective, in which only individual tissue 

elements are damaged (some of them remain); such foci 

are manifested by rarefaction of the neuropil and gliopenia. 

The morphological basis of the psychoorganic syndrome in 

neurointoxication consists in the death of neurons and glial 

cells associated with both the direct toxic effect of xenobi-

otics and the induction of apoptotic processes [4]. The key 

mechanisms behind the pathogenesis of post-intoxication 

asthenia, determined by the specifics of the toxicant, in-

volve activation of apoptosis, trophic disorder, lipid per-

oxidation (LPO), neuropeptide regulatory insufficiency, and 

cerebrospinal fluid dynamics disorders. Toxic neuropathies 

are manifested by segmental demyelination (toxic myelopa-

thy) and axonal degeneration (toxic distal axonopathy).

The nonspecific mechanisms of toxic action charac-

teristic of all neurotropic xenobiotics include inhibition of 

enzyme activity due to the blockade of sulfhydryl, carbox-

yl, amino, and other functionally active structural groups 

in peptides and proteins; formation of oxidative stress with 

subsequent activation of LPO processes1; mitochondrial 

inhibition; calcium homeostasis disorder; excitotoxicity; 

proinflammatory cytokine expression, inflammatory pro-

cess induction in nervous tissue; haptenic modification of 

proteins with their acquisition of antigenic properties and 

induction of autoimmune damage mechanisms; inhibition 

of neurotrophin release, neurogenesis and gliogenesis 

in combination with suppression of proliferation and dif-

ferentiation of new neurons and gliocytes; increased per-

meability of the blood-brain barrier; increased processes 

of cell apoptosis of the central and peripheral nervous 

system2 [5–8].

Taking all the above mentioned into account, a deeper 

understanding of the long-term health effects of severe 

acute poisoning with neurotropic toxicants is required. 

In this connection, the present study aims to assess the 

quantitative contribution of apoptosis, oxidative stress, and 

neurotrophin regulation processes to the formation of long-

term health consequences of severe acute poisoning with 

neurotropic toxicants.

MATERIALS AND METHODS

The experimental study involved 53 male outbred rats with 

a body weight (bw) of 180–220 g (baseline), received from 

the Kurchatov Institute Research Center  —  Rappolovo 

Nursery (Leningrad Region, Russia).

Long-term effects were simulated by a single admin-

istration of a neurotropic toxicant to laboratory animals at 

a dose of LD
50

. The period of formation of long-term con-

sequences was 30 days. The following were used as toxi-

cants:

• phenylcarbamate, a reversible acetylcholinesterase in-

hibitor, synthesized in the Golikov Research Center of 

Toxicology [11];

• methanol (Vecton, Russia), an organic solvent that im-

plements its toxic effect by damaging cell membranes;

• lead acetate (Reahim, Russia), an organic heavy metal 

salt that suppresses the activity of various enzymes.

Laboratory animals were divided into four groups:

• group 1 or C (Control) (n = 8), intragastric administration 

of 0.5 mL of saline solution;

• group 2 or PC (Phenylcambamate) (n = 15), intraperi-

toneal administration of an 0.1% aqueous solution at a 

dose of 1.6 mg/kg bw; 

1 FMBA Guidelines 12.08-2021 Clinic, diagnosis and treatment of chronic poisoning (exposure) to neurotoxic substances. 2021. (In Russ.)
2 Badalyan AV., Belova MV., Brusin KM. et al. Medical Toxicology: National guidelines. М.: GEOTAR-Media, 2014. (In Russ.)
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• group 3 or M (Methanol) (n = 15), intragastric adminis-

tration of a 75% aqueous solution at a dose of 

11.5 g/kg bw; 

• group 4 or LA (Lead acetate) (n  =  15), intraperitoneal 

administration of a 5% aqueous solution at a dose of 

300 mg/kg bw.

The signs of toxic effects identified as a result of ob-

servation were evaluated in points according to the scale 

of signs of intoxication [10]. The dynamics of the animals’ 

body weight, their consumption of feed and water were de-

termined weekly.

To assess the formation of the phase of long-term 

consequences, neurophysiological testing of animals 

was performed on days 7, 15, 28 by such tests  as open 

field (VideoMot 2, TSE, Germany), rotating rod (Rota-Rod 

Treadmills for rats 7700-7750, Ugo Basile, Italy), grip strength 

(Gripstrengthmeter 303500 series, TSE, Germany), sensory 

reactions tests (Startle Response System, TSE, Germany), 

assessment of the conditioned passive avoidance reflex 

(CPAR) (PACS-30, Columbus Instruments, USA).

On day 28, blood and brain tissue samples were col-

lected from the survived animals (n = 32) for subsequent 

examination.

The determination of neurospecific proteins (neurospe-

cific enolase NSE, brain neurotrophic factor BDNF, basic 

myelin protein MBP and calcium-binding protein S100) in 

animal blood plasma was carried out by enzyme immu-

noassay using commercial kits (Cloud-Clone Corp., USA) 

according to the manufacturer’s instructions. Indicators 

of lipid peroxidation (diene conjugates of DC, malonic di-

aldehyde MDA); the antioxidant system of AOS (reduced 

glutathione GSH, activity of glutathione transferase GST, 

glutathione peroxidase GP, superoxide dismutase SOD), as 

well as energy metabolism (activity of glucose-6-phosphate 

dehydrogenase G6PDH) were determined in the homogen-

ate of brain tissue, as described in [11].

The activity of apoptotic processes was assessed by 

determining the number of TUNEL-positive (terminal de-

oxynucleotidyl transferase dUTP nick end labeling) cells 

in the temporal cortex of rats. The choice of this area of 

the cortex was determined by the peculiarities of its cyto-

architectonics (high density of neurons, radial divergence of 

cortical columns, presence of eight types of interneurons 

and projections from the auditory, statokinetic, gustatory 

and olfactory analyzers, thalamus, their high sensitivity to 

hypoxia, frequent dysplasia and the ability to epileptogen-

esis). Apoptotic TUNEL cells were counted on 4–5 slices 

of the studied brain area using a commercial Elabscience® 

E-CK-A320 kit “TUNEL In Situ Apoptosis Kit (Green, FITC), 

One-step TUNEL In Situ Apoptosis Kit”. Images of brain 

slices were obtained using a Nikon Eclipse 80i microscope 

with a Nikon DS-Fi1c color camera at a magnification of 

×100 for analysis and ×200 for photographic materials at a 

resolution of 1280×960 pixels using the NIS-Elements AR 

4.20.00 software application. Apoptotic TUNEL cells were 

counted on 4–5 slices of the studied area of the brain of 

each animal.

Statistical processing of the experimental data obtained 

was carried out in the MS EXCEL spreadsheet processor 

using the Data Analysis application software and the spe-

cialized statistical analysis software Statistica v.10. The 

methods of frequency, variance, factor, and correlation 

analysis were used. The significance of differences between 

the groups was assessed using the rank-sum test (White), 

the Fisher’s exact probability test for frequency analysis, 

the F-criterion of the analysis-of-variance (ANOVA).

RESULTS

Observation of animals during the acute intoxication period 

showed that toxic effects signs (according to the sum of 

points characterizing the features of appearance, muscle 

tone, motor activity, and reaction to gripping) were detect-

ed on 1–2 days, with a rapid normalization of the condition 

by days 5–7 in the survived animals (Fig. 1).

The clinical picture of acute phenylcarbamate intoxi-

cation was dominated by signs of seizures and ataxia. 

Methanol poisoning led to a decreased muscle tone and 

motor activity, impaired coordination of movements and 

posture, decreased sensitivity and reflexes. Under lead 

acetate intoxication, the enteropathogenic symptom com-

plex, irritation of the peritoneum, impaired motor activity 

and respiration were observed. At the same time, different 

toxicants were characterized by a different rate of increase 

and decrease in the symptoms of intoxication (the fastest 

and most pronounced manifestation of intoxication, an in-

tensive decrease for phenylcarbamate, a slower decrease 

for methanol). Lead acetate was characterized by a slower 

increase in poisoning symptoms, which is associated with 

the peculiarities of its absorption in the body.

During dynamic observation of animals, no statistical-

ly significant differences were found between the control 

group and the groups of animal survivors of acute intoxica-

tion in terms of such indicators as body weight, feed intake, 

paw grip strength, retention time on a rotating rod, as well 

as in terms of individual indicators of the neurophysiologi-

cal techniques used (locomotor activity, emotional lability, 

aggressiveness, grooming in the open field test; locomo-

tor activity and staying in the illuminated sector during the 

CPAR test; indicators of reflex response to harsh sound 

and latency characteristics in the Startle Response System 

test). Therefore, these indicators were not reflected in the 

tables and figures following below.

On day 30 of the study, signs of impaired ingestive 

(feeding and drinking) behavior, reproduction of CPAR, 
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coordination of movements, inhibition in polysynaptic reflex 

circuits, depletion of activation influences were revealed 

(Table 1). The totality of these signs allowed the animal poi-

soning survivors to be divided into subgroups according to 

the level of formation of functional signs of the long-term 

health consequences of acute poisoning.

Table 1 indicates that early stages after acute intoxica-

tion (seven days) were associated with a statistically signifi-

cant increase in water consumption in animals treated with 

phenylcarbamate and methanol. Additional water intake is 

explained by the need to reduce the concentration of the 

toxicant and accelerate its excretion from the body.

In the methanol exposure group, male rats demonstrat-

ed a decrease in search and research activity of 2.8 ± 0.7 

units versus 9.2 ± 1.7 units in control animals, which is a 

manifestation of the direct toxic effect of the substance. 

The animals also showed disorders in the reproduction of 

conditioned reflexes in the CPAR test, a post-stress effect 

in animals from the phenylcarbamate group of 33 ± 13 s 

versus 4 ± 3 s in the control group, a shortening of the re-

action time to a flash of light of 7 ± 1 ms versus 13 ± 3 ms 

in the control group. The group of animals exposed to 

methanol demonstrated a decrease in the amplitude of the 

reaction in response to an electrical stimulus of 46  ±  15 

Table 1. Dynamics of neurophysiological parameters in the post-intoxication period

Indicator, test Group
Days after intoxication

7 15 21 28

Water consumption, mL/day # Control 26.9 25.6 27.5 28.1

Phenylcarbamate 32.8* 32.2 33.3* 36.8*

Methanol 32.0* 35.5* 21.1 20.0*

Lead Acetate 24.0 23.0 21.1 20.0*

Search and research activity, units Control 9.2 ± 1.7 8.9 ± 1.6 6.0 ± 1.5 4.9 ± 1.0

Phenylcarbamate 11.4 ± 1.1 10.2 ± 1.2 6.2 ± 1.3 5.6 ± 1.3

Methanol 2.8 ± 0.7* 3.1 ± 0.8* 4.5 ± 0.4 4.9 ± 1.0

Lead Acetate 14.6 ± 0.9 12.4 ± 2.0 8.2 ± 2.0 9.2 ± 1.2*

Duration of stay in a dark cell, s Control 29 ± 15 - - 4 ± 3

Phenylcarbamate 75 ± 11* - - 33 ± 13*

Methanol 35 ± 14 - - 24 ± 13

Lead Acetate 35 ± 23 - - 40 ± 2.5*

Treadmill, proportion of completed the test, % Control 100 100 100 100

Phenylcarbamate 89 100 78 33

Methanol 100 0♦ 44 44

Lead Acetate 100 30 70 0♦

Response to sound, amplitude, units Intact 76 ± 34 123 ± 63 247 ± 113

Phenylcarbamate 153 ± 72 271 ± 135 303 ± 134

Methanol 61 ± 39 248 ± 33 159 ± 59

Lead Acetate 76 ± 31 112 ± 58 79 ± 25

Reaction to light, duration, ms Control 13 ± 3 9 ± 2 15 ± 2

Phenylcarbamate 14 ± 2 9 ± 4 16 ± 2

Methanol 7 ± 1* 9 ± 1 21 ± 2*

Lead Acetate 20 ± 5 9 ± 4 31 ± 2●

Response to an electrical stimulus, amplitude, 

units

Control 224 ± 46 293 ± 111 618 ± 80

Phenylcarbamate 283 ± 67 358 ± 78 537 ± 145

Methanol 46 ± 15♦ 337 ± 60 315 ± 63♦

Lead Acetate 202 ± 70 360 ± 140 221 ± 74♦

Table prepared by the authors based on their own data

Notes: the data is presented as the mean value and the standard error of the mean (M ± m); the indicator “water consumption” is presented as the mean group 

value; “–” — not investigated; statistically significant differences with the control animal group: * — p < 0.05; ♦ — p < 0.01; ● — p < 0.001.
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units, compared with animals from the control group, 

224  ±  46  units. These signs correspond to a prolonged 

period of acute intoxication pattern.

In the following periods, the severity of the above 

changes was mostly leveled. At the end point of the study 

(day 28), the animals from the PC group retained increased 

water consumption and impaired conditioned reflex repro-

duction, which had been noted in the early stages after 

intoxication.

In animals exposed to methanol, the initial increase in 

water consumption was replaced by its decrease on day 

21. Along with this, the early increase in the duration of the 

reaction to a flash of light and a decrease in the amplitude 

of the response to an electrical stimulus were leveled by the 

end of the experiment. 

In the group of animals who survived lead acetate 

poisoning, a decrease in water consumption was noted 

throughout the observation period with its increase by day 

28. These animals also demonstrated disorders of condi-

tioned reflexes reproduction, reactions to light (31 ± 2 ms 

versus 15 ± 2 ms in the control) and sound, with these in-

dicators being more significant than those in the methanol-

exposed group. In addition, these animals were unable to 

perform a treadmill running test; in the open field test, they 

showed some fussiness, accompanied by an increased 

search and research activity. 

An analysis of the detected dynamics of toxic effects 

and neurophysiological indicators revealed signs that are 

sensitive to the formation of long-term consequences of 

acute poisoning. These include impaired ingestive behavior 

and its endocrine regulation (decreased water consump-

tion), impaired conditioned reflex reproduction, increased 

sensitivity to stress (time spent in a dark chamber in the 

CPAR test), inability to perform the treadmill running test at 

a high speed of the tape, inhibition in the polysynaptic path-

ways (high reaction time light in the TSE Startle Response 

System test), and insufficiency (exhaustion) of activation ef-

fects (low amplitude of the response to an electrical stimu-

lus in the TSE Starter Response System test). Altogether, 

these signs made it possible to obtain an integral quanti-

tative value of the level of formation of long-term conse-

quences based on a point-based assessment system.

Individual variations in the studied indicators of brain 

metabolism were noted, with the corresponding data pre-

sented in Table 2.

An analysis of the data presented in Table 2 shows a 

moderate decrease in S100 protein by 30% (p < 0.05) in 

survivors on day 28 after poisoning (the period of formation 

of long-term consequences of acute poisoning) under the 

influence of acute phenylcarbamate intoxication.

The group of animals exposed to methanol poisoning 

showed a statistically significant increase in the activity of 

SOD by 90% and G-6-FDG by 37%, as well as a statistical 

tendency to decrease the activity of S100 protein by 27% 

with an increase in the activity of antioxidant defense en-

zymes (glutathione transferase and glutathione peroxidase 

by 20–21%). This observation may be indicative of com-

pensatory processes in brain tissue in the post-intoxication 

period.

On day 28 after acute intoxication with lead acetate, 

survived animals demonstrated a statistical tendency to 

increase the marker of neuronal damage NSE by 94% 

and a threefold increase in the concentration of LPO final 

products — DCs — with a decrease in glutathione trans-

ferase activity by 10%, reflecting the neurotoxicity of this 

compound. However, in comparision with other toxicants, 

lead acetate exposure resulted in a more pronounced, sta-

tistically significant decrease in the activity of S100 protein 

by 46% and MBP by 23%, an increase in the activity of the 

brain neurotrophic factor BDNF by 42%, as well as a mod-

erate increase in the activity of G-6-FDG by 18%. These 

indicators manifest a high activity of compensatory and 

adaptive biochemical mechanisms during this period. 

It should be noted that neurospecific proteins detected 

in blood serum 30 days after acute poisoning proved to be 

uninformative for detecting and assessing the severity of 

long-term health effects of intoxication. Only for lead ac-

etate, metabolic signs of neuronal damage and, probably, 

Table 2. Indicators of brain metabolism in survived animals on day 28 after acute poisoning with neurotoxicants

Indicator, unit Control (n = 8) Phenylcarbamate (n = 9) Methanol (n = 10) Lead Acetate (n = 5)

NSE, pg/mL 0.71 ± 0.11 0.65 ± 0.07 0.99 ± 0.17 1.38 ± 0.39*

BDNF, ng/mL 1.22 ± 0.12 1.15 ± 0.04 1.30 ± 0.09 1.73 ± 0.11*

MBP, ng/mL 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.05 ± 0.01

S100, ng/mL 0.120 ± 0.011 0.084 ± 0.007* 0.087 ± 0.012 0.064 ± 0.006*

GSH, mmol/L 2.00 ± 0.05 1.95 ± 0.04 1.91 ± 0.04 1.94 ± 0.05

MDA, mmol/L 19.1 ± 1.7 19.2 ± 0.9 22.8 ± 2.3 18.9 ± 1.0

DC, mmol/L 65.3 ± 1.6 98.7 ± 36.0 126.7 ± 52.9 197.2 ± 80.6

GST, U/g of protein 62.7 ± 1.2 57.8 ± 3.5 75.2 ± 6.0 56.2 ± 1.2

GP, U/g of protein 1.45 ± 0.03 1.42 ± 0.08 1.76 ± 0.16 1.40 ± 0.04

G6PDH, U/g of protein 35.8 ± 2.3 38.2 ± 3.2 49.2 ± 5.0* 42.4 ± 2.3

SOD, U/g of protein 21.5 ± 5.3 24.2 ± 5.7 50.0 ± 5.4* 20.5 ± 5.4

Table prepared by the authors using their own data

Note: the data are presented as the mean value and the standard error of the mean (M ± m); statistically significant differences with the group of intact animals: 

* — p < 0.05.
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Control, DAPI — nuclear neurons in a cross section, ×200

Phenylcarbamate, DAPI — nuclear neurons in a cross 
section, ×200

Methanol, DAPI — nuclear neurons in a cross section, ×200

Lead acetate, DAPI — nuclear neurons in a cross section, ×200

Contol, TUNEL — apoptotic neurons, ×200

Phenylcarbamate, TUNEL — apoptotic neurons, ×200

Methanol, TUNEL — apoptotic neurons, ×200

Lead acetate, TUNEL — apoptotic neurons, ×200

Figure prepared by the authors using their own data

Fig. 2. Slice micrographs of the rat brain temporal cortex



EXTREME MEDICINE | 2025, VOLUME 27, No 1 11

ORIGINAL ARTICLE | TOXICOLOGY

increased permeability of the blood–brain barrier were 

found. It is important that lead acetate is characterized by 

the activation of LPO processes in the setting of a decrease 

in the activity of the enzymatic link of the antioxidant sys-

tem. These findings are likely to be correlated with the abil-

ity known for heavy metals to inhibit the enzymatic activity 

of a wide range of enzymes due to binding to thiol groups 

in the active site.

Figure 2 demonstrates slice micrographs of the rat brain 

temporal cortex to assess the effect of toxicants on the 

processes of neuronal apoptosis.

Under almost the same number of blue-colored nuclear 

neurons on a slice of the cerebral cortex (left photos), the 

number of apoptotic TUNEL-positive nerve cells in the sur-

vived animals significantly increased under the influence of 

toxicants (green glow, right row of photos, Fig. 2).

Figure 3 presents the results of assessing the activity of 

apoptotic processes.

The data presented in Fig. 3 shows that all the studied 

toxicants, regardless of the mechanisms of their toxic ef-

fect, increase the number of neurons in the state of ap-

optosis by 3–4 times, thereby being the inducers of this 

pathological process. 

A variance factor analysis showed that the severity of 

neuron apoptosis in the rat cerebral cortex is closely re-

lated to the formation of long-term consequences of severe 

acute poisoning with neurotropic toxicants. This indicator 

is associated with more than 20% of the total variability in 

the assessment of their formation (R2 = 0.47, p = 0.034) in 

survivor animals. In this regard, the subsequent analysis 

was focused on assessing the significance of the influence 

of the studied metabolic factors on the activity level of neu-

ronal apoptosis processes.

It follows from Fig. 3 that, on day 28, a pronounced 

sharp activation of apoptotic processes was observed in 

the brain cells of the survived animals, which is more char-

acteristic of phenylcarbamate. The variance factor analysis 

showed that the controlled factor of intoxication fact deter-

mines 64% of the total variability (p = 5×10-8) of the apopto-

sis index. The type of neurotoxicant is even more important 

in activating apoptosis (72% of the total variation of the trait, 

p = 2×10-6), while the coefficient of determination for phe-

nylcarbamate equaled D = 0.97 (p = 5×10-13), for methanol 

D = 0.86 (p = 4×10-8), for lead acetate D = 0.80 (p = 4×10-5).

In order to assess the level of apoptosis activation dur-

ing the formation of long-term health consequences of 

acute poisoning, a frequency analysis and S-scaling were 

performed. To that end, the inflection points on the curves 

of the statistical distribution of the number of TUNEL-

positive cells in slices were determined (Fig. 4), which are 

the boundaries of the levels of apoptosis activation. If the 

indicator under study can be characterized as close to a 

normal statistical distribution, such criterion points on the 

cumulative curve will be 16% (the boundary of low and me-

dium levels), 66% (the boundary of medium and elevated 

levels), and 84% (the boundary of elevated and high lev-

els). It is noteworthy that apoptosis induction was more 

pronounced (by four times) when exposed to phenylcarba-

mate, while the apoptosis-inducing activity of methanol and 

lead acetate was weaker (by about 30%).

The boundaries of the ranges (Fig. 4) are as follows: low-

level — 6 or fewer TUNEL-positive cells per slice; medium-

level — 7–10 cells, elevated — 14–18 cells, high-level — 19 

or more cells per slice.

The following structure of apoptosis activation levels 

was revealed in the experimental groups (Table 3).

Table 3 shows that phenylcarbamate is a strong apop-

tosis inducer, causing predominantly a high level of its ac-

tivation, while methanol and lead acetate cause moderate 

activation of programmed cell death of neurons.

The conducted analysis of the role of individual com-

ponents of the brain metabolic systems in the activation 

of apoptotic processes under the action of neurotoxicants 

found that the studied metabolic parameters do not play 

a significant role in the process of brain cell apoptosis at 

the stage of formation of the long-term consequences of 

severe acute poisoning with neurotropic toxicants. Thus, 

their coefficients of determination ranged from 0.02 to 0.11, 

not being statistically significant. For neurospecific pro-

teins, this may probably be due to both the features of toxic 

brain damage at the tissue level and the timing after acute 

intoxication, which triggered the activation of apoptosis. 
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Figure prepared by the authors using their own data

Fig. 3. The activity of apoptotic processes in the cells of the rat brain temporal 

cortex on day 28 after acute poisoning with neurotoxicants

Note: * p < 0.05 — statistically significant differences from the control group

Figure prepared by the authors using their own data

Fig. 4. Frequency distribution curves of the number of TUNEL-positive cells on 

sections of the rat brain temporal cortex
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Thus, NSE is known to reach a maximum in cerebrospi-

nal fluid one day after an ischemic or hemorrhagic stroke, 

decreasing by days 4–5 and being more specific to focal 

brain damage than diffuse [12–15]. S100 protein also shows 

typical periods for increasing its concentration, i.e., days 

2–7. MBP is a marker of axonal damage and demyelination, 

which may not have formed by the time of 30 days from 

the moment of acute intoxication. BDNF is more overex-

pressed with a lack of neuronal plasticity, and the weak 

response of this neurotrophin to brain tissue damage is 

clinically more significant [17–18].

In the group of intact animals, the apoptosis level had 

no significant correlations with either neurospecific proteins 

or LPO indicators and the antioxidant system (AOS), being 

a spontaneous process. In the group of animals exposed 

to phenylcarbamate intoxication, the apoptosis level was 

modestly affected by a low level of reduced glutathione 

(r = –0.53). After methanol intoxication, a weak correlation 

between apoptosis and the content of the main protein my-

elin (r = +0.47) was revealed, most likely reflecting the pres-

ence of a common inducing factor for them. After intoxi-

cation with lead acetate, the activity of neuronal apoptotic 

processes was associated with a low activity of glutathione 

transferase (r = –0.66) and SOD (r = –0.47). Therefore, the 

use of activators of these enzymes can be useful in the set 

of measures for preventing the long-term consequences of 

poisoning with organic lead derivatives.

NSE in the group of intact animals showed moder-

ate negative associations with the activity of glutathione-

dependent AOS enzymes  —  GST (r  =  –0.63) and GP 

(r = –0.57), i.e., an increase in the content of this marker 

protein may reflect the weakness of the AOS enzymatic 

link. At the same time, a positive correlation was found with 

the level of reduced glutathione (r = +0.75). Taken together, 

these connections may indicate a link between the dam-

age to the bodies of neurons and the disorder of the ability 

to utilize reduced glutathione in antioxidant defense reac-

tions, since the latter results in a simultaneous increase in 

its level and a decrease in the activity of utilization enzymes. 

This pattern is also observed in phenylcarbamate poison-

ing; however, there is an additional decrease in glucose-

6-phosphate dehydrogenase activity (r  =  –0.67) and a 

positive correlation with S100 protein (r = +0.70). Following 

methanol intoxication, accumulation of utilized reduced glu-

tathione (r = +0.55) is also noted; however, this is combined 

with lower BDNF values (r = –0.50). A peculiar pattern of 

NSE relationships is noted after lead acetate intoxication. 

An alternative activation of the expression of either NSE 

or S100 protein was revealed (with the correlation coeffi-

cient between them of r = –0.81). Moreover, the low activ-

ity of AOS shifts the system toward increasing the level of 

S100 protein. In lead intoxication, a pronounced positive 

correlation (almost linear) was found between the level of 

NSE and the activity of SOD (r = +0.94), which implies a 

single response to lead poisoning. After phenylcarbamate 

poisoning, this marker negatively correlates with the ac-

tivity of glutathione-dependent AOS enzymes. In case of 

methanol poisoning, an increase in the amount of this pro-

tein in brain tissues is associated with the accumulation of 

MDA (r = +0.61) and a compensatory substrate increase 

in SOD activity (r  = +0.57). A similar correlation between 

MBR and SOD was also found after lead acetate poisoning 

(r = +0.53).

In phenylcarbamate poisoning, the BDNF level cor-

related with diene conjugates (r  =  +0.61). After methanol 

poisoning, it was correlated with a deficiency of reduced 

glutathione (r  =  –0.60). After lead poisoning, the neuro-

protective effects of BDNF were recorded, including a 

decrease in axonal damage by the S100 protein marker 

(r = –0.66) and an improvement in antioxidant protection (a 

decrease in diene conjugates (r = –0.62), an increase in the 

activity of glutathione transferase (r  =  +0.68), glutathione 

peroxidase (r = +0.61) and SOD (r = +0.49).

Protein S100 in the group of intact animals and in meth-

anol poisoning showed a moderate correlation with SOD 

(r = +0.62). After phenylcarbamate poisoning, it correlates 

with the level of NSE (r = +0.70), which may reflect the pro-

cess of parallel damage to both neuron bodies and axons. 

After poisoning with lead acetate, the level of S100 protein 

increases with insufficiency of the antioxidant system, i.e., 

low levels of reduced glutathione (r = –0.51), GST (r = –0.61), 

and, in particular, GP (r = –0.84) and SOD (r = –0.75).

With regard to LPO and AOS indicators, a dense cluster 

of positively correlating activity indicators of glutathione-

dependent enzymes (GST and GP) and glucose-6-phos-

phate dehydrogenase was isolated in the brain tissues of 

intact animals (correlation coefficients in the range from 

+0.70 to +0.98). In case of poisoning with phenylcarbamate 

and methanol, SOD joins this cluster, the density of corre-

lations decreases slightly. At the same time, after poison-

ing with lead acetate, this cluster disintegrates, glutathione 

peroxidase becomes the key antioxidant enzyme, and SOD 

is associated with a moderate correlation with glucose-

6-phosphate dehydrogenase.

Table 3. Distribution of animals by levels of apoptosis activation under the influence of neurotoxicants

Group
Level of apoptosis activation

low moderate increased high

Control 88 12 – –

Phenylcarbamate (1.6 mg/kg bw) – – 33 67

Methanol (11.5 g/kg bw) – 100 – –

Lead Acetate (300 mg/kg bw) – 80 – 20

Table prepared by the authors using their own data

Note: the data is presented in the form of % incidence in the group.
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CONCLUSION

The conducted research showed that the common ef-

fects shared by the analyzed toxicants include an increase 

in the number of neurons dying by apoptosis (most pro-

nounced with phenylcarbamate intoxication) and a de-

crease in the blood serum level of S100 protein (most 

pronounced with lead acetate poisoning). Moderate acti-

vation of antioxidant protection enzymes was specific for 

the long-term effects of methanol poisoning, likely as a 

compensatory reaction against the activation of LPO pro-

cesses. The long-term effects of lead acetate poisoning in 

survivor animals were manifested by increased serum lev-

els of NSE and BDNF, decreased protein S100 and MBP, 

increased levels of diene conjugates with decreased GST 

activity, and moderate activation of glucose-6-phosphate 

dehydrogenase. The latter is a key enzyme in the pentose 

phosphate pathway for the formation of reduced forms of 

coenzymes for the oxidation of energy metabolism sub-

strates in brain tissues.

It was established that phenylcarbamate exhibits the 

properties of a strong inducer of apoptosis of cerebral cor-

tex cells, while methanol and lead acetate are inducers with 

moderate activity.

It should be noted that the calculated coefficients of de-

termination exhibit low or moderate values (for glutathione 

transferase and glutathione peroxidase). This suggests 

that neurospecific proteins, lipid peroxidation and antioxi-

dant protection processes do not significantly affect the 

processes of neuronal apoptosis in survived animals at 

the stage of formation of long-term health consequences 

of severe acute poisoning. In this regard, future research 

should address the effect of metabolic processes in animal 

brain tissue on the activity of apoptotic processes and the 

formation of long-term consequences at an earlier stage 

after acute intoxication with neurotropic toxicants.
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PHYSICAL AND CHEMICAL CRITERIA FOR HAZARD ASSESSMENT OF CNS-
ACTIVE XENOBIOTICS 

Denis V. Krivorotov, Anatoly I. Nikolaev, Andrey S. Radilov, Vladimir R. Rembovsky, Viktor A. Kuznetsov

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

Introducti on. Forensic medical examinations frequently encounter poorly understood, potentially hazardous psychoactive substances. At the same time, 

information on the biolog ical activity of such substances may be either fragmentary and contradictory or absent altogether. Therefore, the development of 

approaches to predicting the health hazard of xenobiotics is an urgent task of emergency medicine.

Objective. To study the relationship between physicochemical properties and the hazard rate of one class of CNS-active substances using the methods of 

mathematical analysis followed by scientific substantiation of criteria for preliminary hazard assessment of narcotic drugs.

Маterials and methods. The study models included the known structures of narcotic analgesics, divided into three groups according to their potential 

hazard rate. The physicochemical properties of such substances, i.e., molecular weight, polarity, polar surface area, distribution coefficients, and basic disso-

ciation constants were considered as potential hazard factors. Linear discriminant analysis was used to identify the relationship between the physicochemical 

properties of psychoactive substances and their hazard potential.

Results. The considered example of one class of CNS-active substances confirms the relationship between their hazard rate and the physicochemical 

properties affecting their redistribution from the central bloodstream to the central nervous system. Physicochemical criteria for predicting the hazard rate of 

psychoactive substances are proposed. These criteria serve as classification functions that distinguish groups of model substances.

Conclusions. The physicochemical properties of psychoactive substances and the strength of their binding to target receptors equally determine the char-

acteristics of their toxic effect. The formulated classification functions, calculated based on the physicochemical properties of substances, can be used for a 

preliminary hazard assessment of xenobiotics during their detection in biological samples.
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ФИЗИКО-ХИМИЧЕСКИЕ КРИТЕРИИ ОЦЕНКИ ОПАСНОСТИ ЦНС-АКТИВНЫХ КСЕНОБИОТИКОВ

Д.В. Криворотов , А.И. Николаев, А.С. Ради лов, В.Р. Рембовский, В.А. Кузнецов

Научно-исследовательский институт гигиены, профпатологии и экологии человека Федерального медико-биологического агентства, 

Ленинградская область, Россия

Введение. Судебно-медицинская экспертиза часто сталкивается с малоизученными, потенциально опасными психоактивными веществами. При 

этом информация о биологической активности таких веществ отрывочна и противоречива или вообще отсутствует. Поэтому разработка подходов 

к прогнозированию опасности ксенобиотиков является актуальной задачей медицины экстремальных ситуаций.

Цель. Изучение взаимосвязи физико-химических свойств и степени опасности представителей одного из классов ЦНС-активных веществ с ис-

пользованием методов математического анализа и последующим научным обоснованием критериев предварительной оценки опасности нарко-

тических средств.

Материалы и методы. В качестве модельных объектов исследования использовали известные структуры наркотических анальгетиков, раз-

деленные на три группы по степени потенциальной опасности. В качестве факторов потенциальной опасности таких веществ рассматривали 

их физико-химические свойства, такие как: молекулярная масса, полярность, площадь полярной поверхности, коэффициенты распределения 

и константы основной диссоциации. Для выявления связи физико-химических свойств и степени опасности психоактивных веществ использова-

ли линейный дискриминантный анализ.

Результаты. На примере представителей одного из классов ЦНС-активных веществ показана связь степени их опасности с физико-химическими 

свойствами, влияющими на перераспределение таких веществ из центрального кровотока в ткани центральной нервной системы. Для прогно-

зирования степени опасности психоактивных веществ предложены физико-химические критерии — классификационные функции, достаточно 

хорошо разделяющие группы модельных веществ между собой.

Выводы. Показали, что физико-химические свойства психоактивных веществ определяют особенности их токсического действия в не меньшей 

степени, чем сила их связывания с целевыми рецепторами. Сформулированные в работе классификационные функции, рассчитываемые на ос-

новании физико-химических свойств веществ, могут быть использованы для предварительной оценки степени опасности ксенобиотиков в ходе 

их выявления в биологических пробах.
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INTRODUCTION

The forensic medical examination of poisoning cases with 

psychoactive substances is carried out using targeted 

analytical methods, such as gas chromatography–mass 

spectrometry (GC-MS) and liquid chromatography-tandem 

mass spectrometry (HPLC-MS/MS), to detect known xe-

nobiotics and their metabolites [1]. Untargeted testing using 

high-resolution liquid chromatography-mass spectrometry 

(HPLC-HRMS) technologies can be used to identify the 

chemical structure of new substances appearing in illicit 

traffic. Substances identified in biological samples can 

pose a significant threat [2–5]. Although the safety of a 

particular drug can be measured by determining its thera-

peutic index, calculated as the ratio of the drug maximum 

dose that does not exhibit toxicity to the dose that pro-

vides the desired effect (LD
50

/ED
50

), this approach cannot 

be used for substances detected during forensic medical 

examination. In addition, information about the hazardous 

pharmacological activity of xenobiotics may frequently be 

either fragmentary and contradictory or absent altogether, 

for a number of reasons:

• rapid emergence of new psychoactive chemicals that 

are illegally marketed in the absence of reference ma-

terials and methods for their determination in biological 

and other environments [6];

• legislative restrictions on the research of narcotic drugs 

with no intended medical use [6];

• insufficient standardization of methods for studying the 

pharmacological properties of narcotic drugs [7, 8];

• complexity of the interspecific transfer of preclinical re-

search results, leading to an underestimation of the tox-

icity of narcotic drugs [9];

• impossibility of comparing the biological effects of 

drugs that are not standardized in terms of purity and 

isomeric composition [3].

The above reasons hamper the medicobiological as-

sessment of new psychoactive substances, although there 

has been a growth in the number of cases of illicit traffick-

ing both in Russia and globally [4, 8–10]. In order to be able 

to predict the potential hazard of CNS-active xenobiotics 

and other chemical substances, criteria for a straightfor-

ward determination of their toxic effect are required. 

It is common knowledge that the toxicity of many nar-

cotic analgesics is associated with opioid-induced respira-

tory depression, which result in the patient’s death in the 

absence of proper treatment [11]. The central generator 

of breathing patterns in the brainstem is the preBötzinger 

Complex and the Kolliker–Fuse nucleus. In these areas of 

the brain, only 70–140 neurons are involved in responding 

to an increase in carbon dioxide (pCO
2
) levels and a de-

crease in blood oxygenation (pO
2
), which is necessary for 

the reflex mechanism of respiration [12]. Accordingly, the 

mechanism of regulation of respiratory activity is extremely 

vulnerable to substances capable of selectively affecting 

these targets in the brain. It can be assumed that the health 

hazard of CNS-active xenobiotics, expressed in terms of 

strength and speed, is mediated, on the one hand, by fac-

tors determining the degree of their effect on target recep-

tors in the neurons of these brain regions, and, on the other, 

by factors determining the transfer of xenobiotics from the 

central bloodstream to their biological targets in the brain.

The strength of narcotic analgesics is often associ-

ated with the inhibition constants of opioid receptors [13]. 

However, under standardized conditions, morphine and 

fentanyl, which differ significantly in the strength of their an-

algesic effects, possess comparable inhibition constants 

(K
i
) of the μ-opioid receptors (MOR) (Table 1) [5, 7].

Upon closer examination, no direct relationship exists 

between the analgesic activity of opioids and the strength 

of their binding to the receptor, which was earlier confirmed 

by numerous examples [14]. Thus, according to Boström 

et al., oxycodone, which binds to opioid receptors more 

than 20 times less strongly than morphine (Table  1), ex-

hibits a 1.8-fold greater analgesic activity. This effect can 

be explained by its higher concentration in the target brain 

tissues than in the blood. Morphine, on the contrary, has an 

achievable concentration in the brain of rats several times 

lower than in the blood [15]. Thus, the binding of small mol-

ecules to opioid receptors in most cases is the determining 

condition for manifestation of analgesic activity, although 

being not the main factor in the strength and speed of its 

manifestation (similar to the classical works of N.V. Lazarev 

on the manifestation of narcotic properties in hydrocarbons 

(non-electrolytes)) [16]. The hazardous effects of opioid an-

algesics are also related to their properties, which deter-

mine the characteristics of entry into target tissues, organs, 

and targets in the central nervous system (CNS) through 

the blood-brain barrier (BBB).

The BBB acts as a filter through which nutrients flow 

from the bloodstream to the brain and in the opposite di-

rection, while the waste products of the nervous tissue are 

removed. The BBB protects the brain from microorgan-

isms, toxins, cellular and humoral factors of the immune 

system, and xenobiotics circulating in the blood. Drugs act-

ing on CNS targets must have the ability to penetrate such 

a biological barrier. Currently, three main ways of transport-

ing small molecules to brain tissues are being considered, 

including unidirectional penetration into the brain through 

passive and facilitated diffusion, due to a concentration 

gradient of substances and requiring no additional energy; 

active transport, requiring energy (ATP) for the transport 

of molecules against a concentration gradient; passive 

diffusion for moderately lipophilic medications and active 
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transport mechanisms for penetration through the BBB of 

predominantly polar molecules [17, 18].

The membranes separating the cells of the BBB lay-

ers act as a channel for the diffusion of organic molecules 

through the BBB cellular layers. In order to pass through 

such a channel, a molecule dissolved in the blood must be 

transformed during a multi-stage physicochemical process 

of desolvation and charge loss for a non-covalent interac-

tion with the phospholipid bilayer. This process is similar to 

that of ligand-receptor interaction, although with lower ster-

ic requirements. Therefore, for penetration into the brain, 

small molecules must exhibit a set of specific properties, 

such as optimal geometric size, ionization properties, flex-

ibility, etc. Thus, lipophilicity is a parameter that correlates 

well with the analgesic power of anesthetics and analge-

sics. This parameter, expressed in the form of LogP [16], is 

now considered as a composite descriptor describing the 

contribution of steric intermolecular interactions and that of 

formed hydrogen bonds [17]. Descriptors of hydrogen bond 

formation are properties of molecules, such as polarizabil-

ity, polar surface area, the number of donors and acceptors 

of hydrogen bonds, or heteroatoms capable of their forma-

tion. Polar compounds with a high potential for hydrogen 

bonding, e.g., peptides, cannot easily penetrate the BBB. 

Polarizability, underlying a number of physical properties 

of substances, including surface tension and solubility, is 

characterized by a dipole moment. The polar surface area 

is defined as the sum of the surfaces of all polar atoms or 

molecules, primarily oxygen and nitrogen. Medications act-

ing on the CNS possess smaller polar surface areas (PSA) 

than other classes of drugs, usually no more than 90 A2. 

Molecules with a polar surface area of more than 140 A2 do 

not readily penetrate cell membranes.

Geometric and steric factors expressed by the mo-

lecular weight, molecular volume, and flexibility of the 

molecule, are important for diffusion through biological 

membranes. For effective penetration through the BBB, 

the molecular weight should not exceed 400  Da. The 

molecular volume as a function of the molecular weight 

and structure takes all the conformations available to the 

molecule into account. The presence of more than ten 

rotating connections in structures correlates with a de-

crease in their bioavailability and CNS activity. The limited 

flexibility and compactness of molecules with fewer polar 

groups on their surface capable of functioning as donors 

and acceptors of hydrogen bonds is an advantage for 

substances acting on the CNS; therefore, the parameters 

describing these properties are significant factors related 

to the CNS activity of xenobiotics.

Most CNS-active substances have a nitrogen atom ca-

pable of ionization in the blood plasma. The resulting charge 

of the protonated molecule negatively affects its ability to 

diffuse through the dielectric layers of phospholipid mem-

branes, compared to neutral molecules [18]. However. the 

presence of a positive charge on the nitrogen atom is con-

sidered an important factor for the electrostatic interaction 

of substances with the key amino acids of target receptors 

[19]. The molecule ionization degree in the buffer system 

of the blood and cerebrospinal fluid is a dualistic factor re-

lated both to the rate of entry of active molecules into CNS 

tissues and influencing their ability to bind to CNS targets 

[20, 21]. Thus, the severity of the toxic effect of CNS-active 

substances, due to the effectiveness of their entry into the 

brain, is determined by the sum of physicochemical factors 

related to their chemical structure. These factors can be 

experimentally evaluated or calculated.

This work is aimed at studying the relationship between 

the physicochemical properties of one class of CNS-active 

substances and their health hazard potential using math-

ematical analysis. On this basis, criteria for preliminary haz-

ard assessment of narcotic drugs are substantiated.

MATERIALS AND METHODS

Table 2 presents a sample of model objects used in the 

study selected from the known structures of narcotic anal-

gesics. The objects under consideration were divided into 

three groups: 

1. Group 1 includes narcotic analgesics ever used in 

medicine [14], taking into account possible side effects dur-

ing their medical use. These substances are considered as 

those potentially capable of manifesting health hazard.

2. Group 2 includes narcotic substances not intended 

for medical use, but purposefully created for illegal human 

use, taking into account information about cases of mass 

poisoning with such substances [22]. These substances 

Table 1. Inhibition constants of μ-opioid receptors by some narcotic analgesics

Low-affinity ligands,
K

i
>100 nM

Morphine-like ligands,
K

i
=1–100 nМ

High-affinity ligands,
K

i
<1 nM

medication K
i 
(nM) MOR medication K

i 
(nM) MOR medication K

i 
(nM) MOR

tramadol 1248.6 hydrocodone 41.58 butorphanol 0.76

codeine 734.2 oxycodone 25.87 levorphanol 0.41

meperidine 450.1 diphenoxylate 12.37 oxymorphone 0.40

propoxyphene 120.2 alfentanil 7.39 hydromorphone 0.36

pentazocine 117.8 methadone 3.37 buprenorphine 0.21

nalbuphine 2.11 sufentanil 0.13

fentanyl 1.34

morphine 1.16

Table prepared by the authors using data from [7]
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are considered as those potentially capable of manifesting 

high health hazard.

3. Group 3 included highly active drugs, the use of 

which in medicine requires precautions for their controlled 

dosing, as well as veterinary and research drugs not in-

tended for human consumption [3, 14]. These substances 

are considered as those potentially capable of manifesting 

extremely high health hazard. 

The physicochemical properties that can be meas-

ured without laborious experiments and reference materi-

als of controlled substances were considered as potential 

descriptors of the hazard rate of CNS-active xenobiotics 

(see Table 3). The molecular weight of substances was de-

termined by GC-MS; the distribution constants “octanol/

water” and acid-base dissociation correlated with retention 

times were established by HPLC [21, 23]. In cases where 

information about the structural formula of a xenobiotic 

can be found in mass spectrometry databases, computer 

simulation methods using accessible and reliable calcula-

tion algorithms are used to determine its physicochemical 

properties [24].

The values of the selected physicochemical parameters 

for the training sample of substances were calculated using 

the ACD/Percepta software [24]. The methods of descrip-

tive statistics and the method of linear discriminant analy-

sis using the Statistica 6.0 statistical analysis application 

were used for mathematical data analysis. We previously 

showed the effectiveness of multidimensional statistics (ch-

emometry) methods, in particular linear discriminant analy-

sis and multiple regression for calculating toxic properties 

of refrigerants based on the physicochemical parameters 

of molecules [25], for assessing the degree of exposure to 

xenobiotics and noninvasive diagnosis of a number of dis-

eases based on the spectral characteristics of biological 

samples1 [26].

DISCUSSION

The generated sample contained 53 anonymized records 

of the calculated values of the physicochemical proper-

ties of the model CNS-active substances described in the 

literature (Table 2). The structures of the analyzed model 

preparations were used for calculating the selected phys-

icochemical quantities, the results of which are shown in 

Table 4. 

Table 5 presents the average values of the physico-

chemical descriptors used to construct regression models 

and to determine the limits of their applicability.

The average values of the physicochemical quanti-

ties presented in Table 5 show that the narcotic sub-

stances in Group 2 demonstrate the highest lipophilicity 

(LogP). At the same time, the ratio of the average lipo-

philicity values of the drug groups in water and blood 

plasma — LogP and LogD
7.4

 — shows that the lipophilic-

ity of Groups 1 and 2 significantly decreases at physi-

ological pH. Conversely, the highly active substances 

belonging to Group 3 and having a lower value of the 

basic ionization constant demonstrate high lipophilicity 

not only in water, but also in blood plasma. This empha-

sizes the relationship between lipophilicity and the ability 

Table 2. Characteristics of the training sample of model substances

Group Model objects Information source Structures number Assessment of model objects

1 Medical narcotic analgesics [7] 17 substances with a hazard risk

2 Non-medical narcotic analgesics [22] 18 substances with a high hazard risk

3 Highly active narcotic analgesics [3, 14] 18 substances with an extremely high hazard risk

Total number of training sample structures 53

Table prepared by the authors using data from [3, 7, 14, and 22]

Table 3. Selected physicochemical descriptors of the hazard level of CNS-active xenobiotics 

Parameter 
designation

Parameter Description Dimension Determination possibility 

LogP / LogD
7.4

The partition coefficient of the substance in the octanol–water system re-

flects the lipophilicity of the substances; the ability to dissolve in fats, lipids, 

and other media at pH 7.0 (LogP) or at physiological pH (LogD
7.4

) during the 

distribution of substances in the body.

–
HPLC is experimental, by calculation 

methods

pK
b

The basic dissociation constant determines the lipophilicity of ionized 

molecules.
–

HPLC is experimental, by calculation 

methods

MW
The molecular weight of the substance reflects the steric factors affecting 

the distribution of substances in the body.
Da

HPLC-MS is experimental, by 

calculation methods

TPSA
The topological polar surface area is a calculated parameter, associated 

with the ability of substances to cross biological membranes
Å2 

(10–16cm2)
by calculation methods

Polar

Polarizability — the physical property of substances to acquire an electric 

or magnetic dipole moment in an external electromagnetic field and associ-

ated with the ability of substances to form hydrogen bonds and overcome 

biological membranes

Å3 

(10–24cm3)
by calculation methods

Table prepared by the authors

1 Rembovsky VR, Radilov AS, Dulov SA, Nikolaev AI. Assessment of the degree of exposure to xenobiotics based on the spectral characteristics of water-protein 

complexes of blood plasma. Methodological recommendations 12.11. Moscow: FMBA; 2012 (In Russ.).
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of substances to enter CNS tissues during redistribution 

in the blood-brain system.

The physicochemical criteria that can be used for haz-

ard assessment of CNS-active substances were estab-

lished based on paired correlation coefficients between 

the physicochemical descriptors shown in Table 6. It can 

be seen that most descriptors are weakly correlated with 

one another. The strongest correlation is observed be-

tween the LogD
7.4

 and LogP values since these are highly 

similar parameters in nature. The difference between them 

is related to the pH values at which they are determined, 

being due to the degree of ionization of the molecules of 

substances at these pH values. This is indicated by a rather 

strong correlation (R = 0.97) between the calculated value 

(LogD
7.4

 – LogP) and the pKb value.

A strong correlation is also observed between the val-

ues of MW and Polar. This is likely to be due to a propor-

tional increase in the integral polarizability of the molecule, 

Table 4. Calculation of physicochemical descriptors 

No. Model object
Group 

number

Calculated physicochemical descriptors 

LogD
7.4

LogP MW TPSA Polar pK
b

1 fentanyl 1 3.32 4.08 336.47 23.55 41.09 8.08

2 buprenorphine 1 3.48 4.45 467.64 62.16 52.07 8.26

3 methadone 1 3.12 4.44 309.44 20.31 38.02 8.70

4 levorphanol 1 1.94 3.21 257.37 23.47 30.49 8.61

5 hydrocodone 1 0.57 1.31 299.36 38.77 32.32 8.06

6 pentazocine 1 3.05 3.79 285.42 23.47 34.96 8.04

7 butorphanol 1 1.96 3.52 327.46 43.7 37.64 8.85

8 propoxyphene 1 3.97 4.85 339.47 29.54 40.58 8.23

9 meperidine 1 1.22 2.44 247.33 29.54 28.25 8.60

10 nalbuphine 1 0.98 2.03 357.44 73.16 38.11 8.35

11 tramadol 1 0.71 2.54 263.37 32.7 30.90 9.24

12 hydromorphone 1 0.53 1.29 285.33 49.77 30.41 8.03

13 codeine 1 0.34 1.21 299.36 41.93 32.84 8.21

14 morphine 1 -0.18 0.69 285.33 52.93 30.93 8.16

15 oxycodone 1 0.16 0.91 315.36 59.00 32.95 8.06

16 diphenoxylate 1 5.42 5.72 452.58 53.33 52.93 7.40

17 oxymorphone 1 0.25 1.00 301.33 70.00 31.03 8.03

18 4-fluorophenyl 2 3.11 3.87 354.46 23.55 41.09 8.07

19 furanyl-fentanyl 2 3.35 4.12 374.47 36.69 44.25 8.08

20 3-methylthiophentanyl 2 2.96 4.09 356.52 51.79 42.32 8.50

21 β-hydroxy-thiophentanyl 2 2.38 2.77 358.49 72.02 41.06 7.58

22 β-hydroxy-fentanyl 2 2.87 3.07 352.47 43.78 41.70 7.15

23 α-methyl-thiophentanyl 2 3.15 4.04 356.52 51.79 42.25 8.23

24 α-methyl-fentanyl 2 2.75 4.09 350.49 23.55 42.89 8.73

25 acetyl-α-methylfentanyl 2 2.56 3.91 336.47 23.55 41.05 8.73

26 3-methylbutyril fentanyl 2 4.21 4.98 364.52 23.55 44.79 8.08

27 remifentanil 2 1.77 1.85 376.44 76.15 40.06 6.70

28 4-methoxy-butyrylfentanyl 2 3.55 4.33 380.52 32.78 45.58 8.10

29 thiofentanyl 2 2.66 3.79 342.49 51.79 40.45 8.50

30 4-fluoro-butyrylfentanyl 2 3.69 4.44 368.48 23.55 42.93 8.07

31 3-methylfentanyl 2 3.36 4.13 350.49 23.55 42.96 8.08

32 acrylic fentanyl 2 2.99 3.75 334.45 23.55 40.98 8.08

33 acetylfentanyl 2 2.98 3.74 322.44 23.55 39.25 8.08

34 alfentanil 2 1.99 2.04 416.51 81.05 46.25 6.53

35 sufentanil (SF) 2 2.91 3.77 386.55 61.02 44.80 8.20

36 pyrrole analog SF No.1 3 2.33 2.55 383.48 54.78 44.16 7.19

37 etorfin 3 2.30 3.09 411.53 62.16 45.51 8.07



МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ | 2025, ТОМ 27, № 120

ОРИГИНАЛЬНАЯ СТАТЬЯ | ТОКСИКОЛОГИЯ

associated with an increase in the number of polarizable 

fragments with increasing mass. An analysis of the obtained 

correlations between the physicochemical properties in the 

training groups of CNS-active substances showed that the 

values considered, either by themselves or in pairs, do not 

allow for an unambiguous distribution of substances to one 

of the three groups of hazardous substances. 

A discriminant analysis was used to analyze the entire 

data set of physicochemical properties of model substanc-

es in order to identify their relationship with the degree of 

their health hazard. Discriminant analysis, as a branch of 

multidimensional statistical analysis, includes statistical 

methods for classifying multidimensional observations 

in a situation where the researcher has a priori so-called 

No. Model object
Group 

number

Calculated physicochemical descriptors 

LogD
7.4

LogP MW TPSA Polar pK
b

38 heterocyclic analogue CF No.1 3 3.05 3.10 506.59 90.47 54.93 6.43

39 heterocyclic analogue SF No.1 3 1.80 2.67 462.58 65.45 53.43 8.20

40 heterocyclic analogue SF No.2 3 3.14 3.26 449.54 70.16 49.87 6.86

41 heterocyclic analogue CF No.2 3 2.93 2.98 463.52 87.23 49.82 6.43

42 heterocyclic analogue SF №3 3 2.59 2.81 435.55 53.09 49.82 7.23

43 гетероцикл. аналог CF No.3 3 2.61 2.70 449.54 70.16 49.77 6.79

44 heterocyclic analogue CF No.4 3 2.53 2.65 483.60 87.23 52.76 6.90

45 pyrrole analog CF No.1 3 0.72 1.16 444.48 142.52 46.55 7.64

46 pyrrole analog SF No.2 3 1.59 2.46 370.48 50.6 43.21 8.20

47 pyrrole analog CF No.2 3 1.91 2.12 384.47 67.67 43.55 7.19

48 heterocyclic analogue CF No.5 3 2.26 2.86 415.55 90.98 45.91 7.86

49 ohmefentanyl 3 3.04 3.24 366.49 43.78 43.57 7.15

50 3-thiophene-CF 3 3.01 3.61 400.53 78.09 44.75 7.86

51 vinyl-CF 3 3.19 3.51 392.49 49.85 45.29 7.44

52 lofentanyl 3 3.96 4.29 408.53 49.85 47.26 7.44

53 carfentanyl (CF) 3 3.17 3.49 394.50 49.85 45.39 7.44

Table prepared by the authors using their own data

Table 5. Descriptor mean values by groups

Substance group
Calculated physicochemical descriptors

LogD
7,4

LogP MW TPSA Polar pK
b

Group 1 1.46 2.49 300.7 40.79 34.04 8.35

Group 2 3.16 4.08 355.6 33.88 42.55 8.25

Group 3 2.51 2.83 414.9 69.86 46.58 7.28

All substances 2.38 3.07 365.0 51.43 41.78 7.86

Table prepared by the authors using their own data

Table 6. Correlation coefficients of physicochemical descriptors 

  LogD
7.4

LogP MW TPSA Polar pK
b

LogP — LogD
7.4

LogD
7.4

1.00 0.92 0.36 -0.31 0.58 -0.18 -0.21

LogP 0.92 1.00 0.10 -0.52 0.35 0.20 0.18

MW 0.36 0.10 1.00 0.64 0.96 -0.70 -0.68

TPSA -0.31 -0.52 0.64 1.00 0.43 -0.56 -0.53

Polar 0.58 0.35 0.96 0.43 1.00 -0.60 -0.59

pK
b

-0.18 0.20 -0.70 -0.56 -0.60 1.00 0.97

LogP — LogD
7.4

-0.21 0.18 -0.68 -0.53 -0.59 0.97 1.00

Table prepared by the authors using their own data

Table 4 (continued)
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training samples (classification with learning). Discriminant 

analysis makes it possible to classify an object based on 

the measurement of various characteristics (features, de-

scriptors), i.e., permitting their assignment to one of several 

groups (classes). In this study, discriminant analysis was 

used to determine the differences of aggregates in the 

mean of a variable (or a linear combination of variables) for 

subsequent use of this variable or a linear combination of 

variables as a criterion for the membership of new mem-

bers to a particular group. 

The resulting data set was subjected to a linear discri-

minant analysis (LDA) procedure with step-by-step inclu-

sion of variables. The grouping variable was the “Group” 

category, with all other descriptors being used as inde-

pendent variables. Initially, the data array was divided into 

two parts: one part was used as a training part to derive a 

mathematical classification model, while the second part 

acted as a control part to verify the resulting model. The 

last three compounds in the list of each group were used 

as controls.

In the process of LDA with step-by-step inclusion of 

variables, discriminant functions were determined. At each 

step, we analyzed all the variables to find the one that made 

the greatest contribution to the difference between the ag-

gregates. This variable was included in the model at this 

step, and then the transition to the next step was carried 

out. The step-by-step variable inclusion mode allowed the 

minimum of variables to be involved in the analysis. The 

discriminant functions, expressing the maximum hetero-

geneity of groups among themselves, were linear com-

binations of variables optimized such that to discriminate 

groups among themselves most effectively. Since all discri-

minant functions were orthogonal, they collectively formed 

the phase space of discriminant functions, i.e., an n-dimen-

sional Cartesian coordinate system, where n is the number 

of statistically significant discriminant functions. 

The discriminant functions were uniform for the data set 

involved in LDA; however, the values of the roots of each 

of the discriminant functions were strictly specific for each 

substance. The roots of discriminant functions for each 

substance were calculated by matrix multiplication of a 

vector of descriptors of this substance by a matrix of co-

efficients of discriminant functions. Thus, the original data 

matrix was transformed into a matrix containing values of 

the roots of discriminant functions instead of descriptors. 

The values of the roots, unique to each junction, were es-

sentially the coordinates of the points of the corresponding 

junctions in the phase space of the discriminant functions. 

The average values of these roots for each group deter-

mined the coordinates of the group centers (the so-called 

group centroids). It was the values of the roots of discrimi-

nant functions or the coordinates of objects (substances) 

in the phase space of discriminant functions that made it 

possible to classify objects, i.e., to correlate a specific sub-

stance with any of the groups by the proximity of a point to 

the centroid of the group.

The conducted LDA of the training sample of the data 

matrix with descriptors for three groups of substances 

produced two statistically significant discriminant func-

tions dF1 and dF2. These functions were fully descrip-

tive the data array, of which the dF1 function describes 

88% of the information contained in the data presented 

in Table 7. 

Thus, the obtained discriminant functions are the fol-

lowing linear combinations of descriptor values:

dF1 = 0,051×MW + 2.599×LogP  –  1.943×LogD
7.4

  –  0.643×
Polar – 0.032×TPSA + 6.638

dF2 = 0.028×MW – 1.376×LogP – 0.845×LogD
7.4

 – 0.359×Polar +

7.010

The standardized coefficients for each descriptor for 

the dF1 function, which are relatively close to each other 

in absolute value and far from zero, indicate the important 

contribution of all the considered physicochemical indi-

cators to the discrimination performed by this most sta-

tistically significant discriminant function. In principle, the 

same applies to the dF2 function, with the exception for 

the TPSA (topological area of the polar surface) indicator, 

which proved to be negligible. 

For all model substances from Table  4, including the 

control ones, the values of the roots of the discriminant 

functions dF1 and dF2 were calculated. The root values, 

unique for each junction, are the coordinates of the points 

of the corresponding junctions in the phase space of dis-

criminant functions, which is a flat coordinate system with 

Table 7. Coefficients of discriminant functions for groups of model xenobiotics

Descriptor
Non-standardized Standardized

dF1 dF2 dF1 dF2

MW 0.051 0.028 1.724 0.966

LogP 2.599 -1.376 2.190 -1.159

LogD
7.4

-1.943 0.845 -1.712 0.745

Polar -0.643 -0.359 -2.329 -1.300

TPSA -0.032 0.000 -0.611 -0.005

Constant 6.638 7.010 0 0

Eigenval 4.090 0.562 4.090 0.562

Cum.Prop 0.879 1.000 0.879 1.000

Table prepared by the authors using their own data
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the dF1 and dF2 axes. Figure 1 demonstrates the location 

of points corresponding to specific samples of substances 

from the three groups in the phase space of the dF1 and 

dF2 functions. 

It can be seen from Fig. 1 that all groups are well sepa-

rated from each other; all control points were determined 

in their groups.

For all three groups of model substances, the aver-

age values of the roots of the dF1 and dF2 discriminant 

functions were found, which are the coordinates of the 

centroids of the groups in the phase space of the dF1 

and dF2 functions (Tables 8 and 9). The obtained discri-

minant functions, according to the data of the classifica-

tion matrix (Table 9), possess a high discriminating power, 

allowing a fairly clear division of the groups of substances 

under consideration among themselves. Table 9 shows 

the LDA classification results for both the substances in 

the training sample and for all substances, including the 

control ones.

In general, the substances were classified correctly, with 

the exception for substances No. 1, 2, and 8 from Group 

1, which were clearly assigned to Group 2 already at the 

first LDA steps. This proves the validity of the mathematical 

model developed based on physicochemical properties for 

classifying substances from the class of opioid analgesics 

into groups.

Thus, in order to determine whether new compounds 

not included in the research list belong to one of the three 

groups, it would be necessary to:

• determine the values of all descriptors;

• calculate the values of the roots of the dF1 and dF2 dis-

criminant functions corresponding to the coordinates of 

the point of this connection in the phase space of the 

dF1 and dF2 functions;

• select the smallest distance from a given point to the 

centers of each of the groups (the distance is according 

to the rules of geometry, i.e., the Pythagorean formula), 

which will indicate belonging to this group.

It may happen that, when situated relatively far from all 

the centroids, the determined point will not belong to any 

of the three groups. 

To directly calculate the classification index in order 

to assign the evaluated compounds to one of the three 

groups, the CF1-CF3 classification functions can be used 

to determine which group is most likely to be assigned to 

a xenobiotic. There are as many classification functions as 

there are groups: 

–2
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1 — control 

2 — control 

3 — control 

Figure prepared by the authors using their own data

Fig. 1. Roots values of the dF1 and dF2 discriminant functions for groups 1, 2, 

and 3 of model chemical xenobiotics, control compounds included

Table 8. Average values of the roots of the dF1 and dF2 discriminant functions for groups of model xenobiotics

Substance group dF1 dF2

Group 1 2.485±1.225 0.675±1.368

Group 2 0.797±0.716 –1.176±0.485

Group 3 0.797±0.716 0.255±0.809

Table prepared by the authors using their own data

Table 9. Classification matrix obtained for the substances of the training sample and for all substances, control substances included

Training sample only

Group % of correct classification Group 1 Group 2 Group 3

1 75 9 3 0

2 100 0 11 0

3 100 0 0 19

Total 92.9 9 14 19

All substances

Group % of correct classification Group 1 Group 2 Group 3

1 80 12 3 0

2 100 0 14 0

3 100 0 0 22

Total 94.1 12 17 22

Table prepared by the authors using their own data
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СF1 = 0.276×MW + 22.406×LogP – 23.622×LogD
7.4

 + 0.906×
Polar – 0.160×TPSA – 66.585

СF2 = 0.137×MW + 20.566×LogP – 21.906× LogD
7.4

 + 2.657×
Polar – 0.105×TPSA – 88.554

СF3 = 0.034×MW + 11.248×LogP – 15.200×LogD
7.4

 + 3.963×
Polar + 0.013×TPSA – 97.835

For each new or known compound, all three functions 

are calculated, and the compound is assigned to the group 

for which the classification function is most important. 

When new CNS-active substances and xenobiotics are 

being identified based on the proposed physicochemical 

criteria, they can be classified into one of three groups: 

substances with a hazard risk, those with a high hazard 

risk, and those with an extremely high hazard risk.

The operability of the created mathematical model 

was assessed using the classification of substances in the 

training sample. The obtained results of the classification of 

substances, which differ from the initial classification into 

groups in the training sample, are shown in Table 10.

According to the results of the conducted classifica-

tion, a potentially greater hazard was predicted for 9 out 

of 53 model substances than initially expected. The effec-

tiveness of the proposed model for assessing the potential 

health hazard of CNS-active substances was demonstrat-

ed by the example of propoxyphene. This drug was initially 

classified as Group 1; however, further analysis clearly al-

located it to Group 2, i.e., substances with a high hazard 

risk. Indeed, since 2009, this drug has been designated as 

hazardous in a number of countries and discontinued due 

to the high risk of fatal overdoses and cardiac arrhythmias.2 

Table 10 also shows that certain drugs and substances de-

tected in illicit trafficking may carry certain risks when used 

uncontrolled, which is consistent with the literature data on 

their toxic effects [22]. 

Diphenoxylate and buprenorphine, classified as Groups 

2 and 3, respectively, can be considered as pharmacologi-

cal exceptions. Diphenoxylate is used for gastrointestinal 

disorders, with its action being directed at opioid receptors 

located in the intestine. Therefore, the excessively high li-

pophilicity of diphenoxylate prevents its action on the CNS 

[23]. Buprenorphine, which belongs to the family of highly 

active Bentley compounds, is a powerful drug that could 

be just as dangerous as its related etorphine. Nevertheless, 

pharmacologically, it exhibits the properties of an opioid re-

ceptor agonist, posing no significant threat to human life. 

The results obtained emphasize that the proposed model 

based on the physicochemical properties of substances 

cannot take into account the peculiarities of their effect on 

CNS targets, such as receptors and enzymes. Hence, false 

positive and false negative results are possible in the result-

ing solutions. At the same time, the correct classification 

of most model compounds into groups according to their 

hazard potential shows the determining effect of the phys-

icochemical properties of narcotic analgesics on their toxic 

action.

CONCLUSION

Using the example of representatives of one class of CNS-

active substances, we confirmed the relationship between 

the potential health hazard of narcotic analgesics and their 

physicochemical properties, which determine the redistri-

bution of such substances from the central bloodstream 

into the CNS tissues. The molecular weight, lipophilicity, 

ability to acid-base dissociation, polarity and polarizability 

of CNS-active substances, as well as their ability to bind to 

target receptors, equally determine the specific features of 

their toxic effects. Therefore, these physicochemical prop-

erties can serve as criteria for determining the health haz-

ard potential of CNS-active xenobiotics. 

The method of linear discriminant analysis with step-

by-step inclusion of variables from a training sample of 

representatives of one class of CNS-active substances 

(opioid analgesics), divided into three groups according 

to their hazard level, was used to derive a mathematical 

model for classifying psychoactive substances based on 

their physicochemical properties. The model included two 

Table 10. Classification of the substances other than the training sample

No. Model object Initial group

Calculation of classification functions 

Defined group

СF1 СF2 СF3

1 fentanyl 1 72.67 75.38 72.13 2

2 buprenorphine 1 117.08 122.51 122.32 2

3 propoxyphene 1 74.24 75.65 69.24 2

4 diphenoxylate 1 97.91 107.42 109.98 3

5 β-hydroxy thiofentanyl 2 64.01 67.06 73.06 3

6 β-hydroxy fentanyl 2 62.37 66.13 70.84 3

7 remifentanil 2 61.15 60.83 68.69 3

8 alfentanil 2 76.10 81.34 93.42 3

9 sufentanil 2 86.61 90.79 91.79 3

Table prepared by the authors using their own data

2 Gandey A. Physicians Say Good Riddance to Worst Drug in History.2011. https://www.medscape.com/viewarticle/736718?src=mp&spon=25&form=fpf 

(Available from: 16 Jun 2024).
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dF1 and dF2 discriminant functions as linear combinations 

of the values of physicochemical descriptors, allowing us 

to satisfactorily divide the considered groups of narcotic 

analgesics among themselves according to the criterion of 

potential threat. The CF1-CF3 classification functions were 

calculated to assign new compounds to a particular group. 

The validity of the proposed mathematical model for as-

sessing the potential hazard of CNS-active xenobiotics was 

confirmed on the example of classifying a training sample 

of substances. As a result, 44 substances out of 53 were 

classified correctly. The classification of seven substances 

was clarified; two substances proved to be pharmacologi-

cal exceptions.

The calculated classification functions can be easily 

embedded as formulas in tabular editors or specialized 

software and databases for automatic classification of 

new and known compounds. Provided that the quantita-

tive expression of the power and speed of action of opioid 

analgesics on the body and other parameters of mole-

cules are determined, it becomes possible to conduct a 

mathematical analysis in order to establish a quantitative 

relationship between the characteristics of their biologi-

cal activity and quantitative structure-activity relationship 

(QSAR). Of significant interest is the applicability of the re-

sults obtained in the study to other classes of CNS-active 

substances.

Undoubtedly, along with perfection of predictive meth-

ods, their results require confirmation by conventional toxi-

cological methods. However, the demonstrated possibility 

of rapid detection of potentially hazardous xenobiotics will 

be useful for the prevention of mass poisoning when such 

CNS-active substances enter illicit traffic.
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  A NEW ONE-POT TECHNIQUE FOR OBTAINING POTENTIAL INDAPAMIDE 
METABOLITES BY OXIDATION AND CONJUGATION ON MALDI TARGET
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Introduction. Metabolic activation of xenobiotics, including pharma drugs, is considered to be one of the main mechanisms for the development of idiosyn-

cratic reactions. Accordingly, the potential bioactivation of a xenobiotic should be carefully evaluated in the early stages of drug development. In this regard, 

the search for new rapid and effective screening techniques for reactive metabolites of xenobiotics presents particular interest.

Objective. Development of a new technique for modeling the processes of xenobiotic biotransformation in vitro to identify potential metabolites of indap-

amide.

Materials and methods. Non-enzymatic instrumental methods, such as electrochemical oxidation (ECO) and photocatalytic oxidation (PCO) in volume, 

were used as comparison methods. The second phase of metabolism was modeled by incubating the oxidation products of indapamide with a trapping agent 

(glutathione, GSH). The oxidation products, as well as their conjugates with GSH, were then analyzed by high-performance liquid chromatography–tandem 

mass spectrometry (HPLC–MS/MS). The developed one-pot technique for metabolism modeling is based on a UV-induced PCO of a xenobiotic in the pres-

ence of GSH on the surface of a target functionalized with titanium dioxide followed by detection of the products by matrix-assisted laser desorption/ionization 

mass spectrometry (MALDI).

Results. In use of ECO resulted in the detection of 5 metabolites and 3 adducts with GSH, while the use of PCO in the volume allowed detection of 7 me-

tabolites and 1 adduct with GSH. The new one-pot technique detected 8 adducts with GSH. In addition to the detection of a number of known indapamide 

metabolites and their conjugates with GSH, a total of 4 previously unstudied metabolites and adducts with GSH were each detected for indapamide by the 

three methods.

Conclusions. In comparison with ECO and PCO in volume, the proposed analytical technique for modeling indapamide metabolism showed its higher infor-

mativity combined with simplicity and rapidity, which makes it a promising candidate for use in preclinical studies of drugs in predicting the metabolism and 

toxicity of pharmaceut ical objects, as well as in studying the biotransformation processes of various xenobiotics.

Keywords: indapamide; MALDI mass spectrometric analysis; adducts; electrochemical oxidation; glutathione; photocatalytic oxidation; xenobiotics; reactive 

metabolites
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УДК 615.9

НОВАЯ ONE-POT МЕТОДИКА ПОЛУЧЕНИЯ ПОТЕНЦИАЛЬНЫХ МЕТАБОЛИТОВ ИНДАПАМИДА 
ПУТЕМ ОКИСЛЕНИЯ-КОНЪЮГАЦИИ НА МАЛДИ-МИШЕНИ

О.А. Кельциева1,2, А.А. Афанасьева1, С.К. Ильюшонок2,3, А.С. Гладчук1,2,3, А.Н. Арсеньев2, А.С. Фролов2, В.Н. Бабаков3, 

К.А. Краснов1, Е.П. Подольская2

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

Россия

2 Институт аналитического приборостроения Российской академии наук, Санкт-Петербург, Россия

3 Научно-исследовательский институт гигиены, профпатологии и эко логии человека Федерального медико-биологического агентства, 

Ленинградская обл., Россия

Введение. Метаболическая активация ксенобиотиков, в том числе лекарственных средств, считается одним из основных механизмов развития 

идиосинкразических реакций. Соответственно, потенциальная биоактивация ксенобиотика должна быть тщательно оценена на ранних этапах 

разработки лекарств. В связи с этим поиск новых быстрых и эффективных методик скрининга реакционноспособных метаболитов ксенобиотиков 

является актуальным.

Цель. Разработка новой методики моделирования процессов биотрансформации ксенобиотиков in vitro для выявления потенциальных метабо-

литов индапамида.

Материалы и методы. В качестве методов сравнения были выбраны такие неферментативные инструментальные методы, как электрохими-

ческое окисление (ЭХО) и фотокаталитическое окисление (ФКО) в объеме. Моделирование второй фазы метаболизма осуществлялось путем 

инкубации продуктов окисления индапамида с улавливающим агентом (глутатион, GSH). Продукты окисления, а также их конъюгаты с GSH затем 

анализировали методом высокоэффективной жидкостной хроматографии с тандемной масс-спектрометрией. В основе новой one-pot методики 

4.0
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моделирования метаболизма лежит проведение УФ-индуцированного ФКО ксенобиотика в присутствии GSH на функционализированной диокси-

дом титана поверхности мишени с последующей регистрацией продуктов с помощью масс-спектрометрии с матрично-активированной лазерной 

десорбцией/ионизацией.

Результаты. В случае ЭХО было обнаружено 5 метаболитов и 3 аддукта с GSH, а при использовании ФКО в объеме было выявлено 7 метаболитов 

и 1 аддукт с GSH. При использовании новой one-pot методики было найдено 8 аддуктов с GSH. Помимо ряда выявленных известных метаболитов 

индапамида и их конъюгатов с GSH, в совокупности тремя методами для индапамида было зафиксировано по 4 ранее не изученных метаболита 

и аддукта с GSH.

Выводы. По сравнению с ЭХО и ФКО в объеме предложенный аналитический подход к моделированию метаболизма индапамида показал более 

высокую информативность в сочетании с простотой и экспрессностью, что делает его перспективным для использования в доклинических ис-

следованиях лекарственных препаратов при прогнозировании метаболизма и токсичности объектов фармацевтической разработки, а также 

при изучении процессов биотрансформации различных ксенобиотиков.

Ключевые слова: индапамид, МАЛДИ масс-спектрометрический анализ, аддукты, электрохимическое окисление, глутатион, фотокаталитиче-

ское окисление, ксенобиотики, реактивные метаболиты
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INTRODUCTION

Indapamide (IPM), which is a sulfonamide derivative of the 

indole series, is considered as one of the most effective 

diuretics used in hypertension and congestive heart fail-

ure.1 IPM, the structure of which is shown in Fig. 1, is a 

halogen-containing compound with the molecular formula 

of C
16

H
16

ClN
3
O

3
S (m/z [M-H]- 364.05).

The use of IPM can be accompanied by a number of 

side effects, including such hypersensitivity reactions as 

rash and photosensitivity [2–4]. The occurrence of idi-

osyncratic reactions to chemical compounds foreign to 

the body (xenobiotics) is largely determined by their meta-

bolic biotransformation.2 Due to its active metabolization in 

the human body, IPM represents an interesting object for 

studying its biotransformation products, the identification 

of which can be very useful for tracking the mechanisms of 

skin reactions and other manifestations of individual intoler-

ance to drugs and xenobiotics.

Xenobiotic transformations in the body occur through 

the following three phases. The first phase involves chemi-

cal transformations under the action of redox or hydrolytic 

enzymes with the formation of primary metabolites, as a 

rule, enriched in polar functional groups. This increases 

the hydrophilicity of the molecules, making them more ef-

ficiently eliminated from the body [5]. During the second 

phase, primary metabolites can enter into conjugation re-

actions with endogenous molecules, forming stable (cova-

lent) adducts [6]. During the third phase, metabolic prod-

ucts are eliminated from the body, which usually occurs 

with the participation of transport proteins [7]. 

It should be noted that short-living xenobiotic me-

tabolites pose a significant hazard to the body, since 

they react with proteins due to their high reactivity, 

thereby disrupting their functional activity. Direct detec-

tion of reactive metabolites in the body is not an easy 

task; however, their indirect determination through ad-

ducts with biomolecules is possible. In comparison with 

free metabolites, such adducts (conjugates) are more 

informative biomarkers of the effect of an exogenous 

compound on the body due to a longer stay in the body 

[8]. Reduced glutathione (GSH), a tripeptide of key im-

portance for protecting cells from toxic damage by xe-

nobiotics is of the most important conjugating agents in 

the body [9]. During the metabolism of xenobiotics, GSH 

reacts with substrates, such as epoxides, halides, and 

active unsaturated compounds, followed by excretion 

of the as-formed adducts from the body in bile or urine 

[10]. In this regard, GSH is used in model experiments as 

a low-molecular trap for detecting reactive products of 

xenobiotic metabolism. Such studies are an important 

stage in pharmaceutical research, allowing the toxicity 

and safety of a potential drug to be predicted [11].

Biochemical methods using cells or subcellular frac-

tions are conventionally applied to model the metabolism of 

xenobiotics. The latter include liver microsomes containing 

N

NH

O

CH3
Cl

S
O

O
NH2

Figure prepared by the authors using data from [1]

Fig. 1. Structural formula of indapamide

1 Mashkovskij MD. Drugs. Moscow: Novaya Volna; 2024 (In Russ).
2 Granik VG. Metabolism of exogenous compounds. Drugs and other xenobiotics. Moscow: Vuzovskaya kniga; 2015 (In Russ).
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enzymes of the first phase of metabolism (cytochrome 

P450), cytosol enriched with enzymes of the second phase 

(transferases), or fraction S9 containing a complete set of 

metabolic enzymes of the I and II phases of xenobiotic bio-

transformation [5, 12, 13]. However, biochemical methods 

possess a number of disadvantages, including low produc-

tivity, high labor costs, difficulty in isolating individual me-

tabolites from biological matrices, etc. 

In this regard, alternative approaches to modeling me-

tabolism based on non-enzymatic instrumental methods 

that require no biological matrices and minimize the time 

and cost of research are increasingly attracting attention 

[14]. Among them are electrochemical oxidation (ECO) [15] 

and photocatalytic oxidation (PCO) [16].

In the ECO method, the oxidation of xenobiotics is 

carried out in an electrochemical reactor, where reactive 

oxygen species perform the function of an oxidizer [17, 

18]. The coupling of an electrochemical cell with a mass 

spectrometer [19] or a chromato-mass spectrometer [20] 

makes it possible to register ECO products in real time. 

This method is capable of simulating not only the first, but 

also the second phase of metabolism provided that, after 

ECO, trapping agents such as GSH or cysteine are treated 

[21]. The study by Shono T. et al. [22] used the example of 

N-dealkylation of imipramine and diazepam to demonstrate 

that ECO provides a higher yield of metabolites compared 

to the microsomal fraction. 

In another method of metabolic modeling, PCO, the oxi-

dation reactions of xenobiotics are initiated under the action 

of light radiation in the presence of catalysts [23]. Titanium 

dioxide (TiO
2
) is one of the most actively used photocata-

lysts due to its optical and photochemical properties, as 

well as its low cost [24]. In addition, Ruokolainen M. et al. 

[25] showed that the photocatalytic oxidation induced by 

ultraviolet radiation in a suspension of titanium dioxide (UV/

TiO
2
-PCO) simulates more reactions of the first phase of 

metabolism occurring in human liver microsomes than 

ECO or the Fenton reaction.

Despite the emergence of new approaches to modeling 

the biotransformation of xenobiotics, the study of metab-

olism continue to be a challenging and labor-consuming 

task. In this regard, the development of a simpler and more 

effective technique for obtaining and identifying xenobiotic 

metabolites appears to be highly relevant.

In this study, we set out to propose a technique for 

modeling xenobiotic biotransformation processes in vitro 

to identify potential indapamide metabolites.

MATERIALS AND METHODS

Electrochemical oxidation of indapamide and 
production of adducts with glutathione

When developing an ECO IPM technique, we relied on the 

data obtained in [26] using a similar system for ECO. 10 mg 

of IPM substance (analytical standard; Merck, Germany) 

was placed in a 15 mL tube followed by addition of 10 mL 

of methanol (HPLC grade; Merck, Germany); the mix-

ture was intensively stirred using a vortex-type BR-2000 

Vortexer (Bio-Rad, USA) until the substance dissolved. To 

obtain a working solution of IPM, a stock solution (1 mg/mL 

in methanol) was diluted with 75% (vol/vol) aqueous ace-

tonitrile (HPLC grade; Merck, Germany) with the addition 

of ammonium formate (10 mM; pH 7.4; purity 97%; Merck, 

Germany) to a concentration of 50 μg/mL.

A three-electrode μ-PrepCell™ electrochemical cell 

(volume 0.7  μL, electrolyte layer 50  μm, working elec-

trode  —  Glassy carbon) as part of the ROXY™ EC sys-

tem (Antec, the Netherlands) was pre-rinsed with 5 mL of 

distilled water using a Harvard automatic syringe pump 

(702212B, Harvard Apparatus, USA) with a flow rate of 

100 μL/min. Subsequently, 5 mL of 50% (v/v) aqueous ace-

tonitrile solution was passed through the cell at a flow rate 

of 100 μL/min.

To perform an ECO, 100 μL of an IPM working solu-

tion was passed through the cell at a rate of 15 μL/min. 

Electrolysis was performed at 37°C and a constant voltage 

of 2.4 V. The products of IPM oxidation were collected in a 

microsample; the metabolite solution was diluted fivefold 

with deionized water and placed in vials for subsequent 

HPLC–MS/MS analysis.

In the study of adducts with GSH (purity > 98%; Merck, 

Germany), the solution passed through an electrochemical 

cell was collected in a tube containing 100 μL of an aque-

ous solution of GSH (1 mg/mL) and incubated for 1h at a 

temperature of 37°C. The resulting mixture with GSH was 

then diluted 25 times with deionized water and transferred 

to vials for subsequent analysis by high performance liquid 

chromatography with tandem mass spectrometry (HPLC–

MS/MS).

Ultraviolet-induced photocatalytic oxidation of 
indapamide in the presence of titanium dioxide 
nanoparticles in a microsample and preparation of 
adducts with glutathione

When developing an UV/TiO
2
-PCO IPM technique, we re-

lied on the previously proposed approach described in 

[27]. 10 mg of the IPM substance was placed in a 1.5 mL 

tube followed by addition of 1 mL of methanol; the solu-

tion was intensively mixed using a vortex-type BR-2000 

Vortexer until dissolution of the substance. To obtain 

a working solution, an IPM stock solution (10 mg/mL in 

methanol) was diluted with deionized water to a concen-

tration of 1 mg/mL.

10  mg of TiO
2 

titanium dioxide nanoparticles (ratio of 

polymorphic modifications of anatases: rutile = 80/20; 

Plasmotherm, Russia) and 2 mL of deionized water were 

added to a 2 mL microsample followed by placing the sus-

pension in an ultrasound bath for 10 min. The resulting sus-

pension (5 mg/mL) was used immediately after preparation.

12.5 μL of IPM solution (1 mg/mL in 10% (vol.) aque-

ous methanol), 12.5 μL of TiO
2
 suspension (5 mg/mL), and 

150 μL of deionized water were added to a 0.2 mL micro-

sample. Subsequently, the open microsample was placed 

in a plastic holder and covered with a laboratory-made panel 

for ultraviolet irradiation (LEDs BL-L522VC (λ
max

 = 405 nm; 

Betlux Electronics, China) mounted on a non-conductive 

substrate) and held for 30 min. When searching for GSH 

adducts, 5 μL of an aqueous GSH solution (5 mg/mL) was 

added to the suspension after irradiation and incubated for 

1 h at a temperature of 37°C.
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Costar® Spin-X® centrifuge filters were used to purify 

TiO
2
 (pore size  —  0.22  μm, nylon membrane; Corning, 

USA). 150 μL of suspension with IPM oxidation products 

and 150 μL of deionized water were added to the filter, after 

which they were centrifuged for 5 min at 10,000 g using a 

MiniSpin centrifuge (Eppendorf, Germany). The filtrate was 

transferred to another microsample followed by addition 

of 300 μL of acetonitrile with 0.1% (v/v) formic acid (98% 

purity; Merck, Germany) to the used filter and centrifuged 

again for 5  min at 10,000  g. This filtrate was combined 

with the previously obtained filtrate and evaporated using 

a SpeedVac centrifuge evaporator (Eppendorf, Germany). 

5% (vol/vol) aqueous acetonitrile with 0.1% (vol/vol) formic 

acid was added to the precipitate to a final GSH concentra-

tion of 20 μg/mL; the resulting solution was then placed in a 

vial for subsequent HPLC–MS/MS analysis.

Ultraviolet-induced photocatalytic oxidation of 
indapamide in the presence of titanium dioxide 
nanoparticles and production of adducts with 
glutathione on the surface of a MALDI target

A polished stainless steel MALDI target was used as the 

substrate. 2 μL of TiO
2
 suspension (2 mg/mL) was applied 

onto the surface of the MALDI target cells and dried at 

room temperature. 

Target cells functionalized with TiO
2
 were applied: 

• 10 μL of deionized water (control);

• 9 μL of deionized water and 1 μL of GSH aqueous solu-

tion (100 μg/mL) (control);

• 7 μL of deionized water, 2 μL of IPM solution (50 μg/mL) 

and 1 μL of GSH solution (100 μg/mL) (determination of 

GSH adducts with oxidation products).

The target with the deposited samples was covered 

with the previously described panel for ultraviolet irradia-

tion and irradiated for 30 min. After completion of irradia-

tion, 1 μL was taken from each drop and transferred to an 

adjacent cell, after which 1  μL of solution (20  mg/mL in 

80% (vol/vol) aqueous acetonitrile with 0.1% (vol/vol) trif-

luoroacetic acid (purity 99%; Merck, Germany) was added) 

2,5-dihyroxybenzoic acid matrices (DHB; Bruker Daltonik 

GmbH, Germany). The target was dried at room tempera-

ture before analysis by MALDI mass spectrometry.

Analysis of indapamide oxidation products and their 
adducts with glutathione by high performance liquid 
chromatography with tandem mass spectrometry

HPLC–MS/MS analysis was conducted using an analytical 

system consisting of an Agilent 1290 Infinity liquid chro-

matograph (Agilent Technologies, USA) and an Amazon 

ETD ion trap mass spectrometer (Bruker Daltonik GmbH, 

Germany) with an electrospray ion source. Experimental 

data was recorded and processed using the Data Analysis 

5.0 software package (Bruker Daltonik GmbH, Germany).

Chromatographic separation was carried out under 

the following conditions: column  —  zorbrax Eclipse Plus 

C18 Rapid Resolution High Definition (2.1 × 150  mm, 

1.8 microns; Agilent Technologies, USA); temperature col-

umn — 40°C; flow rate of the mobile phase — 200 μL/min; 

volume of the injected sample — 5 μL; A phase — 0.1% 

(vol/vol) aqueous formic acid solution; B phase — 0.1% (vol/

vol) formic acid solution in 90% (vol/vol) in aqueous ace-

tonitrile; elution mode — gradient: 5% B (0–2 min), 5–60% 

B (2–30 min), 60% B (30–31 min), 60–50% B (31–32 min), 

5% B (32–37 min).

Mass spectrometric analysis was performed under the 

following operating conditions of the mass spectrometer: 

capillary voltage — 4.5 kV; nebulizer pressure — 2.2 bar; 

drying gas   —  nitrogen; drying gas flow rate  —  9  L/min; 

drying gas temperature — 280°C; operating mode — Auto 

MS/MS; scanning mode  —  Auto MS/MS; range 

m/z — 100–1000; moving average — disabled; frequency 

of spectra — 4 Hz; type of fragmentation — dissociation 

activated by collisions; gas for collisions — helium; number 

of precursor ions — 3; isolation window of the precursor 

ion — 3.5 m/z. IPM metabolites were analyzed in the nega-

tive ion registration mode; GSH adducts were analyzed in 

the positive ion registration mode. The mass spectrometer 

was calibrated using a 1 m sodium formate solution (97% 

purity; Merck, Germany) in 90% (vol/vol) aqueous isopro-

panol (HPLC grade; Merck, Germany).

MALDI mass spectrometric analysis

Mass spectrometric analysis of reactive metabolites of 

IPM and their adducts with GSH was performed by an 

UltrafleXtreme tandem time-of-flight mass spectrom-

eter (Bruker Daltonik GmbH, Germany) equipped with an 

Nd:YAG laser (λ  =  355  nm) using the facilities of the re-

source center “Development of Molecular and Cellular 

Technologies”, St.  Petersburg State University Science 

Park.

Mass spectra were recorded in the reflection mode with 

positive ion detection at the following operating parameters 

of the mass spectrometer: range m/z — 300–1100; volt-

age at the first source — 19.0 kV; voltage at the second 

source — 16.8 kV; voltage at the lenses — 7.0 kV; voltage 

at the first reflector — 20.5 kV; voltage at the second reflec-

tor — 10.5 kV; the delay of pulsed ion extraction — 90 ns. 

To obtain one spectrum, 10,000 laser irradiation acts were 

used with a laser power of 60% and an irradiation frequen-

cy of 2000 Hz. The flexControl and flexAnalysis software 

applications (Bruker Daltonik GmbH, Germany) were used 

to register and interpret the mass spectra.

Tandem mass spectrometric analysis was performed 

in the laser-induced dissociation mode at the following 

operating parameters of the mass spectrometer: the pre-

cursor ion selector window — 2 m/z; voltage at the first 

source — 7.6 kV; voltage at the second source — 6.9 kV; 

voltage at the lenses — 3.5 kV; voltage at the first reflec-

tor — 29.4 kV; voltage at the second reflector — 14.1 kV; 

LIFT 1 (19.0 kV); LIFT 2 (3.2 kV); pulse ion extraction de-

lay — 90 ns.

The mass spectrometer was calibrated using a Peptide 

calibration standard II calibration mixture (Bruker Daltonik 

GmbH, Germany).

RESULTS AND DISCUSSION

At the first stage of the study of IPM metabolism, two of 

the most common non-enzymatic approaches for the 
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production of xenobiotic oxidation products in vitro were 

compared: electrochemical oxidation (ECO) and UV-

induced photocatalytic oxidation in the presence of titani-

um dioxide nanoparticles (UV/TiO
2
-PCO). According to the 

literature data [28], five metabolites (M1–M5) are known for 

IPM, each of which is capable of reacting with GSH. The 

selection of GSH as a trapping agent is due to its important 

role in the metabolism of xenobiotics in the human body (it 

is one of the main biomolecules involved in the binding of 

reactive products of xenobiotic metabolism), as well as its 

ability to enter into conjugation reactions with molecules 

containing quinoid-type groups (the presence of such 

groups is characteristic of a number of IPM metabolites).

The scheme of the experiment using ECO is shown in 

Fig. 2A.

Oxidation was carried out using the Roxy Exceed elec-

trochemical system equipped with a μ-PrepCell electro-

chemical reactor. Part of the reaction mixture was then 

selected for subsequent analysis; the remaining part was 

mixed with a GSH solution and incubated during 1 h at 

37°C. 

According to the results of HPLC–MS/MS analysis, 

the presence of 3 known metabolites of IPM (M1, M4, 

M5), as well as 2 metabolites with m/z 381.93 (PM2) and 

m/z 429.96 (PM6), which had not been previously de-

scribed in the literature, was revealed. The correspond-

ing data are presented in Fig. 3A. In addition, the HPLC–

MS/MS analysis of the incubation mixture of oxidation 

products of IPM and GSH revealed 3 signals, which, by 

the presence of an isotopic distribution characteristic of 

compounds containing a chlorine atom and the results of 

tandem mass spectrometric analysis, were attributed to 

GSH adducts with 2 known (M2, M4) and 1 undetected 

(PM7) metabolites of IPM. The corresponding data are 

presented in Fig. 3B. Information on the detected ECO 

IPM products, as well as GSH adducts, is presented in 

Table 1.

Thus, the ECO method makes it possible to obtain IPM 

metabolites, but it has a number of disadvantages.:

• The inability to perform multiple experiments simultane-

ously;

• The need to clean the electrochemical cell after each 

use;

• High consumption of reagents and studied xenobiotics.

Taking into account the above, we stated that modeling 

of the metabolism of xenobiotics using the ECO method is 

lengthy and costly.

At the next stage of the study, we modeled the pro-

cesses of IPM metabolism using the UV/TiO
2
-PCO meth-

od. The scheme of UV/TiO
2
-PCO is shown in Fig. 2B. At 

the first stage, a tube with an incubation mixture (an aque-

ous suspension of TiO
2
 nanoparticles containing IPM) was 

irradiated with UV radiation. Following irradiation, GSH 

was added to the tube and the procedure for conjuga-

tion of the trapping agent with UV/TiO
2
 products was per-

formed. In total, the stages of oxidation and conjugation 

lasted for 90 min, similar to the case of ECO. However, 

the advantage of UV/TiO
2
-PCO consists in the possibility 

of conducting several experiments in parallel, thus saving 

time significantly when selecting oxidation conditions. In 

general, compared to ECO, the UV/TiO
2
-PCO method is 

more economical in terms of the cost of both reagents 

and test substances. However, for further HPLC–MS/

MS analysis, it becomes necessary to carry out sample 

Figure prepared by the authors using their own data

Fig. 2. Algorithm for obtaining xenobiotic oxidation products by ECO (A) or UV/TiO
2
-PKO (B) followed by conjugation with GSH and HPLC–MS/MS analysis (using 

IPM as an example)



EXTREME MEDICINE | 2025, VOLUME 27, No 1 31

ORIGINAL ARTICLE | TOXICOLOGY

preparation, including the removal of titanium dioxide 

particles in order to avoid their entry into the chromato-

graphic system. 

According to the results of HPLC-MS/MS analysis of 

UV/TiO
2
-PCO products of IPM (Fig. 3B), the formation of 

4 known IPM metabolites (M1, M2, M4, M5), as well as 3 

previously undescribed metabolites with m/z 408.00 (PM4), 

m/z 409.93 (PM5) and m/z 429.92 (PM6) was detected. It 

should be noted that the M2 metabolite, as well as the pu-

tative PM4 and PM5 metabolites, were not detected using 

the ECO method.

When analyzing the products of GSH interaction with 

IPM metabolites, only one signal was recorded, which, by 

the presence of a characteristic isotopic distribution and 

the results of tandem mass spectrometric analysis, was at-

tributed to the GSH adduct with the potential metabolite 

Figure prepared by the authors using their own data

Fig. 3. Mass chromatograms of IPM metabolites obtained by ECO (A) and their adducts with GSH (B), as well as those obtained by UV/TiO
2
-PCO (C) and their 

adducts with GSH (D)

Note: the figure shows mass spectra fragments indicating the detected IPM metabolites and their adducts with GSH.
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Table 1. Molecular weights and probable structures of IPM metabolites and their m/z adducts with GSH, detected by three methods

Me-
tabo-

lite
Structural formula

Biotransformation modeling methods

ECO UF/TiO
2
-PKO UF/TiO

2
-PKO/MM

m/z of metabo-
lite [M-H]–

m/z of adduct with 
GSH [M+H]+

m/z of metabo-
lite [M-H]-

m/z of adduct with 
GSH [M+H]+

m/z of adduct with 
GSH [M+H]+

M1 N

NH

O

CH3
Cl

S
O

O
NH2

361.98 - 361.93 -
669.10

671.10

M2 N

NH

O

CH3
Cl

S
O

O
NH2

O
0

(378) 685.12 377.95 - 685.09

M3 N

NH

O

CH3
Cl

S
O

O
NH2

OH
0

(380) - - - 687.11

M4 N

NH

O

CH3
Cl

S
O

O
NH2

O
0

O
0

393.99 701.12 393.98 - 701.09

M5

CH3
OH

0

OH
0

NH
0

O

Cl

S
O

O
NH2

NH
0

397.96 - 397.89 - 705.09

PM1

0

O

0

Cl

S
O

O
NH2

N
0

0

NH
0

0

- - - - 657.09

PM2

CH3

OH
0

NH
0

O

Cl

S
O

O
NH2

NH
0

381.93 - - - -

PM3 N

NH

O

CH3
Cl

S
O

O
NH2

OH
0

OH
0

- - - - 703.10

PM4 N

NH

O

CH3

Cl

S
O

O
NH2

O
0

O
0

O
0

- - 408.00 - -

PM5
N

NH

O

CH3
Cl

S
O

O
NH2

OH
0

OH
0

OH
0

- - 409.93 - -

PM6

CH3

OH
0

OH
0

OH
0

NH
0

O

Cl

S
O

O
NH2

NH
0

OH
0

429.96 - 429.92 - -

PM7

CH3

OH
0

OH
0

OH
0

NH
0

O

Cl

S
O

O
NH2

NH
0

OH
0

OH
0

- 753.07 - 753.19 -

Table prepared by the authors using their own data

Note: the values of the m/z metabolites described in the literature but not detected in the experiments performed are shown in parentheses; UV/TiO
2
-PCO/

MM — UV/TiO
2
-PCO on the MALDI target.
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PM7 (Fig. 3G). PM7-GSH became the only detected ad-

duct, while 3 adducts were identified by the ECO method.

T he results obtained by ECO and UV/TiO
2
-PCO meth-

ods for IPM are generally comparable. However, both 

methods have a number of disadvantages that make them 

individually rather labor- and time-consuming. Therefore, a 

number of challenges must be overcome when developing 

a more efficient screening technique for reactive metabo-

lites of xenobiotics. These include the following points.

1. Time consumption. Most of the time spent is con-

sumed by conjugation (1  h) and HPLC–MS analysis 

(~40 min).

2. Labor cost. Removal of TiO
2
 particles at UV/TiO

2
-

TCO or flushing of the electrochemical cell after each xe-

nobiotic.

3. Step-by-step oxidation and conjugation can lead to 

the loss of short-lived metabolites.

4. Possibilities of conducting several experiments in 

parallel are limited.

5. High consumption of reagents and test substances.

Therefore, further work was aimed at developing a tech-

nique for modeling IPM metabolism, in which the listed dis-

advantages would be eliminated or significantly reduced.

Matrix-activated laser desorption/ionization (MALDI) 

mass spectrometry is widely used among the methods 

for determining xenobiotic metabolites and their adducts. 

This method is characterized by its rapidity and high pro-

ductivity, since the analysis procedure includes the stage 

of applying all the necessary samples onto a single solid 

substrate (target), followed by recording the analyte signals 

without additional sample preparation. 

We established that if a xenobiotic with the addition of 

a trapping agent (GSH) is applied onto a target MALDI cell 

functionalized with TiO
2
, the reactive metabolites formed 

during UV/TiO
2
-PCO can bind to the thiol group of the pep-

tide in situ. Subsequent MS analysis allows detection of 

short-lived oxidation products in the form of adducts. On 

this basis, an algorithm for conducting UV/TiO
2
-PCO IPM 

on a MALDI target (UV/TiO
2
-VCO/M) was proposed, shown 

in Fig. 4.

To select an optimal oxidation duration, adducts were 

searched following 1, 5, 10, 20, and 30 min of UV irradia-

tion. The obtained mass spectra are shown in Fig. 5.

The results o f mass spectrometric analysis that after 

5 min of irradiation showed the absence of detected sig-

nals of GSH adducts with IPM metabolites. At 10 min of 

UV/TiO
2
-PCO, three signals were detected, one of which 

(m/z 687.12) belongs to the conjugation product of GSH 

with the known metabolite of IPM (M3), and the other (m/z 

703.11) can be attributed to the adduct of GSH with the 

previously unexplored metabolic product of IPM (PM3). 

For samples taken after 20 min of irradiation, an increase 

in the intensity of the above signals was observed in the 

mass spectra.

The most complet e information about GSH adducts 

with IPM metabolites was provided by the mass spectrum 

corresponding to the exposure of samples to UV radiation 

for 30 min. In addition to the previously identified conjuga-

tion products, signals with values of m/z 669.10, 685.09, 

701.09, and 705.10 were detected, corresponding to ad-

ducts with known IPM metabolites (M1, M2, M4, M5), as 

well as a signal with m/z 657.09 belonging to an adduct with 

a potential PM1 metabolite. Information about the identified 

adducts is presented in Table 1. It should be noted that, 

from our point of view, the metabolites M3, PM1, and PM3 

deserve particular attention from in terms of their potential 

hazard to the body. These metabolites were registered only 

as adducts with GSH, and only by the UV/TiO
2
-PCO/MM 

method under in situ conjugation conditions, which indi-

cates their high reactivity.

In contrast to the ECO and UV/TiO
2
-PCO techniques, 

in this case, a significant number of signals attributed to 

GSH adducts with IPM oxidation products were detected 

in the mass spectra, as shown in the diagram (Fig. 6), which 

allows us to conclude that the proposed approach shows 

promise.

Together, four previously unexplored metabolites were 

identified by three methods for IPM (m/z [M-H]- 381,93; 

408,00; 409,93; 429,96) and the adduct with GSH (m/z 

[M+H]+ 657,09; 671,10; 703,10; 753,19).

It should be noted that the non-enzymatic methods of 

modeling the biotransformation of xenobiotics (ECO, UV/

TiO
2
-PCO) considered in this paper cannot act as a full-

fledged alternative to classical biological systems (microso-

mal or S9 fractions of the liver, primary hepatocytes, etc.), 

since each of the methods cannot fully reproduce the full 

set of enzymatic reactions occurring during the first phase 

of metabolism. At the same time, these instrumental ap-

proaches make it possible to rapidly and affordably obtain 

Figure prepared by the authors using their own data

Fig. 4. Algorithm for obtaining IPM metabolites and their adducts with GSH by 

UV/TiO
2
-PCO/MM method



МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ | 2025, ТОМ 27, № 134

ОБЗОР | КОСМИЧЕСКАЯ МЕДИЦИНА

oxidation products in a pure solution without the need for 

a laborious purification process from the biological matrix, 

which is particularly important when conducting screening 

studies of the potential toxicity of xenobiotics.

CONCLUSION

In this s tudy, we investigated potential IPM metabolites ob-

tained using non-enzymatic methods for modeling the pro-

cesses of the first phase of xenobiotic biotransformation, 

such as ECO and UV/TiO
2
-PCO in volume. Simulation of 

the second phase of metabolism was carried out by incu-

bation of indapamide oxidation products with a trapping 

agent (GSH).

According to the results of HPLC–MS/MS analysis of 

metabolites and their conjugates with GSH, 5 metabo-

lites and 3 adducts with GSH were detected in the case 

of ECO. The use of UV/TiO
2
-PCO in volume resulted in 

detection of 7 metabolites and 1 adduct with GSH. In 

addition, a new in vitro technique for the detection of 

reactive xenobiotic metabolites was developed. This 

technique is based on UV/TiO
2
-PCO in the presence of 

a trapping agent (GSH) on the surface of a MALDI target 

functionalized with titanium dioxide, followed by MALDI 

mass spectrometric analysis of oxidation products and 

their conjugates. It was confirmed that the developed 

technique for detecting reactive metabolites of xeno-

biotics in the case of IPM surpasses the conventional 
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Fig. 5. MALDI mass spectra of GSH adducts with IPM metabolites during UV/TiO2-PCO/MM under UV irradiation of the incubation mixture for 0 min (A), 5 min 
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Fig. 6. Numerical comparison of the detected GSH adducts with IPM oxidation 

products obtained by three different methods
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approaches both in terms of performance and informa-

tiveness, allowing the detection of a larger number of 

potentially dangerous metabolites (8 adducts with glu-

tathione were detected).
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HEAT TRANSFER BY EVAPORATION DETERMI NES THE EFFECT OF NASAL 
PHENAZEPAM ON THERMAL STRESS IN RATS 

Jury Ju. Ivnitsky, Olga A. Vakunenkova, Konstantyn A. Krasnov, Semion S. Gaft, Natalja V. Lapina

Golikov Research Center of Toxicology, St. Petersburg, Russia

Introduction. Thermal stress is an increase in body temperature due to the predominance of heat received from outside or released during metabolism over 

heat losses by the body. Heat production can be regulated using benzodiazepines in doses unattainable with a single intramuscular injection of their officinal 

preparations. In this study, this limitation is overcome using a prototype of the Phenazepam nasal spray (PNS) preparation, containing 170 mg of phenazepam 

in 1 mL of a non-aqueous solution.

Objective. Experimental assessment of the PNS effect on the metabolic rate and thermal balance in thermal stress.

Materials and methods. The effect of a single 10 μL PNS intranasal instillation on the external respiration intensity, oxygen consumption, as well as 

10 μL PNS intranasal instillations at 0.5 h intervals on the dynamics of rectal temperature, body weight, and lethality in rats at an air temperature of 40 °C 

was studied.

Results. PNS instillations reduced oxygen consumption by an amount sufficient to decrease body temperature by 0.3 °C in 0.5 h. PNS administration 

declined the rate of body temperature rise when placing rats in restrainers at an air temperature of 40 °C; however, PNS administration accelerated body 

temperature rise and increased lethality when placing rats in cages. Due to PNS, moisture loss by rats in cages decreased, judged by the dynamics of 

body weight.

Conclusions. The study confirmed the prospects of PNS as a pharmacotherapy for heat stroke at a high relative humidity, exposure to insulating skin protec-

tors, or with immersion hyperthermia. The possibility of the aggravating effect of PNS on human thermal stress in the absence of physical obstacles to heat 

transfer by evaporation requires additional verification.

Keywords: hyperthermia; survival; evaporation; elevated air temperature; body temperature; heat stress; heat loss; heat production; metabolic rate; 

phenazepam nasal spray
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ТЕПЛООТДАЧА ИСПАРЕНИЕМ ОПРЕДЕЛЯЕТ ЗНАК ВЛИЯНИЯ НАЗАЛЬНОГО ФЕНАЗЕПАМА 
НА ТЕПЛОВОЙ СТРЕСС У КРЫС

Ю.Ю. Ивницкий, О.А. Вакуненкова, К.А. Краснов, С.С. Гафт, Н.В. Лапина

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

Введение. Тепловой стресс — рост температуры тела вследствие преобладания теплоты, поступившей извне и освободившейся при метабо-

лизме, над теплоотдачей. Коррекция теплопродукции возможна с использованием бензодиазепинов в дозах, недостижимых при однократном 

внутримышечном введении их официнальных препаратов. Это ограничение преодолено с помощью прототипа препарата «Феназепам спрей на-

зальный» (ФСН), содержащего 170 мг феназепама в 1 мл неводного раствора.

Цель. Экспериментальная оценка влияния ФСН на уровень метаболизма и тепловой баланс при тепловом стрессе.

Материалы и методы. Изучено влияние однократной интраназальной инстилляции ФСН в объеме 10 мкл на интенсивность внешнего дыхания, 

потребление кислорода, а также повторных интраназальных введений ФСН 170 мг/мл в объеме по 10 мкл с интервалом 0,5 ч на динамику ректаль-

ной температуры, массы тела и летальность крыс при температуре воздуха 40 °С.

Результаты. Инстилляция ФСН снижала потребление кислорода на величину, достаточную для уменьшения на 0,3 °С температуры тела за 0,5 ч. 

Введение ФСН замедляло повышение температуры тела у крыс, размещенных в рестрейнерах при температуре воздуха 40 °С, но ускоряло рост 

температуры и способствовало повышению летальности при размещении крыс в вольерах. Под влиянием ФСН потеря влаги крысами, находив-

шимися в вольерах, судя по динамике массы тела, уменьшалась.

Выводы. Результаты работы указывают на перспективность ФСН в качестве средства фармакотерапии теплового удара при высокой относи-

тельной влажности, пребывании в изолирующих средствах защиты кожи или при иммерсионной гипертермии. Требует проверки возможность 

усугубляющего влияния ФСН на тепловой стресс у человека при отсутствии физических препятствий для теплоотдачи испарением.

Ключевые слова: гипертермия; выживаемость; испарение; повышенная температура воздуха; температура тела; тепловой стресс; теплоотдача; 

теплопродукция; уровень метаболизма; феназепам спрей назальный
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INTRODUCTION

Thermal (heat) stress is an increase in the core body 

temperature, when the algebraic sum of thermal energy 

received from outside and released in metabolic pro-

cesses exceeds that of thermal energy lost by evapo-

ration, radiation, convection, and heat conduction. The 

totality of the most severe clinical manifestations of heat 

stress, referred to as heat stroke [1], is a critical condition 

with a mortality rate of 27% [2]. Not only children and el-

derly people are at increased risk of heat stroke, but also 

the economically active population, whose activities are 

associated with physical exertion or work in conditions 

that impede heat transfer. These include, e.g., military 

personnel, police officers, firefighters, hot shop workers, 

and athletes. 

The basic principle of first aid in heat stroke man-

agement consists in a rapid reduction of body tempera-

ture. The current standard of emergency medical care1 

recommend physiotherapeutic means for promoting 

heat transfer, such as cooling liquids and applications. 

Medications include saline solutions, nonsteroidal anti-

inflammatory drugs (NSAID), and diazepam. Based upon 

the daily or course dose of 10 mg, diazepam can be pre-

scribed in a single dose of 5 mg as a sedative. The cur-

rent literature lacks data on the effect of diazepam used 

in this mode on the thermal state of the body. However, 

parenteral administration of benzodiazepines in doses of 

more than 20  mg, similar to those used to relieve sei-

zures of chemical etiology [3], is likely to produce the 

required effect.

Intramuscular administration of benzodiazepines at 

the prehospital stage, commonly applied for the purpose 

of relieving convulsive syndrome, is a forced alternative to 

their intravenous administration, which is problematic in 

the setting of seizures. Due to the low water solubility of 

pharmaceutical substances of the benzodiazepine group, 

their concentration in official injectable medicines (siba-

zone, midazolam) does not exceed 5  mg/mL. Therefore, 

simultaneous delivery of benzodiazepines into the human 

body in doses of more than 20 mg requires intramuscular 

administration of such medicines in volumes of more than 

4 mL, which is rarely possible. We previously proposed an 

approach to overcoming this limitation based on the use of 

a non-aqueous solution of benzodiazepine [4] and its na-

sal dosage form [5]. A prototype of the Phenazepam Nasal 

Spray medicine (PNS) was created, containing 170 mg of 

phenazepam in 1 mL. With a double insufflation of 140 μL 

of PNS into each nasal passage, the dose of phenazepam 

exceeded the highest single doses of diazepam or mida-

zolam administered as official injectable medici nes by 4.8 

and 6.4 times, respectively. The need for such doses was 

determined by the initial requirement for PNS as a means 

of relieving convulsive syndrome of chemical etiology. 

However, an increase in drug dose offers the possibility of 

phenazepam exhibiting other pharmacological properties, 

potentially beneficial in conditions of heat stress. In this re-

gard, the fact that benzodiazepines reduce oxygen con-

sumption by both the brain [6] and the body as a whole 

[7] deserves attention. The associated decrease in heat 

production could delay the increase in body temperature 

in conditions conducive to overheating of the body, thereby 

increasing tolerance against heat stress. However, the op-

posite effect, i.e., violation of behavioral patterns aimed at 

stimulating heat transfer, must not be neglected. In rats, 

whose skin, excluding the plantar surface of the extremi-

ties, is devoid of sweat glands, hypothetically grooming 

with saliva applied to the coat and its subsequent evapora-

tion is a thermoregulatory reaction similar to sweating in 

humans [8].

This study aims to experimentally evaluate the effect of 

PNS on the metabolic rate and heat balance during heat 

stress.

MATERIALS AND METHODS

The study was conducted using outbred albino male rats 

(191–210 g) purchased from the Rappolovo Branch of the 

Kurchatov Institute Research Center. The animals were 

receiving standard rat food and drinking water ad libitum. 

Two series of experiments were conducted.

In the first series of experiments, 16 animals were 

used, eight individuals in each group (control, experiment). 

Changes in the intensity of respiratory function and oxy-

gen consumption by the body were studied after a single 

intranasal instillation of isotonic 0.9% and sodium chlo-

ride solution in control animals and PNS 170 mg/mL in a 

volume of 10 μL (5 μL in each nasal passage) in animals 

from the experimental group, which corresponds to an 

average dose of the phenazepam® pharmaceutical sub-

stance 8.5 mg/kg and bioequivalent to a dose of 100 mg 

(four insufflations of 140 μL of PNS) for humans. Variable 

volume dispensers were used to administer the solutions. 

The acute toxicity of PNS at this dose was characterized 

1 Order of the Ministry of Health of the Russian Federation No. 1115n. Standard of emergency medical care for heat and sunstroke; 12/20/2012.
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based on the data from a preclinical study of its proto-

type, in which intranasal administration of PNS to rats at 

a 20-fold higher dose (five times 40 μL with an interval of 

10 min) did not cause animal death. Body oxygen con-

sumption was determined in a Miropolsky apparatus with 

a 2L respirometric chamber, to which the animals were 

accustomed for 2 min before the onset of each meas-

urement. The intensity of body oxygen consumption QО
2
, 

mL/(kg×min), was found from the equation: 

  Q
О2

 = V×F/(m×Δt),  (1)

wherein V  —  the volume of manometric liquid entering 

the burette, mL; F — the coefficient for reducing the oxy-

gen volume to normal conditions; m — body weight, kg; 

Δt — time spent by a rat in a sealed chamber, min. 

The measurement duration was 3  min under its ab-

solute error of 0.1 mL (≤ 2% of the V value). The animals 

were not fixed, they were freely located in the respirometric 

chamber. At this time, their respiratory rate was calculated 

(min-1). The measurements were carried out with an interval 

of 10 min.

The second series of experiments studied the effect of 

PSN on the dynamics of rectal temperature, body weight, 

and mortality of rats housed in a thermal chamber in con-

ditions that allowed (placement in enclosures) or exclud-

ed (placement in restrainers) grooming. Four randomized 

groups were formed: two control groups and two experi-

mental groups with 12–14 individuals in each:

Group 1 (n = 14) —  intranasal administration of 0.9% 

sodium chloride solution in a volume of 10 μL; animal hus-

bandry; 

Group 2 (n = 14) — intranasal injection of PSN 170 mg/

mL in a volume of 10 μL; keeping animals in an aviary; 

Group 3 (n = 12) —  intranasal administration of 0.9% 

sodium chloride solution in a volume of 10 μL; animal hus-

bandry in restrainers;

Group 4 (n = 12) —  intranasal administration of 0.9% 

PSN solution 170 mg/mL in a volume of 10 μL; animal hus-

bandry in restrainers.

The medications were instilled 5 μL into each nasal pas-

sage before the animals were placed in a thermal cham-

ber, followed by instillation every half hour. The number of 

instillations depended on the life span of the animals and 

ranged from two to seven; the total dose of phenazepam 

ranged from 17 mg/kg to 59.5 mg/kg.

Immediately after the administration of the medica-

tions, the animals (three individuals from each group at a 

time) were placed in a thermal chamber. The size of the 

restrainers did not interfere with breathing movements, but 

excluded grooming. The climatic conditions that contrib-

uted to overheating of the body were modeled in a BMT 

Stericell SC 111 ECO thermal chamber (Czech Republic) 

with a volume of 111 L and exhaust ventilation of 5 m3/h. 

The air temperature was 40 ± 1°C, the relative humidity of 

46% was maintained automatically. The thermal balance 

of the body was assessed by the dynamics of rectal tem-

perature, which was measured at 30 min intervals with an 

electric thermometer equipped with a sensor for rats RET-2 

(WPI, China); the tip of the thermometer was inserted into 

the rectum to a depth of 3 cm. The body loss of moisture 

was assessed by changes in body weight measured at 

half-hour intervals.

The results were presented as an average value and 

its error (M ± m). The Shapiro–Wilk criterion was used to 

check the normality of the distribution.  A multidimensional 

analysis of variance was performed to assess the effect 

of thermal conditions and injected substances on the re-

corded quantitative indicators. In cases where any factor 

showed a significant influence, a one-dimensional analysis 

of variance was performed. In cases of experimental plans 

with repeated measurements, models with mixed effects 

were used. The intergroup comparison of averages was 

performed using priori linear contrasts or posteriori Tukey 

tests. To identify intergroup differences in survival func-

tions, the Gehan generalised Wilcoxon test was used. The 

frequency of alternative traits occurrence was determined 

by the Fisher exact test. The critical significance level of a 

was assumed to be 0.05.

RESULTS

In the first series of experiments, 2–3 min after a single in-

tranasal instillation of PNS 170  mg/mL 10  μL, the motor 

activity of the rats decreased; the animals looked inhibited. 

The results of studying the effect of PNS on oxygen con-

sumption and external respiration are shown in Fig. 1. 

Figure 1 shows that 10 min after the use of PNS, oxy-

gen consumption by animals of the experimental group 

decreased by 33%, and the respiratory rate decreased by 

32% compared to the control group. The gas exchange 

efficiency of external respiration, estimated by oxygen con-

sumption per respiratory cycle, did not change significantly. 

In the following 20 min, oxygen consumption in rats treated 

intranasally with a single dose of PNS remained 9–20% 

lower than in the control, although levelling out. Thus, the 

duration of the hypometabolic effect of a single PNS instil-

lation was at least half an hour.

The second series of experiments, when studying 

the effect of PNS 170 mg/mL in a volume of 10 μL on 

the state of thermal metabolism in rats, found that ani-

mal staying in a thermal chamber led to a statistically 

significant increase in their rectal temperature. In ani-

mals placed in restrainers, the temperature increased by 

5.5 ± 0.3°C within an hour versus 3.3 ± 0.3°C in animals 

freely housed in enclosures. At the same time, the use 

of PNS accelerated the increase in body temperature by 

15% in rats housed in enclosures, although slowing it 

down by 11% in those kept in restrainers (Fig. 2a). When 

placed in enclosures, the animals that received saline 

solution showed active grooming, which was not the 

case with those receiving PNS. About 120 min after be-

ing placed in enclosures, the body loss of moisture esti-

mated by weight loss due to the use of PNS was 1% less 

of the initial body weight than in the control (Fig. 2b). The 

life expectancy of rats in enclosures was longer than in 

restrainers. When placed in enclosures, the use of PNS 

reduced life expectancy; when placed in restrainers, life 

expectancy tended to increase (Fig. 2c).
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DISCUSSION 

With a single instillation of 10 μL of PNS, the phenazepam 

dose for rats was 8.5 mg/kg bw, which is bioequivalent to 

100 mg for an adult human. This was five times higher than 

the highest single intravenous dose of diazepam 20  mg, 

which reduced human oxygen consumption by 8% [9]. 

Therefore, the fourfold greater hypometabolic effect of 

PNS observed in this study was due to the benzodiazepine 

dose, which, when extrapolated to humans, was five times 
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difference from the control group.
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Fig. 2. Dynamics of rectal temperature, body weight loss, and 

survival in rats at an air temperature of 40°C.

Note: the increase in rectal temperature and body weight loss are 

presented as mean and the standard error of the mean (M ± m);

* — statistically significant difference from the group of rats housed 

in the enclosure; 

† — statistically significant difference from the group of rats treated 

with PNS under similar placement conditions. 
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higher than the highest single dose. The duration of this 

effect was close to half an hour, which indicates the need 

for repeated PNS prescriptions to achieve a longer hypo-

metabolic effect. 

As follows from the increase in body temperature, stay-

ing in a heat chamber caused thermal stress in the rats. 

Due to the impossibility of grooming, the distribution of 

moisture (presumably saliva) over the coat, and, there-

fore, the loss of heat by evaporation, was hampered in rats 

placed in restrainers. This made the heat transfer condi-

tions comparable for animals placed in restrainers that re-

ceived intranasal instillations of PNS or a sodium chloride 

solution. Therefore, the probable reason for the decrease 

in thermal stress in rats housed in restrainers, in the setting 

of PNS, was a decrease in heat production, rather than an 

increase in heat transfer.

The decrease in heat production in the animals that re-

ceived PNS before being placed in a thermal chamber was 

assessed using the caloric equivalent of oxygen, which is 

close to 21 J/mL in the case of a carbohydrate-dominated 

diet [10]. During 30 min after PNS instillation, oxygen con-

sumption by animals was on average 2.06  mL/(kg×min) 

lower than in the control, which corresponds to 1294 J/kg 

of lower heat production. When the specific heat of bio-

logical tissues and water are close to 4187  cal/(kg×°C), 

this could decrease by 0.3°C the accumulation of body 

temperature over the following 30 minutes after placing 

the rats in a thermal chamber, which was observed in 

the present work. Thus, when the air temperature was 

elevated and moisture could not evaporate from most of 

the body surface, the introduction of PNS slowed down 

the formation of thermal stress in rats, reducing heat pro-

duction. In order to extrapolate these data to humans, it 

seems relevant to study the effect of PNS on body tem-

perature under the conditions that prevent heat transfer 

by evaporation, i.e., at high relative humidity [11], expo-

sure to insulating skin protectors [12], or with immersion 

hyperthermia [13]. The ability of diazepam, administered 

intravenously in doses of 10 or 20 mg, to reduce human 

body temperature [14] allows us to expect its decrease 

even when using PNS.

An optimal relative humidity and a sufficient rate of air 

exchange in the thermal chamber favored heat loss by 

evaporation of moisture by rats who had the opportunity 

to apply it to the surface of the body. Therefore, when they 

were placed in aviaries, body temperature rose more slowly 

than that in restrainers. However, the introduction of PNS 

smoothed out this difference: the medicine accelerated the 

increase in body temperature. Following 120  min of be-

ing placed in enclosures, body weight loss, mainly due to 

evaporation of water, was 10 g/kg less with PNS instilla-

tion than with the introduction of saline solution. Under the 

specific heat of water vaporization of 2260 J/g, this corre-

sponded to the accumulation of 22,600 J/kg more heat in 

the body of animals than in the control. Under the specific 

heat capacity of biological tissues close to 4187 J/(kg×°C), 

this energy was sufficient to increase body temperature by 

5.4°C. In fact, in rats that received PNS, it was only 2°C 

higher than in the control. This indicates the influence of 

oppositely directed factors on the body temperature of rats 

who received PNS, including a decrease in heat transfer 

and the decrease in heat production shown above. As can 

be seen, in animals that had no physical obstacles to mois-

tening the body surface, the effect of PNS on heat transfer 

prevailed over its effect on heat production.

Adverse pharmacological effects of benzodiazepines 

could play a certain role in reducing the survival rate of rats 

that received PNS before being freely placed in a thermal 

chamber, including an uncoupling effect on oxidative phos-

phorylation [15], reduction of blood pressure, heart rate and 

coronary blood flow [16]. However, the main mechanism 

of the PNS-induced decrease in survival in conditions of 

free location in a thermal chamber was the aggravation of 

thermal stress. This is indicated by the fact that 90 min af-

ter being placed in a thermal chamber, the body tempera-

ture of 43°C, corresponding to the threshold of irreversible 

damage to biological tissues [17], was reached in 21% and 

71% of animals treated with saline solution and PNS, re-

spectively (p < 0.05). Extrapolation of these data to humans 

is difficult due to the presence of sweat glands on the entire 

surface of the skin, which ensures heat transfer by evapo-

ration even against the background of physical inactivity. 

At the same time, impaired heat transfer is not excluded in 

humans due to reports of antagonism of benzodiazepines 

to muscarinic receptors [18], which requires consideration 

of climatic conditions when developing recommendations 

for the use of PNS.

The results obtained indicate the possibility of mitigat-

ing thermal stress with the use of PNS at high relative hu-

midity, exposure to insulating skin protectors, or immersion 

hyperthermia. Such an opportunity becomes particularly 

valuable with continued heat exposure or the unavailability 

of physical means of cooling the body at the pre-hospital 

stage of assistance to victims.

CONCLUSIONS

1. A single intranasal instillation of phenazepam in rats at a 

dose of 8.5 mg/kg bw, which is bioequivalent to 100 mg for 

an adult human, reduced the body oxygen consumption by 

an amount sufficient to reduce the 0.3°C increase in body 

temperature over 30 min of exposure to an air tempera-

ture of 40°C. The duration of the hypometabolic effect of 

a single instillation of the nasal preparation of phenazepam 

(PNS) was at least half an hour, which ensured this effect in 

animals receiving the drug with a half-hour interval. 

2. At an air temperature of 40°C and in the absence of 

conditions for evaporation of moisture from the body sur-

face, the administration of PNS to rats reduced heat stress, 

decreasing heat production and increasing rectal tempera-

ture by 0.3°C in 30 min.

3. The open arrangement of rats at an air temperature 

of 40°C in enclosures, which did not create obstacles to 

heat transfer by evaporation of saliva applied to the coat, 

was accompanied by a slower increase in body tempera-

ture and a lower mortality than when animals were placed 

in restrainers.

4. The instillation of PNS contributed to an increase 

in body temperature and mortality in rats housed in en-

closures at an air temperature of 40°C. The main mech-

anism of these effects was a decrease in heat trans-

fer by evaporation due to the suppression by PNS of 
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a species-specific thermoregulatory reflex, i.e., applica-

tion of saliva to the coat.

5. PNS is a promising means of pharmacotherapy for 

heat stroke at high relative humidity, exposure to insulating 

skin protectors, or immersion hyperthermia. The possibility 

of the aggravating effect of PNS on human thermal stress in 

a hot climate with unhindered heat transfer by evaporation 

needs to be verified.
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 IMMUNE RESPONSE AGAINST EPSTEIN-BARR VIRUS AS AN ETIOLOGIC FACTOR 
AND THERAPEUTIC TARGET FOR MULTIPLE SCLEROSIS
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Introduction. The etiology of multiple sclerosis (MS) remains unknown. According to the current consensus, susceptibility to MS is due to an elaborate inter-

action between genetic predisposition and multifactorial environmental factors, including vitamin D deficiency, smoking, inflammatory diet, psychoemotional 

stress, and infections. With regard to the infectious component, for decades, MS has been associated with a prior infection with the Epstein-Barr virus (EBV). 

However, it remains unclear why only a limited proportion of the numerous EBV-infected population develop MS.

Objective. To discuss the factors of interaction between the immune system and EBV that predispose to the development of MS, as well as to analyze the 

possibilities of their use as therapeutic targets for the prevention and treatment of MS.

Discussion. The results of a recent large epidemiologic study have provided new evidence for the association between EBV and MS. It has also been shown 

that cross-reacting antibodies to myelin sheath antigens can be detected in the blood of patients with EBV. However, most patients with EBV do not develop 

MS. This is probably due to the elimination of autoreactive cells. Natural killer (NK) cells play a particularly important role in this process. In MS, NK-mediated 

elimination of autoreactive B cells may be impaired. In this regard, an add-on therapy of MS aimed at controlling EBV-induced autoimmune responses ap-

pears promising.

Conclusions. Reduced cytotoxic activity of NK cells against cells that show cross-reactivity to EBV antigens and components of the myelin sheath is among 

the factors of interaction of the immune system with EBV that contribute to MS development. As an add-on therapy for MS, it may be reasonable to use agents 

that reduce the presence of EBV in the organism and have a favorable safety profile (e.g., curcumin and quercetin). The search for agents that can improve 

immunological control of autoreactive cells is also promising. Such agents may include compounds that are capable of enhancing the activity of NK cells, for 

instance, urolithin A, curcumin, and alloferon.
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ИММУННЫЙ ОТВЕТ НА ВИРУС ЭПШТЕЙНА-БАРР КАК ЭТИОЛОГИЧЕСКИЙ ФАКТОР 
И ТЕРАПЕВТИЧЕСКАЯ МИШЕНЬ ПРИ РАССЕЯННОМ СКЛЕРОЗЕ 

В.С. Роговский1,2, А.Д. Кукушкина2,3, А.Н. Бойко1,2

1 Федеральный центр мозга и нейротехнологий Федерального медико-биологического агентства, Москва, Россия

2 Россий ский национальный исследовательский медицинский университет им. Н.И. Пирогова, Москва, Россия

3 Городская клиническая больница имени М.Е. Жадкевича Департамента здравоохранения города Москвы, Москва, Россия

Введение. Этиология рассеянного склероза (РС) остается неизвестной. Современное консенсусное мнение заключается в том, что восприим-

чивость к РС обусловлена комплексным взаимодействием между генетической предрасположенностью и многофакторным влиянием внешней 

среды, включая такие факторы, как недостаток витамина D, курение, приверженность воспалительной диете, инфекции, психоэмоциональный 

стресс. Что касается инфекционного компонента, на протяжении десятилетий РС ассоциировался с предшествующей инфекцией, вызываемой 

вирусом Эпштейна-Барр (ВЭБ). Однако вопрос о том, почему лишь небольшая доля популяции, инфицированной ВЭБ, заболевает РС, остается 

открытым.

Цель. Определение факторов взаимодействия иммунитета с ВЭБ, предрасполагающих к развитию РС, а также анализ возможностей их исполь-

зования в качестве терапевтической мишени для профилактики и терапии данного заболевания.

Обсуждение. Результаты недавнего крупного эпидемиологического исследования привнесли новые доводы в пользу связи ВЭБ и РС. Было по-

казано, что в крови носителей ВЭБ можно обнаружить антитела, перекрестно-специфичные к антигенам миелиновой оболочки. Несмотря на это, 

у большинства носителей ВЭБ РС не развивается. Вероятной причиной является своевременное удаление аутореактивных клеток. Особо важную 

роль в этом процессе играют NK-клетки. При РС нарушаются процессы NK-опосредованной элиминации аутореактивных B-клеток. В этой связи 

перспективна дополнительная терапия РС, направленная на контроль аутоиммунных реакций, вызванных ВЭБ.

Выводы. Среди факторов взаимодействия иммунной системы с ВЭБ, способствующих развитию РС, следует отметить сниженную цитотокси-

ческую активность NK-клеток против клеток, проявляющих перекрестную реактивность к антигенам ВЭБ и компонентам миелиновой оболочки. 

В качестве дополнительной терапии РС может быть обоснованным применение средств, способных снижать представленность ВЭБ в организме 

и обладающих благоприятным профилем безопасности, в частности куркумина и кверцетина. Также перспективен поиск средств, способных 

усиливать иммунологический контроль над аутореактивными клетками. К таким средствам могут относиться соединения, способные усиливать 

активность NK-клеток, в частности уролитин А, куркумин, аллоферон.

Ключевые слова: рассеянный склероз; вирус Эпштейна-Барр; аутореактивные клетки; естественные киллеры; NK-клетки; полифенолы; куркумин
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INTRODUCTION

Multiple sclerosis (MS) is a chronic autoimmune inflam-

matory demyelinating disease of the central nervous 

system (CNS) of unknown etiology. The development of 

MS is associated with an elaborate interaction between 

a genetic predisposition and multifactorial environmen-

tal factors, including psychoemotional stress, vitamin D 

deficiency, smoking, changes in the microbiota, and in-

fections [1–3]. Among the infectious component of the 

etiology and pathogenesis of MS, the association of MS 

with the Epstein-Barr virus (EBV) can be singled out. 

About 100% of MS patients are seropositive for EBV [4]. 

However, while this relationship has been known for a 

long time, only a small proportion among 90% of the 

adult population chronically infected with the EBV virus 

develop MS [1, 2].

Despite its usually subclinical activity, EBV is associ-

ated with various tumor and autoimmune diseases. EBV 

exhibits a fairly profound effect on the immune system, 

being the most common causative agent of infectious 

mononucleosis, as well as some fatal lymphoprolifera-

tive diseases in immunosuppressive conditions. An in-

creasing amount of data is emerging on EBV infection 

as a major risk factor in the development of a number of 

autoimmune diseases, in particular MS [5, 6]. Therefore, 

it appears relevant to elucidate those features of the im-

mune response against EBV that trigger the subsequent 

development of MS.

In this work, we set out to determine factors in the inter-

action of immunity with EBV that predispose to MS devel-

opment, as well as to analyze the possibilities of their use 

as a therapeutic target in the prevention and treatment of 

this disease.

MATERIALS AND METHODS

The search for, systematic analysis, and review of sci-

entific literature was carried out in electronic biblio-

graphic databases in the Russian (eLibrary) and English 

(PubMed) languages. The search queries included the 

following keywords: multiple sclerosis, Epstein-Barr vi-

rus, autoreactive cells, natural killer cells, NK cells, poly-

phenols, curcumin. The search depth was 10 years. The 

inclusion criterion was the availability of data on the re-

sults of cohort studies, randomized controlled trials, and 

preclinical studies.

RESULTS AND DISCUSSION 

Epstein-Barr virus in the etiology and pathogenesis of 
multiple sclerosis

The presence of a close relationship between EBV and 

MS has been discussed for a number of years, based on 

data on an increased risk of MS developing after infectious 

mononucleosis (in the form of symptomatic primary EBV 

infection) and in patients with high titers of antibodies to 

specific EBV antigens [7]. The results of a recent extensive 

epidemiological study by Bjornevik et al. [8] have provided 

new arguments in favor of the connection between EBV 

and MS. The hypothesis that MS is caused by EBV was 

tested in a cohort of more than 10 million young people. 

According to the results of the study, the risk of MS in-

creased 32-fold after infection with EBV. However, infection 

with other viruses did not lead to an increased risk of MS, 

including cytomegalovirus (CMV), which is transmitted in 

a similar way. The levels of serum light chains of neuro-

filaments (an indicator of axonal degeneration, one of the 

diagnostic MS markers) increased only after the produc-

tion of antibodies to EBV antigens. The authors argue that 

these results cannot be explained by any known risk factor 

for MS and may imply that EBV is the leading cause of MS. 

The consequences of EBV infection vary, depending on 

age and genetic factors. The risk of developing infectious 

mononucleosis and MS is likely to grow when primary EBV 

infection occurs after the age of 10. At this age, the negative 

selection of autoreactive T cells slows down and the cell-me-

diated response of Th-1 cells reaches its peak. Most people 

are diagnosed with MS between the ages of 20 and 50, sev-

eral years after becoming infected with EBV. The EBV persis-

tence increases the survival of memory B cells and causes 

long-term changes in the cytokine response of the host [5, 6]. 

Nevertheless, the question concerning why only a small 

proportion of numerous EBV carriers develop MS remains 

to be elucidated. Moreover, it remains unclear how EBV is 

involved in the etiology and/or pathogenesis of MS. When 

answering the second question, literature data offers two 

main hypotheses [9]. Firstly, persistent infection and re-

reactivation of the virus can serve as a stimulus for chronic 

inflammation inside and outside the nervous system, either 

directly or by creating a long-term pool of pro-inflammatory 

B lymphocytes. Secondly, autoimmune reactions can be 

caused by molecular mimicry of antigens common to EBV 

proteins and CNS antigens, which was shown, in particular, 
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for the glial cell adhesion molecule (GlialCAM), the main 

protein of myelin, and others [9]. It has been mentioned 

above that the relationship between MS and EBV has been 

established for quite a long time; however, more evidence 

has recently emerged to support the second of the above 

hypotheses.

Role of NK cells in providing immune tolerance in the 
presence of autoimmunity to CNS antigens

The regulatory role of natural killer (NK) cells was de-

scribed more than 20 years ago [10]. In recent years, new 

evidence of the possible role of NK cells in immunological 

tolerance and their protective value against various au-

toimmune diseases, including MS, has emerged. In the 

context of immune regulatory properties, special attention 

is paid to CD56bright NK cells, which play an important role 

in controlling the T cell response and maintaining homeo-

stasis. This subpopulation of NK cells owes its name to 

the high surface expression of CD56 (nerve cell adhesion 

molecule), being also characterized by the expression of 

CD16dim and the NKG2A inhibitory receptor and, at the 

same time, the absence of expression of immunoglobu-

lin-like receptors of killer cell immunoglobulin-like recep-

tors (KIR). CD56bright NK cells possess reduced cytotoxic-

ity compared to CD56dim NK cells, which renders them 

regulatory. It was shown that therapy with various mul-

tiple sclerosis disease-modifying medications (MSDMM) 

increases the relative number of NK cells, as well as NK-

mediated immune regulatory functions [11].

CD56bright NK cells express receptors for various cy-

tokines, such as interleukin (IL)-12, IL-15, and IL-18, which 

are produced by activated antigen-presenting cells. The 

response to these cytokines can cause proliferation of 

CD56bright NK cells and their production of a number of cy-

tokines, including IFN-γ, IL-13, and GM-CSF (granulocyte-

macrophage colony-stimulating factor), as well as regula-

tory IL-10 [10, 11].

According to literature data [12, 13], not only CD56bright NK 

cells mediate immune regulatory functions. Thus, the associa-

tion of CMV-induced expansion of NKG2C+ NK cells with a 

lower risk of disability progression in MS was described, sug-

gesting the influence of these cells on the clinical course of 

the disease. NKG2C+ human NK cells are part of the CD56dim 

population, which mediates cytotoxicity and cytokine produc-

tion when interacting with target cells either directly or indi-

rectly by antibody-dependent cellular cytotoxicity (in this case, 

the interaction of IgG with CD16A on NK cells).

According to a recent study by Ding et al. [14], immuno-

suppressive therapy or MSDMM therapy lead to a signifi-

cant increase in the ratio of CD56dim NK cells to circulating 

follicular T helper cells. This ratio made it possible to signifi-

cantly differentiate patients with recurrent MS from healthy 

individuals and patients in remission. The authors assumed 

that this ratio may become a new predictor of disease ac-

tivity and evaluation of treatment effectiveness. 

In 2024, Dal et al. [15] showed that a lower relative 

content of NK cells three  months after anti-CD20 therapy 

(rituximab and ocrelizumab) correlates with the presence 

of disease activity six months after therapy, which corre-

sponds to the possible protective role of NK cells in MS. 

Also, compared with the baseline values, anti-CD20 anti-

body therapy led to an absolute and relative decrease in 

B-lymphocyte levels and an increase in absolute and rela-

tive NK cell levels three and five months after therapy.

Control mechanisms of cross-activated immune cells 
to Epstein-Barr virus antigens

In healthy donors with antibodies to the nuclear antigen 

of the Epstein-Barr virus (EBNA
386–405

) and in patients with 

MS, their cross-reactivity against the myelin sheath anti-

gen GlialCAM
370–389

 (glial cell adhesion molecule) has been 

shown. Moreover, this cross-reactivity is capable of elicit-

ing an immune response in both MS patients and healthy 

donors [9, 16]. 

In this regard, Vietzen et al. conducted an extensive 

search for differences in the immune response to EBV an-

tigens in MS patients and healthy donors. The cohorts of 

270 EBNA-1 seropositive MS patients and 270 EBNA-1 se-

ropositive healthy donors were analyzed, compared by sex, 

age, and time since seroconversion to EBV antigens and 

the onset of infectious mononucleosis. All MS patients had 

high levels of antibodies to EBNA
386–405

. Among the group 

of healthy donors, some had low levels of antibodies to 

EBNA
386–405

 (EBNAlow group, 162 people), while some had 

high levels (EBNAhigh group, 108 people). It is noteworthy that 

both MS patients and healthy EBNAhigh donors showed sig-

nificantly higher levels of EBNA
386–405

-specific immune cells, 

in particular plasma CD4+T cells and CD8+T cells, compared 

to the EBNAlow group [17]. Thus, healthy donors from the 

EBNAhigh group also have immunological prerequisites for 

autoimmune damage to the myelin sheath. However, this 

does not happen, probably due to the presence of protec-

tive factors that prevent an autoimmune response. 

The results of Vietzen et al. suggest that one of the 

important factors preventing MS development consists 

in the destruction of autoimmune GlialCAM
370–389

-specific 

cells by cytotoxic NK cell reactions. At the same time, in 

patients with MS, the effectiveness of this process is re-

duced. Thus, this study revealed a number of differenc-

es between the group of MS patients with antibodies to 

GlialCAM
370–389

 and healthy EBV carriers who also have 

antibodies to GlialCAM
370–389

. In particular, healthy EBV 

carriers with autoantibodies to GlialCAM
370–389

 showed 

a significantly higher representation of NK cells of the 

NKG2D+ type (NKG2D+ NK cells) with a highly active ho-

mozygous genotype — NKG2DHNK/HNK. In the population 

of healthy carriers of autoantibodies to GlialCAM
370–389

, 

the rate of highly active NKG2D+ NK cells was about five 

times higher than in that of carriers of autoantibodies to 

GlialCAM
370-389

 suffering from MS. The level of NKG2C+ 

NK cells in the control groups was also significantly higher 

than in patients with MS [17]. 

In MS patients, autoreactive cells are likely to avoid reg-

ulatory and cytotoxic immune reactions effectively by inhib-

iting NK cells. One of the mechanisms behind this inhibition 

is an increase in the presence of HLA-E on the surface of 

B cells, which is induced by certain types of EBV. Normally, 

HLA-E, bound to normal peptides from HLA class I, signals 

NK cells that the cell has not been altered and does not 

need to be eliminated [18]. However, in MS, this mechanism 
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can become overly active, preventing NK-mediated elimi-

nation of autoreactive B cells. HLA-E can play an impor-

tant role in the immune evasion of EBV-infected cells from 

natural killers: binding of HLA-E to NKG2A+ on NK cells is 

known to inhibit their function [19].

HLA-E is stabilized by a peptide derived from the 

Epstein-Barr virus latent membrane protein  1 (LMP-1), 

expressed in latently infected EBV cells [20]. LMP-1 is a 

polymorphic peptide: different variants of EBV may have 

different variants of LMP-1. It was found that certain vari-

ants of LMP-1 (GGDPHLPTL and GGDPPLPTL) led to a 

stable increase in the level of HLA-E on the surface of B 

cells specific to GlialCAM
370-389

. It has been shown that al-

most all MS patients are carriers of the above-mentioned 

EBV variants that increase HLA-E expression. Increased 

EBV reactivation and subsequent IL-27 expression cor-

relate with increased HLA-E expression and inhibition of 

NKG2A+ effector cells in MS patients [17]. IL-27 is a member 

of the IL-12 family, which is important in the pathogenesis of 

autoimmune disorders [21]. The NKG2A receptor is one of 

the inhibitory receptors of NK cells [22].

According to Vietzen et al., the factors associated with 

a high risk of MS in EBV carriers comprise a low or absent 

NKG2C+ NK cell response (OR 41.3), variants GGDPHLPTL 

and GGDPPLPTL of the LMP-1 peptide in EBV (OR 39.6), a 

low-active NKG2DLNK genotype (OR 8.9) and HLA-E*01:01 

(OR 4.3). At the same time, the combination of three or more 

risk factors leads to an increased risk of MS in carriers of 

autoreactive antibodies to the EBV nuclear antigen by about 

180 times. In addition, infection with EBV with the risky LMP 

variant in combination with the HLA-E*01:01 genotype in-

creases the risk of developing MS by about 260 times [17]. 

The importance of NK cells in the removal of autoreactive 

cells has been confirmed in other studies. It is worth noting 

that the data on the role of a certain decrease in NK activity 

in the MS pathogenesis are consistent with the understand-

ing of psychoemotional stress being one of the most impor-

tant risk factors in the MS etiology. The NK cell function is 

particularly impaired by psychoemotional stress [23, 24].

Prospects for add-on MS therapy aimed at controlling 
Epstein-Barr virus-induced immune cross-reactions

In connection with the description of possible immuno-

logical mechanisms that ensure protection against MS 

development in the presence of autoantibodies to CNS 

antigens, it appears relevant to analyze possible preven-

tion and therapy options aimed at strengthening these 

mechanisms. These options can be broadly divided 

into those aimed at enhancing immune regulatory reac-

tions that ensure the autoreactive cells removal, as well 

as those aimed directly at reducing the EBV level in the 

body. Further, we will consider the properties of a number 

of medications offered as an additional MS therapy from 

these standpoints.

Possibilities for reducing the presence of EBV 
in the body

EBV infection plays a central role in terms of triggering 

disruption of immune tolerance mechanisms. However, to 

date, antiviral medications or vaccines for the treatment 

and prevention of this infection have not yet been devel-

oped. Therefore, it seems promising to search for various 

compounds aimed at controlling EBV-induced immune 

cross-reactions. Regarding possible medications for add-

on MS therapy with a favorable safety profile, it is of in-

terest that various compounds of natural origin, especially 

polyphenols and terpenoids such as curcumin, epigallocat-

echin gallate, resveratrol, moronic acid and andrografolide, 

exhibit antiviral activity against EBV [25].

Some biologically active compounds isolated from 

medicinal plants inhibit the early stages of EBV infection. 

Quercetin, a polyphenolic compound isolated, in particular, 

from licorice root, prevents the recognition of EBV recep-

tors and, consequently, blocks the penetration of EBV into 

cells [26]. Another study showed the ability of quercetin to 

suppress the expression of EBNA-1 and LMP-2, which may 

help reduce cross-reactions to EBV antigens [27]. 

A significant antiviral effect of curcumin has been 

shown, in particular against herpes simplex type  1 and 

type  2 viruses, CMV, Kaposi’s sarcoma-associated her-

pesvirus, EBV, and bovine herpesvirus 1. The mechanisms 

of antiviral effects of curcumin are related to its ability to 

interfere with a number of cellular and molecular processes 

that are necessary for the expression and replication of viral 

genes. Curcumin (10 μM) increases the proportion of the 

plasma membrane accepting the conformation of the lipid 

raft, which confirms the evidence that curcumin can modu-

late the lipid bilayer [28]. Lipid rafts are dynamic ensembles 

of proteins and lipids that float freely in the liquid disordered 

bilayer of cell membranes, being also capable of agglom-

erating into large ordered platforms. These structures are 

important for regulating various membrane functions in eu-

karyotic cells [29]. Curcumin suppresses the proliferation 

of human nasopharyngeal carcinoma cells associated with 

EBV by inhibiting the expression of nuclear antigen 1 of the 

Epstein-Barr virus. Thus, the 50% inhibitory concentrations 

of curcumin were 12.4 μM and 3.3 μM for 24-h and 48-h 

curcumin treatment, respectively [30]. 

It is worth noting that the above compounds exhibit an-

tiviral activity in in vitro studies in relatively high concentra-

tions: as a rule, several μM/L or more, which is many times 

higher than their plasma concentrations. In recent years, 

a number of clinical reports have appeared on ways to 

increase the bioavailability of lipophilic compounds, such 

as the use of various nanoforms, liposomal forms, micellar 

forms, as well as combinations of various substances. In 

particular, the use of micellar forms of curcumin has made 

it possible to achieve plasma levels of this compound com-

parable to its concentrations in in vitro studies [31, 32].

Medications aimed at enhancing immune responses 
that ensure the removal of autoreactive cells

As noted above, protection against the development of 

MS in individuals with autoreactive antibodies is largely 

mediated by the activation of the effector link of immunity 

against autoreactive cells. This includes certain subpopula-

tions of NK cells and CD8+T cells. Agents with a mild im-

mune stimulating effect may be promising for enhancing 

immune regulatory reactions that ensure the removal of 
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autoreactive cells. Thus, the effect of a number of MSDMM 

is associated with increased NK activity. In particular, in pa-

tients receiving dimethyl fumarate (MSDMM 1st line), the 

total number of lymphocytes decreased depending on the 

time of exposure. The number of NK cells showed a het-

erogeneous trend, eventually increasing by about 86% fol-

lowing two years of treatment [33]. However, it should be 

noted that the use of highly active agents for the purpose 

of immunomodulation and increased NK activity, such as 

antibody therapy, may be associated with a number of side 

effects. The latter may result in cessation of the use of al-

ready approved agents [34].

The medications with a favorable safety profile, having 

immunotropic and neuroprotective effects and suitable for 

additional therapy of MS, include compounds capable of 

exhibiting an immune stimulating effect. Thus, urolitin A (a 

polyphenolic metabolite of the intestinal microbiota) not 

only has an anti-inflammatory effect against chronic inflam-

mation, but also enhances the persistence and effector 

functions of CD8+ cytotoxic T lymphocytes, as well as the 

activity of NK cells [35–37].

Quercetin, the abovementioned polyphenol, increased 

the proportion of NK cells in in vivo experiments when 

administered to mice at a dose of 1 mg/kg every 2 days 

for 30 days without affecting the populations of T and B 

cells. Also, due to binding to the MYH9 protein (the main 

component of the cytoskeleton, which plays an important 

role in the preservation and maintenance of the functional-

ity of hematopoietic stem cells), this polyphenol increased 

the number and stimulated the maturation of NK cells [38]. 

However, there are studies where taking polyphenols did 

not have a significant effect on NK activity. Thus, taking 

500–1000 mg of quercetin had no significant effect on NK 

cell activity in healthy adult women [39]. Perhaps similar 

results may be related to the previously mentioned low bio-

availability of polyphenols. 

Quercetin, like many other polyphenols, is found in vari-

ous products of natural origin (such as grape seeds, onions, 

garlic, tea, and others). For example, fresh onions contain 

about 30-45 mg/100 g of quercetin and 4.5 mg/100 g of 

kaempferol [40]. Due to the low bioavailability of polyphe-

nols, as already noted above, it may be promising to use 

their combinations with other substances capable of in-

creasing their total bioavailability. From this point of view, 

the use of natural extracts containing a range of active sub-

stances can be effective in enhancing the resulting bioavail-

ability. Thus, the ability of various plant extracts to enhance 

the activity of NK cells has been shown [41]. 

According to the results of a recent randomized, dou-

ble-blind, placebo-controlled trial, the use of onion peel 

extract (1000 mg of extract per day for 8 weeks) improves 

NK cell activity in patients with moderate symptoms of 

upper respiratory tract diseases without any significant 

side effects [42]. These clinical results are consistent with 

those obtained in vitro, according to which incubation of 

peripheral blood mononuclear cells (PBMC) with onion ex-

tracts (Allium cepa) led to a significant increase in the rate 

of CD16+ NK cells [43]. Oral administration of a combined 

extract of Sargassum coreanum (at dosages of 30 mg/kg, 

100 mg/kg or 300 mg/kg for 4 weeks) and Curcuma longa 

(5 mg/kg, 4 weeks) to rats also caused an increase in NK 

cell activity [44]. 

Focaccetti et al. obtained promising results from an 

in vitro use of a combination of curcumin and resvera-

trol. In a human PBMC culture, the combination of these 

polyphenols (at concentrations of 5 μM), on the one hand, 

increased the production of IL-10 by regulatory T cells. On 

the other hand, this combination enhanced the activity of 

NK cells by increasing and decreasing the regulation of 

activating and inhibitory receptors, respectively, as well as 

increasing the level of CD68 expression on monocytes/

macrophages [45].

The use of curcumin as an add-on MS therapy is be-

ing actively studied, including via clinical trials. To date, a 

number of clinical studies have reported the efficacy of an 

add-on curcumin MS therapy, especially when using forms 

with increased bioavailability [46-48].

Alloferon, an antimicrobial cytokine-like peptide, is also 

capable of stimulating NK activity and increasing NKG2D 

production in NK cells, while possessing anti-inflammatory 

properties. This renders alloferon a promising research ob-

ject for add-on MS therapy [49, 50].

CONCLUSION

The results obtained in recent years indicate the important 

role of the immune response to EBV in the etiology and 

pathogenesis of MS. It seems likely that the removal of 

autoreactive cells, cross-reactive to EBV antigens, using 

cytotoxic CD8+ T cells, and NK cells in particular, is one 

of the main mechanisms preventing the development of 

autoimmune CNS lesions in MS. A number of risk factors 

associated with the immune response to EBV have been 

identified, which may increase the likelihood of develop-

ing MS. These risk factors include the following: low or 

absent NKG2C+ NK cell response, variants GGDPHLPTL 

and GGDPPLPTL of the LMP-1 peptide in EBV, low-ac-

tivity genotype NKG2DLNK and HLA-E*01:01. These find-

ings create opportunities for the emergence of new ap-

proaches to the prevention and treatment of MS. Thus, 

the use of certain components of the immune response 

to EBV, such as NK cell activity, may be promising as a 

therapeutic target. 

Agents with a favorable safety profile for add-on MS 

therapy may be suitable for these purposes. The efficacy 

of these medications, especially those of natural origin, 

may be due to a combination of antiviral, anti-inflammato-

ry, and immune-stimulating activities aimed at enhancing 

immunological mechanisms capable of eliminating auto-

reactive cells. 

Many of these products are characterized by low bio-

availability, which can be enhanced by modern biotech-

nological methods, e.g., creation of micellar molds. At 

the same time, the introduction of such tools into clini-

cal practice is hampered by the lack of respective clinical 

data. Further comprehensive clinical studies of comple-

mentary MS therapies are needed, both in combination 

with classical MSDMM and as monotherapy in patients 

who, for various reasons, receive no specific pathogenetic 

therapy. 
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LABORATORY MARKERS OF ENDOTHELIAL DESTRUCTION AND HEMOSTASIS 
ACTIVATION IN PATIENTS WITH ACUTE CEREBROVASCULAR ACCIDENT 
AND COVID-19
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Introduction. The severity of endothelial destruction in patients with the new COVID-19 new coronavirus infection may be correlated with the risk of develop-

ing acute cerebrovascular accident (ACVA).

Objective. To study the role of hemostasis system activation markers and vascular wall damage markers in the development of stroke in patients with the 

new coronavirus infection.

Materials  and methods. The study included 38 patients with the new coronavirus infection and ACVA and 40 patients with the new coronavirus in-

fection without ACVA. All patients were tested for antibodies to β2-glycoprotein, antibodies to cardiolipin, plasminogen activator inhibitor type 1 (PAI-1), 

α2-antiplasmin, intercellular adhesion molecule type 1 (ICAM-1), von Willebrand factor, and homocysteine.

Results. No  statistically significant differences were found between the groups in terms of antiphospholipid antibody levels; however, increased antibodies to 

β2-glycoprotein relative to the reference interval were more frequent in the group without ACVA. Significant differences in PAI-1 levels were found between the 

group with ACVA and the comparison group (p < 0.001), with the PAI-1 concentration being 1.6 times higher in the comparison group. No significant differ-

ences were observed between the groups in terms of α2-antiplasmin, ICAM-1, and von Willebrand factor levels. Significant differences for homocysteine were 

found between the ACVA group and the comparison group (p < 0.001), with the concentration in the comparison group being 1.8 times higher. 

Conclusions. T he development of acute cerebrovascular accident in patients with lower concentrations of homocysteine and PAI-1 may be explained by 

weaker compensatory mechanisms aimed at repairing of the vascular wall and harmonization of interaction of hemostasis system links, which eventually led 

to vascular wall damage.
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ЛАБОРАТОРНЫЕ МАРКЕРЫ ЭНДОТЕЛИАЛЬНОЙ ДЕСТРУКЦИИ И АКТИВАЦИИ ГЕМОСТАЗА 
У ПАЦИЕНТОВ С ИНСУЛЬТОМ И COVID-19

 О.В. Лянг1,2, М.А. Солдатов1, Л.В. Климов1, Т.В. Киселева1,3, Н.А. Марская1, Н.А. Шамалов1

1 Федеральный центр мозга и нейротехнологий Федерального медико-биологического агентства, Москва, Россия

2 Российский университет дружбы народов им. Патриса Лумумбы (РУДН), Москва, Россия

3 Научно-исследовательский институт организации здравоохранения и медицинского менеджмента Департамента здравоохранения города Москвы, 

Москва, Россия

Введение. Выраженность эндотелиальной деструкции у пациентов с COVID-19 может быть взаимосвязана с риском развития острого нарушения 

мозгового кровообращения.

Цель. Изучение роли маркеров активации системы гемостаза и повреждения сосудистой стенки в развитии острого нарушения мозгового крово-

обращения (ОНМК) у пациентов с новой коронавирусной инфекцией.

Материалы и методы. В исследование были включены 38 пациентов с новой коронавирусной инфекцией и ОНМК и 40 пациентов с новой коро-

навирусной инфекцией без ОНМК. Всем пациентам определяли: антитела к бета-2 гликопротеину, антитела к кардиолипину, ингибитор активатора 

плазминогена 1-го типа (ИАП-1), α2-антиплазмин, молекулу межклеточной адгезии 1-го типа (ICAM-1), фактор Виллебранда, гомоцистеин.

Результаты. По уровню антифосфолипидных антител не было выявлено статистически значимых различий между группами, однако повышенные 

относительно референтного интервала антитела к бета-2 гликопротеину чаще встречались в группе без ОНМК. По уровню ИАП-1 были выявлены 

значимые различия между группой с ОНМК и группой сравнения (p < 0,001), в группе сравнения концентрация ИАП-1 была в 1,6 раза выше. По уров-

ню α2-антиплазмина, ICAM-1 и фактора Виллебранда значимых различий между группами выявлено не было. Статистически значимые различия 

по гомоцистеину были выявлены между группой с ОНМК и группой сравнения (p < 0,001), концентрация в группе сравнения была в 1,8 раза выше.

Выводы. Развитие ОНМК у пациентов с более низкими концентрациями гомоцистеина и ИАП-1, вероятно, можно объяснить более слабыми 

компенсаторными механизмами, направленными на репарацию сосудистой стенки и гармонизацию взаимодействия звеньев системы гемостаза, 

что в конечном счете приводит к повреждению сосудистой стенки.

Ключевые слова: ишемический инсульт; геморрагический инсульт; коронавирус; гомоцистеин; антифосфолипидные антитела; ингибитор 

активатора плазминогена
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INTRODUCTION

The new coronavirus infection (COVID-19) is an acute infec-

tious disease caused by the SARS-CoV-2 strain of coro-

navirus. Although coronaviruses basically lack neurotropic-

ity, they are capable of affecting the nervous system and 

disrupting its functions. One of the action mechanisms 

is respiratory hypoxia accompanying severe coronavi-

rus pneumonia [1]. Another damage mechanism is the 

cytokine storm, which causes an increase in the pro-in-

flammatory cytokine level and activation of T-lymphocytes, 

macrophages, and endothelial cells. Vascular wall perme-

ability increases, the complement system is activated, and 

blood coagulation properties increase [2]. COVID-19 was 

shown to develop overexpression of plasminogen activator 

inhibitor-1 (PAI-1) and thrombin-activated fibrinolysis inhibi-

tor, thus leading to suppression of fibrinolysis and an even 

greater tendency to hypercoagulation [3].

The role of antiphospholipid antibodies (antibodies to 

cardiolipin and to β2–glycoprotein) in the pathogenesis of 

hemostasis system activation was described in previous re-

search. These antibodies activate endothelial cells, mono-

cytes, neutrophils, and platelets, resulting in the transfor-

mation of the anticoagulant surface of the endothelium 

into a procoagulant form [4]. The literature also describes 

the relationship between the formation of antiphospholipid 

antibodies as a result of infection and the development of 

ischemic stroke [5]. According to observations, endotheli-

opathy is observed in most patients. Markers of endothe-

lial condition, inflammation, and coagulation such as IL-6, 

TNF-α, von Willebrand Factor (VWF), tissue factor, tissue 

factor inhibitor, D-dimer, thrombin-antithrombin complex, 

platelet factor P4, thromboglobulin, P-selectin, and plate-

let adhesion are significantly increased in mild to moderate 

COVID-19 [6].

Endothelial wall damage and hemostasis system activa-

tion caused by the SARS-COV-2 virus may be the cause of 

acute vascular events, such as hemorrhagic and ischemic 

stroke. Moreover, the probability of their development in-

creases in patients with an increased risk of vascular disor-

ders of the brain with upon the onset of the new coronavirus 

infection [7]. According to the TARGET-VIP hospital registry 

(Moscow), the incidence of acute cerebrovascular accident 

(ACVA) in the setting of the coronavirus infection was 0.8%, 

compared to 2.4% reported by foreign authors [8, 9]. The 

role of COVID-19 as a risk factor for ischemic brain damage 

was confirmed by data from the Regional Vascular Center 

(Botkin Hospital, Moscow). Thus, the number of ischemic 

stroke cases increased by 2.2–6.1% during the pandemic, 

while the proportion of hemorrhagic strokes and transient 

ischemic attacks decreased [10].

Thus, the severity of endothelial destruction and the ac-

companying activation of the hemostasis system towards 

hypercoagulation in patients with the new coronavirus in-

fection may be correlated with the development of acute 

cerebrovascular accident. A number of laboratory markers 

characterizing the state of the endothelium and the hemo-

static system in ischemic stroke have been studied. Thus, 

an extended meta-analysis showed that an increase in 

the inhibitor of plasminogen activator type 1 (PAI-1), which 

regulates the intensity of fibrinolysis in plasma, is associ-

ated with death, myocardial infarction, or acute cerebro-

vascular accident [11]. At the same time, it remains unclear 

whether PAI-1 is just a risk marker or an etiological cause of 

a vascular event [12]. The α2-antiplasmin acute phase pro-

tein, which inhibits the main enzyme of fibrinolysis plasmin, 

increases damage to the brain and the blood–brain bar-

rier during acute ischemia by activating matrix metallopro-

teinases. Experiments showed that therapeutic inactiva-

tion of α2-antiplasmin reduces microvascular thrombosis, 

ischemic damage, and cerebral edema [13]. The Inter-

Cellular Adhesion Molecule Type 1 (ICAM-1) expressed on 

the endothelium is significantly increased in stroke patients, 

reflecting damage to the blood–brain barrier [11]. The en-

dothelial glycoprotein, von Willebrand factor, is involved in 

platelet adhesion at the vascular wall damage site. It was 

shown that elevated levels of von Willebrand factor are 

associated with the development of primary or recurrent 

stroke, as well as with fatal stroke [14, 15]. Homocysteine, a 

metabolite of the methionine and cysteine amino acids, is a 

marker of vascular wall damage and activation of the hemo-

static system. This is one of the most studied biomarkers 

in stroke: hyperhomocysteinemia is associated with the risk 

of developing cardiovascular diseases, being a predictor of 

the severity of neurological symptoms in stroke and poor 

functional recovery [16–18]. Antibodies to β2-glycoprotein 

and cardiolipin are autoantibodies to phospholipids, which 

are markers of antiphospholipid syndrome, which is based 
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on vasculopathy associated with non-inflammatory and/or 

thrombotic vascular damage. In old age, the prevalence of 

positive antiphospholipid antibodies can reach 68% [19]. 

It was shown that these antibodies can participate in the 

pathogenesis of ischemic stroke, with their levels being 

positively correlated with the risk of stroke [20, 21].

In this work, we study the role of markers of hemostasis 

system activation and vascular wall damage in the develop-

ment of acute cerebrovascular accident in patients with the 

new coronavirus infection.

MATERIALS AND METHODS

A total of 78 patients participated in the study, including 35 

women and 43 men. The patients were divided into two 

groups: the study group included 38 patients with the new 

coronavirus infection and ACVA who were admitted to the 

Federal Center of Brain Research and Neurotechnologies 

and the Mukhin Hospital in Moscow, of whom four patients 

developed hemorrhagic stroke (HS) during hospitalization 

and 34 developed ischemic stroke (IS). Thus, the group of 

patients with ACVA was divided into two subgroups: pa-

tients with IS and patients with HS. The comparison group 

comprised 40 patients with the new coronavirus infection 

without ACVA, who were admitted to the Federal Center of 

Brain Research and Neurotechnologies.

Group 1 (n = 38) — patients with the new coronavirus 

infection + ACVA;

Group 1.1 (n = 4) — patients with the new coronavirus 

infection+ ACVA (HS);

Group 1.2 (n = 34) — patients with the new coronavirus 

infection+ ACVA (IS);

Group 2 (n = 40) — patients with the new coronavirus 

infection.

The average age of patients with HI was 70.9  ±  8.0 

years; patients with IS — 72.0 ± 7.3 years; the compari-

son group — 58.2 ± 16.7 years. The criteria for inclusion 

of patients in the study were age over 18 years, detection 

of SARS-CoV2 RNA by PCR, clinical signs of pneumonia 

(body temperature above 38.5°C, respiratory rate above 

22 per min, shortness of breath during physical exertion, 

saturation less than 95% in the air), pneumonia signs in the 

chest organs confirmed by computed tomography. All par-

ticipants signed a voluntary informed consent to participate 

in the study.

Arterial hypertension (64%), chronic heart failure (39%), 

chronic kidney disease (25%), and diabetes mellitus (21%) 

prevailed among the concomitant diseases in the general 

sample. The stroke severity at admission according to the 

National Institutes of Health Stroke Scale (NIHSS) in the 

study group was 10.4 ± 5.7 points (13.8 ± 7.6 points in pa-

tients with HS; 9.9 ± 5.3 points in patients with IS). The dis-

tribution of pathogenetic variants of ischemic stroke was as 

follows: atherothrombotic — 5 patients (14.7%), cardioem-

bolic — 11 patients (32.4%), lacunar — 2 patients (5.9%), 

unspecified — 16 patients (47.1%). At the beginning of hos-

pitalization, in 52.6% of patients, the lung damage severity 

was established at the CT-1 level (77.5% in the comparison 

group; 29.4% in patients with IS; there were no patients with 

HS and CT-1). At the same time, grade 1 respiratory failure 

was detected in 70.5% of patients: in 85.0% of patients 

from the comparison group; in 58.8% of patients with IS, 

in 25.0% of patients with HS. The average hospital stay of 

patients in the study group was 11.0 ± 4.7 days. Hospital 

mortality was 5.2% (2 patients), caused by ischemic stroke; 

the immediate cause of death was cerebral edema. Upon 

discharge, the median on the Rehabilitation Routing Scale 

(RRS) was 4.0 (Q 3.0–4.3) points, on the modified Rankin 

scale  —  3.0 (Q 3.0–3.3) points. The neurological symp-

toms severity according to NIHSS was 8.9  ±  7.2 points. 

The groups were representative in terms of concomitant 

diseases and severity of coronavirus infection.

Taking into account their biological role, antibodies to 

β2-glycoprotein, antibodies to cardiolipin, plasminogen ac-

tivator inhibitor type 1 (PAI-1), α2-antiplasmin, intercellular 

adhesion molecule type 1 (ICAM-1), von Willebrand factor, 

homocysteine were selected for the study.

Venous blood in a volume of 5 mL was collected during 

the first hospital day in tubes with coagulation activator and 

separation gel (VACUTEST KIMA, Italy). About 30 min after 

blood collection, the tubes were centrifuged for 15 min at 

1500 g on an ELMI CM-6MT centrifuge; the blood serum 

was aliquoted and frozen at –70 °C. Further, total antibodies 

to β2-glycoprotein (Euroimmun, Germany), total antibodies 

to cardiolipin (Euroimmun, Germany), type 1 plasminogen 

activator inhibitor (PAI-1) (ABclonal, China), a2-antiplasmin 

(ABclonal, China) were determined by enzyme immunoas-

say (ELISA) in serum; intercellular adhesion molecule type 

1 (ICAM-1) (ABclonal, China), von Willebrand factor (VWF) 

(ABclonal, China), homocysteine (ABclonal, China) were 

determined on an Infinite F50 enzyme microplate automat-

ic immunoassay analyzer using a Shellab GI2-2 laboratory 

incubator, a Titramax 101 platform vibrating shaker and a 

HydroFlex microplate flushing analyzer. 

For each set of the reagents, a calibration curve was 

constructed based on measuring the optical density of 

standard solutions. The conversion of optical density into 

concentration in serum samples was carried out using the 

software installed in the Infinite F50 analyzer, taking the 

calibration data into account. 

Statistical data processing was carried out using the 

SPSS 25.0, Microsoft Excel 2016 software packages. 

Descriptive statistics of continuous quantitative data after 

analysis of the normality of distribution are presented as 

the mean (M) and standard deviation for a normal distri-

bution, or as the median (Md) and values of 25% of the 

lower and 75% of the upper quartiles using the sign Q 

[25–75%] for an abnormal distribution. The normal distri-

bution was assumed to have a criterion for distinguishing 

the Kolmogorov–Smirnov type from a theoretically normal 

distribution of more than 0.05. Analytical statistics were 

performed using the Student’s t-test for quantitative data 

with a normal distribution or the Wilcoxon, Mann–Whitney 

rank/sign sum test for quantitative data with a distribution 

other than normal. The probability value of p < 0.05 dem-

onstrated statistical significance.

RESULTS AND DISCUSSION

The assessment of distribution normality of laboratory 

marker values showed that most of the markers did not 

have a normal distribution across a set of factors. As a result, 
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nonparametric analysis methods were used. Limitations on 

the choice of statistical methods were also associated with 

the limited number of patients in the HS subgroup. It should 

be noted that the objectives of the study did not include 

calculation of reference intervals, which reagent manufac-

turers propose to calculate for each laboratory indepen-

dently through their own sampling. The results of laboratory 

measurements are shown in the Table.

No statistically significant differences were observed in 

the level of antiphospholipid antibodies between the groups. 

At the same time, antibodies to β2-glycoprotein were com-

pletely absent (not detected by ELISA) in 16 patients (42%) 

and antibodies to cardiolipin in 34 patients (89%). In the 

comparison group, 12 (30%) patients had no antibodies to 

β2-glycoprotein and 32 (80%) patients had no antibodies 

to cardiolipin. In 10 (26%) patients from the ACVA group 

and in 15 (38%) patients from the comparison group, the 

concentration of antibodies to β2-glycoprotein was higher 

than the reference range specified in the kit instructions 

(10 RU/mL), i.e., increased concentrations were more often 

observed in the comparison group. Elevated concentra-

tions of antibodies to cardiolipin relative to the reference 

range (more than 10 RU/mL) were much less common: in 1 

(2.6%) patient from the ACVA group and in 1 (2.5%) patient 

from the comparison group. β2-glycoprotein is a serum co-

factor, having anticoagulant activity in vivo. Antibodies to 

β2-glycoprotein, in addition to directly suppressing activity, 

induce the expression of E-selectin on the membrane of 

endothelial cells and the secretion of proinflammatory cy-

tokines and prostaglandin E2, which can lead to endothelial 

damage and activation of the hemostasis system towards 

hypercoagulation.1 A single measured increase in the con-

centration of antiphospholipid antibodies in some patients 

does not yet indicate the development of antiphospholipid 

syndrome, although supporting the data of other authors 

that the appearance of antiphospholipid antibodies is asso-

ciated with the viral infection caused by SARS-CoV-2 [22].

According to the PAI-1 level, statistically significant dif-

ferences were found between the group with ACVA and 

the comparison group (p < 0.001), as well as between the 

group with IS and the comparison group (p  <  0.001). In 

the comparison group, the concentration of PAI-1was 1.6 

times higher than in patients with ACVA. The lower levels of 

PAI-1 in the ACVA group are likely to be due to the activa-

tion of fibrinolysis processes, which are triggered after a 

thrombotic vascular event, and suppression of blood anti-

fibrinolytic activity.

No statistically significant differences were observed 

between the groups in terms of α2-antiplasmin, ICAM-1, 

and von Willebrand factor. At the same time, attention 

should be drawn to the tendency towards a higher level 

of the ICAM-1 endothelial molecule in patients with ACVA, 

which may be caused by damage to the blood–brain bar-

rier due to stroke.

The results of measuring homocysteine in the studied 

groups turned out to be unexpected. Since the units of 

measurement from the kit instructions — ng/mL — were 

used to determine the concentration of homocysteine, 

and the kit itself was intended strictly for scientific use, we 

did not compare the level of homocysteine in the stud-

ied groups with the generally accepted threshold level2 of 

11.4  μmol/L.The calculation of our own reference interval 

was not part of the objectives of our study. Statistically 

significant differences were found between the group with 

ACVA and the comparison group (p  <  0.001), the group 

with IS and the comparison group (p < 0.001), as well as 

between the group with HS and the comparison group 

(p < 0.05). The concentration in the comparison group was 

1.8 times higher than in the group with ACVA, although the 

concentration of homocysteine tends to increase with age 

Table. Laboratory parameters measured in patients of the main group and the comparison group

Laboratory parameter

Patients with Acute Cerebrovascular A ccident (ACVA)
Comparison 

group
n = 40

Total patients of the ACVA group (HS+IS)
n = 38

Patients with IS 
n = 34

Patients with HS
n = 4

Antibodies to β2-glycoprotein, RU/mL
5.0

[0.0–11.0]

6.8

[0.0–11.5]

0.0

[0.0–9.0]

7.2

[0.0–14.5]

Antibodies to cardiolipin, IU/mL
0.0

[0.0–0.0]

0.0

[0.0–0.0]

0.0

[0.0–0.0]

0.0

[0.0–0.0]

PAI-1, pg/mL
332*

[157–456]

318*

[152–456]

362 

[321–528]

543

[354–773]

α2-antiplasmin, pg/mL
43 

[19–90]

49 

[19–90]

26 

[21–44]

40

[27–81]

ICAM-1, pg/mL
45

[9–45]

37 

[9–45]

45 

[15–45]

15

[5–45]

von Willebrand factor, ng/mL
91 

[110–138]

114 

[91–140]

95 

[87–122]

116

[77–131]

Homocysteine, ng/mL
22*

[16–31]

22*

[16–32]
24♦

[16–31] 

39

[33–45]

Table prepared by the authors using their own data

Note: Data are presented as the median (Md) values of the lower and upper quartiles of Q [25%–75%]; statistical significance of differences with the comparison 

group: * р < 0.001; ♦ р < 0.05. 

1 Kudrja AA. Determination of antibodies to cardiolipin and β2-glycoprotein-I. Gomel: GU RNPC RMiJeCh; 2020 (In Russ.).
2 Tietz clinical guide to laboratory tests. Moscow: Labora; 2013.



МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ | 2025, ТОМ 27, № 154

ОРИГИНАЛЬНАЯ СТАТЬЯ | НЕВРОЛОГИЯ И ПСИХИАТРИЯ

due to a decrease in renal excretory function, and the age 

of patients with ACVA was higher than in the comparison 

group. We expected to obtain the opposite results, tak-

ing into account the damaging effect of homocysteine on 

endothelial cells, its suppressive effect on the natural anti-

coagulant antithrombin III, direct neurotoxic effect on brain 

neurons [23] and, consequently, the creation of prerequi-

sites for the development of vascular events. However, the 

results obtained forced us to take a fresh look at the patho-

genesis of ACVA in coronavirus infection.

Thus, the results obtained confirm the data that the new 

coronavirus infection can induce the formation of antiphos-

pholipid autoantibodies, which were detected in more than 

half of the studied patients. Such patients should be fur-

ther monitored and examined to exclude the development 

of antiphospholipid syndrome and thrombotic complica-

tions. Suppression of the antifibrinolytic link in patients with 

ACVA, manifested by a decrease in the concentration of 

PAI-1, may be a consequence of a compensatory increase 

in fibrinolysis in response to a thrombotic event that led 

to a stroke. Higher levels of homocysteine in patients with 

coronavirus infection without ACVA probably indicate an 

initially higher protective potential of the endothelial wall 

and the hemostatic system, which reduces the risk of de-

veloping ACVA in such patients. However, this assumption 

requires further elucidation.

CONCLUSION

The development of ACVA in patients with lower concen-

trations of homocysteine and PAI-1 may probably be ex-

plained by weaker compensatory mechanisms aimed at 

repairing the vascular wall and harmonizing the interaction 

of hemostasis system links, which ultimately leads to dam-

age to the vascular wall. A more accurate understanding of 

the molecular mechanisms of stroke in coronavirus infec-

tion will be possible provided an extended panel of labora-

tory biomarkers and an increased patient cohort. Studying 

the mechanism of formation of antiphospholipid antibodies 

in the setting of the new coronavirus infection is another un-

doubtedly urgent task in the light of preventing thrombotic 

complications.
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S CHIZOPHRENIA AND NEUROINFLAMMATION: PATHOGENETIC 
AND THERAPEUTIC ASPECTS

Dmitry A. Chugunov1,2, Andrey A. Shmilovich2, Daria V. Nikolaeva1,2, Tamara V. Yashina1,2, Mariya R. Larina2, Vladimir S. Rogovsky1,2, 

Anastasia A. Sviridova1

1 Federal Center of Brain Research and Neurotechnologies of the Federal Medical and Biological Agency, Moscow, Russia

2 Pirogov Russian National Research Medical University, Moscow, Russia

Introduction. Schizophrenia is a complex mental disorder with heterogeneous symptoms, including psychotic, negative, cognitive, affective, and psychomo-

tor symptoms. Although the pathogenesis of schizophrenia is mainly associated with neurotransmitter imbalance, recent studies have suggested the impor-

tance of neuroinflammation in the pathogenesis of this disease.

Objective. To study the involvement of neuroinflammation in the pathogenesis of schizophrenia and a prognostic assessment of the potential anti-inflamma-

tory effect of antipsychotic medications.

Discussion. Current data indicate a significant role of neuroinflammation in the development and course of schizophrenia. At the initial stages of its develop-

ment, the number of lymphocytes and the level of some proinflammatory cytokines (IL-1, IL-6, TNF-α, IL-1β) increase, which can be decreased by antipsychotic 

therapy. Studies involving experimental models of maternal immune activation (MIA) and data obtained by immunohistochemical and PET studies confirm 

an abnormal activation of microglia, indicating the involvement of innate immune cells. Adaptive immune response cells can also play a significant role in the 

development of neuroinflammation in schizophrenia. Thus, an increased level of Th17 cells and an increase in the production of proinflammatory cytokines, 

correlating with the disease severity, were revealed. The role of neurotransmitters in modulating the immune-inflammatory response is discussed. Available 

data suggest that the participation of dopamine in the schizophrenia pathogenesis can be mediated by its immunomodulatory effect. The role of neuroinflam-

mation in schizophrenia is also indicated by the clinical effectiveness of anti-inflammatory treatment in this disease. On the other hand, the immunomodulatory 

effect of antipsychotics has been established, which, at least in part, may mediate their clinical effectiveness in schizophrenia.

Conclusions. Given the importance of neuroinflammation in the schizophrenia pathogenesis, further studies into both the anti-inflammatory properties of 

antipsychotics and the effects of anti-inflammatory drugs in schizophrenia are promising in order to further optimize the treatment of this disease.
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ШИЗОФРЕНИЯ И НЕЙРОВОСПАЛЕНИЕ: ПАТОГЕНЕТИЧЕСКИЕ И ТЕРАПЕВТИЧЕСКИЕ АСПЕКТЫ

Д.А. Чугунов1,2, А.А. Шмилович2, Д.В. Николаева1,2, Т.В. Яшина1,2, М.Р. Ларина2, В.С. Роговский1,2, А.А. Свиридова1

1 Федеральный центр мозга и нейротехнологий Федерального медико-биологического агентства, Москва, Россия

2 Российский национальный исследовательский медицинский университет имени Н.И. Пирогова, Москва, Россия

Введение. Шизофрения — это сложное психическое расстройство с гетерогенной симптоматикой, включающей в себя психотические, нега-

тивные, когнитивные, аффективные и психомоторные симптомы. Несмотря на то что патогенез шизофрении главным образом связывают с дис-

балансом нейротрансмиттеров, исследования последних лет указывают на большое значение нейровоспаления в патогенезе этого заболевания.

Цель. Изучение роли нейровоспаления в патогенезе шизофрении с оценкой вовлечения клеток врожденного, адаптивного иммунного ответа 

и функционирования гематоэнцефалического барьера (ГЭБ) в возникновении заболевания, а также прогностическая оценка   противовоспали-

тельного эффекта антипсихотических средств при шизофрении.

Обсуждение. Современные данные свидетельствуют о значительной роли нейровоспаления в развитии и течении шизофрении. На начальных 

этапах заболевания повышается количество лимфоцитов, а также уровень нескольких провоспалительных цитокинов (ИЛ-1, ИЛ-6, ФНО-α, ИЛ-1β), 

которые могут снижаться на фоне антипсихотической терапии. Исследования на экспериментальной модели материнской иммунной активации 

(МИА) и данные иммуногистохимических и ПЭТ-исследований подтверждают аномальную активацию микроглии, что указывает на вовлечение 

клеток врожденного иммунитета. Клетки адаптивного иммунного ответа также могут играть существенную роль в развитии нейровоспаления 

при шизофрении (выявлено повышенное содержание Th17-клеток и увеличение продукции провоспалительных цитокинов, коррелирующих с тя-

жестью заболевания). Обсуждается роль нейромедиаторов в модуляции иммуновоспалительного ответа. Существующие данные позволяют пред-

положить, что участие дофамина в патогенезе шизофрении может быть опосредовано его иммуномодулирующим эффектом. На роль нейрово-

спаления при шизофрении также указывает клиническая эффективность применения противовоспалительного лечения при данном заболевании. 

С другой стороны, установлен иммуномодулирующий эффект антипсихотиков, который, по крайней мере частично, может опосредовать их кли-

ническую эффективность при шизофрении.

Выводы. Ввиду значимости нейровоспаления в патогенезе шизофрении перспективны дальнейшие исследования как противовоспалительных 

свойств антипсихотиков, так и клинической эффективности противовоспалительных препаратов при шизофрении с целью дальнейшей рациона-

лизации терапии данного заболевания.

Ключевые слова: шизофрения; воспаление; нейроиммунные взаимодействия; антипсихотики; нейролептики; дофамин
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INTRODUCTION

Schizophrenia is a progressive mental illness with hetero-

geneous symptoms, including productive, negative, affec-

tive, cognitive, and psychomotor symptoms. This disease 

has a continuous or paroxysmal course, leading to specific 

personality changes in the form of mental disintegration, 

autism, thinking disorders, emotional-volitional and cogni-

tive decline [1].

Schizophrenia is the most complex and socially signifi-

cant problem in modern psychiatry, which is determined by 

its widespread prevalence, constant tendency to disease 

progression, and, in the absence of adequate treatment, 

severe disability of patients, mainly young people who are 

active in social and labor activities [2]. According to the 

World Health Organization, in the 15–44 age group, schiz-

ophrenia ranks eights among the leading causes of dis-

ability worldwide. At the same time, patients with schizo-

phrenia lose an average of 15 years of their life expectancy, 

mainly due to suicide (suicide risk from 5 to 10%), as well 

as due to the presence of concomitant diseases, includ-

ing substance abuse with a prevalence rate of up to 41% 

[3]. In addition, disordered lifestyle, unhealthy diet, lack of 

physical activity, and side effects of antipsychotic therapy 

contribute to an increase in the incidence of metabolic syn-

drome, as well as cardiovascular and pulmonary diseases 

[4]. Among mental disorders, schizophrenia is the largest 

socioeconomic burden, accounting for about 54.5% of the 

total number of mental disorders, with this number having 

doubled in recent years [5]. Thus, the treatment of patients 

with schizophrenia is one of the most urgent tasks of prac-

tical psychiatry.

According to the classical understanding, the patho-

genesis of schizophrenia is based on a disorder of the me-

tabolism of biogenic amines, especially dopamine, whose 

receptors are a key target for drugs of pathogenetic thera-

py of the disease (antipsychotics). In particular, most antip-

sychotics used in the treatment of schizophrenia are pre-

dominantly antagonists of dopamine receptors of the D2 

group (D2-, D3-, D4-receptors). However, despite the relief 

of a number of clinical symptoms, antipsychotic drugs are 

not capable of significantly slowing down the progression 

of the disease, which suggests additional pathogenetic 

mechanisms of schizophrenia [6].

Thus, recent studies have shown that along with im-

paired functioning of neurotransmitters, neuroinflamma-

tion can also be an essential factor in the schizophrenia 

pathogenesis [6, 7]. It has been shown that at the initial 

stages of schizophrenia, the number of lymphocytes and 

the level of certain pro-inflammatory cytokines increases: 

interleukin-1 (IL-1), IL-6, tumor necrosis factor α (TNF-α) 

and others, which may decrease against the background 

of antipsychotic therapy [8]. The higher incidence of auto-

immune diseases of the central nervous system (CNS) in 

patients with schizophrenia also supports the involvement 

of neuroinflammation in the pathogenesis of schizophrenia 

[9, 10]. Common mechanisms for these diseases include 

activation of microglia, increased production of pro-inflam-

matory cytokines, and disruption of the blood–brain barrier 

(BBB) [10].

In this article, we study the role of neuroinflammation 

in the schizophrenia pathogenesis with an assessment of 

the involvement of cells of the innate, adaptive immune re-

sponse and functioning of the BBB in the disease devel-

opment, as well as a prognostic assessment of the anti-

inflammatory effect of antipsychotics in schizophrenia.

MATERIALS AND METHODS

The search for relevant scientific publications was conduct-

ed in electronic bibliographic databases in both the Russian 

(eLibrary, CyberLeninka) and English (Web of Science, 

Scopus, PubMed) languages.  The search queries included 

the words: schizophrenia, inflammation, neuroimmune in-

teractions, antipsychotics, antipsychotics, dopamine. The 

search depth was 10 years. The inclusion criteria were the 

availability of data on the results of cohort studies, rand-

omized controlled trials, and preclinical studies.

RESULTS AND DISCUSSION

Role of innate immune response in the development 
of neuroinflammation in schizophrenia

For a long time, the development of an immune re-

sponse in the CNS was considered unlikely, which was as-

sociated with the isolation of the CNS from the immune 

system through the BBB, as well as the lack of lymphatic 

drainage and other mechanisms of natural immunologi-

cal tolerance (the “immunoprivileged” status of the CNS) 

[11]. However, recent knowledge indicates the presence 

of resident immune cells in the CNS, as well as the ways 

in which the CNS communicates with the deep cervical 

lymph nodes through the lymph vessels of the dura mater 

and the lymphatic system. In addition, the ability of cells 

of both the innate and adaptive immune responses to mi-

grate to the CNS from the periphery has been established. 

Therefore, research into the role of neuroinflammation in 
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the pathogenesis of various diseases of the CNS is increas-

ingly attracting attention [12].

Among the cells of the innate immune response in the 

context of neuroinflammation, microglia — resident mac-

rophages of the CNS — attract the most attention. It has 

been shown that microglia are able to participate both in 

the development of neuroinflammation by producing pro-

inflammatory cytokines and inducing Th17 and Th1 im-

mune responses (M1 microglia), and maintaining immu-

nological tolerance by producing anti-inflammatory factors 

and inducing regulatory T cells (Treg) (M2 microglia) [6].

Microglial changes in schizophrenia have been de-

scribed mainly on experimental models of schizophrenia 

in animals, MIA, which are reproduced by injecting preg-

nant rodents with agonists of the innate immune response 

receptors (in particular, toll-like receptors  —  TLR-3 and 

TLR-4). Adult offspring of such rodents develop neuroana-

tomical, neurochemical, and behavioral changes, some of 

which correspond to those in schizophrenia (hyperactivity 

of the dopaminergic system, enlargement of the ventricles 

of the brain, behavioral and cognitive impairments) [13,14].

In particular, an increase in mobility, density, and the 

ability of microglia to produce cytokines in MIA induced 

by the TLR-4 lipopolysaccharide (LPS) agonist has been 

shown [13]. In addition, the pro-inflammatory functions of 

microglia in MIA are increased when MIA is induced by the 

administration of a TLR-3 agonist (polyinosinic:polycytidylic 

(РolyI:C) [14]. The results of research studies obtained thus 

far indicate the pro-inflammatory profile of microglia in ado-

lescence with MIA.

In addition, the involvement of microglia in the patho-

genesis of schizophrenia is evidenced by the association 

between suppression of its functions and a decrease in the 

severity of symptoms of the disease in the setting of anti-

inflammatory therapy, in particular minocycline, which has 

a modulating effect on microglia [15].

Data on abnormal microglial activation, shown in sev-

eral postmortem immunohistochemical studies and in vivo 

positron emission tomography (PET) studies in patients 

with schizophrenia, are contradictory [16, 17]. Additional 

ambiguity during postmortem immunohistochemical ex-

amination may be caused by the actual effect of long-term 

antipsychotic therapy on microglial activation, which is con-

firmed by PET data [18,19]. At the same time, PET studies 

in people with an ultra-high risk of developing schizophre-

nia or in patients with schizophrenia who have not received 

pathogenetic therapy still remain ambiguous. Thus, ac-

cording to some studies, a decrease or absence of an 

increase in the binding of the translocator protein (TSPO, 

a marker of microglial activation in vivo) has been shown, 

which indicates a decrease in microglial activation [20, 21]. 

However, some studies have indicated, on the contrary, an 

increase in the binding of this ligand throughout the gray 

matter [22].

The first psychotic episode of schizophrenia is associ-

ated with a decrease in the concentration of IL-10 and IL-4 

anti-inflammatory cytokines; conversely, the concentration 

of pro-inflammatory cytokines such as IL-6 and TNF-α, in-

creases [23, 24]. According to Halstead et al., the concen-

trations of IL-1β, IL-1 receptor antagonist (IL-1RA), soluble 

IL-2 receptor (sIL-2R), IL-6, IL-8, IL-10, TNF-α, and C-reactive 

protein increased in peripheral blood (plasma/serum) of 

schizophrenia patients compared to the control group. 

The levels of IL-2 and interferon-γ (IFN-γ) were significantly 

higher in the acute episode of schizophrenia, whereas, in 

the chronic form, the levels of IL-4, IL-12, and IFN-γ were 

significantly reduced [25]. A meta-analysis of studies into 

the cytokine level in cerebrospinal fluid showed similar 

data, i.e., an increase in IL-1β, IL-6, and IL-8 in patients with 

schizophrenia [26].

In addition, increased production of IL-8 and IL-1β 

by LPS-stimulated peripheral blood mononuclear cells 

(PBMCs) in patients with schizophrenia was observed, 

confirming the role of innate immune response cells in the 

pathogenesis of schizophrenia [27]. These data are also 

consistent with the assessment of mRNA expression levels 

of proinflammatory cytokines (IL-6, IL-8, and TNF-α) in the 

PBMCs of patients with schizophrenia [28]. In addition, it 

was found that the blood serum of patients with schizo-

phrenia who did not receive pathogenetic therapy is able to 

activate microglia in vitro [29].

The potential role of perivascular macrophages in the 

pathogenesis of schizophrenia has been reported. In par-

ticular, immunohistochemical staining of the frontal lobe 

of the brain of patients with schizophrenia revealed an in-

creased level of CD163+-macrophages [30, 31].

In addition, patients with schizophrenia have an in-

creased number of M1- and M2-monocytes circulating in 

the peripheral blood, which have pro- and anti-inflamma-

tory functions, respectively. It is important that, along with 

disease progression, the ratio of such functional types of 

monocytes may change. Thus, the predominance of M1 

monocytes at an early stage of the disease is replaced by 

the predominance of M2 monocytes at a later stage [32]. 

The involvement of proinflammatory M1 monocytes in the 

pathogenesis of schizophrenia was confirmed by data from 

other studies [33]. Moreover, an increase in the level of sol-

uble CD14 (a marker of monocytes) in the blood of people 

who subsequently developed schizophrenia has been re-

ported; this suggests activation of monocytes as an early 

predictor of the disease [34].

Along with the abovementioned, an increase in the pro-

duction of IL-1β, IL-6, and TNF-α by stimulated monocytes 

of patients with schizophrenia was found in comparison 

with healthy donors in vitro [35, 36]. In addition, an increase 

in the level of chemokines (CL2, CCL4, CL22) necessary for 

the migration of monocytes, including through endothelial 

barriers, including the BBB, was found in the blood serum 

of patients with schizophrenia [37].

Role of the adaptive immune response in the 
development of neuroinflammation in schizophrenia

Recent studies have shown that along with the innate im-

mune response, adaptive immune response cells can also 

play a significant role in the development of neuroinflam-

mation in schizophrenia. It was found that during an acute 

episode of schizophrenia, the number of activated T cells 

in the central nervous system increases. The relationship 

between the risk of developing schizophrenia and the level 

of NK cells, T helper cells (CD4+ T cells), and B lymphocytes 

was also discussed [38].
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Among the cells of the adaptive immune response, 

presumably involved in the pathogenesis of schizophrenia, 

type 17 T helper cells (Th17 cells) attract particular atten-

tion. Th17 cells differentiate from naive T cells or memory 

T cells with the participation of IL-6 cytokines, transforming 

growth factor-β (TRF-β), IL-1β, and IL-23. Th17 cells produce 

proinflammatory IL-17, IL-21, IL-22 cytokines, granulocytic 

and granulocyte-macrophage colony stimulating factors 

(G-CSF or GM-CSF). As a rule, the Th17-type immune 

response is of a pronounced inflammatory nature. The 

involvement of these cells in the pathogenesis of autoim-

mune and neuroinflammatory diseases was emphasized in 

[39]. The importance of Th17 cells in the development of 

neuroinflammation is mainly attributed to their ability to mi-

grate to the CNS through the BBB. It was established that 

C-C chemokine receptor 6 (CCR6; CD196) is a distinctive 

receptor of Th17 cells, due to which Th17 cells are able to 

penetrate the BBB. The CCR6 chemokine receptor binds 

to the corresponding CCL20 ligand, which is expressed on 

endothelial barriers, including the BBB. An additional fac-

tor contributing to the migration of Th17 cells to the CNS 

may be the destabilizing effect of IL-17 (a key product of 

Th17 cells) on the BBB permeability. The role of neuroin-

flammation and Th17 cells in the pathogenesis of schizo-

phrenia has become a focus of research relatively recently. 

It is believed that the immunopathogenesis of schizophre-

nia may be based on a chronic inflammatory process sup-

ported by the interaction of Th17 cells and microglia acti-

vated by IL-17 [39].

A number of studies have found that patients with 

schizophrenia have a higher level of circulating Th17 cells, 

as well as IL-17-producing CD4+ T cells, compared with the 

group of healthy donors [40]. Zheng et al. showed that the 

number of CD4+ T lymphocytes in the peripheral blood of 

patients with schizophrenia in the acute phase in the ab-

sence of pathogenetic therapy is higher than in the control 

group [41]. Activation of Th17 cells in patients with the first 

episode of schizophrenia was also reported. In addition, 

BBB disorders, brain infiltration by T cells, and activation 

of microglia were shown in such patients. During the first 

episode of schizophrenia, changes in the distribution of 

T-cell subpopulations in the cerebrospinal fluid (CSF) and 

higher T-lymphocyte densities in the hippocampus of pa-

tients were noted [42]. Having penetrated into the CNS, 

Th17 cells produce pro-inflammatory IL-17 and IL-22 cy-

tokines, leading to neuroinflammation and neurodegenera-

tion [39]. These data are also consistent with the observed 

increased concentrations of IL-17, IL-22, IL-6, and IL-23 in 

the blood plasma of patients with schizophrenia compared 

with the group of healthy donors [43]. Elevated plasma 

levels of IL-17, TRF-β, and IL-23 (cytokines necessary for 

Th17 cell differentiation) in patients with schizophrenia cor-

relate with the severity of the disease, aggressive behavior, 

and apathy [44]. In addition, increased production of IL-6, 

IL-17A, TNF-α was found in the culture of peripheral blood 

mononuclear cells (PBMCs) of patients with schizophrenia 

compared with healthy donors [45].

The malfunction of T-regulatory cells (Treg) that have an 

anti-inflammatory effect and prevent autoimmune neuroin-

flammation was revealed. In the absence of pathogenetic 

treatment, patients with schizophrenia showed a decrease 

in the number of circulating Tregs, as well as a decrease 

in the expression of the Foxp3 gene in these cells, which 

determines their suppressive properties [45].

Immunomodulatory effects of biogenic amines and 
antipsychotics in schizophrenia

The leading theory behind the pathogenesis of schizophre-

nia is associated with a metabolism disorder of biogenic 

amines, dopamine in particular, whose receptors are one 

of the key targets for pathogenetic therapy of this disease. 

Due to the growing interest in the role of neuroinflamma-

tion in the schizophrenia pathogenesis, dopamine involve-

ment in neuroimmunomodulation is attracting particular at-

tention. It has become common knowledge that biogenic 

amines, whose receptors are expressed by cells of both 

the nervous and immune systems, are direct mediators of 

neuroimmune interaction. Drugs acting on these receptors 

are considered as potential neuroimmunomodulators [46, 

47].

Dopamine is among the most studied neurotransmit-

ters with immune effects. It can be assumed that dopamine 

involvement in the schizophrenia pathogenesis, at least 

partially, may be mediated by its immunomodulatory effect. 

Dopamine receptors are known to be expressed by T and 

B  lymphocytes, macrophages, monocytes, eosinophils, 

neutrophils, dendritic cells, NK cells, and microglia.

Research found that the percentage of CD8+ T cells 

expressing the D2-dopamine receptor (CD8+D2R+ T cells) 

is increased in patients with schizophrenia compared to 

that in healthy donors, while the percentage of CD4+D2R+ 

T cells, on the contrary, is reduced. In addition, a posi-

tive relationship was revealed between the scores on the 

BPRS (Brief Psychiatric Rating Scale) and PANSS (Positive 

and Negative Syndrome Scale) scales with the number of 

CD8+D2R+ T cells [48].

The effect of pathogenetic therapy drugs on immune 

cell functions in schizophrenia has also been shown. Thus, 

the patients with schizophrenia with a metabolic syndrome 

treated with second-generation antipsychotics (SGAs) (ris-

peridone, olanzapine, quetiapine, and aripiprazole) demon-

strated an increase in the levels of a number of pro-inflam-

matory cytokines, such as IFN-α2, IL-1α and IL-7, after six 

weeks of therapy. At the same time, IFN-γ, IL-1β, IL-12p40, 

IL-17A, IL-6, and TNF-α levels were reduced in patients 

without a metabolic syndrome [49].

A 28-day treatment of schizophrenia with aripiprazole 

revealed a significant decrease in the levels of C-reactive 

protein, insulin, IL-1β, IL-6, TNF-α, sTNF-R1, IL-12, IL-23, 

IL-1RA, TRF-β1, IL-4, IFN-γ, as well as a significant increase 

in IL-10 [50].

Of the individual drugs used as monotherapy in patients 

with the first episode of psychosis, risperidone was asso-

ciated with statistically significant activation of 11 immune 

system genes, including cytokines and cytokine receptors, 

pattern-recognizing receptors (TLR-1, TLR-2, TLR-6) and 

molecules involved in apoptosis (FAS). It should be noted 

that risperidone exhibited strong immunomodulatory prop-

erties, affecting mainly the components of innate immunity 

in this category of patients, whereas the observed effects 

of quetiapine and olanzapine were only insignificant [51].
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SGA risperidone has also been shown to reduce the 

level of the chemotactic cytokine monocyte chemotactic 

protein-1 (MCP-1), which may indicate some anti-inflamma-

tory effect [52]. A detailed literature review of the immune 

effects of SGA provides evidence that most of these drugs 

cause leukopenia, lymphopenia, neutropenia, thrombocy-

topenia, and agranulocytosis, while reducing the levels of 

pro-inflammatory cytokines (TNF-α, IL-4, IL-6, IL-8, IL-10, 

IL-12, IL-17, IL-21, IL-23) and C-reactive protein in patients 

with schizophrenic spectrum disorders [53].

Regarding the possibility of chronic inflammation in 

patients with schizophrenia, it is worth noting that plasma 

levels of IL-6 and its soluble receptor (IL-6R) are significantly 

higher in patients with schizophrenia, although decreasing 

after treatment with antipsychotics [54]. All first-generation 

antipsychotics (FGAs), especially chlorpromazine and halo-

peridol, reduce IL-6 and IL-6R levels in patients with schizo-

phrenia. A meta-analysis of the use of antipsychotics in the 

treatment of the first psychotic episode in schizophrenia 

showed antipsychotic therapy to be associated with a de-

crease in the concentration of proinflammatory IL-1β, IL-6, 

IFN-γ, TNF-α cytokines, as well as anti-inflammatory IL-4, 

IL-10 cytokines. On the other hand, the levels of pro-inflam-

matory IL-2 and IL-17 remain unchanged [55].

In patients with schizophrenia, all antipsychotics show 

a clear effect on Treg. Tregs are elevated in the blood of 

patients with schizophrenia who receive stable therapy. At 

the same time, a negative correlation was found between 

Treg cells and negative symptoms [56]. A decrease in the 

level of Th17 cells was shown in the group of patients with 

the first episode of schizophrenia after a four-week course 

of treatment with risperidone. In addition, a significant posi-

tive relationship was found between the rate of changes in 

the total PANSS score and those in the percentage of Th17 

cells. However, it remains unclear whether these results 

were related to risperidone treatment or the natural course 

of the disease, since the study did not include a placebo 

control group [40]. However, in a later study, in 113 patients 

who had not previously taken antipsychotics (or had taken 

them for less than two weeks in their entire lives), and who 

had had symptoms of schizophrenia no more than five 

years prior to the study, risperidone therapy did not cause 

significant changes in IL-17 in the blood [57].

In another study, the effect of antipsychotic drugs on 

the expression of STAT3 and RORC genes involved in the 

development and differentiation of Th17 cells was studied 

in 27 patients with schizophrenia who had not previously 

taken antipsychotics. In addition, the effect of antipsychotic 

drugs in plasma was evaluated at the level of five cytokines 

associated with Th17 cells. A significant decrease in STAT3 

gene expression and levels of IL-1β, IL-6, and IL-17A in blood 

plasma was found after three months of taking antipsy-

chotic drugs [58].

Concerning the use of SGA in other diseases, in partic-

ular in multiple sclerosis, all studies agree on the effective-

ness of SGA in reducing the severity of symptoms in animal 

models of multiple sclerosis and experimental autoimmune 

encephalomyelitis (EAE), delaying the disease onset at the 

same time as suppressing the production of various pro-

inflammatory cytokines. Clozapine demonstrated a similar 

and even a more intense effect than risperidone, quetiapine, 

and olanzapine, significantly reducing CD4+ T cell infiltra-

tion and activation of myeloid cells, while increasing Treg 

levels. Clozapine also reduced the level of chemokines re-

sponsible for the migration of immune cells to the CNS and 

caused an increase in the level of dopamine receptors in 

the brains of mice with EAE [59].

At the same time, it has been reported that antipsychot-

ics are capable of increasing IL-17 levels in in vitro experi-

ments (in stimulated blood samples of healthy women) [60].

An experimental model of schizophrenia has shown 

an inhibitory effect of many FGAs and SGAs (risperidone, 

aripiprazole, quetiapine, ziprasidone) on IFN-γ-induced mi-

croglial activation in the mouse microglial cell line [61].

Feng et al. studied the possible correlation between 

the level of inflammatory markers in the blood of patients 

with schizophrenia and the level of their psychopathologi-

cal symptoms. Markers of inflammation and psychopath-

ological symptoms were studied in patients with schizo-

phrenia after 3, 6, and 12 months of antipsychotic therapy. 

A significant decrease in monocyte levels, intercellular 

adhesion molecules, and adiponectin levels between 

baseline and 12 months of age was observed. A higher 

baseline level of IL-6 in the blood predicted a greater de-

crease in the overall PANSS score after 3 and 6 months, 

as well as the PANSS subscale for negative symptoms 

after three months. A higher baseline level of leptin in the 

blood predicted a greater decrease in the overall score 

and score on the subscale of negative symptoms of 

PANSS after six months. During the post-hoc analysis, 

the associations between baseline IL-6 levels and symp-

tom reduction were strongest in patients receiving SGA 

ziprasidone or quetiapine. The results obtained provide 

additional evidence that measuring inflammatory markers 

in the blood may be important for the clinical manage-

ment of patients with schizophrenia. In particular, these 

markers can be helpful in selecting antipsychotic therapy 

for a more personalized approach to the treatment of pa-

tients with schizophrenia [62].

It seems interesting that, due to the established role of 

neuroinflammation in the pathogenesis of schizophrenia in 

addition to the immunomodulatory effect of antipsychotics, 

the potential therapeutic effect of anti-inflammatory drugs 

in schizophrenia is also being discussed. Jeppesen et al. 

presented a meta-analysis, according to which the addition 

of anti-inflammatory drugs to basic antipsychotic therapy 

reduces the clinical manifestations of schizophrenia (ac-

cording to the PANSS scale) [55].

CONCLUSION

The data accumulated to date indicate the important role 

of inflammation in the pathogenesis of schizophrenia. 

Moreover, the reviewed literature data allow us to assume 

that in some cases, chronic inflammation, both at the 

systemic and central nervous system levels, is not only a 

pathogenetic, but also an etiological factor in schizophre-

nia. In this regard, anti-inflammatory therapy can be an 

important component in the management of patients with 

schizophrenic spectrum disorders. It seems also relevant 

to analyze the existing classical antipsychotic therapy for its 

anti-inflammatory effects.
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Numerous studies that have studied the effects of first- 

and second-generation antipsychotics on different groups 

of patients indicate mainly a common anti-inflammatory 

vector of action of these drugs. However, there is a signifi-

cant amount of ambiguous and contradictory data. Hence, 

further research is needed to elucidate the anti-inflammato-

ry effects of antipsychotics, which may lead to the discov-

ery of new mechanisms of action to affect neuroinflamma-

tion by using these drugs more efficiently for therapeutic 

purposes.
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COMPARATIVE EVALUATION OF MINION AND NANOPORUS NANOPORE 
SEQUENCERS IN IDENTIFICATION OF PATHOGEN NUCLEIC ACIDS

Diana A. Grigoryan, Ivan F. Stetsenko, Boris S. Gukov, Alina D. Matsvay, German A. Shipulin

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

Introduction. Nanopore sequencing technologies have become routine methods in science and medicine, being widely used in the study of pathogen diver-

sity and distribution and playing a key role in field epidemiology.

Objective. Comparative evaluation of the functional capabilities of third-generation MinION and Nanoporus sequencers in the detection of pathogens in 

biological material, including comparison of the as-determined taxonomic composition with the results obtained using the second-generation MiSeq (Illumina) 

reference platform.

Materials and methods. A total of 138 archival DNA samples with known taxonomic composition (14 families, 20 genus, and 43 species of viral and bacte-

rial pathogens; altogether 169 pathogens) were analyzed. MinION and Nanoporus nanopore sequencers with original R9.4.1 and R10.4.1 flow cells (ONT), 

as well as the high-performance MiSeq (Illumina) platform were used for preliminary identification of the composition of samples containing different titers 

of pathogen nucleic acids belonging to various taxonomic groups. Comparative evaluation of the obtained data (number of sequences, average read qual-

ity scores (Qscore) for each nucleotide, GC-content of sequences, sequence length distribution, read duplication level) was performed using the MultiQC 

bioinformatics tool (version 1.20).

Results. The MinION and Nanoporus  devices identified 98.8% and 97.6% of pathogens, respectively, including understudied or new viruses. The use of the 

latest-version flow cell on both devices significantly reduced the share of low-quality reads. The findings demonstrate a high degree of correlation between 

the results obtained by the second- and third-generation sequencers, which confirms the comparability and interchangeability of these technologies for the 

purposes of pathogen nucleic acid identification.

Conclusions. The study results demonstrate the potential of MinION and Nanoporus nanopore sequencers for epidemiologic surveillance. These devices 

are capable of identifying pathogens of different nature with high accuracy and, due to their compactness and portability, facilitating the diagnostics and 

monitoring of infectious diseases.
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СРАВНИТЕЛЬНЫЙ АНАЛИЗ НАНОПОРОВЫХ СЕКВЕНАТОРОВ MINION И НАНОПОРУС В ЗАДАЧЕ 
ИДЕНТИФИКАЦИИ НУКЛЕИНОВЫХ КИСЛОТ ПАТОГЕНОВ

Д.А. Григорян, И.Ф. Стеценко, Б.С. Гуков, А.Д. Мацвай, Г.А. Шипулин

Центр стратегического планирования и управления медико-биологическими рисками здоровью Федерального медико-биологического агентства, 

Москва, Россия

Введение. Технологии нанопорового секвенирования стали рутинным инструментом в науке и медицине, широко применяются в исследовании 

разнообразия и распространения патогенов, играют ключевую роль в полевой эпидемиологии.

Цель. Проведение сравнительного анализа функциональных возможностей секвенаторов третьего поколения MinION и Нанопорус в задаче вы-

явления пат огенов в биологическом материале, включая сопоставление таксономического состава, определенного с их использованием, с ре-

зультатами, полученными на референсной платформе второго поколения MiSeq (Illumina).

Материалы и методы. Проведено исследование 138 образцов архивной ДНК с известным таксономическим составом (исследованы 14 семейств, 

20 родов и 43 вида патогенов вирусной и бактериальной природы, суммарно 169 возбудителей инфекций). В исследовании использовались на-

нопоровые секвенаторы MinION и Нанопорус с оригинальными проточными ячейками R9.4.1 и R10.4.1 от ONT, а также высокопроизводительная 

платформа MiSeq от Illumina для предварительной идентификации состава исследуемых образцов, содержащих различные титры нуклеиновых 

кислот возбудителей инфекций ряда таксономических групп. Сравнительный анализ полученных данных (количество последовательностей, сред-

ние показатели качества прочтений (Qscore) для каждого нуклеотида, GC-состав последовательностей, распределение длин последовательно-

стей, уровень дупликаций прочтений) проводился биоинформатическим инструментом MultiQC (версия 1.20).

Результаты. В ходе проведенных исследований на приборах MinION и Нанопорус было идентифицировано 98,8 и 97,6% патогенов соответ-

ственно, включая малоизученные или новые вирусы. Применение последней версии проточной ячейки на обоих приборах значительно снизило 

долю низкокачественных прочтений. Полученные данные продемонстрировали высокую степень корреляции между результатами секвенаторов 

второго и третьего поколений, что подтверждает сопоставимость и взаимозаменяемость этих технологий в задаче идентификации нуклеиновых 

кислот патогенов.

Выводы. Результаты исследования демонстрируют потенциал нанопоровых секвенаторов MinION и Нанопорус для применения в эпидемиологи-

ческом надзоре. Приборы способны обеспечивать высокую точность идентификации патогенов различной природы и благодаря своей компакт-

ности и портативности могут существенно повысить скорость диагностики и мониторинга инфекционных заболева  ний.

© D.A. Grigoryan, I.F. Stetsenko, B.S. Gukov, A.D. Matsvay, G.A. Shipulin, 2024
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INTRODUCTION

Sequencing technologies have become routine methods 

in various areas of molecular biology, due to their capac-

ity to promptly and reliably detect mutations and genetic 

variations in viruses, identify new pathogens, predict their 

evolutionary changes, track the dynamics of distribution in 

populations, and analyze phylogenetic relationships [1–3]. 

The method of nanopore sequencing was first introduced 

by Oxford Nanopore Technologies (ONT) in 2014 with the 

MinION device [4]. This technology possesses a number of 

unique advantages, which determine its indispensability in 

modern medicine and science [5]. The ability to sequence 

long DNA and RNA fragments has made it possible to de-

tect structural variations and epigenetic modifications [6–

8]. However, the key advantage of this sequencing method 

consists in the compactness of nanopore sequencers, 

their ability to operate by connecting to a laptop USB inter-

face, and low requirements for laboratory equipment. This 

renders such devices applicable in various conditions, in-

cluding field studies [9].

Nanopore sequencing technology has already made 

a substantial impact on various fields of medicine, includ-

ing diagnosis and treatment of genetic diseases [10, 11], 

personalized medicine [2, 12], and cancer research [6, 13, 

14]. Due to its speed and mobility, nanopore sequencing is 

a convenient tool for epidemiologic surveillance and out-

break control [9, 15–17]. In particular, during the COVID-19 

pandemic, nanopore sequencing played an essential role 

in rapid identification of virus strains and detection of new 

genetic variations of pathogens [12, 17, 18]. In addition, this 

technology has proven to be a reliable alternative to routine 

methods of sequencing complete virus genomes [15, 19]. 

These properties are particularly important in the context of 

global pandemics and outbreaks of new infections, since 

the promptness of data collection is crucial for the deci-

sion-making process.

The Russian market, along with the original third-

generation platforms by Oxford Nanopore Technologies, 

also offers a similarly functional domestic device referred 

to as Nanoporus. This device is designed for nanopore 

sequencing using original flow cells by Oxford Nanopore 

Technologies. 

In this work, we carry out a comparative evaluation of 

the functional capabilities of third-generation MinION and 

Nanopore sequencers in detecting pathogens in biological 

material, including comparison of the taxonomic composi-

tion identified with their use and the results obtained using 

the second-generation MiSeq (Illumina) reference platform.

MATERIALS AND METHODS

During two stages of the study, 138 samples of archival 

DNA from a laboratory collection with known taxonomic 

composition and different titers of pathogen nucleic acid 

belonging to different taxonomic groups were analyzed. 

These included 14 families, 20 genus, and 43 species of 

pathogens of a viral and bacterial nature, totaling 169 path-

ogens. Identification of the pathogenic composition of the 

studied material had been previously performed by high-

throughput sequencing on the MiSeq platform (Illumina). 

Based on the data of local alignment of nucleotide and 

protein sequences, we analyzed similarity indices with se-

quences from the database used for taxonomic identifica-

tion.

The following reagent sets were used during the prep-

aration of amplicon DNA libraries. End Repair of double-

stranded DNA fragments and matrix-free adenylation were 

performed using a NEBNext Ultra II End Repair/dA-Tailing 

Module reagent kit (New England Biolabs). Adaptor se-

quence ligation from PCR Barcoding Expansion 1-96 (EXP-

PBC096) (ONT) was performed using a Blunt/TA Ligase 

Master Mix reagent (New England Biolabs). Barcoding of 

libraries was performed using PCR Barcoding Expansion 

1-96 (EXP-PBC096) (ONT). All kits were used according to 

the manufacturer’s instructions.

DNA libraries for sequencing on a R9.4.1 flow cell were 

prepared using a Ligation Sequencing Kit (SQK-LSK109) 

(ONT) and then loaded into the flow cell. DNA libraries for 

sequencing on a R10.4.1 flow cell were prepared using a 

Ligation Sequencing Kit V14 (SQK-NBD114) reagent kit 

(ONT) followed by loading into the flow cell. The sequence of 

sequencing reagents was determined taking technical and 

methodological considerations into account. At the primary 

stage of the study, when using the R9.4.1 flow cell for the 

first time, sequencing was initially performed on the MinION 
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sequencer to ensure a predictably stable operation of the 

cell. This order was set to minimize potential risks associ-

ated with a possible decrease in the stability or functionality 

of the cell after its use on the Nanoporus sequencer. At the 

second step, in order to test the Nanoporus sequencer in 

terms of its effects on cell functionality for subsequent use 

in the MinION, sequencing was performed initially on the 

Nanoporus and then on the MinION.

The detected signal from the devices was recorded us-

ing the MinKNOW software version 23.11.4; the basecall-

ing of data in pod5 format was performed by the Dorado 

software version 7.2.13 (ONT). In order to ensure the cor-

rectness of sequencing quality comparison and taxonomic 

identification by the tested devices, the equal number of 

reads were selected for each sample representing a ran-

dom sample generated by the SeqKit bioinformatics tool 

(version v2.8.0). The quality of reads in fastq format was as-

sessed by using Trimmomatic bioinformatic tools (version 

0.32), FastQC (version v0.12.0). Comparative evaluation of 

the data obtained (number of sequences, average read 

quality scores (Qscore) for each nucleotide, GC-content 

of sequences (guanine-cytosine content), sequence length 

distribution, read duplication level) was performed using 

the MultiQC bioinformatic tool (version 1.20). Taxonomic 

identification of the viral composition of the samples was 

performed using the PathogenID software (FMBA, Russia). 

As a reference tool for comparing th  e results of determining 

the taxonomic composition of samples, the data obtained 

on the second-generation MiSeq platform  (Illumina) were 

used.

For comparative evaluation of the tested sequenc-

ers, the investigated infectious agents were divided into 

five groups according to their taxonomic identification in-

dex (% identity) obtained by high-throughput sequencing. 

The following identifiers were assigned to virus 

groups: Group  1  —  30  pathogens, 100–97% identity, 

Group  2  —  29  pathogens, 96–94% iden-

tity, Group  3  —  39  pathogens, 93–90% iden-

tity, Group  4  —  35  pathogens, 89–80% identity, 

Group 5 — 24 pathogens, 79–71% identity. The presented 

pathogen groups can be used to    simulate the analysis of di-

vergent pathogen groups, new strains, species in particular.

RESULTS

Comparison of data transfer stability and sequencing 
quality

Using the MinKNOW software, the stability of data trans-

mission from the device to the control computer was as-

sessed. No significant fluctuations and failures in signal 

transmission, as well as deviations from the uniform distri-

bution of the DNA translocation rate through the pore were 

registered during the analysis of the graphs obtained from 

the MinION and Nanoporus devices using the R10.4.1 flow 

cell (Fig. 1; A2,    B2). The graphs of temperature maintenance 

throughout the entire sequencing process indicated no dis-

turbances in the operation of the sequencers; temperature 

fluctuations were insignificant and remained within the per-

missible limits. The corresponding information is presented 

in Fig. 1; A1, B1.

The quality parameters of reads obtained from both 

old- and new-type flow cells for MinION and Nanoporus 

sequencers were compared (Fig. 2). An analysis of the pre-

sented graphs revealed an increase in the Qscore param-

eter, which reflects the accuracy of base identification in the 

reads, and a decrease in the level of duplications when us-

ing a flow cell of the latest R10.4.1 version. All the presented 

Figure prepared by the authors 

Fig. 1. Graphical representation of key parameters of the MinION and Nanoporus sequencers

Note: A1, B1 — maintaining the temperature regime during sequencing; A2, B2 — the rate of DNA translocation through the pore.

The graphs were obtained using the MinKNOW software, version 23.11.4.
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Figure prepared by the authors

Fig. 2. Comparison of quality indicators of reads obtained from MinION and Nanoporus sequencers

Note: graph A.1 — total number of sequences obtained from each device; graph A.2 — distribution of reads by read length; graph A.3 — average read quality 

values (Qscore) for each nucleotide; graph A.4 — number of reads depending on the quality indicator (Qscore); graph A.5 — GC content in sequences, %; graph 

A.6 — level of read duplications; graph A.7 — nucleotide composition of reads obtained by the MinION sequencer; graph A.8 — nucleotide composition of reads 

obtained by the Nanoporus sequencer.

The corresponding data for the R10.4.1 flow cell is shown in graphs B.1–B.8.

The graphs correspond to data recorded using R9.4.1 and R10.4.1 flow cells.

Read quality scores were obtained by the MultiQC bioinformatics tool (version 1.20).

metrics for assessing the quality of reads obtained from the 

two compared nanopore sequencers were also found to 

be consistent.

Additional indicators of sequencing quality, namely met-

rics N50, N95, and N5, as well as the percentage of reads 

with quality above Q20 and Q30 were calculated; the cor-

responding data are presented in Table 1. A comparative 

evaluation of sequence percentage with a quality of above 

Q20 and Q30 found that when using the earlier version of 

the flow cell (R9.4.1), about 70% of the data demonstrated 

a quality below Q20 and about 97.3% had a quality be-

low Q30 on both sequencers. At the same time, when the 

R10.4.1 flow cell of the latest version was used, the propor-

tion of data with a quality below Q20 was less than 55% 

and below Q30 was less than 76%. There were no signifi-

cant differences in N50, N95, N5, and the percentage of 

sequences with a quality above Q20 and Q30 between the 

two different third-generation devices.

Comparative analysis of the devices in pathogen 
identification 

The studied material contained fragments of pathogen ge-

nomes of the following families:

Pseudomonadaceae, Circoviridae, Adenoviridae, 
Coronaviridae, Orthomyxoviridae, Parvoviridae, 
Polyomaviridae, Astroviridae, Caliciviridae, Picornaviridae, 
Solemoviridae, Hepeviridae, Partitiviridae, Tymoviridae.

The Adenoviridae family included 12 specimens and 5 

pathogen species with viral loads ranging from 7.22% to 

0.33% of reads per specimen according to high-through-

put sequencing data. As a result of processing the data ob-

tained by MinION and Nanoporus devices, the taxonomic 

composition was confirmed in 11 (92%) and 10 (83%) sam-

ples, respectively. The Circoviridae family counted 35 spec-

imens and 11 different pathogen species with viral loads 

ranging from 57.27% to 0.04% of reads based on Illumina 
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sequencing data. Data from MinION and Nanoporus se-

quencers resulted in confirmed taxonomic composition 

in 34 (97%) and 33 (94%) samples, respectively. Although 

identification of the target pathogen by nanopore sequenc-

ers was not performed for 100% of samples containing vi-

ruses of these families (Adenoviridae and Circoviridae), a 

more detailed virus typing by nanopore data was obtained 

during alignment of nucleotide sequences to reference da-

tabases for a number of samples. 

According to the high-throughput sequencing data 

obtained on the Illumina platform, the Coronaviridae fam-

ily counted 70 samples and 9 different pathogen species 

with viral loads ranging from 49.52% to 0.15% of reads. The 

Orthomyxoviridae family sample counted 6 samples and 

1 species with viral loads ranging from 28.97% to 1.32% 

of reads. The selection of Pseudomonadaceae samples 

counted 12 samples and 1 species. The test group of the 

Parvoviridae family counted 15 samples and 11 species of 

pathogens with viral loads ranging from 28.12% to 0.22% of 

reads. The Picornaviridae family counted 4 samples and 4 

species of pathogens with viral loads ranging from 11.53% 

to 0.3% of reads. While the Astroviridae, Caliciviridae, 

Polyomaviridae, Solemoviridae, Tymoviridae, Partitiviridae, 

and Hepeviridae families counted single specimens, identi-

fication of the taxonomic composition of the Coronaviridae, 

Parvoviridae, Picornaviridae, and Orthomyxoviridae families 

was carried out in 100% of specimens during third-gen-

eration sequencing on MinION and Nanoporus devices. A 

total of 167 (98.8%) and 165 (97.6%) pathogens were identi-

fied by the MinION and Nanoporus nanopore sequencers, 

respectively.

For the most represented virus families, the percent-

age of reads attributable to the target infectious agent 

was compared. For a more accessible visualization of 

the comparison, data were taken on a logarithmic scale 

and analyzed for three pairs of sequencers: MiSeq and 

MinION (A), MiSeq and Nanoporus (B), and MinION and 

Nanoporus (C) (Fig. 3). The plots showed an increase in 

correlation between sequencing results along with an in-

crease in viral load in the samples, particularly between 

Nanopore sequencing data at load levels more than 

two logarithmic units. At low viral loads, deviations were 

found, particularly between Illumina and third-generation 

sequencing data.

The Pearson correlation coefficient was calculated to 

assess the relationship between the percent viral load val-

ues on the three devices. An analysis of data collected 

from both flow cells showed the following results. The cor-

relation coefficient between MiSeq and MinION platforms 

was r = 0.567 (p ≤ 0.05), indicating a moderate positive 

relationship. Between MiSeq and Nanoporus, a coeffi-

cient of r = 0.544 (p ≤ 0.05) was recorded, also indicating 

a moderate positive relationship. The highest correlation 

value was observed between Nanoporus and MinION 

sequencers, equal to r = 0.993 (p ≤ 0.05), indicating an 

almost complete correspondence of the results between 

the two devices.

In the course of the study, groups of infectious agents 

formed according to the range of taxonomic identity 

(% identity) were compared according to the average valu-

es of taxonomic identification indicators (e-value, % iden-

tity, alignment length (nucleotide base pairs), percentage 

of reads of the target virus) obtained on the tested devices 

(Fig. 4).

For all presented pathogen groups, the % identity and 

e-value values obtained on the MiSeq platform were slightly 

higher than those obtained on nanopore sequencers. At 

the same time, the index of sequence alignment length 

showed an inverse relationship. The histograms indicated 

a high degree of concordance in the detection of infectious 

agents between the three devices.

To visualize the differences in the reliability of taxonomic 

identification provided by the tested sequencers, we sim-

ulated the variation distribution of viral load and percent 

identity based on the data obtained from the three devices 

(Fig. 5). Based on the results of the first stage of the study 

(95 samples) (A), we observed the following distribution 

pattern: on the MiSeq platform, the main data cluster was 

in the range of high identity (90–100%) and medium viral 

load (2-3 logarithmic units); when using the R9.4.1 flow cell, 

the MinION platform showed a dense cluster of data in the 

area of high identity (more than 90%) and a relatively high 

viral load (2–3 logarithmic units); data from the Nanoporus 

sequencer were distributed more broadly along the identity 

axis, however, the main dispersion cluster was also within 

90% identity.

The results of the second stage of the study (43 sam-

ples suspected to contain nucleic acids of poorly stud-

ied pathogens) (B) showed the following data profile. The 

MiSeq platform revealed a shift in data density towards 

lower identity and viral load, which is explained by the pe-

culiarities of the tested material. When using the R10.4.1 

flow cell, data from the MinION were concentrated in a nar-

row range of 85% identity and a relatively high viral load 

Table 1. Sequ encing quality indicators on the original R10.4.1 and R9.4.1 flow cells on the third-generation sequencers: Nanoporus and MinION

Quality assessment parameters
Flow cell R10.4.1, 

MinION sequencer
Flow Cell R10.4.1, 

Nanoporus sequencer
Flow cell R9.4.1, 

MinION sequencer
Flow cell R9.4.1, 

Nanoporus sequencer

Average read length, units of nucleotides 407.8 417.1 447 435

Maximum read length, units of nucleotides 1500 1500 1399 1388

N50 411 425 454 446

N5 250 256 289 275

N95 900 904 871 860

Table prepared by the authors using their own data
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Fig. 3. Comparison of the percentage of reads of target pathogens of the most 

represented families

Note: graph A  —  MiSeq and MinION sequencers; graph B  —  MiSeq and 

Nanoporus sequencers; graph C — MinION and Nanoporus sequencers.

Point on the graphs — one virus under study.

Viral load values are presented on a logarithmic scale.
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Fig. 4. Comparison of average values of taxonomic identification parameters (pathogen load, % identity, alignment length, e-value) obtained as a result of 

sequencing on MiSeq, MinION, and Nanoporus sequencers

Note: the analysis was performed based on data obtained from flow cells of the latest two versions.
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(2–3 logarithmic units). The Nanoporus sequencer showed 

a less dense data distribution relative to its counterpart, al-

though demonstrating a comparable viral load.

DISCUSSION

For a long period of time, Oxford Nanopore Technologies 

(ONT) has been the only developer offering nanopore se-

quencing solutions. However, over the past year, several 

similar platforms have entered the market. These include, 

in particular, the Chinese QNome-3841 and QNome-

3841hex sequencers by QitanTech, which have already 

found application in forensic genetics and full bacterial 

genome studies [27, 28]; CycloneSEQ by MGI, which has 

showed significant results in de novo genome assembly, 

as well as in metagenomic and single-cell sequencing 

according to a study published by the platform devel-

opers [20]. At the time of this research, a comparative 

evaluation of CycloneSEQ and Gnome with such sys-

tems as MinION was not possible due to the recent an-

nouncement of the platforms. The Nanoporus Nanopore 

Sequencer, which is an analog of the well-known MinION 

device, was announced in late 2023 and commercialized 

in early 2024. At the time of preparing this article, we 

were unable to find any publicly available studies devot-

ed to a direct comparison of the characteristics of these 

devices; therefore, our conclusions are based purely on 

our own experimental data.

During testing of the Nanopore sequencer, no viola-

tions or abnormalities in operation were detected. The 

compatibility of the device with the original flow cells of 

the two latest versions, library preparation kits and soft-

ware by Oxford Nanopore Technologies was confirmed. 

The data on the rate of DNA translocation through na-

nopores did not reveal any signal distortions, indicating 

that there were no significant deviations from the expect-

ed indicators of the quality of information transfer to the 

control computer. The indicators of temperature mainte-

nance stability by nanopore sequencers showed minimal 

temperature fluctuations, which is important for stable 

operation of nanopores, ensuring sequencing accuracy, 

preventing library degradation, and maintaining optimal 

conditions for the functioning of enzymes involved in the 

sequencing process. In the framework of this analysis, the 

Figure prepare d by the authors

Fig. 5. Dispersion distribution of pathogen load and percent identity for data from MiSeq, MinION, and Nanoporus sequencers

Note: graphs correspond to data recorded using R9.4.1(A) and R10.4.1(B) flow cells.
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equipment was found to meet the stated characteristics 

and functional requirements.

An updated R10.4.1 flow cell significantly improves se-

quencing accuracy and stability, as evidenced by the in-

crease in average Qscore values on both nanopore plat-

forms compared to the previous flow cell version. The 

existing studies in the field confirm that the latest version 

of ONT flow cells provides significant improvement in ac-

curacy and quality of reads [21]. According to the data pro-

vided by the authors, the percentage of base pairs with 

Q15 read quality for the R10.4.1 flow cell is six times higher 

than that for the R9.4.1 version. In the case of bacterial ge-

nome assembly, the authors were able to assemble 97% 

of the genome through the earlier version of the flow cell, 

and this value increased to 98% in the case of R10.4.1. Our 

study shows a similar improvement: the proportion of reads 

with quality below Q20 and Q30 decreases significantly; 

the proportion of low-quality reads below Q20 decreases 

from 70% to 55% and below Q30 from 97.3% to 76%. This 

change indicates an improvement in sequencing accuracy 

and reliability when using ONT’s new V14 chemistry and 

R10.4.1 flow cells.

Second-generation sequencing is recognized as a high-

ly accurate and reliable method for detecting nucleic acids 

of infectious agents. Due to its high quality of nucleotide 

reads, this method can be classified as a leading technol-

ogy among alternative molecular diagnostic methods [22]. 

However, nanopore sequencing technology (ONT) offers a 

number of unique advantages, such as compactness and 

mobility, thus standing out against the complex optical sys-

tems required for second-generation sequencing. These 

characteristics of ONT allow efficient use of the technology 

in resource-limited settings and rapid field studies, which is 

an important factor in the introduction of this method into 

epidemiologic surveillance processes.

Previous studies demonstrated the potential of ONT 

as an alternative to high-throughput second-generation 

platforms. In particular, in a study evaluating the identi-

fication of pathogens of bacterial nature using MinION 

and Illumina sequencers (the type of second-generation 

devices is not specified), both devices were used to suc-

cessfully identify species, serotypes, MLST profiles, and 

subtypes of Shiga-toxin in Escherichia coli (STEC) isolates 

[23]. Another study on the identification of the bacterial 

composition of a reference sample containing eight dif-

ferent pathogens found that classification performance at 

the family and genus level prevailed when using MinION. 

However, at the species level, pathogen identification was 

found to be more accurate on the MiSeq platform. It is im-

portant to note that the R9.4.1 flow cell version was used 

for MinION [24]. A number of other studies evaluating the 

efficiency of using different generations of sequencing for 

the detection of viral pathogens, in particular, representa-

tives of the genera Alphavirus [25] and Adenovirus [26], 

also demonstrate only a slight advantage of second-gen-

eration platforms in terms of identification quality com-

pared to the results obtained on nanopore sequencers. 

Our data support the conclusions of the above studies 

by demonstrating a high correlation between pathogen 

detection results of different generations of sequencers. 

The MinION and Nanoporus devices identified 98.8% and 

97.6% of pathogens, respectively, of the infectious agents 

detected by the MiSeq platform. It was also found that an 

increase in pathogen load in the sample led to an increase 

in the level of similarity between second- and third-gen-

eration sequencing results. A particularly high concord-

ance is noted between the data obtained by MinION and 

Nanoporus platforms as the average value of pathogen 

nucleic acid titer in the tested samples is exceeded. In 

this regard, MinION and Nanoporus can be considered 

interchangeable in the context of pathogen identification 

and quantification tasks.

Our study evaluated the ability of nanopore sequenc-

ers to detect novel or poorly understood viral variations. 

The control material under study contained samples for 

which preliminary identification of pathogen composi-

tion using MiSeq platform showed low alignment qual-

ity parameters. This may indicate limited representation 

of these pathogen variations in existing databases or 

complete absence of information thereon. The analysis 

of variance distribution and quality parameters for taxo-

nomic identification demonstrated significant alignment 

between second- and third-generation data. This con-

firms the capability of MinION and Nanoporus nanop-

ore sequencers to identify previously unknown or poorly 

studied viruses at a level comparable to high-perfor-

mance platforms.

CONCLUSION

The Nanopore d evice demonstrated compatibility with 

the latest two versions of flow cells, library preparation 

kits, and software by Oxford Nanopore Technologies. 

This allows its integration into existing laboratory pro-

cesses without the need for significant modifications to 

working protocols. The results of the conducted com-

parative evaluation confirmed a high level of consistency 

of pathogen taxonomic identification data obtained us-

ing third-generation MinION and Nanopore sequenc-

ers with the results provided by the second-generation 

MiSeq platform. Based on the data obtained, no limita-

tions for the use of MinION and Nanoporus nanopore se-

quencers in laboratory pathogen detection studies have 

been identified.
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DEVELOPMENT AND EVALUATION OF A REAGENT SET FOR QUANTITATION OF 
MRNA EXPRESSION LEVEL OF CHIMERIC BCR::ABL1 GENE 
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1 Centre for Strategic Planning, of the Federal Medical and Biological Agency, Moscow, Russia

2 Izmerov Research Institute of Occupational Health, Moscow, Russia

3 Loginov Moscow Clin ical Scientific Centre, Moscow, Russia

Introduction. Chronic myeloid leukemia is a myeloproliferative disease associated with a t(9;22)(q34;q11) translocation resulting in a chimeric BCR::ABL1 

gene. Molecular genetic studies are used as a diagnostic method and for determination of minimal residual disease by quantification of the mRNA expression 

level of the chimeric BCR::ABL1 gene.

Objective. To validate the developed multiplex test system for simultaneous quantitative determination of e13a2 (b2a2) and e14a2 (b3a2) transcripts of trans-

location p210 in comparison with the analog system registered in Russia.

Materials and methods. In total, 50 peripheral blood samples were used. Of these, 39 belonged to patients diagnosed with CML; 11 blood samples from healthy 

people were used to confirm analytical specificity. The reagent kit includes the specifically developed primers and fluorescently labeled probes, the concentration of 

which was selected experimentally, as well as original reagents manufactured by the Centre for Strategic Planning, Federal Medical and Biological Agency (Russia). 

Statistical analysis was performed using the StatTech v.4.5.0 software (developed by StatTech, Russia). Differences were considered significant at p < 0.05.

Results. The conducted analytical and diagnostic characterization of the developed kit showed the following results. The relative sensitivity determined us-

ing cell standards was 0.01 %. The reproducible analytical sensitivity was 100 copies/mL (CV = 1.86 %). In analytical specificity testing, the absence of false 

results was shown. When testing the reagents of the test system on clinical samples, the complete convergence (100 %) with the results obtained using the 

reference kit was revealed.

Conclusions. Approbation of the developed reagent set showed its sufficiently high analytical sensitivity and diagnostic sensitivity. This set can be used for 

identification and quantitative determination of the mRNA of the chimeric BCR::ABL1 gene for the purposes of diagnosis, timely and accurate therapy, and 

monitoring of minimal residual disease.
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РАЗРАБОТКА И ОЦЕНКА НАБОРА РЕАГЕНТОВ ДЛЯ КОЛИЧЕСТВЕННОГО ОПРЕДЕЛЕНИЯ УРОВНЯ 
ЭКСПРЕССИИ мРНК ХИМЕРНОГО ГЕНА BCR::ABL1

М.А. Авдонина1, Н.Г. Куклина1,2, А.А. Главацкая1,2, В.К. Дмитриев3, А.С. Чегодарь3, А.М. Данишевич3, Н.А. Бодунова3, 

И.С. Абрамов3, Г.А. Шипулин1

1 Центр стратегического планирования и управления медико-биологическими рисками здоровью Федерального медико-биологического агентства, 

Москва, Россия

2 Научно-исследовательский институт медицины труда им. академика Н.Ф. Измерова, Москва, Россия

3 Московский клинический научный центр имени А.С. Логинова, Москва, Россия

Введение. Хронический миелолейкоз (ХМЛ) — миелопролиферативное заболевание, ассоциированное с транслокацией t(9;22)(q34;q11), в резуль-

тате которой образуется химерный ген BCR::ABL1. Одним из методов постановки диагноза, а также определения минимальной остаточной болезни 

является молекулярно-генетическое исследование, а именно количественное определение уровня экспрессии мРНК химерного гена BCR::ABL1.

Цель. Апробация разработанной мультиплексной тест-системы для одновременного количественного определения транскриптов e13a2 (b2a2) 

и e14a2 (b3a2) транслокации p210 в сравнении с зарегистрированным в России аналогом.

Материалы и методы. В качестве образцов использовали 50 проб периферической крови. Из них 39 проб принадлежали пациентам с уста-

новленным диагнозом ХМЛ, 11 образцов от здоровых участников использовались для подтверждения аналитической специфичности. В состав 

набора реагентов входят разработанные праймеры и флуоресцентно-меченые зонды, концентрация которых была подобрана экспериментально, 

а также оригинальные реагенты производства ФГБУ «ЦСП» ФМБА (Россия). Статистический анализ проводился с использованием программы 

StatTech v.4.5.0 (разработчик — ООО «Статтех», Россия). Различия считались значимыми при p < 0,05.

Результаты. Экспериментальные данные по определению аналитических и диагностических характеристик разработанного набора показали 

следующие результаты: относительная чувствительность, определяемая с помощью клеточных стандартов, составила 0,01%. Воспроизводимая 

аналитическая чувствительность составила 100 копий/мл (CV = 1,86%). При проверке аналитической специфичности было показано отсутствие 

ложноспецифических выходов. При тестировании реагентов тест-системы на клинических образцах было выявлено полное совпадение (100%) 

с результатами, полученными при использовании аналога зарегистрированного в России набора.

© M.A. Avdonina, N.G. Kuklina, A.A. Glavatskaya, V.K. Dmitriev, A.S. Chegodar, A.M. Danishevich, N.A. Bodunova, I.S. Abramov, 

G.A. Shipulin, 2024
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Выводы. Апробация разработанного нами набора реагентов продемонстрировала достаточно высокие показатели аналитической и диагности-

ческой чувствительности, что позволит обнаруживать и выявлять количество мРНК химерного гена BCR::ABL1 как для диагностики, назначения 

своевременной и точной терапии, так и для мониторинга минимальной остаточной болезни.
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INTRODUCTION

Chronic myeloid leukemia (CML) is a clonal myeloprolifera-

tive neoplasm caused by malignant degeneration of he-

matopoietic stem cells. This disease is characterized by 

increased proliferation of granulocytic germ cells without 

the loss of their differentiation ability, hyperplasia of my-

eloid tissue, myeloid metaplasia of hematopoietic organs. 

These disorders are associated with a chromosomal ab-

normality, i.e., t(9;22)(q34;q11) translocation or the so-called 

Philadelphia chromosome, as a result of which the chimeric 

BCR::ABL1 gene is formed [1]. This fusion is the most com-

mon cytogenetic abnormality in adult patients with chronic 

myeloid leukemia (CML) in 95% of cases, as well as with 

acute lymphoblastic leukemia (ALL) in 30% of adults and 

about 5% of children1 [1].

According to the statistical data for 2022, 1087 new 

cases of CML were detected in Russia, with about 54% 

women and 47% men. This nosology is most frequently (in 

28.9% of cases) registered in people aged 60–69 years. In 

16.5% of cases, CML was detected in people aged 50–59 

years and 70–79 years. The incidence of CML in people 

aged 30–39 years equals about 12% [2].

The mentioned translocation is diagnosed by cytoge-

netic examination (karyotype) of the bone marrow or mo-

lecular cytogenetic examination (FISH method), as well 

as by determining the quantitative level of expression of 

BCR::ABL1 p210 mRNA for e13a2 or e14a2 transcripts.2

Modern therapy is aimed at achieving a major mo-

lecular response (MMR>3.0), a deep molecular response 

(DMR≥4.0), as well as at the subsequent prevention of the 

appearance of tumor clones [3, 4]. Several assessment 

methods can be used to monitor the response to treat-

ment with tyrosine kinase inhibitors (TKI), such as a com-

plete hematologic response, determined by examining the 

complete blood count; a partial hematologic response, de-

termined by flow cytometry; and a complete cytological re-

sponse, evaluated using bone marrow aspirate and biopsy 

samples based on studying the molecular response using 

quantitative PCR [5].

PCR is known to be the most sensitive method for as-

sessing minimal residual disease; however, the diversity 

of reagent kits from different manufacturers results in a 

high interlaboratory variability in the results obtained. This 

also leads to inconsistencies in the compared indicators, 

thus affecting the selection of appropriate treatment tac-

tics. According to the recommendations of the European 

LeukemiaNet and the National Comprehensive Cancer 

Network, CML molecular monitoring can be harmonized by 

monitoring the BCR::ABL1 mRNA levels using the interna-

tional scale (IS), which is based on the standardized basic 

transcript level presented in the International Randomized 

Study of Interferon and STI571–IRIS [3]. According to the 

results obtained, this study proposed to evaluate the loga-

rithmic decrease in BCR::ABL1 (IS ratio) during therapy in 

comparison with the initial IRIS ratio at diagnosis [6, 7]. To 

be able to apply this International Scale, each laboratory 

must calibrate the results obtained using a conversion fac-

tor (CF), the numerical value of which must be multiplied by 

the quantitative indicators obtained in a particular laborato-

ry. In order to determine the CF, which is individual for each 

laboratory, the World Health Organization has created an 

international genetic panel for quantification of BCR::ABL1 

transcripts using PCR, containing four different variants 

(10%, 1%, 0.1%, 0.01%), using the K562 cell line diluted in 

the cell line, the BCR::ABL1 merger code [9].

According to the recommendations of International 

Guidelines for the diagnosis of BCR::ABL1 mRNA expres-

sion and monitoring of minimal residual disease, it is neces-

sary to use the quantitative reverse transcription PCR (RT-

PCR) method with a detection sensitivity lower than MO 

4.5 (0.0032% IS) [4, 9]. The use of reagents with insufficient 

sensitivity can lead to incorrect test results and, as a result, 

premature termination of treatment and further progression 

of the disease [6]. According to Clinical Recommendations, 

the procedure for periodic monitoring of expression lev-

els has been define as follows. When the expression lev-

el of p210 BCR::ABL1 mRNA is below the BMO, quanti-

tative real–time PCR is performed every three months. 

After reaching the BMO, the assay is performed every six 

1 Clinical Guidelines: Management of Chronic Myeloid Leukemia (CML) in adults. С92.1.
2 Ibid.
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months [10, 11]. In this regard, the development, testing, 

and implementation into clinical and laboratory practice of 

domestic highly sensitive specific diagnostic reagent kits 

for determining the level of BCR::ABL1 transcripts using 

PCR present a relevant research task. 

In this work, we set out to develop and evaluate a set 

of reagents for quantitative determination of the mRNA ex-

pression level of the chimeric BCR::ABL1 gene in peripheral 

blood samples.

MATERIALS AND METHODS

The study included 50 people aged 20 to 80 years, includ-

ing 28 men and 22 women. The main group consisted of 

39 patients with the established clinical diagnosis of CML. 

In order to validate the analytical specificity for the absence 

of false positive results, blood samples from 11 apparently 

healthy individuals, comparable in gender and age with the 

main group of patients, were used.

Peripheral blood samples were obtained at the Loginov 

Moscow Clinical Scientific Centre; all the participants were 

requested to sign an informed consent. Blood sampling 

was carried out in vacuum tubes with K2 EDTA (China). To 

confirm the diagnosis of CML and determine the mRNA 

expression level of the chimeric gene BCR::ABL1, a set of 

reagents was used to detect and quantify the BCR::ABL1 

chimeric gene mRNA (M-bcr variant) and the abl gene 

mRNA in clinical material by real-time PCR with fluores-

cence detection AmpliSens® Leukemia Quantum M-bcr-

FRT (Central Research Institute of Epidemiology, Russia) 

according to the manufacturer’s instructions.

RNA was isolated using a set of AmpliTest® RIBO-prep 

reagents (Centre for Strategic Planning, FMBA, Russia) ac-

cording to the instructions. The efficiency of mRNA isola-

tion was determined using a Qubit 4 fluorimeter (Thermo 

Scientific, USA).

The developed reagent kit includes specific primers 

and fluorescently labeled probes, the presence of which 

allows simultaneous detection of the expression of the 

chimeric BCR::ABL1 gene and the ABL1 gene. The oligo-

nucleotides for detecting chimeric gene expression were 

selected based on the recommendations of the interna-

tional group Europe Against Cancer (EAC) in 2003 and al-

lowed the identification of the two most common chimeric 

transcripts, i.e., e13a2 (b2a2) and e14a2 (b3a2). The control 

of material collection, RNA isolation, reverse transcription 

reaction, and PCR was carried out using endogenous in-

ternal control, which used specifically selected primers and 

a probe for the ABL1 gene.

The concentrations of primers and fluorescently labeled 

probes were selected experimentally.

The reaction mixture was prepared using the following 

reagents (manufactured by Centre for Strategic Planning, 

FMBA, Russia): 5x PCR buffer (5 μL), 10 mM dNTP (0.5 μL), 

Taq polymerase (0.5 μL), and MMLV revertase (0.25 μL).

PCR amplification conditions were as follows: reverse 

transcription at 50°C (30 min), preheating at 95°C (15 min), 

followed by 45 cycles of denaturation at 95°C (10 sec) and 

annealing at 60°C (60 sec). The fluorescent signal was de-

tected via the FAM and HEX channel. 

Interpretation was carried out only for correct results 

for a negative control sample (NCS) and a positive con-

trol sample (PCS) at each setting. Sterile deionized water 

was used as a NCS; PCS was a mixture of bacteriophage 

preparations containing sequences of mRNA translocation 

p210 of the chimeric gene BCR::ABL1 and mRNA of the 

control gene ABL1. 

Plasmids containing mRNA sequences of translocation 

p210 of the chimeric BCR::ABL1 gene and mRNA of the 

control ABL1 gene with a known concentration were used 

as calibrators. The concentration of plasmids was mea-

sured using the QX200 digital PCR system (Bio-Rad, USA). 

Plasmids were used in five 10-fold dilutions from about 10 

to 1×106 copies/mL to determine the linearity and effective-

ness of RT-PCR. A single-stage RT-PCR reaction was per-

formed on a DT-96 amplifier (DNA Technology, Russia).

To establish the detection limit for the specificity and 

sensitivity of the developed kit, RNA isolated from the K562 

cell line (BCR::ABL1 — positive) and HeLa (wild-type sam-

ples), as well as samples from CML patients and healthy 

donors, were used. To determine the relative sensitivity, 

cellular standards with certain concentrations were pre-

pared, namely 10%, 1%, 0.1%, and 0.01% according to the 

procedure described by White et al., 2010 [8]. The number 

of cells was calculated using an automatic Countess II FL 

Automated Cell Counter (Thermo FS). The resulting stan-

dards were calibrated according to the WHO protocol [12].

The relative mRNA expression level of the chimeric 

BCR::ABL1 gene was estimated based on calculations for 

BCR::ABL1/ABL1 using the following formula:

×100%.
BCR::ABL1 copies number

ABL1 copies number

Statistical analysis was performed using the StatTech 

v.4.5.0 software (developed by Stattech LLC, Russia). 

Differences were considered significant at p < 0.05.

RESULTS AND DISCUSSION

Testing of the reagent kit developed in this study produced 

the following results. Real-time PCR parameters were as 

follows: efficiency ranging within 95–105% and the correla-

tion coefficient r = 0.99. According to experimental data 

using cellular standards, the relative sensitivity of the de-

veloped set was 0.01%, which corresponds to the level of 

complete molecular response (CMR)3. The reproducible 

sensitivity for control plasmids and for RNA isolated from 

K562 cell culture was 100 copies/mL (CV% = 1.86).

Verification of the analytical specificity showed the ab-

sence of false positive results when testing samples ob-

tained from healthy patients. During testing, only the inter-

nal control signal via the HEX channel was detected; the 

mRNA detection signal for the chimeric BCR::ABL1 gene in 

the FAM channel was absent. 

In this study, we analyzed a random sample of periph-

eral blood samples from patients with the clinical diag-

nosis of CML. In the main group, mRNA expression of 

translocation p210 of the chimeric BCR::ABL1 gene was 

3 Clinical Guidelines: Management of Chronic Myeloid Leukemia (CML) in adults. С92.1.
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detected in all 39 samples. The number of positive results 

was 21 (53.8%) and 18 (46.2%) among men and women, 

respectively. The incidence of translocation in the age 

groups of 20–29, 30–49, 50–59, 60–69 and 70–79, and 

over 80 years сomprised 3.2, 12.9, 9.6, 19.3, and 6.4% 

of cases, respectively, which agrees well with statistical 

data. The largest number of patients with these changes 

were registered in the age group of 60–69 and 70–79 

years, which is also consistent with statistical data for 

Russia [2]. Patients under the age of 20 years were not 

represented due to their limited sample. Morbidity at this 

age equals about 1% nationwide. CML is equally common 

in both men and women [13, 14].

The relative expression of the BCR::ABL1 gene (pro-

tein p210, variants b3a2 or b2a2) according to the results 

of testing in peripheral blood samples of patients with the 

clinical diagnosis of CML ranged from 2.3% to 100%. The 

number of copies of the ABL1 gene ranged from 2200 

copies/mL to 17,595,440 copies/mL in the CML group and 

from 11,675,896 copies/mL to 18,634,577 copies/mL in the 

control group.

According to the Laboratory Guidelines for the 

Diagnosis and Treatment of Chronic Myeloid Leukemia 

(European LeukemiaNet), the minimum number of refer-

ence gene transcripts, regardless of whether BCR::ABL1 

is detected or not, should be at least 10,000 ABL1 for MR 

4, 32,000 for MR 4.5, and 100,000 for MR 5 in the same 

volume of cDNA in which the sample is being tested for 

BCR::ABL1 [4]. The number of transcripts of the reference 

gene obtained meets international standards; therefore, the 

results can be included in clinical reports. 

During testing of CML patients, eight samples of IS<1% 

BCR were identified: ABL1 (MR 2), nine samples of IS<0.1% 

(MR 3), seven samples of IS<0.01% (MR 4), seven sam-

ples of IS<0.0032% (MR 4.5). The object of the study was 

blood samples from randomized patients. The criterion for 

inclusion in the main group of patients was the presence 

of the confirmed diagnosis of CML, established using the 

AmpliSens® Leukemia Quantum M-bcr-FRT analogue reg-

istered in Russia. 

Testing of the developed reagent kit on peripheral blood 

samples with a known level of expression of the chimeric 

BCR::ABL1 gene demonstrated their complete agreement 

with the results obtained using the AmpliSens® Leukemia 

Quantum M-bcr-FRT reagent kit. 

When establishing the diagnosis of CML, molecular ge-

netic analysis (FISH method) is used to identify the chimeric 

BCR::ABL1 gene, as well as to determine the expression 

of BCR::ABL1 p210 mRNA (quantitative) for chimeric e13a2 

or e14a2 transcripts by PCR [15]. This method is also used 

in assessing the level of response to treatment of patients 

with tyrosine kinase inhibitors (TKI) and determining the lev-

el of minimal residual disease when the number of residual 

leukemic cells is below the sensitivity level of cytogenetic 

studies [16].

The current market offers a number of domestic test 

systems designed to detect the mRNA of the chime-

ric BCR::ABL1 gene. These include, e.g., AmpliSens® 

Leukemia Quantum M-bcr-FRT (Central Research Institute 

of Epidemiology of Rospotrebnadzor), ONCOSCREEN 1-1-

Q (GenoTechnology), with and without registration certifi-

cates: Myeloscreen BCR-ABL (Gene Formula), BCR-ABL1 

Mbcr RQ Kit® (“Inogen”). 

In terms of the number of reproducible copies, the ana-

lytical sensitivity of the AmpliSens® Leukemia Quantum 

M-bcr-FRT kit was twice as low as that of the analyzed 

kit, amounting to 237 copies/mL vs 100 copies/mL.4 At the 

same time, the analysis using the AmpliSens® Leukemia 

Quantum M-bar-FRT kit involves setting up a reverse tran-

scription reaction initially in isolation, and then performing 

real-time PCR, which is quite laborious. Unlike the refer-

ence kit, the developed kit used a mixture that allows de-

tecting the expression of BCR::ABL1 p210 mRNA in one 

tube. 

The results of quantification of BCR::ABL1 mRNA ob-

tained using the kit under study were similar to those re-

corded using the AmpliSens® Leukemia Quantum M-bcr-

FRT kit in all samples. Both sets are capable of identifying 

at least a 4.5-fold decrease in the IS ratio.

The BCR/ABL MULTITEST kit can be used to simul-

taneously detect chimeric transcripts p210, p190, and 

p230 of the BCR::ABL1 gene using the RT-PCR multiplex 

format, which is economically feasible during primary 

screening [17].

In 2019, Kitamura et al. presented a new high-

sensitive two-stage reagent kit RT-PCR (Reverse 

Transcription Polymerase Chain Reaction) with a diag-

nostic sensitivity of 0.01%, which was determined us-

ing the Armored RNA Quant® (ARQ) secondary control 

panel (Asuragen, Inc., Austin, Texas, USA) [6]. Dubina et 

al. determined the analytical parameters of the test, in 

which the specificity should strive for 100%, adequate 

for the sensitivity level of 3–5 copies of mRNA to the 

reaction, while the ratio of the BCR::ABL1 transcript to 

the normalizer gene should be 0.01% (corresponding to 

the level of CMR) [18].

In comparison with its analog system, the developed kit 

has a number of advantages. Firstly, it exhibits higher ana-

lytical indicators. Secondly, the use of single-stage RT-PCR 

significantly reduces the risk of contamination and techni-

cal errors during the excavation of reagents and samples, 

while also reducing the working time of personnel. Finally, 

the multiplex mixture of specific probes and primers used 

over two detection channels can significantly reduce the 

amount of expendable materials used.

Thus, we have succeeded in creating a highly sensitive 

multiplex test system for simultaneous detection of e13a2 

(b2a2) and e14a2 (b3a2) transcripts of the p210 transloca-

tion, which also assumes endogenous internal control to 

assess the correctness of all stages of PCR, including RNA 

isolation.

CONCLUSION

Quantification and detection of translocation in CML is 

essential for selecting adequate treatment protocols and 

monitoring disease recurrence. Sensitive and accurate 

monitoring of minimal residual disease plays an important 

4 https://roszdravnadzor.gov.ru/services/misearch
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role in managing CML, facilitating the decision-making 

process concerning treatment cessation and identifica-

tion of patients at risk of progression. The conducted test-

ing of the developed test system, which makes it possible 

to detect the p210 transcript of the chimeric BCR::ABL1 

gene, showed a sufficiently high order of diagnostic spec-

ificity and sensitivity of the developed set of reagents for 

quantitative detection of the level of relative mRNA ex-

pression of the chimeric BCR::ABL1 gene in the blood in 

order to verify the diagnosis of CML at the level of 100%. 

The use of endogenous internal control (the ABL1 gene) 

made it possible to monitor the main stages of PCR (sam-

ple preparation, RNA isolation, reverse transcription, and 

amplification reactions).
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NGS ANALYSIS OF THE MUTATIONAL PROFILE OF PATIENTS WITH Ph-NEGATIVE 
MYELOPROLIFERATIVE NEOPLASMS 
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Introduction. The identification of driver mutations in the JAK2, CALR, and MPL genes is a gold standard approach in the molecular diagnosis of patients with 

Ph-negative myeloproliferative neoplasms (Ph-MPNs). However, such patients are characterized by a heterogenous genomic landscape. Standard molecular 

genetic methods cannot be used to identify most somatic mutations, thus failing to provide a comprehensive understanding of the course and prognosis of 

Ph-MPNs and to confirm the clonality of the disease in patients with triple-negative status. The next generation sequencing (NGS) technology allows simulta-

neous analysis of an extensive panel of genes and identification of both pathogenic and driver mutations.

Aim. To evaluate the possibility of using NGS to study the mutational status of patients with Ph-negative MPNs and to analyze the effect of identified patho-

genic mutations on patient survival.

Materials and methods. The study included 83 patients with polycythemia vera, essential thrombocythemia, and primary myelofibrosis aged from 19 to 85 

years (the median onset age of 51 years). For all patients, sequencing was performed using a myeloid panel of 118 genes with an average reading depth of 

1000x on MiSeq (Illumina, USA). The clinical significance of the mutations was determined using the COSMIC and Franklin databases. The survival rate was 

analyzed using the Kaplan–Meyer method followed by assessment of statistical significance using the Cox-Mantel test in the GraphPad Prism 8 environment.

Results. Pathogenic mutations in 23 genes were detected in 39 (46%) patients out of the total cohort of patients. The most frequent mutations were detected 

in the ASXL1 gene in 25% of patients, which reduced event-free survival by 50.3% (Me = 7.83 years vs 15.75 years). The pathogenic mutations identified in 

other genes combined with mutations in driver genes also decreased event-free survival compared to patients with isolated driver mutations. Two or more 

pathogenic mutations significantly reduced event-free survival compared to patients with only one pathogenic mutation. The NGS method was also capable 

of identifying pathogenic mutations in 8 out of 10 triple-negative patients studied, thus confirming the clonality of the disease.

Conclusions. The next-generation sequencing (NGS) method using a panel of 118 genes is an effective tool in identifying predictively significant mutations 

important for selecting the most effective personalized therapy to achieve hematologic response.
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ИЗУЧЕНИЕ МУТАЦИОННОГО ПРОФИЛЯ БОЛЬНЫХ Ph-НЕГАТИВНЫМИ 
МИЕЛОПРОЛИФЕРАТИВНЫМИ НОВООБРАЗОВАНИЯМИ МЕТОДОМ NGS 

А.Н. Кириенко1, Е.В. Мотыко1, Е.В. Ефремова1, Д.В. Кустова1, Т.Н. Герт1, И.В. Леппянен1, В.А. Шуваев2,3, И.С. Мартынкевич1

1 Российский научно-исследовательский институт гематологии и трансфузиологии Федерального медико-биологического агентства, 

Санкт-Петербург, Россия

2 Российская медицинская академия непрерывного профессионального образования, Москва, Россия

3 Медицинский радиологический научный центр имени А.Ф. Цыба, Обнинск, Россия

Введение. Определение драйверных мутаций в генах JAK2, CALR и MPL является «золотым стандартом» в молекулярной диагностике пациентов 

с Ph-МПН. Однако геномный ландшафт таких пациентов гетерогенен, и стандартные молекулярно-генетические методы не позволяют выявить 

большинство соматических мутаций и тем самым не дают полного представления об особенностях течения и прогнозе Ph-МПН, а также не по-

зволяют подтвердить клональность заболевания у больных с тройным негативным статусом. Метод секвенирования следующего поколения (NGS) 

дает возможность одновременно провести анализ обширной панели генов и выявить как патогенные, так и драйверные мутации.

Цель. Оценка возможности использования NGS в изучении мутационного статуса пациентов с Ph-негативными МПН и анализ влияния выявлен-

ных патогенных мутаций на выживаемость пациентов.

Материалы и методы. В исследование были включены 83 пациента с диагнозами «истинная полицитемия», «эссенциальная тромбоцитемия» 

и «первичный миелофиброз» в возрасте от 19 до 85 лет (медиана начала заболевания — 51 год). У всех пациентов секвенирование выполнялось 

с использованием миелоидной панели из 118 генов со средней глубиной прочтения 1000х на приборе MiSeq (Illumina, США). Клиническая значи-

мость мутаций устанавливалась по базам данных COSMIC и Franklin. Для анализа выживаемости использовали метод Каплана — Мейера с оцен-

кой статистической значимости с помощью теста Кокса — Мантела с использованием программы GraphPad Prism 8.

Результаты. Патогенные мутации в 23 генах были выявлены у 39 (46%) пациентов из общего числа больных. Наиболее часто, у 25% пациентов, 

мутации детектировали в гене ASXL1; они снижали бессобытийную выживаемость на 50,3% (Me = 7,83 года против 15,75 года). Выявленные пато-
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генные мутации в других генах сочетанно с мутациями в драйверных генах также ухудшали показатели бессобытийной выживаемости по сравне-

нию с показателями пациентов, имевших изолированные драйверные мутации. Две и более патогенные мутации значимо снижали бессобытийную 

выживаемость по сравнению с пациентами с одной патогенной мутацией. Методом NGS также удалось выявить патогенные мутации у 8 из 10 

исследуемых пациентов с тринегативным статусом и таким образом подтвердить клональность заболевания.

Выводы. Метод секвенирования следующего поколения (NGS) с использованием панели из 118 генов является эффективным инструментом в вы-

явлении прогностически значимых мутаций, важных для подбора наиболее эффективной персонализированной терапии, позволяющей достигать 

гематологического ответа.

Ключевые слова: Ph-негативные миелопролиферативные новообразования; секвенирование следующего поколения; патогенные мутации; бес-

событийная выживаемость
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INTRODUCTION

BCR::ABL1-negative myeloproliferative neoplasms (Ph-

MPNs) are clonal hematologic malignancies characterized 

by excessive release of mature myeloid cells into the blood, 

arising from a mutated hematopoietic stem cell [1, 2, 3]. 

Classic Ph-MPNs include polycythemia vera (PV), essential 

thrombocythemia (ET), and primary myelofibrosis (PMF) [4]. 

Recent advances in molecular genetics have revealed 

a common trigger mechanism in the pathogenesis of the 

above diseases. This mechanism is based on constant ac-

tivation of the Janus kinase (JAK-STAT) signaling pathway 

in the cell, through which information is transmitted from 

external chemical signals to the nucleus, resulting in DNA 

transcription and expression of genes involved in immuno-

genesis, proliferation, differentiation, apoptosis, and onco-

genesis [5]. Constant activation of the JAK-STAT signaling 

pathway is related to mutations in the JAK2, CALR, and 

MPL genes, referred to as driver mutations. Detection of 

mutations in these genes has become an integral part of 

the modern diagnostic algorithm for patients with MPNs, 

being included in current clinical guidelines. Deciphering 

the pathogenetic mechanisms of Ph-MPN development 

has contributed to the development and introduction into 

clinical practice of targeted therapy for Janus kinase inhibi-

tors that block the intracellular JAK-STAT signaling system 

[5].

At the same time, recent studies have revealed the het-

erogeneity of the genomic landscape of Ph-negative MPNs. 

Mutations were detected in genes responsible for different 

functions within the cell, such as epigenetic regulation of 

DNA methylation (TET2, DNMT3A and IDH1/2), histone/

chromatin modification (ASXL1, EZH2, SUZ12), RNA splic-

ing (SRSF2, SF3B1, U2AF1), signal transduction (SH2B3, 

LNK, CBL, RAS, NF1) and transcription factors (TP53 and 

RUNX1), and others [6–9]. Detection of these mutations 

possesses a diagnostic and prognostic value, allowing the 

risk of disease progression to be assessed, the most ef-

fective treatment tactics to be selected, and the need for 

hematopoietic stem cell transplantation to be determined. 

Thus, the next generation sequencing (NGS) method for 

simultaneous determination of the mutational status of a 

large number of genes is acquiring particular significance 

in the diagnosis of BCR::ABL1-negative MPNs in patients.

In this study, we aim to evaluate the feasibility of NGS 

analysis in studying the mutational status of patients with 

Ph-negative MPNs and to assess the impact of identified 

pathogenic mutations on patient survival.

МАТЕRIALS AND METHODS

Our study enrolled 83 patients (30 males and 53 females) 

aged 19 to 85 years (with the median onset age of 51 

years) undergoing hospital treatment in St. Petersburg and 

Moscow, Russian Federation. The diagnosis of Ph-negative 

MPN was previously established in all patients according to 

the WHO criteria. Out of them, 47, 15, and 21 patients were 

diagnosed with PMF, PV, and ET, respectively (Table 1).

All patients had been previously screened for mutations 

in driver genes followed by detection of mutations in the 

JAK2 gene (V617F) in 54 cases (65%), CALR in 16 cases 

(19%), and MPL in 3 cases (4%). Nevertheless, these genes 

were included in the NGS panel of investigational genes for 

use as internal positive controls. The group of patients with 

ET and PMF without mutations in any of the driver genes 

(so-called triple-negative patients) comprised 10 (14.7%) 

patients of the total sample. 

During the follow-up period, 14 patients showed phase 

transition or leukemic transformation: seven patients diag-

nosed with PMF showed transformation to Acute Myeloid 

Leukemia (AML); three patients with ET and four with 

PV showed transformation to secondary myelofibrosis 



МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ | 2025, ТОМ 27, № 182

ОРИГИНАЛЬНАЯ СТАТЬЯ | ОНКОЛОГИЯ

(Table 1). DNA isolation from peripheral blood samples was 

performed with a QIAamp RNA Blood Mini Kit (Qiagen, the 

Netherlands).

Identification of mutations in JAK2, MPL, CALR genes

Mutation in the JAK2 gene was determined with a reagent 

kit for detection of V617F G/T mutation in JAK2 (Janus 

kinase 2) gene (Syntol, Russian Federation). Mutations in 

the CALR and MPL genes were determined by Sanger se-

quencing using a NANOFOR-05 genetic analyzer (Syntol, 

Russian Federation). The following primers were used to 

design DNA fragments:

MPL-F 5’-TAGCCTGGATCTCCTTGGTG-3’;

MPL-R 5’-AGAGAGGTGTGACGTGCAGGAAGT-3’;

CALR-F 5’-TGAGGTGTGTGTGTGCTCTGCCT-3’;

CALR-R 5’-AGAGACATTATTTGGCGCGCGG-3.

Next-generation sequencing

In all patients, sequencing was performed using a targeted 

exon panel of 118  genes with an average read depth of 

1000x on a MiSeq device (Illumina, USA). The indepen-

dently developed panel included key genes involved in 

myeloid neoplasms [6–9]. For Illumina sequencing, librar-

ies were prepared from 200 ng of genomic DNA split into 

300 bp fragments using a Covaris S2 focused ultrasound 

system.

Fragmented DNA was transformed into DNA libraries us-

ing a KAPA Hyper Prep Kit (Roche, Switzerland). DNA librar-

ies were enriched using a Hyper Cap Target Enrichment kit 

and a KAPA Hyper Exome Probes kit (Roche, Switzerland) 

according to the manufacturer’s protocol. The MGIEasy 

Circularization Module V2.0 (MGI, China) was used to pre-

pare DNA libraries. Quantitative analysis of the library was 

performed on a Quantus fluorimeter with a QuantiFluor® 

dsDNA System kit (Promega, USA).

The Illumina Sequence Analysis Viewer software was 

used as the sequencing analysis viewer. The quality of the 

raw NGS data was assessed using the FastQC software in 

the Illumina BaseSpace Sequence Hub. Sequencing data 

were analyzed using a combination of two sequence align-

ment and variant calling applications also used in Illumina 

Base eSpace Sequence Hub, DNA Amplicon and Pindel, 

with a 3% allele frequency detection limit (VAF).

The clinical significance of mutations was determined 

using the COSMIC, ClinVar and Franklin databases accord-

ing to the ACMG/AMP criteria. The KEGG database was 

used for gene function annotation.

The Kaplan–Meier method was used for survival 

analysis, with statistical significance assessed using the 

Cox-Mantel test. Statistical analysis was performed us-

ing GraphPad Prism 8 (GraphPad Software, La Jolla, CA, 

USA).

RESULTS

Mutational status of driver genes

At least one of the driver mutations in the JAK2, CALR and 

MPL genes was detected in 72 (87%) of the total number 

of patients diagnosed with Ph-negative MPN who partici-

pated in the study. This finding is consistent with the data 

obtained by other molecular methods. 

We detected a mutation in the JAK2 gene (V617F) in 

27 (57.5%) patients diagnosed with PMF, a mutation in the 

CALR gene in 12 (25.5%), a mutation in the MPL gene in 

2 (4.2%) patients. Mutations in driver genes were not de-

tected in 6 (12.8%) patients (the so-called triple-negative 

status). In all 15 patients with PV, a mutation in the JAK2 

gene (V617F) was detected. In the JAK2 gene, only muta-

tion in exon 14 (V617F) was detected; mutations in exon 

12 were not detected. In the MPL gene, mutations were 

detected only in the W515 position. Two main types of mu-

tations were detected in the CALR gene: deletion of 52 nu-

cleotides and insertion of 5 nucleotides.

In the course of the study, 12 (57%) of 21 patients diag-

nosed with ET had a mutation in the JAK2 gene (V617F). 

Mutations in the CALR and MPL genes were registered in 4 

(19%) and 1 (5%) patients, respectively. At the same time, 4 

(19%) patients were triple-negative.

Mutation profile of the studied patient cohort

Our NGS study of 118 genes found mutations in 39 (46%) 

of 83 patients in 23 genes presented in Fig. 1. Moreover, 

19 (49%) of 39 patients under observation showed one 

pathogenic mutation, with two mutations being recorded in 

7 (18%) patients and three or more mutations being noted 

in 13 (33%) patients with Ph-negative MPNs. On average, 

one pathogenic mutation was detected across the entire 

cohort.

Table 1. Patient cohort description

Main characteristics Number of patients, n

Gender: 

male 30

female 53

Age (Me), yr 19–85 (51)

Diagnosis:

Primary myelofibrosis (PMF) 47

Polycythemia vera (PV) 15

Essential thrombocythemia (ET), 21

Mutations in driver genes:

JAK2 54

CALR 16

MPL 3

Triple-negative status 10

Phase transition / Leukemic transformation:

PMF in acute myeloid leukemia 7

ET in secondary myelofibrosis 3

PV in secondary myelofibrosis 4

Table prepared by the authors using their own data
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In the analyzed sample of patients, pathogenic muta-

tions were detected most often in the ASXL1 and TET2 

genes, in 25% and 15% of patients, respectively. Mutations 

in the SRSF2 and IDH1/2 genes were detected in 8% of 

patients; DNMT3A — in 6%; U2AF1, PHF6, and TP53 — in 

4% each; APC, EZH2, SF3B1, and KRAS —  in 3% each. 

Mutations in the ATRX, CBL, DDX3X, EP300, GATA2, 

RUNX1, SETBP1, SUZ12, and ZRSR2 genes were detected 

only in 1% of patients each (Fig. 1).

Among triple-negative patients, pathogenic mutations 

were detected in 8 (80%) of 10 patients in seven different 

genes. In this case, only one mutation was detected in four 

of them; two patients had two mutations; and two patients 

had three pathogenic mutations simultaneously. Mutations 

in two genes combined SRSF2 and ASXL1 were detected 

in four patients with triple-negative status; a mutation in 

IDH1 gene was detected in two patients; mutations in the 

RUNX1, TET2, NF1, and HRAS genes were detected in one 

patient.

Our study established pathogenic mutations in 23 

genes, which were further analyzed using the KEGG data-

base to predict the functions of these genes. Most genes 

(SRSF2, U2AF1, SF3B1, PHF6, DDX3X, ZRSR2) are involved 

in RNA splicing and DNA methylation (DNMT3A, IDH1, IDH2, 

TET2, SUZ12). A smaller number of genes are responsible 

for chromatin (histone) modification, DNA replication and 

signaling within the cell; three genes act as transcription 

factors (Table 2). The limited cohort of the patients included 

in the study did not allow us to evaluate the impact of each 

functional group on the prognosis of the disease course or 

the efficacy of treatment therapy. Nevertheless, the analy-

sis using the KEGG database improved our understanding 

of the molecular mechanisms underlying Ph-negative my-

eloproliferative neoplasms.

Genetic markers of leukemic transformation

On average, we detected two pathogenic mutations 

in 14 patients with phase transition to secondary myelofi-

brosis or leukemic transformation. Mutations in the ASXL1 

gene were detected in 9 (64%) patients; mutations in the 

IDH1/2, DNMT3A, TET2 genes were detected in 3 (22%) 

patients; mutations in SRSF2, SF3B1, TP53 genes were de-

tected in 2 (14%) patients; mutations in KRAS, SUZ12, PHF6 

genes were detected in 1 (7%) patient.

Impact of identified mutations on event-free patient 
survival 

Our study showed a significant impact of the gene muta-

tion profile on event-free survival rates of patients. Thus, 

mutations in the ASXL1 gene were statistically significantly 

associated (p = 0.0011) with a decreased event-free sur-

vival (median — 11.8 years and 15.75 years) (Fig. 2) in the 

studied cohort of patients.

An analysis of the data presented in Fig. 3 found that the 

combination of driver and any of the pathogenic mutations 

(driver+, pathogenic+ group) was statistically significantly 

associated with a decreased event-free survival compared 

to the group of patients with exclusively driver mutations 

(driver+, pathogenic- group) (median survival of 10 and 

Figure prepared by the authors

Fig. 1. Mutational profile of 83 patients with Ph-negative myeloproliferative 

neoplasms

Figure prepared by the authors

Fig. 2. Impact of mutations in the ASXL1 gene on event-free survival of patients 

with Ph-negative myeloproliferative neoplasms. The event was considered to 

be phase transition, leukemic transformation, or death
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Table 2. Functions of the genes identified during NGS analysis

Gene functions Gene names

Chromatin (histones) modification ASXL1, ATRX, EZH2, EP300

RNA splicing
SRSF2, U2AF1, SF3B1, PHF6, 

DDX3X, ZRSR2

DNA methylation
DNMT3A, IDH1, IDH2, TET2, 

SUZ12

Transcriptional factors RUNX1, TP53, GATA2

DNA replication SETBP1, APC

Signal transmission KRAS, CBL

Table compiled by the authors; annotation of the gene function was carried out 

using the KEGG database
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15.8 years). The worst prognosis was shown for patients 

with triple-negative status and the presence of at least one 

pathogenic mutation (driver-, pathogenic+ group) (median 

survival of 6.9 years). For the group of patients in whom nei-

ther pathogenic nor driver mutations were detected (driver-, 

pathogenic+), the median survival was not reached.

Figure 4 shows that the presence of two or more mu-

tations was also associated with a significantly decreased 

event-free survival (p < 0.0001) (median survival of 7 and 

13.17 years) compared to patients with fewer pathogenic 

mutations. An analysis of NGS data showed that a higher 

number of pathogenic mutations was associated with a 

worse survival prognosis.

DISCUSSION

The pathogenesis of Ph-negative myeloproliferative neo-

plasms is based on mutations in the driver genes, includ-

ing JAK2, CALR, and MPL. Detection of mutations in these 

genes is currently the basis of molecular diagnostics in 

patients with suspected Ph-negative MPNs. Meanwhile, 

recent studies have shown that the genetic landscape of 

classical Ph-negative MPNs is not limited only to mutations 

in driver genes. A significant number of mutations in various 

genes have been described as pathogenic for Ph-negative 

MPNs, influencing the phenotype, course, and prognosis 

of the disease. Rapid and reliable detection of such muta-

tions in a wide range of genes is not possible with routine 

laboratory methods. In this regard, the NGS method, which 

detects mutations simultaneously in a large number of 

genes with high accuracy and sensitivity renders feasible.

At present, both in research and clinical practice, the di-

agnosis of patients with Ph-negative MPNs by NGS is per-

formed using various personalized and commercial panels 

of genes [9–12]. In our study, the mutational status of pa-

tients with Ph-negative MPNs was investigated for the first 

time using a personalized panel of 118 genes. This panel in-

cludes not only genes associated with Ph-negative MPNs, 

but also genes with mutations in other types of myeloid 

neoplasms. Sequencing was performed in 83 Ph-negative 

MPN patients. The data analysis showed that mutations in 

the JAK2, MPL and CALR genes, detected in patients by 

standard laboratory methods, were successfully detected 

in our conditions by NGS. This fact indicates the reliability 

of the obtained sequencing data.

In our study, in addition to driver genes, mutations de-

fined as pathogenic were detected in 23 (20%) genes out of 

118 studied; these mutations were found in 39 patients. In 

comparison with our data, the researchers in [13] analyzed 

a group of 197 patients by NGS using a targeting panel 

and found pathogenic mutations in 35% of patients. At the 

same time, mutations were detected in 27% of genes out 

of 104 analyzed. The difference in the number of mutated 

genes (20% and 27%) of the total number of genes can be 

explained by the different set of genes used in targeting 

panels of our work and that of Lundberg et al. [13].

The most frequent additional pathogenic mutations in 

patients with different MPNs are found in the ASXL1 gene 

[8]. We also found that 25% of patients had a mutation 

in this particular gene. The frequency of mutations in the 

ASXL1 gene varies in different Ph-negative MPNs. Thus, 

according to the data presented in [14–19], mutations were 

found in 23–25% of cases in primary myelofibrosis and in 

5–20% cases of essential thrombocythemia. In true poly-

cythemia, the frequency of mutations in the ASXL1 gene 

was 3.5–11.8%. In our study, mutations were found in 

26.6% of PMF patients, 14.2% of ET patients, and 16% of 

PV patients.

Two pathways of mutagenesis involving the ASXL1 gene 

are proposed in the clonal evolution of MPNs:
• pathogenic mutations may occur as a consequence of 

driver mutations in the JAK2 and CALR genes in PMF;

• may be the primary triggering event preceding driver 

mutations [20–22].

Numerous studies showed the effect of mutations in 

the ASXL1 gene on general, event-free survival and throm-

botic events in patients with Ph-negative MPNs [23, 24]. 

However, Guglielmelli et al. found that mutations in the 

ASXL1 gene reduced overall survival in patients with PMF 

but not with secondary MF [25]. In addition, ASXL1 muta-

tions impact the outcome of therapy with targeted drugs 

and allo-HSCT [26]. Our study showed an association of 

Figure prepared by the authors

Fig. 3. Impact of pathogenic mutations on event-free survival of patients with 

Ph-negative myeloproliferative neoplasms

Figure prepared by the authors

Fig. 4. Impact of the number of pathogenic mutations on event-free survival of 

patients with Ph-negative myeloproliferative neoplasms
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dramatic reduction in event-free survival (median survival 

of 7.83 vs 15.75 years, p = 0.0011) for all patients with and 

without mutations in this gene.

Advances in genetics and molecular biology in recent 

years have offered an improved description of the genet-

ic landscape of Ph-negative MPNs and identified genes 

whose mutations have a negative impact on prognosis. 

These include ASXL1, EZH2, IDH1, IDH2, SRSF2, and 

U2AF1Q157. Such mutations, referred to as high-risk mu-

tations, have been included in various prognostic scales. 

The number of mutations in these genes also affects 

prognosis, namely, one pathogenic mutation led to a 1.7-

fold reduction in the median overall survival of patients, 

two mutations led to a 4.7-fold reduction compared to pa-

tients without mutations in these genes (Me = 12.2 years, 

Me = 7  years, Me = 2.6  years respectively, p < 0.0001) 

for patients with myelofibrosis [27]. Our study, based on a 

panel of 118 genes, showed that not only high-risk muta-

tions affect the survival of patients with MPNs. Indeed, 

any pathogenic variants in combination with driver genes 

(p  =  0.0004) significantly reduced patient survival, with 

both the presence of such a variant and their number be-

ing important. Patients with two or more mutations dem-

onstrated a significantly decreased event-free survival 

compared to those with one mutation (p < 0.0001). Thus, 

when carrying out a diagnosis of Ph-negative MPNs, at-

tention should be paid to analyzing the maximum possible 

panel of genes, rather than the mutational status of only 

six genes of high molecular risk.

Recent studies have demonstrated the importance of 

the NGS method for characterizing the mutational pro-

file of triple-negative patients [28, 29]. Indeed, pathogenic 

mutations in various genes were detected in 8 out of 10 

such patients in our study cohort. The detection of mu-

tations in this group of patients allowed us to confirm 

clonality and assess the risks of the disease course. It is 

important to note that the absence of driver and patho-

genic mutations in patients with the confirmed diagnosis 

of Ph-negative MPN allows us to distinguish them into a 

separate cohort with the most favorable prognosis of the 

disease course without leukemic transformation [12]. Not 

all studies, however, identified such a group; thus, Huang 

et al. identified pathogenic mutations in all 12 patients with 

triple-negative status [12].

In addition to assessing disease prognosis, NGS is 

a convenient tool for selecting target genes for targeted 

therapy, targeting not only driver genes but also genes 

with different functions (e.g., IDH1/2 and EZH2). Mutations 

in these genes were also identified in patients from our 

cohort. The IDH1/2 genes were mutated in 8% of patients, 

and EZH2 in 3% of patients, which is consistent with the 

data obtained by other researchers using standard mo-

lecular methods [8, 30]. 

Somatic mutations across a wide range of genes were 

detected in 80% of patients with PMF and 50% of patients 

with ET/PV, affecting the course and prognosis of the dis-

ease [29]. In our patient group, we found pathogenic mu-

tations affecting prognosis in 46% of patients with PMF, 

including patients with leukemic transformation. Risk fac-

tors that increase the likelihood of leukemic transformation 

include, among others, mutations in various genes: IDH1, 

IDH2, SRSF2, ASXL1 in primary myelofibrosis, in SRSF2, 

IDH2, or RUNX1 in polycythemia vera, in TP53, SRSF2, 

EZH2, U2AF1, or RUNX1 in essential thrombocythemia. 

At the same time, it was shown that the time to leukemic 

transformation decreases with the increase in the number 

of pathogenic mutations in patients with Ph-negative MPNs 

(p < 0.0001), which agrees with our findings of a greater 

number of mutations in patients with disease transforma-

tion [12].

The detection of driver mutations has been a break-

through discovery in the diagnosis of myeloproliferative 

neoplasms, which facilitates determination of the patho-

genesis of these diseases. At present, the introduction of 

NGS analysis is substantially changing the perception and 

approach to the diagnosis, risk assessment, and treatment 

of patients with Ph-negative MPNs. Due to the possibility of 

simultaneous search for mutations in many genes, NGS as-

sists not only in establishing the diagnosis and confirming 

the clonality of the disease, but also in identifying groups of 

patients with unfavorable prognosis and increased risk of 

disease progression and transformation.

CONCLUSION

Thus, the application of NGS technology using a panel of 

118 genes in the diagnosis of patients with Ph-negative 

myeloproliferative neoplasms made it possible to study the 

mutational profile of the disease, to confirm the clonality 

of the disease in patients with triple-negative status, and 

to identify pathogenic mutations significantly affecting the 

results of patient therapy.

In our study, pathogenic mutations were detected in al-

most half of patients with Ph-negative MPNs in 23 genes. 

Reduced event-free survival was shown for patients with 

a combination of driver and pathogenic mutations. Two 

or more pathogenic mutations in a single patient reduced 

event-free survival compared to patients with a single mu-

tation. The most frequent molecular event in Ph-negative 

MPNs was mutations in the ASXL1 gene associated with a 

decreased event-free survival of patients. An integrated ap-

proach to the diagnosis of Ph-negative MPNs using mod-

ern molecular genetic technologies will make it possible to 

establish the diagnosis, assess the prognostic features of 

the disease course, and select the most effective personal-

ized therapy.
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BIOCOMPATIBLE CHITOSAN- AND STARCH-BASED GELS 
FOR 3D PRINTABLE INKS
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Introduction. Carriers intended for cell culture and transplantation are widely used in modern tissue engineering. The creation of inks for printing such 

media assumes a wide range of variations in their shape and architecture. Chitosan as a natural polymer is increasingly finding application in various fields of 

regenerative medicine. Chitosan-based scaffolds are an artificial prototype of the extracellular matrix in vitro. The method of 3D printing can be used to bring 

the structure of such a matrix as close as possible to the properties of native tissues. However, in order to achieve the desired printing quality, the task of 

developing a chitosan-based ink composition and selecting optimal printing parameters should be solved. 

Objective. Development of a biocompatible chitosan-based ink with optimal rheological properties suitable for 3D printing.

Materials and methods. A bioink was manufactured using the chitosan produced by BiologHeppe (Germany) with a molecular weight of 164 kDa and a 

deacetylation degree of 92.5%. Starch produced by Merck (Germany) was used to modify the bioink. The method of 3D extrusion bioprinting was used to 

obtain 3D matrices by a 3D bioprinter by Rockit Invivo (Republic of Korea) equipped with the Android OS software. 3D-printed matrices were obtained from a 

bioink with different chitosan concentrat ions: 4% and 6%. Cultures of rabbit mesenchymal stem cells were seeded to study the biocompatibility of the printed 

structures.

Results. The developed chitosan- and starch-based inks demonstrated an increased viscosity of the solution and improved characteristics of the printed 

designs. The rheological parameters were optimized for printing by increasing the chitosan concentration in the solution up to 6%, as well as by introducing 

starch at a similar concentration into the solution. An in vitro study also showed the biocompatibility of the printed structures with respect to mesenchymal 

stromal cells. 

Conclusions. The developed inks can be used to form scaffolds by 3D printing.

Keywords: bioink; hydrogel; chitosan; starch; biocompatibility; 3D printing
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БИОСОВМЕСТИМЫЕ ГЕЛИ НА ОСНОВЕ ХИТОЗАНА И КРАХМАЛА В КАЧЕСТВЕ ЧЕРНИЛ 
ДЛЯ 3D-ПЕЧАТИ

Е.А. Малик1, Ю.А. Нащекина2, И.А. Барсук3,4, К.П. Головко4,5, В.Е. Александров4,6, В.Ю. Елоховский7, В.Е. Юдин7

1 Санкт-Петербургский политехнический университет Петра Великого, Санкт-Петербург, Россия

2 Институт цитологии РАН, Санкт-Петербург, Россия

3 Главное военно-медицинское управление Министерства обороны Российской Федераци и, Москва, Россия

4 Военно-медицинская академия им. С.М. Кирова, Санкт-Петербург, Россия
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Введение. Носители, предназначенные для культивирования и трансплантации клеток, находят широкое применение в современной тканевой 

инженерии. Создание чернил для печати таких носителей позволяет в широких пределах варьировать их форму и архитектуру. Хитозан — при-

родный полимер, который уже находит применение в различных областях регенеративной медицины. Скаффолды на его основе являются искус-

ственным прототипом внеклеточного матрикса in vitro. Метод трехмерной печати позволит максимально приблизить структуру такого матрикса 

к свойствам нативной ткани. Однако для улучшения качества печати необходимо как разработать состав чернил на основе хитозана, так и подо-

брать оптимальные параметры печати.

Цель. Разработка биосовместимых чернил на основе хитозана с оптимальными реологическими свойствами, пригодными для 3D-печати.

Материалы и методы. В исследовании для создания биочернил применялся хитозан фирмы BiologHeppe (Германия) с молекулярной массой 

164  кДа и степенью деацетилирования 92,5%. Для модификации биочернил использовали крахмал фирмы Merck (Германия). Для получения 
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трехмерных матриц применяли метод экструзионной 3D-биопечати. В работе использовали 3D-биопринтер фирмы Rokit Invivo (Республика Ко-

рея), в котором установлено программное обеспечение Android OS. 3D-печатные матрицы изготавливали из биочернил с различным содержанием 

хитозана: 4 и 6%. Для исследования биосовместимости печатных конструкций проводили посев культуры мезенхимальных стволовых клеток 

кролика.

Результаты. Чернила на основе хитозана и крахмала продемонстрировали увеличение вязкости раствора и наилучшие характеристики напеча-

танных конструкций. Улучшение реологических параметров, оптимальных для печати, происходит при увеличении концентрации хитозана в рас-

творе до 6%, а также при добавлении в раствор крахмала с аналогичной концентрацией. Исследование in vitro также показало биосовместимость 

напечатанных конструкций по отношению к мезенхимным стромальным клеткам.

Выводы. Разработанные чернила могут быть использованы для формирования скаффолдов методом трехмерной печати.

Ключевые слова: биочернила; гидрогель; хитозан; крахмал; биосовместимость; 3D-печать
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местимые гели на основе хитозана и крахмала в качестве чернил для 3D-печати. Медицина экстремальных ситуаций. 2025;27(1):88–96. 
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INTRODUCTION

Additive technologies, including 3D printing, are driving 

major innovations in diverse fields of science, including 

medicine and biology. 

Various polymers of natural and synthetic origin are 

used as printing materials. Such structures can serve as 

a basis for manufacturing functional 3D fabrics [1]. These 

biomaterials are referred to as inks that mimic the compo-

sition of human or animal body tissues. The advantage of 

3D printing consists in the possibility of reproducing the 

geometry of a 3D structure that is more similar to a natural 

biological system than an in vitro 2D model. The structural 

similarity of the printed design can lead to more physiologi-

cally relevant functional results. No other technology is ca-

pable of providing such a level of geometric complexity and 

similarity to living tissues [2]. 

3D printing allows 3D volumetric media to be created 

for use as 3D cell cultures for further transplantation into 

damaged organs and tissues [2]. The printed designs, to-

gether with the cells grown thereon, may serve as tissue 

models for testing new drugs [3].

The printing parameters can be defined as bioprinter 

settings (firmware input) that are necessary for an accu-

rate creation of 3D-printed structures. In this sense, only a 

certain range of values is suitable for 3D printing, with their 

choice being a key factor in obtaining viable structures. 

These values depend on the ink composition, which should 

be carefully selected in each specific case [4].

The main printing parameters include dispenser tem-

perature, substrate temperature, printing speed, and input 

flow parameters (speed and pressure). Being directly relat-

ed to the overall 3D printing time, the printing speed (move-

ment across the XY plane) is a highly important parameter. 

In addition, in the extrusion printing method, the hydrogel 

flow (thread width) is managed primarily by the printing 

speed and the retraction speed. The printing speed values 

used vary from 0.2 to 150 mm/s, ranging within1–30 mm/s 

in the majority of cases [4].

The exact dimensions of a 3D-printed structure can be 

preserved when the input flow is selected correctly, which 

is indicated as a percentage. This parameter is responsible 

for the amount of ink being extruded by the printer. Input 

flow calibration also improves the retraction settings [4].

The main properties of 3D printable inks include strand 

printability, viscoelastic properties, biodegradability, and 

cytocompatibility [5]. The 3D matrix should mimic the bio-

logical environment and facilitate cell attachment, prolif-

eration, and growth; promote the dispersion of bioactive 

molecules and growth factors; and contain space for the 

extracellular matrix [6].

Although both natural and synthetic polymers can be 

used as inks, the preference is given to natural materials 

due to their high biocompatibility. At the same time, natu-

ral materials may exhibit insufficient mechanical properties 

[7]. The most commonly used components in ink are chi-

tosan and alginate, followed by gelatin, hyaluronic acid, silk 

fibroin, and polyethylene glycol [8]. Hydrogels can mimic, 

e.g., the modulus of elasticity of soft tissues of the human 

body. For the most durable tissues, such as b ones or teeth, 

other materials are required — thermoplastic polymers with 

the addition of hydrogels [8].

Chitosan is one of the most promising materials for 3D 

printing. Chitosan has three types of reactive functional 

groups: amino groups, as well as primary and secondary 

hydroxyl groups at C-2, C-3, and C-6 positions, respec-

tively. The positive charge of its functional groups makes 

chitosan the only positively charged natural polysaccha-

ride. Consequently, chitosan is able to interact with nega-

tively charged biomolecules, lipids, proteins, deoxyribonu-

cleic acid (DNA), and various cellular receptors that trigger 

a cascade of interrelated reactions in living organisms, 

which determines its unique characteristics [9]. Among 

such characteristics of chitosan-based bioink are good 
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cell–matrix interactions, imitation of the structure of native 

tissues, creation of a microenvironment for oxygen and nu-

trient exchange, as well as a favorable immune response 

after implantation.

According to Huang J. et  al., 3D-printed structures 

showed biomolecular adaptation, stable biocompatibil-

ity, and biological activity even after various post-printing 

modifications [10]. However, chitosan is not devoid of dis-

advantages, such as a slow gelation rate, sufficient thermal 

stability, and a low mechanical strength of materials pro-

duced on its basis. 

It is important to note that the physical stability and 

mechanical strength of 3D printable inks depend on their 

viscoelastic properties. The viscoelastic properties of 

chitosan can be achieved through physical or chemical 

crosslinking methods, as well as by introducing additional 

components. Therefore, chitosan is often structurally rein-

forced with other biopolymers, including polysaccharides. 

Starch can be used as such a reinforcing biopolymer [11]. 

Starch consists of carbohydrates, possessing the prop-

erties of hydrophilicity, biocompatibility, low cost, good 

biodegradability, and non-toxicity [12]. Starch consists of 

a granular form with linear amylose and a large amount 

of branched amylopectin. The starch structure is semi-

crystalline; thus, the addition of a limited amount of wa-

ter under the action of heat and shear treatment will lead 

to the destruction of hydrogen bonds. At this stage, the 

starch will melt, resulting in the formation of a thermo-

plastic starch. Thus, we assume that the combination of 

biocompatible and biodegradable biopolymers, such as 

chitosan and starch, may compensate for the disadvan-

tages of each biopolymer individually and that their com-

bined use will make it possible to obtain inks with optimal 

characteristics for the formation of carriers with specified 

structural characteristics by 3D printing. In order to obtain 

a predictable result, namely matrices with specified struc-

tural characteristics, such as the size and height of cells, 

the optimal ratio of chitosan and starch, as well as optimal 

printing parameters, should be determined. 

In this research, we aimed to develop biocompatible 

inks with an optimal ratio of chitosan and starch, suitable 

for 3D printing. 

MATERIALS AND METHODS

Chitosan (BiologHeppe, Germany) with a molecular weight 

of 164 kDa and a deacetylation degree of 92.5% and starch 

(9005-25-8, HC, Merck, Germany) were used to produce 

ink compositions.

Mesenchymal stem cells (MSCs) obtained from rabbit 

adipose tissue according to the method [13, 14] and provid-

ed by the Center for Cellular Technologies of the Institute of 

Cytology of the Russian Academy of Sciences were used. 

Adipose tissue was washed in a phosphate-salt buffer 

followed by treatment with collagenase. Following colla-

genase inactivation, the cells were centrifuged. The cells 

were cultured in a α-MEM (modified Igla medium) nutrient 

medium with the addition of L-glutamine, 10% bovine fetal 

serum and antibiotics (100 units/mL) — penicillin, 100 mi-

crograms/mL streptomycin (all Gibco reagents, USA). Cells 

of 4–9 passages were used in the work.

Preparation method of solutions

The following procedure was used to obtain a matrix based 

on pure chitosan and chitosan with the addition of starch. 

Chitosan was mixed with water at room temperature for 

15 min on a laboratory mixer (OSC-10L, Russia) at a mix-

ing speed of 1000 rpm to obtain a suspension, which was 

further supplemented with acetic acid (at a concentration 

of 97%, 2% of the solution volume), as well as starch at 

concentrations from 0 to 6%.

The composition was mixed during 1.5 h on a labora-

tory mixer (OSC-10L, Russia) at a speed of 1000 rpm until 

chitosan was completely dissolved. Solutions with starch 

addition were additionally mixed for 15 min at a temperature 

of 100°C in a water bath to swell the starch. The volume of 

chitosan, starch, and acetic acid was calculated in mass 

percentages. The concentration of chitosan and starch in 

the solution varied. The compositions of the as-obtained 

solutions are shown in Table 1. The names of the solutions 

are presented in the C/S (4/0) format, where C is chitosan 

and S is starch; in parentheses, — chitosan concentration/

starch concentration.

Rheology of solutions

The dependence of the shear viscosity of hydrogels on 

the strain rate was measured on an AntonPaar rheometer 

(Physica MCR-301 model, Austria) in a cone/plane measur-

ing unit CP25; [d=1 mm] in shear and dynamic modes, in 

modes of falling and rising strain rates (circular frequency). 

A viscosity relaxation test was performed at two shear 

rates of 100 and 0.01 s–1. 

3D bioprinting

The method of 3D bioprinting extrusion was used to obtain 

3D matrices. We used a 3D bioprinter produced by Rokit 

Invivo (Republic of Korea) equipped with the Android OS 

software.

To design a 3D matrix, the Autodesk Fusion 360 soft-

ware application was used, in which a parallelepiped with 

sides of 16 mm, 10 mm, and 0.2 mm was created. 

To set the 3D printer settings and convert the created 

model into G-code, we used the NewCreator K.

The printing speed (mm/s) is the linear speed of the 

printing table. The input flow (%) is the pressure exerted on 

the gel in the syringe. The selected print options are shown 

in Table 2. 

Table 1. Chitosan and starch calculated concentrations in solutions

Solutions
Chitosan 

concentration, %
Starch 

concentration, %

C/S (4/0) 4 0

C/S (6/0) 6 0

C/S (4/4) 4 4

C/S (6/6) 6 6

Table prepared by the authors using their own data



EXTREME MEDICINE | 2025, VOLUME 27, No 1 91

ORIGINAL ARTICLE | REGENERATIVE MEDICINE

As a result of 3D bioprinting, volumetric matrices were 

obtained. Next, they were precipitated in a 10% sodium 

hydroxide solution for 5 min, after which they were washed 

with distilled water to remove alkali residues. Subsequently, 

96% ethanol was used for additional sterilization, followed 

by its rinsing with distilled water. 

Print quality analysis

The main parameter describing the print quality in this 

study is strand printability (SP), which is calculated using 

formula (1):

 ,SP = 1 –
D

s
 – D

exp

D
s

where D
exp

 is the experimental diameter of the printed strips 

(mm); D
s
 is the theoretically found standard diameter (mm).

The experimental diameter of the printed fiber was 

measured in the ImageJ software. Then the strand print-

ability was calculated using formula (1). The print result was 

considered satisfactory at SP = 1 ± 0.1 [12]. The diameter 

of the printhead nozzle equal to 0.9 mm was taken as the 

standard diameter D
s
.

D
exp

 measurement was performed 30  times for each 

sample on different sections of the matrix using the ImageJ 

software. The diameter values were obtained by comparing 

the measured value with the reference value.

In vitro cell culture

To study the biocompatibility of the printed structures, rab-

bit mesenchymal stem cell cultures were seeded onto all 

printed matrices. To that end, 300 μL of cell suspension 

with a concentration of 5×105 μL–1 was added to each Petri 

dish followed by incubation at 37°C for 40 min. After that, 

8 mL of ready-made nutrient medium containing α-MEM 

nutrient medium (modified Igla medium) with the addition 

of L-glutamine, 10% bovine fetal serum and antibiotics 

(100 units/mL) penicillin, 100 μg/mL streptomycin (all rea-

gents — Gibco, USA) was added to each sample.

The cells were cultured under aseptic conditions at a con-

stant temperature of 37°C, 5% CO
2
 concentration, and 98% 

humidity. To analyze the interaction of cells with the matrices, 

photographs were taken 1 h, 1 day, 3 days, and 7 days after 

the onset of the study. All experiments were carried out in 3–5 

replicates. Lifetime visualization of cells was performed using 

a Nikon camera (USA); the size scale was 200 μm.

Statistical analysis

Statistical analysis was performed using the Microsoft 

Excel software; the Student’s t-test was used to evaluate 

statistically significant differences between specific sam-

ples. The differences were considered statistically signifi-

cant at p < 0.05.

RESULTS AND DISCUSSION

The data on the dynamic viscosity of ink compositions with 

different concentrations of chitosan and starch demon-

strate an increase in the viscosity of the polymer solution 

with an increase in concentrations of chitosan and starch in 

the solution, which appear quite logical (Fig. 1). Under the 

transition from a higher shear rate (100 s–1), which simulates 

the movement of the polymer solution in the nozzle of the 

extruder, to a lower shear rate (0.01 s–1), which simulates 

the state of the solution on the table of the printing device, 

the composition of C/S(6/6) shows the highest ability to re-

store and preserve the shape of the resulting product.

In the first part of the experiment, the printing speed was 

varied under a constant input flow. In the second part, the 

amount of input flow was varied at a constant printing speed. 

Figures 2–5 show histograms that were used to visually 

evaluate the ratio of the standard diameter, i.e., the noz-

zle diameter (0.9  mm, light columns) to the experimental 

diameter (bright columns). Histograms with blue columns 

2A  —  with a changing speed, with purple 2B  —  with a 

changing input flow. The columns are labeled with the val-

ues of the average experimental diameter, taking the error 

into account. Above the histograms are photos of the stud-

ied samples. They were taken from the same height next 

to the millimeter paper, which makes it possible to estimate 

the actual dimensions of the matrix and calculate the ex-

perimental diameters. 

The results obtained show that the most approximate 

values of the experimental diameter to the standard diame-

ter for a solution with a chitosan concentration of 4% and a 

starch concentration of 4% (C/S– 4/4) were obtained when 

the printing speed was set to 3 mm/m, and the input flow 

was 50%. The relevant data is shown in Fig. 2. 

For the C/S (6/0) solution, the exact value of the ex-

perimental diameter was achieved only when the printing 

speed was set to 3–5 mm/s and the input flow was 100%. 

Similar to the previous case, this range can be considered 

quite narrow. The corresponding data is shown in Fig. 3.

For the C/S (4/4) solution, a wide range of settings was 

obtained, at which the experimental diameter was quite 

close to the standard diameter: 3–5 mm/s at 150% of the 

input flow and 5 mm/s at 175% of the input flow. The cor-

responding data is shown in Fig. 4.

The value of the experimental diameter in the C/S sam-

ple (6/6) turned out to be the most stable (Fig. 5) when 

changing the printing parameters. Thus, a sufficiently accu-

rate printing (the proximity of the actual dimensions to the 

theoretical ones) can be achieved by setting the print speed 

from 3 to 7 mm/s under an input flow of 125 to 150%. 

Table 3 shows the results of calculations of strand print-

ability of all the studied ink compositions.

Values close to 1 ± 0.1 were considered acceptable. In 

all groups, a decrease in printability to 0.9 was observed 

with an increase in printing speed or a decrease in input 

Table 2. Printing parameters for solutions

Solutions Printing speed, mm/s Input flow, %

C/S (4/0) 1–5 25–75

C/S (6/0) 1–5 75–125

C/S (4/4) 3–7 125–175

 C/S (6/6) 3–7 125–175

Table prepared by the authors using their own data
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Fig. 1. Dynamic viscosity of hydrogels with different starch–chitosan ratios (X-axis (Time t) — time, min; Y-axis (η) — shear viscosity, Pa·s)

Note: the yellow color of the line is the concentration of 4% chitosan in the solution; the green color of the line is the concentration of 4% chitosan and 4% starch in 

the solution in a ratio of 1:1; the blue color of the line is the concentration of 6% chitosan in the solution; the red color of the line is the concentration of 6% chitosan 

and 6% starch in the solution in a ratio of 1:1. 

Figure prepared by the authors using their own data

Fig. 2. Effect of printing speed (A) and flow (B) on the printing quality for the C/S solution (4/0)

Figure prepared by the authors using their own data

Fig. 3. Effect of printing speed (A) and input flow (B) on the printing quality for the C/S solution (6/0)
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flow. In extreme cases, a violation of the integrity of the 

printed structure was noted. When the printing speed de-

creases and the input flow increases, the experimental 

diameter exceeds acceptable values, i.e., the printabil-

ity value exceeds 1.1. In some cases, strip fusion occurs, 

which makes it impossible to determine the experimental 

diameter and printability.

The result can be considered satisfactory when the 

printing speed is increased to 5 mm/s (p < 0.01) with the 

same value of the input flow. Consequently, a fairly narrow 

range of settings was observed, at which the experimental 

diameter is close to the standard diameter.

When setting the value of the input flow to less than the 

average (25% (p < 0.001)), an excess of the experimental di-

ameter over the standard value was recorded, which does not 

correspond to the results of all other groups. This deviation 

can be explained by an uneven distribution of bioink over the 

area of the printed structure due to its poor adhesion to glass.

With an increase in the input flow to 175% (p < 0.0001), 

the experimental diameter exceeds the permissible values 

(the printed lines are thicker than required).

Thus, the following general conclusion can be drawn. 

An increase in printing speed and a decrease in input flow 

leads to a decrease in the thickness of the printed line. 

The opposite trend was noted under a decrease in printing 

speed and an increase in input flow. 

Printability increases with a simultaneous increase in 

printing speed and input flow for solutions with a higher 

viscosity (Fig.  1), such as C/S (4/4) and C/S (6/6). In ad-

dition, these solutions are characterized by a wide range 

of parameters, at which the printability is close to unity. 

This means that the actual dimensions of the matrices are 

quite close to the theoretical ones. The use of solutions 

with a lower density, i.e., C/S (4/0) and C/S (6/0), as bioink 

requires a more careful selection of printing settings. For 

such solutions, it was possible to select only one value of 

the input flow, at which the printability was close to unity.

MSCs were cultured both on the surface of the matrices 

and next to the printed filaments during the period of seven 

days. 

Figure 6 shows an MSC culture 1 h after seeding. MSCs 

form aggregates near the C/S (4/0) matrix and on its surface 

Figure prepared by the authors using their own data

Fig. 4. Effect of printing speed (A) and input flow (B) on the printing quality for the C/S solution (4/4)

Figure prepared by the authors using their own data

Fig. 5. Effect of printing speed (A) and input flow (B) on the printing quality for the C/S solution (6/6)
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(Fig. 6A). Figure 6B demonstrates that the cells are evenly 

distributed over the surface of the dish, with a small cluster 

present on the surface of the matrix. The largest number of 

cells was observed on the C/S matrix (4/4) (Fig. 6), while the 

cells were concentrated and did not aggregate. In Fig. 6G, 

an uneven distribution of cells was observed with their high 

concentration on the surface of the matrix C/S (6/6).

Figure 7 shows photos taken one day after seeding. In 

Fig. 7A, the cells are spread out on the surface of the dish. 

Conversely, on the surface of the C/S (4/0) matrix, the cells 

formed large, loose aggregates. In the case of using the C/S 

(6/0) matrix (Fig. 7B), a high concentration of cells near the 

surface was noted. Similar to the previous case, there are 

significantly fewer cells on the matrix itself. In Fig. 7C, a large 

number of non-spread cells are observed on the surface of 

the C/S matrix (4/4). On a Petri dish, the cells are spread out 

at some distance from the matrix. The C/S matrix (6/6) has 

a highly heterogeneous structure, as can be seen in Fig. 7D, 

which makes it difficult to estimate the number of cells. The 

cell concentration between the printed strips is low.

Figure 8 shows photos taken three days after seeding. 

In Figs. 8A and 8D, the spread of cells on the Petri dish 

surface is observed. On the surface of the C/S (4/0) and 

C/S (6/0) matrices (Figs. 8A and 8B), the cells are seen in 

low concentrations without spreading out. In Fig. 8C, cells 

are observed on the surface of the C/S (4/4) matrix in a high 

concentration. Figure 8D shows that the cells are spread 

out at a distance from the surface of the matrix C/S (6/0).

Figure 9 shows the results of MSC culture seven days 

after seeding. Figure  9 (A–C) indicates that the cells are 

spread out over the Petri dish surface, being adhered tight-

ly to the side surface of the samples. Thus, an assumption 

can be made about the biocompatibility of the matrices. 

On the other hand, in Fig. 9D, the cells adhere at a certain 

distance from the matrix C/S (6/6), which makes this matrix 

the least preferred for use. The cells do not spread out over 

the surface of any of the matrices, with their largest number 

observed on the C/S matrix (4/4). This may indicate a posi-

tive effect of starch addition.

CONCLUSION

Our research has shown the possibility of developing effec-

tive chitosan- and starch-based inks for 3D bioprinting. An 

increase in the chitosan concentration in the solution up to 

Photos taken by the authors

Fig. 6. Results of MSC culture 1 h after seeding 

Note: A — C/S matrix (4/0); B — C/S matrix (6/0); C — C/S matrix (4/4); D — C/S matrix (6/6).

Table 3. Effect of printing speed and input flow on  strand printability for C/S 

solutions

Solutions
Flow rate, 

mm/s
Input flow, %

Strand print-
ability

C/S (4/0)

1 50 1.19 ± 0.12

3 50 1.03 ± 0.13

5 50 0.97 ± 0.10*

3 25 1.09 ± 0.13♦

3 75 1.18 ± 0.14

C/S (6/0)

1 100 1.34 ± 0.12

3 75 0.84 ± 0.10

3 125 1.15 ± 0.12

5 100 0.92 ± 0.10

3 100 1.00 ± 0.10

C/S (4/4)

5 175 1.13 ± 0.14

7 150 0.88 ± 0.12

3 150 1.14 ± 0.15

5 150 1.00 ± 0.12

5 125 0.72 ± 0.10

C/S (6/6)

3 150 1.03 ± 0.16

5 125 0.96 ± 0.13

5 150 1.00 ± 0.13

7 150 0.95 ± 0.12

5 175 1.32 ± 0.16■

Table prepared by the authors using their own data

Note: * — p < 0.01; ♦ — p < 0.001; ■ — p < 0.0001.
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Photos taken by the authors

Fig. 7. Results of MSC culture one day after seeding

Note: A — C/S matrix (4/0); B — C/S matrix (6/0); C — C/S matrix (4/4); D — C/S matrix (6/6).

The photos were taken by the authors

Fig. 8. Results of MSC culture three days after seeding

Note: A — C/S matrix (4/0); B — C/S matrix (6/0); C — C/S matrix (4/4); D — C/S matrix (6/6).

Photos taken by the authors  

Fig. 9. Results of MSC culture seven days after seeding

Note: A — C/S matrix (4/0); B — C/S matrix (6/0); C — C/S matrix (4/4); D — C/S matrix (6/6).
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6% along with starch addition was shown to increase the 

dynamic viscosity of the ink, promoting rapid restoration and 

prolonged preservation of the polymer solution shape after 

its flowing out of the extruder nozzle. The conducted experi-

ments allowed us to establish optimal printing parameters, 

including the printing speed and input flow rate, which made 

it possible to create polymer matrices with tailored structural 

characteristics. Preliminary in vitro experiments demon-

strated the biocompatibility of the obtained structures with 

respect to human mesenchymal stromal cells, which shows 

the prospects of using such polymer compositions in the 

development of wound coatings for treating damaged skin.
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  COMPOSITION ANALYSIS OF PROTEOGLYCANS SYNTHESIZED IN VITRO 
BY CHONDROCYTES OF VARIOUS ORIGINS 

Polina A. Golubinskaya, Evgeny S. Ruchko, Arina S. Pikina, Igor P. Smirnov, Tatiana V. Vladimirova, Veronika D. Gordeeva, 

Georgiy P. Arapidi, Artem V. Eremeev

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

Introduction. The use of cellular constructs based on human pluripotent stem cells (hPSCs) is associated with a number of challenges, including the need to 

standardize methods for cultivating chondrocyte-like hPSCs derivatives to produce a cartilage tissue similar to natural hyaline cartilage. Glycosaminoglycans 

(GAGs) are the basis of the extracellular matrix (ECM) of cartilage tissue; therefore, a qualitative and quantitative analysis of the GAG composition of cartilage-

like tissue engineering structures is an important step in the final assessment of their potential therapeutic effectiveness.

Objective. To determine the composition of GAGs synthesized in vitro by chondrocytes of various origins using enzyme-linked immunoassay (ELISA) and 

liquid chromatography with tandem mass spectrometry (LC–MS/MS), as well as to evaluate the effect of 2D and 3D culturing on their synthesis.

Materials and methods. We analyzed the GAG levels in 2D and 3D tissue-engineered structures obtained from the cartilage tissue of five donors, chondro-

cyte-like cells differentiated from two hPSC lines. Cellular spheroids were obtained by aggregation in microlunar plates and cultured in mini-bioreactors. The 

analysis of the GAG content in cell culture samples and spheroids was carried out using ELISA and LC–MS/MS. The Kruskal–Wallis and Dunn tests were used 

to assess the statistical significance of the differences between the samples.

Results. The ELISA study revealed statistically significant differences (p < 0.0021), confirming higher levels of GAGs synthesized in 3D cultures of native chon-

drocytes compared to 2D cultures (108.67 ng/mL and 1099.87 ng/mL, respectively). The average number of spectra of the chondroitin sulfate proteoglycan 4 

protein, determined using LC–MS/MS, was also higher in 3D cultures, amounting to 41.75 spectra compared to 2.24 spectra in 2D culture samples. The levels 

of aggrecan, biglican, and decorin did not differ between cultures. 3D cultures of chondrocyte-like cells from hPSC showed no significant differences in the 

content of GAG compared to 2D cultures, which indicates the need to optimize the conditions for their differentiation.

Conclusions. In our study, the composition of the GAGs synthesized in vitro by chondrocytes of various origins was determined using ELISA and LC–MS/MS. 

The the effect of 2D and 3D cultivation on their synthesis was evaluated. The results showed that 3D culture media create favorable conditions for a more 

complete formation of chondrocytic ECM in native chondrocyte samples. Despite this, the obtained spheroids of chondrocyte-like hPSCs derivatives fail to 

achieve functional identity with natural cartilage tissue, even after completion of differentiation protocols, thus not representing optimal tissue engineering 

structures for correcting cartilage defects.

Keywords: chondrocytes; arthritis; extracellular matrix; glycosaminoglycans; hPSCs; differentiation; ELISA; LC-MS/MS
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УДК 57.085.23

ОПРЕДЕЛЕНИЕ СОСТАВА ПРОТЕОГЛИКАНОВ, СИНТЕЗИРУЕМЫХ IN VITRO ХОНДРОЦИТАМИ 
РАЗЛИЧНОГО ГЕНЕЗА

П.А. Голубинская, Е.С. Ручко, А.С. Пикина, И.П. Смирнов, Т.В. Владимиро ва, В.Д. Гордеева, Г.П. Арапиди, А.В. Еремеев

Федеральный научно-клинический центр физико-химической медицины имени Ю.М. Лопухина Федерального медико-биологического агентства, 

Москва, Россия

Введение. Применение клеточных конструкций на основе плюрипотентных стволовых клеток человека (чПСК) связано с рядом трудностей, од-

ной из них является необходимость стандартизации методов культивирования хондроцитоподобных произ водных чПСК для получения хрящевой 

ткани, схожей с естественным гиалиновым хрящом. Гликозаминогликаны (ГАГ) — основа внеклеточного матрикса (ВКМ) хрящевой ткани, поэтому 

анализ качественного и количественного состава ГАГ хрящеподобных тканеинженерных конструкций является важным звеном для итоговой 

оценки их потенциальной терапевтической эффективности.

Цель. Определить состав ГАГ, синтезируемых in vitro хондроцитами различного генеза, с использованием иммуноферментного анализа (ИФА) 

и жидкостной хроматографии с тандемной масс-спектрометрией (ЖХ-МС/МС), а также оценить влияние 2D- и 3D-культивирования на их синтез.

Материалы и методы. В исследовании анализировали уровни ГАГ в 2D- и 3D-тканеинженерных конструкциях, полученных из хрящевой ткани 

5 доноров, хондроцитоподобных клеток, дифференцированных из 2-х линий чПСК. Клеточные сфероиды получали методом агрегации в микролу-

ночных планшетах и культивировали в мини-биореакторах. Анализ содержания ГАГ в образцах клеточных культур и сфероидов проведен с помо-

щью ИФА и ЖХ-МС/МС. Для оценки статистической значимости различий между образцами использовали тест Краскела — Уоллиса и тест Данна.

Результаты. В исследовании с помощью ИФА выявлены статистически значимые различия (p < 0,0021), подтверждающие более высокий уровень 

синтеза ГАГ в 3D-культурах нативных хондроцитов по сравнению с 2D-культурами (108,67 и 1099,87 нг/мл соответственно). Среднее число спек-

© P.A. Golubinskaya, E.S. Ruchko, A.S. Pikina, I.P. Smirnov, T.V. Vladimirova, V.D. Gordeeva, G.P. Arapidi, A.V. Eremeev, 2025
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тров белка хондроитинсульфат-протеогликана 4, определенное с помощью ЖХ-МС/МС, также было выше в 3D-культурах, составив 41,75 спектра 

по сравнению с 2,24 спектра в образцах 2D-культур. Уровни аггрекана, бигликана и декорина между культурами не различались. 3D-культуры 

хондроцитоподобных клеток из чПСК не показали достоверных отличий в содержании ГАГ по сравнению с 2D, что указывает на необходимость 

оптимизации условий их дифференцировки.

Выводы. В нашем исследовании был определен состав ГАГ, синтезируемых in vitro хондроцитами различного генеза, с использованием ИФА 

и ЖХ-МС/МС, а также оценено влияние 2D- и 3D-культивирования на их синтез. Результаты показали, что 3D-среда культивирования созда-

ет условия, способствующие более полноценному формированию хондроцитарного ВКМ в образцах нативных хондроцитов. Однако, несмотря 

на это, полученные сфероиды хондроцитоподобных производных чПСК не достигают функциональной идентичности с естественной хрящевой 

тканью, даже после завершения протоколов дифференцировки и не представляют собой идеальные тканеинженерные конструкции для коррек-

ции дефектов хряща.

Ключевые слова: хондроциты; артрит; внеклеточный матрикс; гликозаминогликаны; чПСК; дифференцировка; ИФА; ЖХ-МС/МС
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Финансирование: исследование выполнено при поддержке Российского научного фонда (проект № 22-15-00250).

Соответствие принципам этики: все использованные клеточные линии человеческих плюрипотентных стволовых клеток были получены автора-

ми в ходе предыдущих исследований. Настоящее исследование одобрено локальным комитетом по этике ФНКЦ ФХМ им. Ю.М. Лопухина (протокол 

№ 2019/02 от 09.04.2019). Получение первичного биоматериала для создания клеточных линий чПСК и хондроцитов происходило в соответствии 

с принципами Хельсинкской декларации. Информированное согласие было получено от всех участников.
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INTRODUCTION

Chronic joint diseases continue to pose a serious challenge 

to global health. These diseases impose a significant eco-

nomic burden due to the prevalence and severity of dam-

age to the musculoskeletal system, as well as the costs 

associated with treatment and related disabilities. In 2019, 

about 528 million people worldwide suffered from osteoar-

thritis, which was by 113% more than in 1990 [1]. The clini-

cal potential of chondrocytes derived from the cartilage tis-

sue of patients has long been recognized. Matrix-induced 

autologous chondrocyte implantation (MACI) is currently 

the most common method for treating cartilage deficiency 

and correcting cartilage defects. This therapeutical meth-

od was approved by the US Food and Drug Administration 

(FDA) in 2016 [2].

MACI technique uses autologous chondrocytes isolat-

ed from a biopsy of the cartilage tissue of patients, which 

are cultured on a 3D matrix of a collagen membrane [3]. 

However, in some cases, such as under a prolonged use 

of corticosteroids, nonsteroidal anti-inflammatory drugs, or 

chemotherapy, sufficient amounts of cellular material can-

not be obtained, which is the main limitation of this tech-

nique. Human pluripotent stem cells, not only being an 

unlimited source of cellular material but also not requiring 

painful surgical intervention, represent the next step in the 

development of cellular technologies [4]. However, a num-

ber of problems associated with the hPSCs use remain 

unresolved, such as the high cost of their culture and dif-

ferentiation in the chondrocytic direction, the potential risks 

of an immune reaction to chondrocytes obtained from hP-

SCs, and the risks of tumorigenicity and oncogenicity of 

cell constructs obtained from hPSCs. Progress in solving 

these problems is inextricably linked to the development 

of new protocols for differentiation, genetic editing, and 

culturing of both chondrocytes derived from hPSCs and 

hPSCs themselves [4].

Cartilage tissue forms on the extracellular matrix (ECM) 

and a small number of specialized cells known as chon-

drocytes. The composition and organization of the ECM 

determine its biomechanical properties. The functional 

properties of ECM are similar to those of a viscoelastic gel 

consisting of two main phases: a solid phase comprising 

collagen fibers, proteoglycans and non-collagen proteins, 

and a liquid phase consisting of 80% water and electrolytes 

(Ca2+, K+, Na+, Cl-); the main proteoglycan in cartilage is ag-

grecan. 

Chondrocytes are mechanosensitive cells, whose 

functional activity depends significantly on the microen-

vironment [5]. Chondrocytes are located in small cavities 

referred to as lacunae surrounded by ECM. These struc-

tures, known as chondrons [6], form the main structural, 

functional, and metabolic units of articular cartilage [7] and 

differ in the composition of collagen fibrils and GAGs. The 

chondron area is 2–4 μm thick, consisting mainly of proteo-

glycans and GAGs (perlecan, decorin, biglycan, aggrecan, 

and hyaluronic acid), as well as type VI collagen [8].

The main proteoglycan of cartilage tissue is aggrecan, 

which interacts with hyaluronic acid and forms large ag-

gregates that impart shock-absorbing properties to car-

tilage tissue. A decrease in the content of aggrecan and 

other proteoglycans in cartilage is associated with the 

development of osteoarthritis, which leads to deteriora-

tion of the mechanical properties of cartilage and disease 
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progression [9]. At the same time, biglycan and decorin 

are small leucine-rich proteoglycans (SLRP) that play a 

key role in maintaining the structure and function of carti-

lage tissue. They are involved in the regulation of collagen 

fibrillogenesis by interacting with its fibers and influenc-

ing the ECM organization. Dekortin, in particular, binds to 

type II collagen, regulating the size and shape of collagen 

fibrils thus maintaining the structural integrity of cartilage. 

Biglycan also interacts with collagen; however, its func-

tions are more diverse: participation in bone mineraliza-

tion and regulation of cell growth [10]. Chondroitin sulfate-

proteoglycan  4 is a membrane proteoglycan involved in 

adhesion, migration, and intercellular signaling. Although 

its role in cartilage tissue remains to be understood, it is 

assumed to affect the interaction of chondrocytes with 

ECM, supporting the structure and functionality of carti-

lage. Chondroitin sulfate-proteoglycan 4, is also capable 

of regulating cell growth and differentiation, rendering it a 

promising target for osteoarthritis therapy and cartilage 

tissue regeneration [11].

Enzymatically isolated chondrocytes can produce a 

new ECM within a few hours after culture in vitro, although 

no further formation of ECM occurs around the cell [12]. It 

is believed that the full maturation of ECM takes 2–3 weeks. 

At the same time, studies have shown that specific con-

ditions are necessary for the full maturation of ECM and 

the formation of chondrons: the microenvironment and 

physical factors, such as gravitational and hydrodynamic 

effects [13], which can be maintained in 3D structures [14]. 

Spheroidal cell cultures promote improved cell survival and 

functional activity compared to conventional 2D chondro-

cyte cultures. These advantages are explained by the abil-

ity of 3D structures to more effectively simulate the natural 

microenvironment, as well as the influence of chemical and 

physical factors [15]. Conversely, under the conditions of 

2D culture, chondrocytes lose their phenotype, demon-

strate increased production of type I collagen (associated 

with fibrous cartilage) and decreased levels of type II col-

lagen (associated with hyaline cartilage), as well as lower 

levels of GAG. It should be noted that this differentiation 

phenomenon has not yet been fully studied in chondro-

cytes obtained from HPSCS.

The GAG composition and content level are the critical 

characteristics describing the formed chondron. Therefore, 

when developing cartilage-like tissue engineering struc-

tures for regenerative medicine, determining the level of 

GAG content and composition is essential for assessing the 

effectiveness and functional activity of the resultant carti-

lage implant [16]. In addition, the state of chondrocytes and 

their microenvironment affect the content, properties, and 

composition of ECM. Chondrocytes obtained from dam-

aged tissues, such as osteoarthritis-affected cartilage, syn-

thesize heparan sulfate with increased sulfation, which is 

associated with an increased activity of catabolic enzymes 

such as matrix metallopeptidases (MMP3, MMP13), and a 

decreased expression of key chondrocyte genes such as 

type II collagen alpha 1 chain (COL2A1), aggrecan (ACAN), 

and SRY-box transcription factor 9 (SOX9) [8].

In their study, Lee G. and Loeser R. [12] showed that 

chondrocytes from the surface and middle/deep areas of 

cartilage isolated by zonal abrasion exhibit significant dif-

ferences in GAG content when cultured during the period 

of four weeks. Hu J. and Athanasiou K. found that chon-

drocytes from the middle/deep area produced 250% more 

GAG and collagen in terms of dry weight compared to 

chondrocytes from the surface area [17]. In addition, chon-

drocytes of the middle/deep area are capable of forming 

aggregates and cartilage-like structures, which is favora-

ble for the creation of tissue engineering structures. In an-

other study, Beckers J. et al. [18] found a discrepancy in 

the synthetic activity of chondrocytes isolated from loaded 

and unloaded cartilage areas, although these differences 

decreased when the cells underwent several passaging 

procedures. 

The existing approaches to obtaining cartilage-like cell 

structures from hPSCs remain to be imperfect, associated 

with low reproducibility, variability in cell differentiation ef-

ficiency, insufficient mechanical strength of the formed tis-

sues, and scaling complexity. GAGs are one of the main 

components of the ECM of cartilaginous tissue; therefore, 

a qualitative and quantitative analysis of GAG composition 

is an important stage in assessing the potential therapeu-

tic efficacy of cartilage-like cellular structures. At the same 

time, the cultivation conditions that directly affect the re-

sultant GAG content are key to creating effective cellular 

structures. Cultivation conditions can be modified to ob-

tain tissue samples most similar to hyaline cartilage in their 

characteristics.

In this study, we aim to determine the composition of 

GAGs synthesized in vitro by chondrocytes of various ori-

gins using enzyme immunoassay (ELISA) and liquid chro-

matography with tandem mass spectrometry (LC–MS/MS), 

as well as to evaluate the effect of 2D and 3D cultivation on 

their synthesis.

MATERIALS AND METHODS

Distribution of samples by experimental groups

Samples of the studied cell cultures were divided into 

groups (Table 1) according to the criteria of cell origin and 

type of their culture: 

1) The group of 2D cultures of native chondrocytes in-

cluded samples obtained from patients with gonarthrosis 

and meniscal neuralgia; 

2) The group of 3D cultures of native chondrocytes was 

also represented by samples from patients with similar di-

agnoses, but grown under 3D culture conditions; 

3) The group of 2D cultures of chondrocytes differen-

tiated from hPSCs included samples obtained from the 

IPSRG4SAb2m c55/1 and IPSRG4S hPSC cell lines; 

4) The group of 3D cultures of chondrocytes differenti-

ated from hPSCs also contained samples obtained from 

the same cell lines, but under 3D cultivation conditions; 

5) The control group of hPSCs consisted of IPSRG4S 

and IPSRG4SAb2m c55/1 cell lines that did not undergo 

differentiation into chondrocytes.

This sample separation approach enabled a compara-

tive analysis of the effect of different cultivation conditions 

and cell origin on their characteristics.
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Obtaining chondrocyte primary culture from donor 
material and chondrocyte cultivation 

Chondrocytes were isolated from biopsies of cartilage 

tissue of patients who provided their informed consent. 

Prior to crushing, the cartilage was transferred to a 15 mL 

tube using a serological pipette and washed once with a 

Dulbecco’s Modified Eagle Medium DMEM (Thermo Fisher 

Scientific, USA) supplemented with double the amount of 

penicillin/streptomycin (200 U/mL, PanEco, Russia). The 

cartilage was then placed in a sterile 60 mm Petri dish and 

crushed with sterile scissors and a scalpel in the presence 

of 4 mL of DMEM medium, to which double the amount 

of antibiotic was also added. The crushed cartilage was 

washed in 15 mL of the same medium. The cartilage piec-

es were then incubated for 40 min in a 15 mL tube on a 

laboratory orbital shaker (Infors HS Celltron, Switzerland) 

at 37°C with 5% CO
2
 using 10 mL of DMEM medium sup-

plemented with double the amount of antibiotic, as well as 

10 mg of type IV collagenase (Worthington Biochemical, 

USA) and 10  mg of type  I collagenase (Worthington 

Biochemical, USA). Following incubation, the cartilage 

pieces were centrifuged for 5 min at 200 g in a centrifuge 

(Eppendorf Centrifuge 5804R, Germany). The filler fluid 

was carefully removed, and the pieces of cartilage were 

resuspended in DMEM medium and additionally rinsed 

twice. After that, 10  mL of Dulbecco’s Modified Eagle 

Medium was added to the cartilage with the addition of 

a 1:1 F-12 nutrient mixture DMEM/F12 (Thermo Fisher 

Scientific, USA) supplemented with 20% fetal bovine 

serum FBS (HyMedia, India), 2  mM Glutamax (Thermo 

Fisher Scientific, USA) and 100 U/mL of penicillin/strepto-

mycin (PanEco, Russia). The pieces were then transferred 

to a culture vial T-25 cm2, pretreated with 0.01% gelatin 

type B solution (PanEco, Russia). Pieces of cartilage were 

cultured at 37°C with 5% CO
2
. The culture was passaged 

until the cell monolayer reached 70% confluent density; 

the culture medium was replaced every five days.

Cultivation of human pluripotent stem cells

The IPSRG4S line of induced pluripotent human stem 

cells was obtained by collaboration of the Cell Biology 

Laboratory (Lopukhin National Research Center for 

Biological Medicine, Moscow, Russia) and the Stem 

Cell Laboratory of the A.I.Virtanen Institute for Molecular 

Sciences (University of Eastern Finland, Kuopio, Finland) 

[19]. Later, in the Cell Biology Laboratory of the Lopukhin 

National Research and Scientific Center of the Russian 

Academy of Medical Sciences, based on the IPSRG4S 

hPSC cell line, the IPSRG4SΔb2m cl55/1 hPSC cell line 

was obtained, in which the beta-2 microglobulin gene was 

inactivated using CRISPR/Cas9 genomic editing. hPSC 

was cultured in six-well plates pre-coated with matrigel 

(BD, USA) on a nutrient medium consisting of mTeSR-1 

(STEMCELL Technology, Canada) and Hybris 8 (Paneco, 

Russia) in a ratio of 1:3.

Differentiation of human hPSCs in the chondrocytic 
direction

To induce differentiation, hPSCs were cultured in a DMEM/

F12 medium (Thermo Fisher Scientific, USA) supplemented 

with 10% FBS (HyMedia, India), 2 mM Glutamax (Thermo 

Fisher Scientific, USA), 100  U/mL penicillin/streptomycin 

(PanEco, Russia), 10  μM kinase-3 glycogen synthase in-

hibitor CHIR99021 (Miltenyi Biotec, Germany), and 10 nM 

retinoic acid (Miltenyi Biotec, Germany). The cells were in-

cubated for two days in a CO
2
 incubator at 37°C with 5% 

CO
2
. After that, the medium was replaced with a DMEM/

F12 medium (Thermo Fisher Scientific, USA) supplemented 

with 10% FBS (HyMedia, India), 2 mM Glutamax (Thermo 

Fisher Scientific, USA), 100  U/mL penicillin/streptomycin 

(PanEco, Russia), 10 ng/mL transforming growth factor β 

(TGF-β) (Miltenyi Biotec, Germany), 10  ng/mL bone mor-

phogenetic protein-2 (BMP-2) (Miltenyi Biotec, Germany), 

2% B27 (Thermo Fisher Scientific, USA), 10 μM ascorbic 

Table 1. Distribution of samples into groups for glycosaminoglycan content measurement by ELISA and proteoglycan content measurement by LC-MS/MS

ELISA LC-MS/MS

Sample group
Sample 
number

Cell culture characteristics Sample group
Sample 
number

Cell culture characteristics

2D cultures of native 

chondrocytes 
5

Gonarthrosis — 4

Meniscal neuralgia — 1

2D cultures of native chon-

drocytes
5

Gonarthrosis — 4

Meniscal neuralgia — 1

3D cultures of native 

chondrocytes
2

Gonarthrosis — 1

Meniscal neuralgia — 1

3D cultures of native chon-

drocytes
5

Gonarthrosis — 4

Meniscal neuralgia — 1

2D cultures of chondrocytes 

differentiated from hPSCs 
2

the cell line hPSCs 

IPSRG4SΔb2m cl55/1

the cell line hPSCs IPSRG4S

2D cultures of chondrocytes 

differentiated from hPSCs
2

the cell line hPSCs 4SΔb2m 

cl55/1

the cell line hPSCs IP-

SRG4S

3D cultures of chondrocytes 

differentiated from hPSCs
2

the cell line hPSCs 

IPSRG4SΔb2m cl55/1

the cell line hPSCs IPSRG4S

3D cultures of chondrocytes 

differentiated from hPSCs
2

the cell line hPSCs 

IPSRG4SΔb2m cl55/1

the cell line hPSCs IP-

SRG4S

hPSCs control group 2

the cell line hPSCs IPSRG4S

the cell line hPSCs 

IPSRG4SΔb2m cl55/1

hPSCs control group 1
the cell line hPSCs IP-

SRG4S

Table prepared by the authors using their own data



EXTREME MEDICINE | 2025, VOLUME 27, No 1 101

ORIGINAL ARTICLE | REGENERATIVE MEDICINE

acid (Sigma-Aldrich, USA), and 1% insulin solution-Trans-

ferrin-selenite (PanEco, Russia). The cells were cultured for 

two weeks under the same CO
2
 incubator conditions. After 

differentiation, chondrocyte-like derivatives were cultured in 

a DMEM/F12 medium (Thermo Fisher Scientific, USA) sup-

plemented with 10% FBS (HyMedia, India), 2 mM Glutamax 

(Thermo Fisher Scientific, USA), 100  U/mL penicillin/

streptomycin (PanEco, Russia), 10 ng/mL TGF-β (Miltenyi 

Biotec, Germany), and 10 ng/mL of BMP-2 (Miltenyi Biotec, 

Germany).

Preparation of spheroid culture

For the formation of spheroids, chondrocytes were taken, 

which were on the second passage after isolation of the cell 

culture from cartilage tissue; chondrocyte-like derivatives of 

hPSCs were folded into spheroids on the second passage 

after the onset of the differentiation protocol of hPSCs. By 

the commencement of chondrocyte differentiation of hP-

SCs, the IPSRG4S cell line had been located at passage 

34, and IPSRG4SΔb2m cells had been located at pas-

sage 41. Chondrocyte-like derivatives were removed from 

six-well plates using 0.05% trypsin solution (Thermo Fisher 

Scientific, USA), and chondrocytes were removed from 

T-75 cm2 culture vials using 0.25% trypsin solution (Thermo 

Fisher Scientific, USA). The cells were washed of trypsin us-

ing a DMEM medium (Thermo Fisher Scientific, USA) sup-

plemented with 10% FBS (HyMedia, India) and centrifuged 

for 5  min at 200  g. The cells were then transferred to an 

AggreGell800™ plate (STEMCELL Technology, Canada) at a 

density of 900,000 to 3 million cells per well and cultured in 

a DMEM/F12 medium (Thermo Fisher Scientific, USA), sup-

plemented with 10% FBS (HyMedia, India) and 10 μM Rho 

kinase inhibitor Y27632 (Miltenyi Biotec, Germany), by add-

ing 2 mL of the full medium to the well.

The cells were cultured on an AggreGell800™ plate 

from 12 h to 24 h. After the incubation period, the sphe-

roids were collected from the wells using a 5 mL serological 

pipette and transferred to a 15 mL tube. They were allowed 

to precipitate to the bottom of the tube for 2–3 min, after 

which the filler liquid was discarded. The spheroids were 

then placed in a freshly frozen undiluted matrigel (BD, USA). 

Following 30 min, the spheroids were washed by passive 

settling in a 15 mL tube or careful centrifugation for 1 min 

at 300 rpm. Subsequently, the spheroids were transferred 

to homemade mini-bioreactors, which were low-adhesion 

Petri dishes with a drop of glue in the center. A detailed 

protocol for creating mini-bioractors was described in a 

previous study [20]. The mini-bioreactors were placed on 

an orbital shaker in a CO
2
 incubator. The rotation speed 

was set to 70–75 rpm. Following 24 h, the medium was re-

placed. Later, the environment was changed weekly. After 

transfer to the bioreactors, the spheroids were cultured for 

two weeks.

Quantitative polymerase chain reaction (qPCR)

To evaluate the expression of chondrocyte markers, a 

quantitative reverse transcription polymerase chain reac-

tion was performed according to the previously described 

protocol [21]. 

For cell lysis in monolayer cultures and spheroids, an 

RLT buffer (QIAGEN, Germany) supplemented with 10 μL/

mL of β-mercaptoethanol was used. Spheroids (3–5 pieces 

each, depending on the size) and monolayer cell cultures 

were pipetted in 600 μL of RLT for lysis. The RNeasy Plus 

Mini Kit (QIAGEN, Germany) was used to isolate RNA, 

and a solution of DNA was used for purification from 

genomic DNA (SibEnzyme, Russia). The synthesis of the 

first cDNA strand was carried out using an MMLV RT kit 

(Evrogen, Russia) according to the manufacturer’s proto-

col. For qPCR, a reaction mixture was prepared: 5 μL of 

5×qPCRmix-HS SYBR (Evrogen, Russia), 0.8 μL of 10 μM 

primer mixture, 18.2 μL of water, then 1 μL of cDNA matrix 

was added to the wells of a 96-well plate (SSIbio, USA). 

Amplification was performed on a CFX96 thermal cycler 

(Bio-Rad, USA) at 39 cycles. cDNA of IPSC samples was 

used as a negative control to evaluate the specificity of the 

reaction. The results were analyzed using Microsoft Excel 

by the ΔΔCt method.

Measurement of glycosaminoglycan content using 
ELISA 

The GAG content in 2D and 3D chondrocyte culture samples 

was determined using a Human IGG ELISA Kit (FineTest, 

China). During the cultivation of chondrocytes, aliquots of 

the medium were selected for analysis. The samples were 

stored at a temperature of minus 80°C. Each analysis of a 

biological sample consisted of two repetitions. The optical 

density was measured at a wavelength of 450 nm using 

a Tecan Infinite 200 Pro reader. The standard curve was 

formed in the Curve Expert Basic software by plotting the 

dependence of the optical density at λ = 450 nm of each 

standard solution on its corresponding concentration. The 

target concentration of the samples was interpolated from 

this standard curve. 

For ELISA of 2D cell culture samples, 200,000 to 

500,000 chondrocyte cells, chondrocyte-like cPSC deriva-

tives, and 1,500,000 cPSC cells were taken. For ELISA of 

3D cell culture samples, 700 thousand cells of chondrocyte 

spheroids, from 375,000 to 1,000,000  cells of chondro-

cyte-like derivatives of hPSCs and 1,000,000 cells of hPSC 

spheroids were taken. For data processing, the values ob-

tained for each sample were normalized depending on the 

volume of the medium in which the chondrocytes were cul-

tured and the number of cells.

Collecting samples for LC–MS/MS 

Chondrocytes and chondrocyte-like derivatives from hP-

SCs were used to create chondrocyte multilayers (2D car-

tilage-like structures) and 3D spheroids using AggreWell 

800™ microlunar plates (STEMCELL Technology, Canada). 

In addition, 2D and 3D cartilage-like structures were ob-

tained from primary cultures of chondrocytes isolated from 

patients’ donated biological materials. Samples of cell cul-

tures and 3D structures were subjected to trypsinolysis, 

liquid chromatography was performed using the Dionex 

Ultimate 3000 system (Thermo Fisher Scientific, USA) fol-

lowed by mass spectrometric analysis using an Orbitrap Q 

Exact HF-X system (Thermo Fisher Scientific, USA).
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For LC–MS/MS, 1,000,000  cells were taken for the 

analysis of 2D cultures and 10 spheroids for the analysis of 

3D cell cultures. Prior to the procedure, monolayer cultures 

were washed three times with phosphate buffer to remove 

the culture medium followed by separation from the culture 

dish using a Versene solution. After flushing by centrifuga-

tion, the filler liquid was removed and the cells were frozen 

at minus 70°C before the analysis. The 3D structures were 

similarly washed with phosphate buffer three times by pas-

sive sedimentation. The precipitate was then subjected to 

the final washing procedure before freezing. After sedimen-

tation, the precipitate was transferred for protein composi-

tion analysis by the LC–MS/MS method.

Analysis of GAG composition using LC–MS/MS 

To destroy cellular structures and isolate proteins, a 10% 

solution of sodium deoxycholate was added to the sam-

ples, adjusting to a final concentration of 1%. A mixture 

of nucleases was then added to degrade the nucleic ac-

ids followed by incubation at 4°C for 30 min. Next, tris(2-

carboxyethyl)phosphine (5  mM) and chloroacetamide 

(30 mM) were added to the solution to restore and alkylate 

disulfide bonds, after which they were incubated at 80°C 

for 10 min. The proteins were precipitated with methanol-

chloroform; the resulting precipitates were resuspended 

in 100  μL of Tris-HCl buffer (50  mM, pH  8.5). After that, 

the protein concentration was determined using a BCA 

Assay Kit (Thermo Fisher Scientific Inc.). Enzymatic protein 

cleavage was performed with trypsin (Trypsin Gold, Mass 

Spectrometry Grade, Promega) in the trypsin ratio:protein 

1:50 (% w/w), holding samples at 37°C for 16 h. Proteolysis 

was stopped by adding trifluoroacetic acid to a concentra-

tion of 1%. The peptides were then dried using vacuum 

concentration (SpeedVac, Thermo Fisher Scientific Inc.) 

and dissolved in 20 μL of a solution containing 3% ace-

tonitrile and 0.1% trifluoroacetic acid in ultra-high purity 

(mQ) water. Subsequently, the concentration of peptides 

was determined using a coloristic method followed by as-

sessing protein concentration using bicynchonic acid (BCA 

analysis). 

A Dionex Ultimate 3000 nano-LC system (Thermo 

Fisher Scientific, Waltham, MA) with a PicoTips C-18 col-

umn (length 10 cm, inner diameter 75 μm, New Objective, 

USA) filled with Kinetex C18 sorbent (2.4 μm, Phenomenex, 

Torrence, CA) was used for liquid chromatography. The 

flow was set at 300 nL/min at 60°C. Buffer A consisted of 

0.1% formic acid in LC/MS water, and buffer B consisted 

of 80% acetonitrile, 0.1% formic acid in LC/MS water. The 

separation was carried out in a gradient mode, increasing 

the concentration of buffer B from 3% to 40% for 120 min. 

Mass spectrometric analysis was performed on an Orbitrap 

Q Exact HF-X (Thermo Fisher Scientific) instrument with a 

nanospray source (voltage +2.2 kV, capillary temperature 

300°C). MS1 scanning was performed in the range of 

350–1500 m/z (resolution 60,000, AGC 3e6, injection time 

45 ms). HCD with an energy of 30 eV were used for frag-

mentation. MS2 scanning was performed in the range of 

200–2000 m/z (resolution 30,000, AGC 2e5, injection time 

50 ms). The dd-MS2 strategy was used with the selection 

of the 12 most intense ions (Top12).

LC–MS/MS data analysis

The raw LC–MS/MS data obtained on the Orbitrap mass 

spectrometer was converted to mgf format data using 

the MSConvert software with the following command line 

parameters: “--mgf --filterpeakPicking true”. For complex 

identification of proteins, the obtained results were pro-

cessed using MASCOT and X!  Tandem. Tandem mass 

spectrometry parameters were analyzed using the UniProt 

Knowledgebase protein sequence database (human tax-

on) using the ALANINE algorithm with an error tolerance 

of 20 ppm to determine the precursor mass and 50 ppm 

to determine the fragment mass. The search parameters 

were set as follows: protein hydrolysis by trypsin with one 

possible missing cleavage site, permanent carbamide 

methylation modification (C), and variable oxidative modi-

fication (M). To compare the identification results obtained 

using MASCOT and X!  Tandem, and the compilation of 

the final list of identified proteins, the results of both iden-

tification algorithms were analyzed in the Scaffold 5 soft-

ware. This algorithm estimated the local frequency of false 

positive identifications using a standard protein grouping 

throughout the experiment. To assess the identification er-

ror of peptides and proteins, a threshold level of false iden-

tification of less than 5% was selected. Differential gene 

expression was identified using the R limma programming 

language package.

Statistical analysis

Statistical analysis of qPCR, ELISA, and LC–MS/MS data 

was performed using the Bizorender software. The differ-

ences between the groups were assessed by the nonpara-

metric Kruskal–Wallis test, which is used for independent 

samples in which data did not have a normal distribution. 

When a statistically significant difference was detected 

(p < 0.05), a multiple Dann comparison test was additional-

ly performed for paired comparisons between the groups, 

which allowed us to adjust the probability of false positive 

results. The differences at p < 0.05 were considered sta-

tistically significant, while the following symbols were used 

to indicate the significance levels: * (p < 0.05), △ (p < 0.01), 

○ (p < 0.001). To analyze the qPCR data, the Welch t-test 

was used, which takes into account differences in standard 

deviations between two groups of independent samples. 

The differences were considered significant at a statistical 

significance level of p < 0.05.

RESULTS AND DISCUSSION 

Analysis of chondrocyte gene expression

The qPCR method was used to confirm the identity of cell 

cultures of chondrocytes and chondrocytes obtained from 

hPSCs by analyzing the expression of key molecular mark-

ers characteristic of mature cartilage cells.

The results of qPCR confirmed that cell cultures of na-

tive chondrocytes exhibit high expression of specific mark-

ers such as aggrecan (ACAN), type  II collagen (COL2A1), 

and transcription factor SOX9, which is a key regulator 

of chondrogenesis (Fig.  1). The graph shows the relative 
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expression values of key chondrocyte genes in cell cultures 

of native chondrocytes and those obtained from hPSCs. 

The YWHAZ reference gene was used to normalize expres-

sion levels. The columns on the graph reflect the average 

values of relative normalized gene expression (ΔΔCt) with 

an indication of the standard deviation (SD). No significant 

differences were found between the samples of native 

chondrocytes and chondrocyte-like derivatives of hPSCs 

analyzed using the Welch t-test. A high level of chondrocyte 

gene expression indicates the functional maturity of native 

chondrocyte cell cultures. Chondrocytes obtained from 

hPSCs also showed a pronounced expression of these 

markers, which indicates a high degree of their differentia-

tion into cartilage cells similar to native chondrocytes.

Quantitative determination of GAG in chondrocytes of 
various origins using ELISA

The conducted quantitative analysis of GAG using ELISA 

revealed that the content of these biopolymers is signifi-

cantly higher in 3D cultures of chondrocytes compared 

to those in 2D cultures. In particular, the concentration 

of GAGs in 3D cultures of native chondrocytes reached 

1,099.87  ng/mL, which was significantly higher than the 

level recorded in 2D cultures (108.67  ng/mL). A similar 

trend was observed in chondrocyte cultures obtained from 

hPSCs; however, the GAG content remained lower com-

pared to native chondrocytes, which may indicate the need 

for additional optimization of differentiation conditions and 

prolongation of the cultivation period; the corresponding 

data are presented in Fig. 2.

The phenomenon of chondrocyte dedifferentiation in 

2D conditions is well documented [25, 26]. It was shown 

that the cultivation of chondrocyte spheroids in 3D media 

enhances the process of chondrogenic differentiation, al-

lowing for the production of chondrogenic cell constructs 

without the need for scaffolding or multiple cell passaging 

[27, 28]. However, a quantitative assessment of the GAG 

content was not provided in this context.

Gene composition in cultures of chondrocyte cells of 
various origins

LC–MS/MS analysis was used to explore the ECM compo-

sition. Glycosaminoglycans (GAGs) were found to comprise 

chondroitin sulfate proteoglycan 4 as the main component, 

the level of which was significantly higher in 3D cultures of 

native chondrocytes. This indicates favorable conditions for 

the production of key components for the cartilage matrix. 

At the same time, the content of other proteoglycans, such 

as aggrecan, biglycan, and decorin, remained unchanged.

Figure 3 presents the results obtained when investigat-

ing the composition of GAGs synthesized in cultures of 

chondrocytes of various origins using the LC–MS/MS meth-

od. The graph shows the quantitative content of various 

types of GAGs, including chondroitin sulfate-proteoglycan 

Figure prepared by the authors using their own data

Fig. 1. Relative expression of chondrocyte genes (ΔΔCt), normalized for the YWHAZ gene, in 2D samples of chondrocyte cultures of various origins, measured by 

the qPCR method

Note: a. Aggrecan (ACAN); b. Alpha-2 chain of type  I collagen (COL1A2); c. Alpha-1 chain of type  II collagen (COL2A1); d. Transcription factor SOX-9; color 

matching in the diagram to the samples under study: blue — chondrocytes of patient 76; red — chondrocytes of patient 75; green — chondrocytes of patient 

47; purple — chondrocytes of patient 44; brown — chondrocytes of patient 12; gray — chondrocyte-like cells differentiated from hPSC IPSRG4SΔb2m cl55/1; 

yellow — chondrocyte-like cells differentiated from hPSC IPSRG4S; purple — hPSC IPSRG4SΔb2m cl55/1; dark green — hPSC IPSRG4S. 
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4, aggrecan, biglycan, and decorin, in 2D and 3D cultures 

of native chondrocytes and chondrocytes obtained from 

hPSC. The data is presented as averages with a standard 

deviation (SD). Significant differences between the groups 

were assessed using statistical criteria.

The composition of GAGs determined using LC–MS/

MS showed an increased level of their content in 3D cul-

tures of native chondrocytes compared to that in 2D cul-

tures (Fig.  3). Chondrocyte spheroids obtained from the 

biopsies of patients’ tissues showed a significantly higher 

concentration of chondroitin sulfate proteoglycan 4. At the 

same time, 3D cultures of chondrocyte-like derivatives of 

hPSC demonstrated a low level of all the studied GAGs, 

which indicates their immaturity even after differentiation. 

This limitation can potentially be eliminated by extending 

the cultivation period and supplementing the medium with 

factors that stimulate the metabolic pathways of GAG syn-

thesis, such as TGF-β, SOX9, bone morphogenetic pro-

teins, and retinoic acid signaling pathways.

CONCLUSION

In this study, we investigated the composition of GAGs 

synthesized in vitro by chondrocytes of various origins 

using ELISA and LC–MS/MS and evaluated the effect of 

Figure prepared by the authors using their own data

Fig. 3. Composition analysis of GAGs by the LC–MS/MS method

Note: a. Aggrecan; b. Biglycan; c. Chondroitin sulfate proteoglycan 4; d. Decorin; color matching in the diagram to the studied samples: blue — 2D cultures of 

patients’ chondrocytes (n = 5); red — 3D cultures of patients’ chondrocytes (n = 5); green — 2D cultures of patients’ chondrocytes differentiated from hPSCs (n = 2); 

purple — 2D cultures of patients’ chondrocytes differentiated from hPSCs (n = 2); gray — hPSCs control group (n = 1); the level of proteoglycan expression in hPSCs 

cultures is zero; levels of statistical significance compared with the hPSCs control group: * — p < 0.0332; △ — p < 0.0021; ○ — p < 0.0001.
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Figure prepared by the authors using their own data

Fig. 2. Results of quantitative determination of GAG by ELISA in chondrocyte 

cultures under 2D and 3D conditions

Note: the colors in the diagram correspond to the studied samples: 

blue — 2D cultures of patients’ chondrocytes (n = 5); red — 3D cultures of 

patients’ chondrocytes (n = 2); green — 2D cultures of patients’ chondrocytes 

differentiated from hPSC (n  =  2); purple  —  2D cultures of patients’ 

chondrocytes differentiated from hPSC (n = 2); gray is the control group of 

hPSC (n  = 2); the level of GAG expression in hPSC cultures is zero; levels 

of statistical significance compared with the control group: * — p < 0.0332; 

△ — p < 0.0021.
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2D and 3D cultivation on their synthesis. According to the 

results obtained, the conditions of 3D culture are favora-

ble for a more complete formation of chondrocyte ECM in 

native chondrocyte samples. Nevertheless, the obtained 

spheroids of chondrocyte-like derivatives of hPSCs fail 

to achieve functional identity with natural cartilage tissue, 

even following completion of differentiation protocols, thus 

not representing optimal tissue engineering structures for 

correcting cartilage defects. For a more complete matura-

tion in CM and an increase in their potential effectiveness 

as structures for tissue engineering, longer cultivation in 3D 

conditions may be required.
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LU M INESCENT IMMUNOCHROMATOGRAPHY BASED ON Eu3+ COORDINATION 
COMPOUNDS FOR DETECTION OF PATHOGENIC MICROORGANISMS AND 
BACTERIAL TOXINS

Sergey P. Yarkov, Sergey I. Tretyakov, Inessa V. Shilenko, Ekaterina K. Shaulina, Angelina Mandaji, Denis A. Zenkov, Yury N. Ishkov, 

Konstantin K. Styazhkin

State Scientific Research Institute of Biological Instrumentation, Moscow, Russia

Introduction. Increasing the sensitivity of immunochromatographic assay as an express method for detection and diagnosis of pathogenic microorganisms 

and toxins is a relevant task with regard to ensuring food safety and population health in general. 

Objective. Development of  a prototype of a video digital recorder of luminescent immunochromatograms (RLI-Eu3+) and luminescent immunochromato-

graphic tests (LICHT) adapted to a device based on microspheres with europium compounds. Comparison of the sensitivity of LICHT and AuNPs-based 

immunochromatography assay (ICA) tests to increase the sensitivity of the method for detection of pathogenic microorganisms and their toxins.

Material and methods. Submicron polymer microspheres labeled with organic complexes of trivalent europium (Eu3+) were used as a luminescent label for 

immunochromatography. LICHT were recorded using the developed RLI-Eu3+ recorder. 

Results. The detection threshold of the Eu3+ luminescent complex on the immunochromatographic membrane was shown to be 2 pg/mm2, with the linear-

ity of the readings ranging within 2–200 pg/mm2. The coefficients of variation of the instrument readings in the luminescent complex concentration range of 

20–200 pg/mm2 and 2–20 pg/mm2 were found to be less than 5% and 10%, respectively. Using LICHT and the RLI-Eu3+ device, detection thresholds were 

determined as follows: cholera toxin — 10 ng/mL, staphylococcal enterotoxin type B — 0.5 ng/mL, plague pathogen cells — 1×103 cells/mL, anthrax pathogen 

spores — 5×103 spores/mL, Crimean-Congo hemorrhagic fever (CCHF) virus antigens — at a dilution of 1:640,000.

Conclusions. The developed video digital recorder RLI-Eu3+ and LICHT based on europium coordination compounds enabled the detection threshold of 

pathogenic microorganisms and bacterial toxins to be reduced by 20–128 times compared to immunochromatographic tests based on colloidal gold (CG) for 

the same pathogens.

Keywords: luminescent immunochromatography; video digital recording; submicron polymer particles with europium complexes; cholera toxin; staphylococcal 

enterotoxin type B; plague pathogen cells; anthrax pathogen spores; CCHF virus antigens
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ЛЮМИНЕСЦЕНТНАЯ ИММУНОХРОМАТОГРАФИЯ НА ОСНОВЕ КОМПЛЕКСНЫХ СОЕДИНЕНИЙ Eu3+ 
ДЛЯ ВЫЯВЛЕНИЯ ПАТОГЕННЫХ МИКРООРГАНИЗМОВ И БАКТЕРИАЛЬНЫХ ТОКСИНОВ

С.П. Ярков, С.И. Третьяков, И.В. Шиленко, Е.К. Шаулина, А. Мандажи, Д.А. Зенков, Ю.Н. Ишков, К.К. Стяжкин

Государственный научно-исследовательский институт биологического приборостроения, Москва, Россия

Введение. Повышение чувствительности иммунохроматографического анализа как одного из экспресс-методов индикации и диагностики пато-

генных микроорганизмов и токсинов актуально для пищевой безопасности и здравоохранения в целом.

Цель. Разработка экспериментального образца видеоцифрового регистратора люминесцентных иммунохроматограмм РЛИ-Eu3+ и адаптирован-

ных к прибору люминесцентных иммунохроматографических тестов (ЛИХТ) на основе микросфер с соединениями европия, сравнение чувстви-

тельности ЛИХТ с ИХА-тестами на основе наночастиц коллоидного золота (НКЗ) для увеличения чувствительности метода и выявления патогенных 

микроорганизмов и их токсинов.

Материалы и методы. В качестве люминесцентной метки для иммунохроматографии использовали субмикронные полимерные микросферы, 

меченные органическими комплексами трехвалентного европия (Eu3+), ЛИХТ регистрировали с помощью разработанного прибора-регистратора 

РЛИ-Eu3+.

Результаты. Показано, что порог обнаружения люминесцирующего комплекса Eu3+ на иммунохроматографической мембране равен 2 пг/мм2, 

линейность показаний наблюдается в диапазоне 2–200 пг/мм2. Коэффициенты вариации показаний прибора в диапазоне концентраций люми-

несцирующего комплекса 20–200 пг/мм2 составляют < 5%, в диапазоне 2–20 пг/мм2 — менее 10%. С использованием ЛИХТ и прибора РЛИ-Eu3+ 

определены следующие пороги обнаружения: холерного токсина — 10 нг/мл, стафилококкового энтеротоксина типа В — 0,5 нг/мл, клеток возбу-

дителя чумы — 1×103 м.к./мл, спор возбудителя сибирской язвы — 5×103 спор/мл, антигенов вируса Конго-Крымской геморрагической лихорадки 

(ККГЛ) — в разведении 1:640 000.

Выводы. Разработанный видеоцифровой регистратор РЛИ-Eu3+ и ЛИХТ на основе комплексов европия позволили снизить в 20–128 раз порог 

обнаружения патогенных микроорганизмов и бактериальных токсинов по сравнению с иммунохроматографическими тестами на основе НКЗ 

для тех же патогенов.

Ключевые слова: люминесцентная иммунохроматография; видеоцифровая регистрация результатов; субмикронные полимерные частицы 

с комплексами европия; холерный токсин; стафилококковый энтеротоксин типа В; клетки возбудителя чумы; споры возбудителя сибирской язвы; 

антигены вируса ККГЛ
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INTRODUCTION

Immunochromatographic assay (ICA) in its various schemes 

is widely used as a rapid clinical and laboratory diagnostic 

tool for detecting pathogenic microorganisms and toxins 

in the fields of, inter alia, food safety and environmental 

monitoring.

Luminescent immunochromatographic assay (LICA) is 

a versatile rapid diagnostic method (e.g., for detection of 

specific antibodies to the foot-and-mouth disease virus in 

blood serum [1]), in which luminescent particles are used 

to label antibodies. LICA quantifies the blood level of car-

diac markers by analyzing the luminescence intensity of 

a test strip [2, 3]. The advantages of this method include 

its high reproducibility, sensitivity, and noise immunity 

against the natural fluorescence of the test sample. LICA 

is widely used for ensuring food safety [4, 5] and environ-

mental monitoring [6].

In comparison with conventional immunochromatog-

raphy labels — colloidal gold nanoparticles (AuNPs), LICA 

provides a two- or threefold increase in sensitivity [7, 8]. A 

comparison of fluorescent markers with AuNPs-based la-

bels and magnetic nanoparticles in ICA can be found in 

[9]. Among the luminescent markers used in LICA, poly-

mer microspheres with a diameter of 0.1–0.3  μm stand 

out. Their surface contains carboxyl groups, which allows 

covalent bonding with receptor proteins, e.g., immuno-

globulins of various classes. When obtaining microspheres 

during polymerization, organic complexes of trivalent eu-

ropium are introduced into the reaction environment, such 

as Eu(DBM)
3
Phen, (1,10-phenanthroline)-tri- (dibenzoyl-

methanate) europium; Eu(TTA)
3
Phen, (2,9-dimethyl-4,7-

diphenyl-1,10-phenanthroline-tri-tenoyl triphluoroacetonate) 

europium in the amount of no greater than 10 wt % [10]. 

Preparations of such microspheres absorb light in the near 

ultraviolet band at λ
max

 = 365 nm and fluoresce in the red 

region at λ
max

 = 615 nm, while possessing a narrow emission 

peak of fluorescence. Semiconductor diodes, photoelec-

tronic multipliers, and video cameras are used to register the 

luminescence of the analytical and control zones of immuno-

chromatography (AZ, CZ). The digital video recording (DVR) 

method of ICA results with various labels has a number of 

advantages over other design solutions. Thus, the DVR of 

AuNPs-based tests makes it possible to obtain quantitative 

data on the content of toxins in dairy products [11].

In this study, we aim to develop a prototype of a video 

digital recorder for luminescent immunochromatography 

RLI–Eu3+ and luminescent immunochromatographic tests 

(LICHT) adapted to the device based on microspheres with 

europium compounds. A comparison of the sensitivity of 

LICHT and AuNPs-based ICA tests is conducted with the 

purpose of increasing the sensitivity of the method in iden-

tifying pathogenic microorganisms and their toxins.

MATERIALS AND METHODS

In order to obtain conjugates, we used monoclonal an-

tibodies MAB to the B-subunit of the cholera toxin (CT), 

clone 3D11 (HyTest, Russia); MAB to capsular F1 antigen 

of the plague pathogen; MAB to anthrax spores, clone 

SA26; MAB to SEB (staphylococcal enterotoxin В) clone 

S222 (VNCMDL, Russia); mouse polyclonal immuno-

globulins to CCHF (Gamaleya National Research Center 

for Epidemiology and Microbiology). The same batches 

of antibody preparations were used to create LICHT and 

AuNPs-based tests.

The certified CT and SEB preparations, inactivated 

Y. pestis microbial cells (strain EV), inactivated B. anthra-
cis cells, strain 942 (State Research Center for Applied 

Microbiology and Biotechnology), certified sucrose-acetone 

antigens of the CCHF virus (strain 741), genotype Europe 1 

(Gamaleya National Research Center for Epidemiology and 

Microbiology) were used as analyzed antigens.

The synthesis of antibody conjugates with lumines-

cent microspheres was carried out by covalent binding 

[12]. 5 μL of suspension of luminescent microspheres (1%, 

weight/volume) were dispersed in 1.0  mL of MES buffer 

(0.05 M, pH 6.0) and supplemented with 10 μL EDC and 

NHS solutions (0.5 mg/mL) to activate the carboxyl groups 

contained on their surface. The resulting suspension was 

stirred and shaken on a Vortex-3000 laboratory vortex 

shaker (Viggens, China) for 20 min at room temperature in 

the dark followed by centrifugation on a Thermo Scientific 

SL 4R Plus centrifuge (Thermo Fisher Scientific, USA) at 

×9600 g for 15 min; the supernatant was discarded. The 

precipitate was resuspended in 1.0 mL of phosphate buffer 

(0.01 M, pH 7.4). Then 100 μL of an antibody solution was 

added at a concentration of 0.2 mg/mL. The resulting mix-

ture of antibodies and activated luminescent microspheres 

was continuously stirred for 2 h at room temperature in the 
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dark. Subsequently, 100  μL of a blocking solution (20% 

bovine serum albumin BSA) was added to block non-spe-

cific binding sites on the surface of the luminescent mi-

crospheres; the mixture was kept at room temperature for 

1 h. The resulting suspension was centrifuged at 8000 g 

for 15  min, the supernatant was discarded, and 200  μL 

of a dispersing solution was added to the precipitate to 

prevent agglutination of conjugates of luminescent mi-

crospheres with antibodies (0.02 M, TRIS-HCl) containing 

0.5% (weight/volume) trehalose, 10% (weight/volume) su-

crose, 0.5% polyvinylpyrrolidone, 0.1% Tetronic 1307 (S9), 

0.05% ProClinTM 300, 1% BSA and 0.1% Tween-20). Prior 

to application, the solution was stored at 4 °C.

For the formation of the LICHT analytical zone, the fol-

lowing antibodies were used: rabbit polyclonal antibodies 

to the B-subunit of the cholera toxin; MAB to the cap-

sular F1 antigen of the plague pathogen clone F41F8C9; 

MAB to anthrax spores clone 278H4A7 (branch of the 

48th Central Research Institute of the Russian Ministry of 

Defense, Kirov); mouse immunoglobulins to CCHF antigens 

(Gamaleya National Research Center for Epidemiology and 

Microbiology); MAB to SEB S643 (VNCMDL, Russia) at a 

concentration of 2.0 mg/mL. The antibodies of the LICHT 

control zone were goat antibodies to mouse immunoglobu-

lins and goat antibodies to rabbit immunoglobulins (HyTest) 

at a concentration of 0.1 mg/mL.

A GFCP001000 glass fiber membrane and CFSP203000 

and CFSP173000 cellulose membranes (Millipore), cards 

with TYPE-CNPF-SN12-L2-P25, 10 μ (Mdi, India) nitrocel-

lulose membrane were used to manufacture the LICHT 

multimembrane composite. The finished test strips were 

placed in TYPE-Device-1 plastic frames (Mdi, India), the top 

cover of which was coated with a matte black paint. Prior 

to application to the glass fiber membrane, the conjugate of 

microspheres with antibodies was treated with ultrasound 

on a Labsonic 2000 dispersant (B.  Braun, Germany) for 

10 s followed by stirring. Then, a storage buffer was added 

to a concentration of 0.01%. The resulting conjugate was 

manually applied onto a GFCP001000 (Millipore) fiberglass 

membrane and dried at room temperature.

A video digital luminescent immunochromatographic 

analysis was performed using an RLI-Eu3+ device at room 

temperature for 25 min after the introduction of the analyte. 

The volume of the analyte introduced into the LICHT was 

140 μL.

Control samples (CS) intended for studying the analyti-

cal characteristics of the recording device were produced 

in two versions, differing in the range of concentrations 

of luminescent microspheres in the analytical zone. CSs 

were immunochromatographic membranes on which a 

suspension of luminescent microspheres with europium 

with a linear density of 0.08 μL/mm was applied in strips 

using an IsoFlowTM dispenser (Imagene Technology Inc, 

USA). The membranes were dried at room temperature, 

cut into strips 4 mm wide using a Matrix 2360 programma-

ble guillotine (Kinematic Automation Inc, USA), and placed 

in rims for multianalytical immunochromatographic ele-

ments. A suspension of microspheres at a concentration 

of 0.01% was used to form a short circuit. Concentrations 

of microspheres from 0.00005% to 0.01% were used to 

form the AZ. The area of each zone on the membrane 

with luminescent microspheres was 4  mm2. In this way, 

an imitation of LICHT with different luminescence intensi-

ties was obtained. CSs were stored in light-proof bags at 

4 °C. The following reagents were used in the study: 1% 

(weight/volume) suspension of carboxylated polystyrene 

microspheres with a europium complex in deionized wa-

ter with the addition of 0.05% NaN
3
 (Bang Laboratories, 

USA). The average diameter of microspheres was 190 nm. 

2-(N-morphino)-ethanesulfonic acid (MES) monohydrate, 

tris-(hydroxymethylaminomethane) hydrochloric acid (TRIS-

HCl) salt, Twen-20 bovine serum albumin (BSA) free of pro-

teases, N-(3-dimethylaminopropyl)-N-ethylcarbodiimide 

(EDC) hydrochloride, N-hydroxysuccinimide (NHS), so-

dium hydroxide, ProClinTM-300, glycine, polyvinylpyrro-

lidone MM 40,000, sodium chloride — all these materials 

were produced by Sigma-Aldrich. Trehalose-D(+) — dihy-

drate for biochemistry, hydrochloric acid (chemically pure, 

C.P.) (Dia-M (Russia), Tetronic 1307(S9), Braveds (China) 

were used.

Particles with the average diameter of 30 nm were used 

as a conjugate label for the manufacture of AuNPs-based 

immunochromatographic tests [11]. The immune compo-

nents of such tests were identical to those used in LICHT. 

Multimembrane composites and test manufacturing tech-

niques were similar to LICHT manufacturing techniques. 

A video digital immunochromatographic Reflex analyzer 

(Registration certificate for a medical device dated April 26, 

2016 No. FSR 2011/11281/, TU9443-001-43312649-2014, 

Sinteko-Complex, Russia) was used as a digital video re-

corder (DVR).

The results were processed using the Microsoft Excel 

2003 program, the Descriptive Statistics option. 

RESULTS

The developed prototype of a video digital recorder of lu-

minescent immunochromatograms RLI-Eu3+ consists of a 

measuring unit and a laptop with a pre-installed software 

application for monitoring and calculating the obtained re-

sults. The appearance of the device is shown in Fig. 1. 

Figure prepared by the author using their own data

Fig. 1. Appearance of the developed luminescent immunochromatography 

recorder RLI-Eu3+
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The measuring unit contains a fluorescent light source 

consisting of two 4 W mercury discharge lamps. The lamp 

flasks are made of Wood glass, which creates a field of uni-

form ultraviolet irradiation of immunochromatograms with a 

maximum wavelength at 365 nm, as well as a lamp power 

source. A solid-state video camera with a resolution of 

1200×1600 pixels and a video shooting speed of 15 frames 

per sec is also located in the housing of the measuring unit. 

A SV580 glass luminescence emission filter is installed in 

front of the camera lens, ensuring a 90% transmission of 

radiation in the wavelength range from 600 nm to 900 nm. 

The video camera is connected to a laptop via a USB 2.0 

connector. Plastic frames containing LICHT membranes 

are placed inside the device using a holder. The device al-

lows simultaneous registration of up to five immunochro-

matograms; however, the possibility of measurement and 

single tests is also provided. 

The images obtained using the device video camera 

were processed by a fluorescent immunochromatogram 

analysis software application running in Windows 7, 10.

The device provides calculation of the integral intensity 

of the LICHT analytical and control zones with automatic 

correction of the baseline. The criterion for a positive re-

sult of DVR analysis was the excess of the luminescence 

intensity of the analytical zone of the test over the aver-

age background value in an idle experiment, taking into 

account the measurement error with a 95% confidence 

probability:

 [Х
mean

 — t
s
 × SE]

signal
 ≥ [Х

mean
 + t

s

 × SE]
background

,
 

(1)

where X
mean

 — mean of n-measurements;

t
s
 — Student’s coefficient for n-measurements;

SE — standard error mean at 95% confidence level.

The RLI-Eu3+ luminescence recorder has the follow-

ing technical characteristics: weight  —  1.64  kg, dimen-

sions — 150×200×170 mm, power supply — 220–240 V, 

0.15 A, 50 Hz. Management from an external laptop with 

Windows 7.10 OS is performed using a specialized soft-

ware application. The maximum wavelength of exciting 

light is λ
ex

 = 365 nm; the maximum wavelength of emis-

sion is λ
em

 = 615 nm. The detection limit of the luminescent 

substance on the immunochromatographic membrane is 

2.0  pg/mm2. The number of immunochromatograms in 

the test frame can vary from one to five. The coefficient 

of variation of the luminescence intensity readings of the 

analytical zone of the test in the concentration range of the 

luminescent complex is 2–20 pg/mm2 <10%, in the range 

of 20–200 pg/mm2 <5%. The linearity of readings ranges 

within 2–200 ng/mm2. The operating temperature ranges 

from 5 °C to 35 °C.

Table 1 shows the results of CS measurements using 

the RLI-Eu3+ instrument in various concentration ranges 

of the luminescent europium complex in the CS analytical 

zone.

Table 1 demonstrates satisfactory values of the coef-

ficient of measurement variation (CV) in the range of mi-

crosphere concentrations from 20 pg/mm to 200 pg/mm2, 

which indicates a high reproducibility of measurement re-

sults using the RLI-Eu3+ device. Higher values of the coeffi-

cient of variation are observed at measuring concentrations 

<5  pg/mm2. The detection sensitivity of luminescent mi-

crospheres on the membrane surface reaches 1 pg/mm2, 

which is 3.5 times higher than the average luminescence 

values in an idle experiment.

The linearity of instrument readings during measure-

ment is shown in Fig. 2.
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Figure prepared by the author using their own data

Fig. 2. Dependence of the luminescence intensity of the CS analytical zone 

on the surface concentration of the europium complex on the analytical 

membrane

Table 1. Luminescence intensity in the CS analytical zone as a function of the concentration of the luminescent europium complex on the membrane

Concentration of microsphere suspension during the 

formation of the analytical zone, %
1×10–2 5×10–3 2.5×10–3 1×10–3 5×10–4 2.5×10–4 1×10–4 5×10–5 0

Concentration of the luminescent europium complex 

on the membrane, pg/mm2 200 100 50 20 10 5 2 1 0

Average luminescence intensity, conl. units. 552.3 314 144.3 45.5 44.3 24.4 12.1 3.5 1.06

Standard deviation (SD) 13.0 12.1 5.9 2.3 3.9 2.0 1.2 1.7 0.62

Coefficient of variation (CV), % 2.35 3.9 4.09 5.05 8.80 8.20 9.92 48.57 58.49

Standard error (SE) 4.1 4.0 1.9 0.7 1.2 0.6 0.4 0.5 0.20

Confidence interval (95.0%) 9.3 9.3 4.2 1.7 2.8 1.4 0.9 1.2 0.44

Table prepared by the authors based on their own data
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A linear regression for the dependence of the lumines-

cence intensity of microspheres on the membrane on the 

microsphere concentration was constructed using the least 

squares method using the Origine 6.1 software (OriginLab 

Corp.). The correlation coefficient of the linear relationship 

is R = 0.99.

Luminescent tests for the immunochromatographic 

detection of pathogenic microorganisms and toxins were 

developed in a sandwich format. A detailed description of 

AuNPs-based immunochromatographic tests in the sand-

wich format and the analytical procedure for detecting 

bacterial toxins and spore forms of microorganisms can be 

found in [13, 14].

During the study, a liquid sample potentially containing 

pathogenic microorganisms or toxins was applied onto a 

sample substrate. Under the action of capillary forces, liq-

uid moves through the multimembrane composite. First, 

the conjugate of microspheres with specific immuno-

globulins immobilized on the surface is solubilized. The 

conjugate of microspheres is luminesced in the red region 

of the spectrum. In the presence of a detectable antigen 

in the sample, an antigenic immune complex is formed. 

This complex moves along the analytical membrane with 

an excess of conjugate with the flow of liquid. Next, the 

immune complex is captured on the analytical membrane 

by specific antibodies in the AZ, forming a sandwich. The 

unbound conjugate antibodies are captured by antibod-

ies in the CZ of the test strip, which leads to the formation 

of two luminescent lines. In the absence of an antigen in 

the sample, an antigenic immune complex is not formed; 

therefore, the only line visible in ultraviolet light is formed 

by binding conjugate antibodies and CZ antibodies (anti-

specific with respect to conjugate antibodies) only in the 

CZ. The appearance of tests for detecting cells of the vac-

cine strain of the plague causative agent based on AuNPs 

and on the basis of luminescent microspheres under ul-

traviolet irradiation with a wavelength of 365 nm is shown 

in Fig. 3.

Table 2 shows the detection (LICHT and AuNPs-based 

immunochromatography) thresholds for various pathogen-

ic microorganisms and bacterial toxins.

Using the example of microorganisms of various taxo-

nomic groups (vegetative and spore forms of bacteria, vi-

ruses, and bacterial toxins), Table 2 shows that the use of 

immunochromatography with conjugates based on micro-

spheres with luminescent labeling of europium compounds 

provides a much greater sensitivity than the use of tests 

with AuNPs conjugates. The correctness of the compari-

son is ensured by using the same batches of antibodies to 

produce tests based on luminescent antibodies and tests 

based on colloidal gold nanoparticles. When comparing 

the sensitivity level, identical antigenic drugs were used.

 
AuNPs-based tests, visible light illumination

0 1×103 1×104 1×1055×103 5×104

 

 
LICHT illuminated with light  = 365 nm  

CZ

 

CZ 

AZ  

AZ  

Figure prepared by the authors based on their own data

Fig. 3. Appearance of immunochromatograms of Y. pestis EV cells.

Note: Arrows and letters indicate the analytical (AZ) and control (CZ) test zones. Concentrations are indicated in cells/mL.
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DISCUSSION

The use of digital video recording of immunochromato-

grams in combination with microspheres containing euro-

pium complexes provides a significant gain in ICA sensitiv-

ity. This is due to the significant volume of microspheres 

containing a large number of europium complexes per 

particle and the photophysical properties of the europium 

complexes themselves. These compounds are excited by 

UV light in the near range of 365–370 nm and emit lumines-

cence in the red region.

The significant Stokes shift is due to the processes of 

excitation of the chelated ligand of the complex and fur-

ther energy transfer to the 5D
0
 energy level of the Eu3+ ion 

with subsequent transitions between the 5D
0
 → 7F

2
 level 

and light emission in the range of λ = 610–660 nm with a 

high quantum yield. Practically speaking, this makes it pos-

sible to use inexpensive glass filters in the device design 

to isolate exciting light and emission light, which provides 

a good contrast between the lines of immunochromato-

grams and the background. Another advantage of such 

labels is the small width (<10  nm) of the emission lines 

and the long luminescence lifetime of microspheres with 

europium t  =  0.43–0.55  ms. The europium luminescent 

complex isolated in a polystyrene matrix is stable, being 

protected from exposure to atmospheric oxygen and lu-

minescence-extinguishing substances potentially present 

in the analyte and buffer solutions used in ICA. However, 

these compounds are not devoid of drawbacks, since they 

reduce the quantum yield of luminescence with an increase 

in temperature. Thus, europium complexes polymerized in 

films have stable luminescence in the range from –60 °C to 

+25 °C. When the film is heated to a temperature of above 

+25 °C, a decrease in the intensity and decay time of lumi-

nescence corresponding to the 5D
0
 → 7F

2
 transition is ob-

served [15]. The effect is reversible; thus, upon cooling, the 

luminescence intensity is restored. This phenomenon can 

reduce the sensitivity of LICHT when used in field studies 

at elevated temperatures.

According to the passport data of the drug, the surface 

of one microsphere contains up to 353,000 of carboxyl 

groups with a microsphere average diameter of 190 nm. 

This allows for effective conjugation of luminescent mi-

crospheres with antibody proteins due to the formation of 

covalent bonds between the amino groups of antibodies 

and the carboxyl groups of microspheres. The conjugate of 

microspheres with immunoglobulins has a significant num-

ber of antibody valences, which contributes to the effective 

formation of immune complexes with antigens of bacteria, 

toxins, and viruses [16].

The use of video cameras as a radiation receiver is 

also a significant advantage in DVR [17], since the latter 

have high sensitivity and the ability to change the bright-

ness, contrast, and gamut of the image. These properties 

of video cameras make it possible to improve the image of 

immunochromatograms in a wide range of luminescence 

intensity. In addition, the DVR does not require mechanical 

drives (actuators) to move immunochromatograms under 

the beam of exciting light.

We have obtained data on significant differences in the 

sensitivity of LICHT and AuNPs-based immunochroma-

tographic tests in the detection of toxins and pathogenic 

microorganisms. The increased sensitivity of detection of 

microorganisms and toxins in the use of fluorescent tags 

compared to tests based on AuNPs is primarily due to the 

higher sensitivity of detection of fluorescent tags compared 

to the sensitivity of detection of colorimetric tags (AuNPs). 

An important factor in increasing sensitivity is the greater 

number of capture antibodies in the immunochromato-

graphic conjugates of luminescent microspheres com-

pared with similar conjugates of AuNPs. This is due to the 

geometric dimensions of the microparticles: the AuNPs 

average diameter is 30 nm, compared to the luminescent 

microspheres average diameter of 190 nm. These factors 

lead to a more efficient process of immunochromatog-

raphy and detection results. It should be noted that the 

preparation of samples for analysis, the procedure for the 

analysis, and the time of its implementation do not change. 

Technologically, the production of LICHT and ICA tests 

based on AuNPs are also similar, with the exception of the 

conjugate synthesis stage. Therefore, no changes in the 

technological line of production equipment are required.

The high sensitivity of LICHT is important for the sanitary 

and hygienic aspect of the use of immunochromatography 

in general, making it possible to detect lower concentra-

tions of pathogenic microorganisms and toxins in environ-

mental objects, food products, and body fluids. LICHT can 

be useful for the immunochemical verification of microbial 

Table 2. Comparative characteristics of LICHT and immunochromatographic tests based on AuNPs in the detection of toxins and pathogenic microorganisms

Analyte

Ratio of the minimum detectable analyte concentrations for different conjugate labels 
of immunochromatographic tests 

LICHT based on microspheres 
with Eu3+complex, 
luminescence DVR

ICA based on the AuNPs, 
reflected light DVR

Ratio of LICHT sensitivity to 
ICA sensitivity 

Staphylococcal enterotoxin type B, ng/mL 0.5 30 60

Cholera toxin, ng/mL 10 500 50

Microbial cells of Y. pestis, strain EV, mg/mL 1х103 5х104 50

B. anthracis spores/mL 5х103 1х105 20

Causative agent of CCHF (dilution of the initial 

preparation of viral antigens)
1:640,000 1:5000 128

Table compiled by the authors based on their own data
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crops using the conventional microbiological method by 

reducing the cultivation time, allowing the identification of 

cells and bacterial toxins across a shorter period of time.

CONCLUSIONS

1. An experimental prototype of a video digital recorder of 

luminescent immunochromatograms RLI-Eu3+ has been 

developed, where submicron microspheres containing 

complex compounds of trivalent europium conjugated with 

specific antibodies are used as a label for immunochroma-

tography.

2. RLI-Eu3+ has a sensitivity threshold for the lumines-

cent europium complex of 2 pg of the substance per 1 mm2 

of the immunochromatographic membrane and a linearity 

in the range of 2–200 pg/mm2.

3. The coefficient of variation of measurements does not 

exceed 5% in the concentration range of 20–200 pg/mm2 

and 10% in the range of 2–20 pg/mm2.

4. LICHT has been developed to detect cholera tox-

in, staphylococcal enterotoxin type B, plague pathogen 

cells (vaccine variant EV), anthrax pathogen spores, as 

well as antigens of the Crimean-Congo hemorrhagic fe-

ver pathogen virus. Further studies should address the 

extension of the LICHT range for the detection of patho-

gens.

5. The sensitivity of LICHT based on microspheres 

containing europium complexes during instrument regis-

tration is 20–128 times higher than that of immunochroma-

tographic tests based on AuNPs, designed on the basis of 

the same specific immunoglobulins and analytical mem-

branes.
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EFFECTIVENESS OF CONSERVATIVE METHODS FOR PLANTAR FASCIITIS 
TREATMENT IN ATHLETES

Anton V. Slivin1,2, Valerii V. Karmazin1, Kirill A. Shlykov3, Sergey A. Parastaev1,2

1 Federal Research and Clinical Center of Sports Medicine and Rehabilitation, Moscow, Russia

2 Pirogov Russian National Research Medical University, Moscow, Russia

3 Osteopathy and Classical Medicine Clinic Osteopolyclinic, Moscow, Russia

Introduction. Plantar fasciitis (PF) is a multifactorial pathology that restricts an athlete’s training and competitive activities, leading to premature termination 

of a sports career in some cases. The search for optimal conservative treatment methods that may improve the overall therapy effectiveness represents an 

important task of sports medicine.

Objective. Development of a differentiated approach to conservative treatment of athletes suffering from PF, taking the biomechanical features of the disease 

into account.

Materials and methods. The study involved 82 athletes, including 37 men and 45 women suffering from unilateral PF with a median age of 30 (23; 34) years. 

The participants were divided into four groups depending on the type of therapeutical action: Group 1 — shock wave therapy (ESWT); Group 2 — vibration 

therapy combined with myofascial release of the muscles of the posterior thigh and shin; Group 3 — individual orthoses of the feet; Group 4 — a combination 

of vibration therapy, myofascial release, individual orthoses of the feet. The tested therapeutic measures were assessed by the dynamics of pain syndrome, 

the results of baropodometry, the severity of tension in the thigh and shin muscles, and changes in the thickness of plantar aponeurosis.

Results. All the studied treatment methods showed varying degrees of effectiveness in reducing pain (p < 0.001), reducing the thickness of plantar apo-

neurosis (p < 0.05), normalizing plantar pressure in the posterior and anterior parts of the affected foot (p < 0.05), and increasing the postural stability of 

athletes according to objective indicators (p < 0.05). The use of ESWT resulted in the most pronounced reduction in pain. In Groups 2 (vibration therapy and 

myofascial release) and 3 (individual foot orthoses), a statistically significant decrease in muscle tension in the posterior shin group was observed (p < 0.05). 

In addition, in Group 2, the angle of dorsiflexion of the ankle joint increased significantly (p < 0.05). Group 4 (combined treatment) demonstrated the highest 

level of biomechanical stability.

Conclusions. ESWT demonstrates a high effectiveness in relieving a pronounced acute process. In cases where an athlete experiences some biomechanical 

disorders or deformities of the foot, orthoses of the feet are advisable. In case of tension of the shin muscles and limitation of dorsiflexion, vibration therapy 

combined with myofascial release is recommended.

Keywords: plantar fasciitis; sports; shock wave therapy; vibration therapy; foot orthoses; myofascial release; biomechanics
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ЭФФЕКТИВНОСТЬ КОНСЕРВАТИВНЫХ МЕТОДОВ ЛЕЧЕНИЯ ПЛАНТАРНОГО ФАСЦИИТА 
У СПОРТСМЕНОВ

А.В. Сливин1,2, В.В. Кармазин1, К.А. Шлыков3, С.А. Парастаев1,2

1 Федеральный научно-клинический центр спортивной медицины и реабилитации Федерального медико-биологического агентства, Москва, Россия

2 Российский национальный исследовательский медицинский университет им. Н.И. Пирогова, Москва, Россия

3 Клиника остеопатии и классической медицины «Остеополиклиник», Москва, Россия

Введение. Плантарный фасциит (ПФ) — многофакторная патология, ограничивающая тренировочную и соревновательную деятельность спорт-

смена, а в некоторых случаях обусловливающая преждевременное завершение спортивной карьеры. Поиск оптимальных методов консерватив-

ного воздействия, которые позволят повысить эффективность лечения, является важной задачей спортивной медицины.

Цель. Разработка дифференцированного подхода к консервативному лечению спортсменов с ПФ с учетом биомеханических особенностей за-

болевания.

Материалы и методы. В исследовании приняли участие 82 спортсмена (37 мужчин и 45 женщин, медиана возраста — 30 (23; 34) лет) с одно-

сторонним ПФ, которые были разделены на 4 группы в зависимости от типа терапевтического воздействия: группа 1 — ударно-волновая терапия 

(УВТ), группа 2 — вибрационное воздействие в сочетании с миофасциальным релизом мышц задней группы бедра и голени, группа 3 — индивиду-

альные ортезы стоп, группа 4 — комплекс вибрационного воздействия, миофасциального релиза, индивидуальных ортезов стоп. Терапевтические 

мероприятия оценивались по динамике болевого синдрома, результатам бароподометрического обследования, выраженности напряжения мышц 

бедра и голени, изменению толщины подошвенного апоневроза.

Результаты. Все исследуемые методы воздействия показали различную степень эффективности в отношении снижения боли (p < 0,001), умень-

шения толщины подошвенного апоневроза (p < 0,05) и нормализации подошвенного давления заднего и переднего отделов пораженной стопы 

(p < 0,05), повышения постуральной устойчивости спортсменов по объективным показателям (p < 0,05). Наиболее выраженное снижение болевого 

синдрома было отмечено при использовании УВТ. В группах 2 (вибрационное воздействие и миофасциальный релиз) и 3 (индивидуальные ортезы 

стоп) отмечено статистически значимое снижение напряжения мышц задней группы голени (p < 0,05); кроме того, в группе 2 значимо увеличивался 
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угол дорсифлексии голеностопного сустава (p < 0,05). Группа 4 (комплексное воздействие), по данным объективных показателей, характеризова-

лась лучшей биомеханической стабильностью.

Выводы. В купировании выраженного острого процесса высокую эффективность демонстрирует УВТ. При наличии у спортсмена биомеханиче-

ских нарушений / деформаций стопы целесообразно использовать ортезы стоп, а в случае напряжения мышц голени и ограничения дорсифлек-

сии — вибрационное воздействие в сочетании с миофасциальным релизом.

Ключевые слова: плантарный фасциит; спорт; ударно-волновая терапия; вибрационное воздействие; ортезы стоп; миофасциальный релиз; био-

механика
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INTRODUCTION

Plantar fasciitis (PF) is an urgent and widespread problem 

in sports that hinders the training process. Both conserva-

tive and surgical methods of treatment can be used to treat 

this pathology [1]. However, due to the prolonged recovery 

period and postoperative complication risks, conservative 

methods are recognized as the first line of therapy in clinical 

practice [2].

It has been repeatedly noted that the main problem 

faced by a physician in the treatment of athletes with PF 

is the low effectiveness of conservative interventions, in-

cluding insufficient duration of pain relief [3]. Conservative 

treatment methods widely employ approaches of physi-

cal and rehabilitation medicine; however, none of the 

available PF treatment methods have been supported by 

convincing scientific evidence [4]. This may be related to 

biomechanical disorders underlying the development of 

degenerative changes in plantar aponeurosis, thus re-

sulting in a significant heterogeneity of treatment out-

comes.

Despite the wide range of correction methods tested in 

PF, including athletes, an integrated approach to combin-

ing therapeutical measures is yet to be developed. Tools 

for monitoring the effectiveness of therapeutic effects and 

tactics for managing athletes with PF should be improved 

in order to correct not only pain syndrome, but also to pre-

vent disease recurrence.

In this connection, the assessment of disease risk fac-

tors and impaired biomechanical patterns is extremely im-

portant for PF in general and among athletes in particular 

[5]. The impact on key steps in the pathogenesis of the 

disease will make it possible to personalize therapeutical 

approaches and, accordingly, improve the outcome of 

therapeutic effects, and reduce the rehabilitation time for 

athletes. 

In this study, we set out to develop a differentiated ap-

proach to the conservative treatment of athletes suffering 

from PF, taking the biomechanical features of the disease 

into account.

MATERIALS AND METHODS

The study included 82 athletes (37 men and 45 women) 

representing various sports: athletics, football, basketball, 

rugby, tennis, handball, volleyball, bobsleigh, fencing, and 

some others (Fig. 1). The median age of athletes was 30 

(23; 34) years. The athletes underwent rehabilitation treat-

ment at the Federal Research and Clinical Center of Sports 

Medicine and Rehabilitation during the 2023–2024 period. 

The criteria for inclusion in the study were: clinical diagno-

sis of PF with unilateral localization of the process, age from 

16 to 50 years, presence of sports qualifications. Criteria for 

non-inclusion of athletes in the study were: excluded diag-

nosis of plantar fasciitis, presence of systemic connective 

Figure prepared by the authors using their own data

Fig. 1. PF prevalence in various sports in the research sample
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tissue diseases, age that does not meet the inclusion cri-

teria (less than 16 years and more than 50 years), inability 

to perform diagnostic and correction programs due to cir-

cumstances beyond their control (severe injuries, diseases, 

epidemic risks leading to interruption of a sports career), lack 

of athletic qualifications, refusal to participate in the study. 

Criteria for exclusion of athletes from the study were: injury to 

the musculoskeletal system that occurred during the study 

period, refusal to further participate in the study.

All athletes with PF were divided into four groups de-

pending on the type of therapeutic measures performed:

• Group 1 (n = 27) — athletes who were treated with ex-

tracorporeal shock wave therapy (ESWT);

• Group 2 (n = 20) — athletes who were treated with vi-

bration therapy combined with myofascial release (MFR) 

of the muscles of the posterior thigh and shin;

• Group 3 (n = 19) — athletes who underwent treatment 

using individual orthoses of the feet;

• Group 4 (n = 16) — athletes who were treated with vi-

bration therapy combined with MFR of the muscles of 

the posterior thigh and shin, as well as with the use of 

individual orthoses. 

Focused ESWT was performed on a BTL-6000 FSWT 

device (UK) with an energy flow area of 0.65 мJ/mm2 and 

a frequency of 4–6 Hz. A course vibration exposure last-

ing 9–10 days was performed on a Vibrosphere device 

(Sweden) with a sequential increase in the frequency range 

from 20 to 45 Hz. The myofascial release of the muscles 

of the posterior thigh and shin was carried out by athletes 

independently using a roll with a ribbed surface. For the 

manufacture of individual orthopedic insoles, Formthotics 

blanks (New Zealand) were used.1

The effectiveness of curative services was assessed 

by the dynamics of pain syndrome, determined using 

the Russian version of the Visual Analog Scale Foot and 

Ankle — VAS FA [6]; the muscle pain in the posterior thigh 

and shin; evaluation of ankle joint range of motion by the 

angle of ankle joint dorsiflexion; baropodometry (in static 

and dynamic tests); and changes in the thickness of the 

plantar fascia. The muscle tenderness of the posterior 

thigh and shin was palpated, and the angle of ankle joint 

dorsiflexion was measured in a supine position with the 

knee joint extended by goniometry. Baropodometry was 

performed using the WINTRACK hardware and software 

complex (Medicaptures, France) according to an algorithm 

consisting of static and a series of dynamic tests (sagit-

tal, frontal, forefoot lifting and jumping tests) [7]. In addi-

tion, changes in the center of pressure (CoP) velocity in the 

frontal and sagittal planes, as well as the statokinesiogram 

area, were evaluated: the CoP velocity in the frontal plane 

was evaluated in the sagittal dynamic test, and in the sagit-

tal plane —  in the frontal test; the statokinesiogram area 

was studied in the jumping dynamic. The thickness of the 

plantar fascia was determined using magnetic resonance 

imaging, which was performed on a  SIGNA Creator instal-

lation 1.5 T (General Electric, USA). The measurement was 

performed on sagittal sections 1 cm distal to the place of 

attachment to the calcaneal protuberance. The effective-

ness of curative services was evaluated after 7 and 14 

days. On day 28 after the completion of curative services, 

an additional reassessment of the pain severity was per-

formed. As an additional method for determining the pres-

ence and severity of foot pronation, the foot posture was 

assessed using the FPI-6 scale (Foot Posture Index — 6).

Statistical data analysis was carried out using the IBM 

SPSS Statistics 23 application software package. To as-

sess the type of distribution of quantitative feature values, 

the Kolmogorov–Smirnov and Shapiro–Wilk criteria with a 

critical significance level of 0.05 were used. In the case of 

differences in the distribution from the normal, nonpara-

metric analysis methods were applied. Descriptive statis-

tics of quantitative data are given in the form of medians 

and quartiles; descriptions of qualitative features are given 

in the form of relative frequencies and their confidence 

intervals. The nonparametric Mann–Whitney U-test was 

used for comparative intergroup analysis; the Wilcoxon test 

was used for intragroup analysis. A comparison of discrete 

quantities was carried out using the χ2 criterion. The signifi-

cance level for all calculations of less than 0.05 was taken 

to be statistically significant.

RESULTS

The largest number of PF cases was observed in athletes 

involved in athletics, football, basketball, rugby, and tennis 

(Fig. 1). More detailed information about the study groups 

evaluated before the onset of curative services is presented 

in Table 1.

The study did not reveal any statistically significant dif-

ferences in the sample by age, BMI, and sports experience. 

An assessment of the pronation degree on the FPI-6 scale 

found that the foot of athletes with PF was moderately pro-

nated, with all the studied groups of athletes being compa-

rable in this parameter.

Group 1, i.e., the athletes treated with ESWT, showed 

the lowest angle of ankle joint dorsiflexion, amounting to 

15°. This indicates a more pronounced tension of the shin 

triceps muscle compared to other groups before the onset 

of curative services.

The analysis of the pain syndrome assessed by VAS FA 

revealed a statistically significant (p < 0.001) decrease in 

the pain syndrome intensity in all the studied groups in the 

follow-up period during the intragroup analysis. The corre-

sponding data is shown in Fig. 2. Thus, in Group 1, the ath-

letes reported a decrease in pain by 63%, in Group 2 — by 

14%, in Group 3 — by 61%, and in Group 4 — by 18%. In 

the follow-up observation of athletes with PF, no statistically 

significant decrease in the VAS FA score was observed 28 

days after the completion of therapy, which indicates the 

stability of the achieved therapeutic effect.

In all the studied groups, an evaluation of the effective-

ness of curative services found no statistically significant 

decrease in muscle tenderness of the posterior thigh group 

on palpation on days 7 and 14 of therapy compared with 

the period before the onset of the study. The correspond-

ing data is shown in Fig. 3A.

At the same time, athletes from Groups 2, 3, and 4 

showed a statistically significant decrease in tenderness 

and tension of the posterior shin muscles on palpation af-

ter 14 days compared with the period before treatment by 

1 Ponomarenko GN, Hajduk AA. The use of individual foot orthoses Formthotics in clinical practice. Guidelines. St. Petersburg; 2015 (In Russ.).
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Table 1. Summary of athletes’ characteristics in groups before the onset of therapeutical measures 

Parameter
Group 1
(n = 27)

Group 2
(n = 20)

Group 3
(n = 19)

Group 4
(n = 16)

Age, years 31 (23; 37) 27.5 (24; 35) 27 (21; 36) 30 (25; 33)

Body mass index, kg/m2 22.1 (21; 23) 21.8 (21; 24) 22.2 (21; 24) 22.8 (21; 25)

Sports experience, years 22 (18; 30) 20 (17; 25) 19 (16; 25) 20.5 (17; 22)

Pronation degree, FPI-6 score 6 (5; 7) 6 (4; 7) 6 (5; 6) 6 (5; 7)

Ankle joint dorsiflexion angle, degree (°) 15  (12; 18) 20  (17; 23) 19  (15; 22) 19  (17; 22)

Table prepared by the authors using their own data

Note: the data is presented as a value median (Mе) of the lower and upper quartiles Q [25–75%].

63%, 59%, and 61%, respectively (p  <  0.05). The corre-

sponding data are shown in Fig. 3B.

In an intragroup analysis of changes of ankle joint dor-

siflexion angle in follow-up (prior to treatment/14 days of 

treatment), athletes showed a statistically significant in-

crease in the ankle joint range of motion in Groups 2 (vi-

bration therapy and myofascial release) (p  < 0.05) and 4 

(vibration therapy, myofascial release, and individual foot 

orthoses) (p < 0.01) by 15% and 26%, respectively. No sta-

tistically significant dynamics was observed in other study 

groups (Fig. 4).

Table 2 presents the analysis of changes in plantar pres-

sure on the support surface in the anterior and posterior 

parts of the affected foot before/after treatment according 

to baropodometry. During corrective actions, athletes in all 

groups showed normalization of the distribution of plantar 

pressure in the static test (p < 0.05). At the same time, in 

Groups 1 (ESWT) and 3 (individual orthoses of the feet), 

an increase in the pressure of the posterior part of the af-

fected foot was detected by 37% and 18%, respectively. At 

the same time, Groups 2 (vibration therapy and myofascial 

release) and 4 (vibration therapy, myofascial release, and 

individual orthoses of the feet), conversely, showed a de-

crease in plantar pressure by 17% and 13%, respectively, 

compared to the measurements prior to treatment. 

The analysis of baropodometric parameters in dynamic 

tests in athletes with PF compared before/after treatment 

(Fig. 5) revealed a decrease in the CoP velocity in both 

the frontal and sagittal planes, as well as the statokine-

siogram area (p < 0.05). Thus, in athletes from Group 1, 

the decrease in CoP velocity in the frontal plane was 31%, 

Figure prepared by the authors using their own data

Fig. 2. Effectiveness of curative services in athletes with PF by VAS FA pain 

assessment

Figure prepared by the authors using their own data

Fig. 3. Effectiveness of therapeutic measures in athletes with PF by parameters

Note: A — muscle tenderness of the posterior thigh group; B — muscle tenderness of the posterior shin group.
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in athletes from Group 2 — 21%, in patients from Group 

3 — 26.6%, and in athletes from Group 4 — 39%. At the 

same time, the decrease in CoP velocity in the sagittal 

plane in athletes from Group 1 was 29.4%, in patients from 

Group 2 — 16.6%, in athletes from Group 3 — 27.7%, and 

in patients from Group 4 — 37%. 

There was also a decrease in the statokinesiogram area 

by 8.7% in athletes from Group 1, in Group 2 — by 12.7%, 

in Group 3 — by 16.3%, in Group 4 — by 9.2%. 

The most pronounced decrease in the CoP velocity 

was observed in athletes in Group 4 (vibration therapy, 

myofascial release, and individual orthoses of the feet): by 

39% of the CoP velocity in the frontal plane, by 37% of 

the CoP velocity in the sagittal plane (Fig. 5G). The statoki-

nesiogram area significantly decreased in Group 3 — by 

16.3% (Fig. 5B).

Figure 6 shows the results of baropodometry of athletes 

with PF in follow-up (before treatment/14 days of treatment), 

reflecting changes in the pressure general vector (PGV) and 

plantar pressure.

Attention should be drawn to the increase in plantar 

pressure of the posterior part of the foot in the static test 

(Fig.  6A), a decrease in the area of PGV distribution and 

pressure vectors under the feet in the sagittal dynamic test 

(Fig. 6B), the PGV centralization after curative services in 

the frontal (Fig. 6C), as well as a decrease in the area of 

PGV distribution in the jumping dynamic test (Fig. 6D).

The dynamics of changes in the plantar fascia thickness 

is shown in Fig. 7. In all groups, a statistically significant 

decrease in the plantar fascia thickness was observed: 

Group  1  —  by 4.8% (p  =  0.001), Group  2  —  by 5.8% 

(p = 0.037), Group 3 — by 8.5% (p = 0.008), and Group 

4 — by 12.5% (p = 0.012). However, in Groups 1 (ESWT) 

and 2 (vibration therapy and myofascial release), the 

change in plantar fascia thickness was less pronounced 

than in athletes from Groups 3 (individual foot orthoses) 

and 4 (vibration exposure, myofascial release and individual 

foot orthoses). 

Despite statistically significant changes in the plantar 

aponeurosis thickness, their pronounced character does 

not point definitely to clinically significant differences (in 

particular, in Groups 1 and 2).

DISCUSSION

Our study established a statistically significant decrease 

in pain by VAS FA in all groups of athletes, which gener-

ally indicates the effectiveness of PF corrective measures. 

Thus, ESWT has been successfully used for PF treatment 

by some foreign and domestic authors [8, 9]. Mendes et al. 

reported a positive effect of individual orthopedic insoles in 

terms of pain reduction in patients with PF [10], which was 

subsequently confirmed by other authors [11, 12]. Kırmızı 
et al. noted the effectiveness of a combined therapy with 

therapeutic exercises and foot orthoses in reducing pain in 

patients with PF and flat feet [13].

In our research, pain in the muscles of the posterior shin 

group decreased statistically significantly in the participants 

of Group 2, whose therapy used vibration and myofascial 

release, and Group 3, who used individual orthoses of the 

feet. This fact can be explained by a significant impact of 

vibration therapy and individual orthoses of the feet on the 

activation of the internal and external muscles of the foot, 

thus contributing to their facilitated inclusion in the act of 

walking. It was previously suggested that the tenderness 

and tension of the triceps muscle of the shin, mainly its me-

dial head, may be associated with increased stress on the 

muscle due to compensation for the insufficient function of 

the external muscles of the foot, in particular the posterior 

tibial muscle [14, 15]. Moreover, Zhou et al. reported that 

measures aimed at reducing stiffness and tension in the 

medial portion of the gastrocnemius muscle could be help-

ful in reducing the severity of pain in PF patients [15].

The ankle joint dorsiflexion angle increased statistically 

significantly in Groups 2 (vibration therapy and myofascial 

Figure prepared by the authors using their own data

Fig. 4. The effectiveness of curative services in athletes with PF by the ankle 

joint dorsiflexion angle
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Table 2. Intragroup analysis of changes in plantar foot pressure in athletes with PF in various groups

Athlete groups
Anterior part, %

р
Posterior part, %

р
before treatment after treatment before treatment after treatment

Group 1 (n = 27) 27 (24; 29) 24 (23; 24) <0.001 19 (14; 21) 26 (23; 27) <0.001

Group 2 (n = 20) 20.5 (17; 23) 23 (22; 24) 0.001 35 (29; 39) 29 (27; 31) 0.001

Group 3 (n = 19) 26 (23; 28) 23 (23; 24) 0.008 22 (18; 29) 26 (25; 27) 0.024

Group 4 (n = 16) 21  (19; 24) 23  (22; 24) 0.046 31.5  (29; 37) 27.5 (26; 29) 0.002

Table prepared by the authors using their own data

Note: the data is presented as a value median (Mе) of the lower and upper quartiles Q [25–75%].
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Figure prepared by the authors using their own data

Fig. 5. Changes in baropodometry values in dynamic tests before/after treatment in athletes with PF, depending on the intervention type

Figure prepared by the authors using their own data

Fig. 6. Baropodometry results of athletes with PF in follow-up

Note: A — in a static test; B — in the jumping dynamic test; C — in the sagittal dynamic test; D — in the frontal dynamic test.
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release) and 4 (vibration therapy, myofascial release, and 

individual orthoses of the feet). This seems logical due to 

vibration and myofascial effects on the muscles of the pos-

terior shin group, which improve their softness and plastic-

ity. In combination with stretching, these measures allowed 

the volume of ankle joint posterior flexion to be significantly 

increased, as previously reported by some authors [15–20]. 

However, Landorf et al. did not find the aforementioned 

connection [21]. 

According to the results of baropodometry in PF, nor-

malization of plantar pressure on the affected foot was 

noted. Thus, in athletes with low plantar pressure in the 

posterior part of the foot, it increased to normal values, 

and in athletes with initially high plantar pressure in the 

posterior part of the foot, on the contrary, decreased. The 

redistribution of pressure in the posterior part of the foot 

was also accompanied by normalization of plantar pres-

sure in the anterior part of both the affected foot and the 

intact (contralateral) foot, in which plantar pressure had 

previously been compensationally impaired. In addition to 

the normalization of plantar pressure, all athletes with PF 

showed an improvement in both general postural stability 

and local stability during corrective measures, which were 

assessed based on the results of dynamic tests. At the 

same time, in Groups  2 (vibration therapy and myofas-

cial release) and 4 (vibration therapy, myofascial release, 

and individual orthoses of the feet), a greater decrease 

in the statokinesiogram area in the jumping test was 

observed, which may indicate the influence of vibration 

therapy on the overall postural balance by influencing the 

proprioceptive apparatus. This fact is particularly interest-

ing concerning the possibility of important effects of the 

pathobiomechanics of the overlying parts of the organs 

of support and movement (pelvis) on the underlying ones 

(feet). A similar effect was previously reported by some 

authors [22–24].

The plantar aponeurosis thickness tended to decrease 

in all the studied groups, which indicates a decrease in the 

fascia edema severity. This, in turn, may reflect a decrease 

in the load on plantar aponeurosis and a decrease in de-

generative-inflammatory changes [25, 26]. The slight de-

crease in the plantar fascia thickness can be explained by a 

short follow-up period (14 days), insufficient to identify clear 

morphological changes accompanying a clinically signifi-

cant improvement in athletes with PF. At the same time, 

Drake et al. noted that changes in the plantar aponeurosis 

morphology may not always correspond to the patient’s 

clinical examination data [27].

In our study, the athlete groups were formed by sim-

ple randomization, based on the analysis of changes in the 

observation dynamics. Therefore, it can be concluded that 

ESWT allows the most effective relief of severe pain in ath-

letes. In addition, individual orthoses of the feet also show 

significant effectiveness. However, significant risk factors 

may also influence the choice of the recommended ther-

apeutic agent [28]. Such factors include flat feet, exces-

sive foot pronation, limited ankle joint dorsiflexion, tension 

and tenderness of the muscles of the posterior shin group, 

hammer toe deformity [29–32]. Thus, vibration therapy, 

myofascial release, and individual feet orthoses showed 

the most pronounced action on correcting/compensating 

for existing biomechanical risk factors for this disease in 

athletes. In this connection, it seems advisable to use lo-

cal treatment methods in the case of an acute process, 

in order to achieve an anti-inflammatory effect followed by 

correction of the pathobiomechanics that had triggered the 

disease. In the case of a sluggish process, correction of 

impaired biomechanical patterns will not only prevent the 

development of disease relapses in the future, but also to 

relieve pain.

Further research should focus on assessing the sus-

tainability of the achieved clinical results in the sports popu-

lation with a longer follow-up period (12–18 weeks) and the 

role of therapeutic exercises in preventing possible recur-

rence of the disease.

CONCLUSION

Our study found that all the therapeutic methods used 

showed moderate effectiveness in PF treatment in the 

sports population. The choice of a therapeutic method 

should be primarily determined by the pain syndrome se-

verity, as well as the foot structural and functional features, 

identified during a biomechanical examination on a baro-

podometric platform.

In athletes, the use of a differentiated approach based 

on a combined therapy aimed at correcting all existing risk 

factors seems justified. If necessary, ESWT is highly ef-

fective for relieving an acute pain syndrome. For achieving 

good therapeutic effects in the presence of foot deformi-

ties, it is advisable to use individual feet orthoses. In the 

case of limited ankle joint dorsiflexion and muscle tension 

of the posterior shin group, vibration action in combination 

with MFR of the muscles of the posterior shin group proves 

highly effective.

Treatment of athletes with PF is a challenging and 

lengthy process that does not always result in the resump-

tion of full-fledged sports activities. The use of a combined 

and algorithmized personalized therapeutic strategy, ac-

counting for significant risk factors for the disease in the 

sports population, can significantly reduce the duration of 

rehabilitation treatment for athletes with this pathology, as 

well as reduce the rate of disease recurrence. 

Figure prepared by the authors using their own data

Fig. 7. Plantar fascia thickness before/after treatment in the observation groups
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 REGIONAL CUTANEOUS BLOOD FLOW IN HEALTHY SUBJECTS UNDER 
CONDITIONS OF 21-DAY HEAD-DOWN BED REST

Daria V. Pashkova1, Julia A. Popova1, Andrey A. Fedorovich1,2, Alexey V. Shpakov1

1 Institute of Biomedical Problems, Moscow, Russia
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Introduction. Research into the microvasculature as an integral component of the cardiovascular system is particularly relevant in space medicine for identifying 

adaptive changes to weightlessness and developing new diagnostic criteria for assessing the functional state of an astronaut’s body in long-duration space flights.

Objective. To study the process of microcirculation and its regulation in various skin areas in healthy volunteers under conditions of 21-day head-down (–6°) 

bed rest (HDBR).

Materials and methods. The experiment involved six male volunteers aged 26–34 years. To simulate translocation of liquid media and physical inactivity, the 

subjects remained in an antiorthostatic position for 21 days. Microcirculation was studied by laser Doppler flowmetry using LAZMA PF portable laser analyzers 

(SPE “LAZMA” Ltd, Russia). Participant examination was conducted two days prior the onset of the study, on the 3rd, 7th, 15th, 18th, and 20th day of experi-

mental exposure, as well as two days after the completion of HDBR. Statistical data analysis was performed using the Statistica 13.0 software (IBM, USA).

Results. On day 3 of HDBR exposure, a statistically significant decrease in basal perfusion and the amplitude of myogenic oscillations in the skin of the 

forehead and shin was observed. The analysis of functional tests on the forearm showed a decrease in the respiratory test index by 10.87% throughout the 

experimental period. On day 3 of hypomobility, a decrease in the venuloarteriolar response by an average of 10.64% and an increase by 91.82% in the capillary 

blood flow reserve were noted, with the latter persisting throughout the entire exposure.

Conclusions. The effect of HDBR is expressed in a decrease in skin perfusion against the background of increased tone of terminal arterioles and precapil-

lary sphincters in the forehead and lower legs, which may indicate microcirculation shift toward larger vessels. Despite the skin perfusion stability in the fore-

arm area at rest, the conducted functional tests showed the probability of changes in vasomotor function under the action of HDBR.
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 РЕГИОНАРНЫЙ КОЖНЫЙ КРОВОТОК У ЗДОРОВЫХ ОБСЛЕДУЕМЫХ В УСЛОВИЯХ 21-СУТОЧНОЙ 
АНТИОРТОСТАТИЧЕСКОЙ ГИПОКИНЕЗИИ

Д.В. Пашкова1, Ю.А. Попова1, А.А. Федорович1,2, А.В. Шпаков1

1 Институт медико-биологических проблем Российской академии наук, Москва, Россия

2 Национальный медицинский исследовательский центр терапии и профилактической медицины Министерства здравоохранения Российской 

Федерации, Москва, Россия

Введение. Исследование микроциркуляторного звена как элемента сердечно-сосудистой системы применительно к космической медицине ак-

туально как для выявления адаптационных изменений к невесомости, так и поиска новых диагностических критериев оценки функционального 

состояния организма космонавта в перспективе дальних космических полетов.

Цель. Изучение микрокровотока и его регуляции в различных областях кожи у здоровых добровольцев в условиях 21-суточной антиортостатиче-

ской (–6°) гипокинезии (АНОГ).

Материалы и методы. В эксперименте приняли участие 6 мужчин-добровольцев в возрасте 26–34 лет. Для моделирования транслокации жид-

ких сред и гиподинамии испытуемые находились в антиортостатическом положении в течение 21 сут Микроциркуляцию исследовали с помощью 

метода лазерной доплеровской флоуметрии с использованием портативных лазерных анализаторов «ЛАЗМА ПФ» (ООО НПП «ЛАЗМА», Россия). 

Исследование проводили за 2 сут до начала АНОГ, на 3, 7, 15, 18 и 20 сут экспериментального воздействия, а также через 2 сут после окончания 

АНОГ. Статистический анализ данных проведен с использованием программного обеспечения Statistica 13.0 (IBM; США).

Результаты. Обнаружено статистически значимое снижение базальной перфузии и амплитуды миогенных колебаний в области кожи лба и голени 

на 3 сут в условиях антиортостатической гипокинезии. Анализ результатов функциональных проб на предплечье показал уменьшение индекса 

дыхательной пробы на 10,87% на протяжении всего экспериментального периода, снижение венуло-артериолярной реакции на 3 сут гипокинезии 

в среднем на 10,64% и увеличение на 91,82% резерва капиллярного кровотока на 3 сут, сохраняющееся на протяжении всего воздействия.

Выводы. Эффект воздействия АНОГ выражен в снижении кожной перфузии на фоне увеличенного тонуса терминальных артериол и прекапил-

лярных сфинктеров в области лба и голеней, что может указывать на распределение микрокровотока в сторону более крупных сосудов. Несмотря 

на стабильность перфузии в области кожи предплечья в покое, проведенные функциональные пробы показали, что, вероятно, условия АНОГ при-

водят к изменению вазомоторной функции.

© D.V. Pashkova, J.A. Popova, A.A. Fedorovich, A.V. Shpakov, 2025
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INTRODUCTION

Weightlessness is known to be a significant factor affecting 

the state of the cardiovascular system (CVS) during space 

flights (SF). Its effects are mainly caused by blood redistri-

bution toward the cranial direction. In addition, SF condi-

tions trigger such changes in the cardiovascular system as 

fluid movement from intravascular compartments toward 

intracellular spaces, a decrease in the total circulating 

blood volume, myocardial mass loss, decreased vascular 

resistance, increased venous return, and orthostatic intol-

erance after returning to gravity [1–2].

The prospects of long-duration space flights, e.g., to the 

Moon, Mars, etc., with the possibility of landing on their 

surface poses the challenge of solving arising medical is-

sues without timely support from the Earth. In this connec-

tion, assessment of the functional state of the circulatory 

system at both macro- and micro-levels can provide the 

necessary information about the overall adaptational ca-

pacity of the body and its resilience to external influences. 

From this standpoint, the microcirculatory bed as the pri-

mary element of the cardiovascular system that responds 

to environmental changes presents particular research in-

terest [3]. The skin is one of the most accessible objects for 

studying blood microcirculation; however, account should 

taken of the cutaneous blood flow being directly involved in 

thermoregulation [4]. 

According to N. Charkoudian, the skin microcircula-

tion reacts to heat or cold stress [5], while scientific data 

in available publications may differ due to the variety of 

methods used to assess the overall thermal effect [6, 7]. 

Thus, according to Fedorovich et al. [6], a 30-day stay in 

a hermetic object at a temperature of +30–38  °C and a 

humidity of 30–50% did not result in an increase in tissue 

perfusion recorded by laser Doppler flowmetry (LDF) on 

the forearm. This was explained by the specifics of skin 

angioarchitectonics and the depth of sensing by measur-

ing equipment. Examination of the skin microcirculatory 

bed by Yuan et al. using the LDF method in an experiment 

with 180-day isolation in temperature- and humidity-neutral 

conditions revealed a decrease in the blood flow response 

to an acetylcholine test, which indicated the manifestation 

of endothelial dysfunction [8]. The study of skin micro-

hemocirculation in SF conditions was undertaken in two 

experiments. In the first study [9], the authors evaluated 

cutaneous blood flow and endothelium-dependent va-

sodilation at the forearm level using LDF in combination 

with acetylcholine iontophoresis during a three-week SF 

at the Tiangong-2 station in two taikonauts. The authors 

observed a slight decrease in basal perfusion during and 

directly after SF, as well as signs of endothelial dysfunction. 

In the second study [10], conducted on board the ISS with 

the participation of one space tourist and one professional 

cosmonaut, a decrease in tissue perfusion and an increase 

in vascular tone were found on days 2 and 3 of SF in the 

skin of the first toe and the temporal region of the head. In 

addition, functional differences were found in the indices of 

skin perfusion of the upper and lower extremities between 

the examined astronauts, which the authors attributed to 

the use of a preventive blood redistribution agent in one of 

the study participants [10].

The complexity of organizing space experiments and 

the limited sample of the astronauts being examined, giv-

en multicomponent SF factors, impede a comprehensive 

study of the microcirculatory link and its regulation in these 

conditions. Earth model experiments can be used to evalu-

ate the effect of weightlessness, including inactivity, lifting 

of the support load, and redistribution of liquid media in the 

cranial direction. One of such experiments is head-down 

bed rest (HDBR) used for modeling the redistribution of 

body fluids toward the cranial direction. 

In this article, we report a study undertaken to investi-

gate microcirculation and its regulation in various areas of 

the skin in healthy male volunteers under conditions of 21-

day head-down bed rest.

MATERIALS AND METHODS

The experiment was conducted on six healthy male volun-

teers (average age 30.3 ± 5.2 years; weight — 72.8 ± 7.7 kg; 

height — 177.1 ± 6.3  cm) using a hypogravitation bench 

at the Institute of Biomedical Problems (Russia). The vol-

unteers were placed in an antiorthostatic position with an 

angle of inclination of the body relative to the horizon of 
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–6° without the use of preventive physical exercises and a 

moderate restriction of motor activity for 21 days. The sub-

jects were verticalized for short-term hygiene procedures 

(once daily), as well as for passive orthostatic testing (on 

days 6, 14, and 19) and a lower body negative pressure 

(LBNP) on day 19. For medical reasons, one of the subjects 

was allowed to participate in the experiment with restric-

tions: provided that stress tests, including orthostatic ones, 

were excluded. A detailed description of experimental con-

ditions can be found in [11].

The method of laser Doppler flowmetry (LDF) was used 

to assess the state of the skin microcirculatory bed. This 

method is based on probing the area under study using 

laser radiation and analyzing the reflected signal from red 

blood cells moving in the bloodstream. The exclusion crite-

ria for this study of the skin microcirculatory bed (MCB) us-

ing the LDF method were: age over 40 years, the presence 

of additional exposure factors (breathing with hyperoxic 

mixtures, etc.), the presence of nevi and tattoos in the area 

of sensor application in the subjects. All six participants in 

the experiment were included in the study group according 

to these criteria.

To register microcirculation parameters using the LDF 

method, three LAZMA PF portable laser analyzers (SPE 

“LAZMA” Ltd, Russia) with the wavelength of the probing 

radiation of 850 nm were used. One sensor was placed on 

the non-dominant arm in the Zakharin–Ged area: along the 

median line of the forearm, 3–4 cm above the ulnar and ra-

dial styloid. The second sensor was placed on the anterior-

inner surface in the lower third of the shin. The third sensor 

was applied on the central area of the forehead (Fig. 1). 

The analyzers were fixed using medical tubular elastic 

bandages. The total examination duration was 45 min. At 

the first stage, basal perfusion was recorded at rest: the 

subject was in a relaxed lying position, calmly breathing 

in a waking state. Following 10 min, functional tests were 

performed in the forearm area: respiratory and occlusive 

(venous and arterial) tests. The respiratory test includes 

a breath-holding maneuver (for 15  sec after rapid deep 

inhalation through the mouth), allowing assessment of 

the functional state of sympathetic vasomotor regulation. 

Venous occlusion was created by increasing pressure 

in the shoulder cuff to 40  mmHg followed by its main-

tenance at this level for 2 min. This artificially created an 

increase in postcapillary pressure, without obstacles to 

arterial blood flow, to assess the venuloarteriolar constric-

tor response without involving sympathetic regulation. 

Arterial occlusion was used to determine the reserve of 

capillary blood flow, for which pressure was pumped into 

the shoulder cuff at a level of 30–50  mmHg above the 

individual systolic pressure and maintained at this level for 

3 min, followed by parameter registration in the period of 

postocclusive hyperemia. The use of these tests allowed 

us assess the state of the regulation mechanisms of tis-

sue blood flow, as well as the general functional state of 

the microcirculatory bed in the forearm skin according to 

the accepted methodology [12, 13].

The Lazma specialized software (SPE “LAZMA” Ltd, 

Russia) was used to calculate the basal perfusion level (M) 

in perfusion units (PU), as well as the amplitude–frequency 

spectrum of blood flow oscillations based on wavelet anal-

ysis. Thus, the maximum amplitudes of vasomotion were 

determined in the appropriate frequency ranges, i.e., Ae, 

An, Am, Av, Ac (endothelial, neurogenic, myogenic, venu-

lar (respiratory), and cardiac components of microvascular 

tone formation, respectively). When performing functional 

tests, the following indicators were evaluated: BHI as an 

index of breath holding test, VAR as an venuloarteriolar re-

sponse, CFR as capillary blood flow reserve (according to 

the LDF of the forearm skin). 

The microcirculatory bed was examined two days prior 

to the onset of experimental exposure (background study); 

on days 3, 7, 15, 18, and 20 during HDBR exposure; as 

well as two days after the completion of exposure (afteref-

fect period). The studied parameters were recorded prior 

to and following the HDBR period in the prone position of 

the subject (15 min after adaptation to the horizontal po-

sition). During HDBR exposure, the participants were ex-

amined in an antiorthostatic position. The study prior to 

and following exposure was performed in laboratory con-

ditions with a constant microclimate: ambient tempera-

ture — 24.33 ± 2.58 °C; humidity — 57.83 ± 6.97%; atmo-

spheric pressure — 741.17 ± 16.57 mmHg. Under HDBR 

conditions, the study was conducted in a room with the 

following environmental parameters: ambient tempera-

ture — 23.36 ± 1.34 °C; humidity — 54.57 ± 3.03%; atmo-

spheric pressure — 744.57 ± 17.08 mmHg.

A statistical analysis of the datasets obtained was car-

ried out using the STATISTICA 13.0 statistical software 

package (IBM, USA) using principal component analysis 

and the Wilcoxon criterion [14].

RESULTS

When analyzing the data obtained, the study sample 

of six people was checked for uniformity using principal 

Shin

Forearm

Forehead

Figure prepared by the authors using data from an open online source

Fig. 1. Placement of portable laser analyzers during the study
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component analysis for all parameters recorded during the 

experiment. The results obtained recorded the uniformity 

of the group, with the values not exceeding two standard 

deviations.

On day 3 of HDBR stay, the conducted statistical 

analysis revealed a decrease in the basal perfusion level 

(p = 0.05, Wilcoxon criterion) by 32.84% in the forehead 

skin and 22.52% in the shin skin (Fig. 2). In addition, a de-

crease in this parameter in the shin skin was noted on days 

15 and 18 of exposure, amounting to 31.64% and 34.68%, 

respectively. This may be related to the cyclogram of the 

experiment, which included an orthostatic test. It should 

be noted that, by day 3 of hypokinesia, the participant 

who was not allowed to undergo an orthostatic test and 

an LBNP test during the HDBR period, showed a 7.02% 

decrease in blood perfusion in the forehead skin; during 

the entire HDBR, the downward trend in this parameter 

persisted and had reached the maximum difference with 

the background (34.21%) by day 20 of exposure. It could 

be assumed that changes in skin perfusion might be 

associated with temperature changes, since the skin is 

an essential component of the human thermoregulatory 

system [4]. 

In our study, the ambient temperature during the expo-

sure period was kept at 23.36 ± 1.34 °C, being close to the 

temperature of the laboratory room in which the studies 

were conducted before and after HDBR (24.33 ± 2.58 °C). 

In addition, the temperature of the study area was mea-

sured using a sensor built into the LDF analyzer, with 

the parameter remaining around the same level during 

the entire experiment. The average temperature was 

32.88 ± 1.36 °C in the forehead skin and 32.73 ± 1.38 °C 

in the shin skin. The humidity level in the rooms during the 

study practically did not differ between sessions: during 

the procedure, the windows were closed, and the air con-

ditioning system was turned off before (15 min before the 

start of the measurement) and during the study. Around 

15 min before the onset of the experiment, the partici-

pants were not covered with a blanket, the examined skin 

areas were open (freed from clothing) to adapt to envi-

ronmental conditions. According to subjective feelings, all 

volunteers felt comfortable in these conditions. Thus, the 

effect of fluctuations in environmental parameters on our 

results was minimal.

A decrease in the amplitude of myogenic oscillations 

by 51.15% and 41.94% was found in both the forehead and 

shin skin areas at an early stage of the body’s adaptation 

to HDBR conditions (day 3). It should be noted that in the 

head area, the Am value remained below the background 

(measured 2 days prior to exposure) and decreased relative 

to the background by 57.03% on day 7, by 47.23% on day 

15, and by 47.71% by day 18 (Fig. 3).

When analyzing the data obtained during functional 

tests, changes were found in both the VAR during the 

breath holding test, and in the VAR and CFR during venous 

and arterial occlusion, respectively (Fig. 4). However, these 

changes were multidirectional: when the VAR and BHI 

decreased, the CFR increased throughout the exposure. 

Moreover, VAR had a reduced value of relative background 

exposure on days 3 and 15 of HDBR, BHI — throughout 

the entire exposure.

DISCUSSION

It is known that bed rest models primarily simulate such 

an effect of weightlessness as the redistribution of body 

fluids toward the cranial direction. In our series of experi-

ments, part of which was the current study, the authors [11] 

showed that, due to HDBR exposure, the central hemo-

dynamics showed an average daily decrease in heart rate 

and blood pressure. Previous studies found a decrease in 

total peripheral resistance [15] and, concerning the periph-

eral hemodynamics, a decrease in blood flow in the lower 

extremities [16].

The results obtained in our study indicate that HDBR 

conditions with an inclination angle of –6° lead to chang-

es in skin microcirculation, which are manifested in a de-

crease in basal perfusion in the shin and forehead at an 

early stage of the body’s adaptation (day 3 of exposure). 
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Fig. 2. Basal perfusion changes in HDBR conditions

Note: the graphs show the average values and the interquartile range; on the 

X-axis: –2 and +2 are the days before and after head-down bed rest; * р < 0.05.
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In other words, the changes are unidirectional in both the 

skin of the lower extremities and the scalp. These data are 

consistent with the results of a study conducted by Britt et 

al. [17], who observed a decrease in blood perfusion in the 

neck area under HDBR conditions. 

In an experiment by Kurazumi et al. [18], the subjects 

briefly placed in an antiorthostatic position demonstrated 

a decrease in cutaneous blood flow in the cheek area dur-

ing 10-min antiorthostasis with a body tilt angle of –30°, 

against which a significant increase in vascular resistance 

in this area was detected.

In our study, against the background of decreased per-

fusion, a decrease in the amplitude of myogenic oscillations 

was noted both in the lower extremities and in the forehead 

skin. This indicates an increase in vascular tone in the skin 

microcirculatory bed of these regions. Due to the relatively 

increased tone of the arterioles, the microvascular lumen 

narrows, which reduces skin blood flow in the studied ar-

eas. It can be assumed that the decrease in the amplitude 

of myogenic vasomotions in the forehead skin may reflect 

protective mechanisms in the basin of the internal carotid 

artery (including for the capillaries of the brain) from an ex-

cessive increase in hydrostatic pressure in conditions of in-

creased arterial blood flow and obstructed venous outflow 

(myogenic autoregulation of the cerebral vascular bed). It 

is the myogenic tone that is the last regulatory link at the 

entrance to the capillary. An increase in the level of tissue 

perfusion in the forehead skin may be a consequence of 

activation of other regulatory mechanisms or a contribu-

tion to the overall spectral power of the reflected signal of 

the venular component (venular fullness) against the back-

ground of venous outflow difficulty from the head in HDBR 
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Fig. 3. Changes in the amplitude of myogenic oscillations (Am) under the 

conditions of head-down bed rest.

Note: the graphs show the average values and the interquartile range; on the 

X-axis: –2 and +2 are the days before and after head-down bed rest; * р < 0.05.

Figure prepared by the authors using their own data

Fig. 4. Parameter dynamics of functional tests in the conditions of head-down 

bed rest

Note: the graphs show the average values and the interquartile range; on the 

X-axis: –2 and +2 are the days before and after head-down bed rest; * р < 0.05.
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conditions. The restoration of the blood perfusion level in 

the forehead skin on days 7, 15, and 20 of HDBR back 

to the initial background level is probably due to the con-

sequence of temporary verticalization of the subjects on 

the eve of the study session associated with the passive 

orthoprobe (days 6, 14, and 19) and the LBNP test (day 19). 

The detected changes (decreased perfusion and am-

plitude of myogenic oscillations) on days 3 and 18 may in-

dicate the redistribution of blood from the skin of the shin 

and forehead into larger vessels against the background of 

centralization of blood flow. It was previously shown that 

during space flight conditions, the main volume of extra-

cellular fluid, according to bioimpedance measurements, is 

observed in the abdominal region [19]. 

It was found that the changes in skin perfusion in the 

forehead and lower leg area under HDBR conditions are 

similar to those recorded in a study of microcirculatory tis-

sue systems by the LDF method on the International Space 

Station [10]. In comparison with the LDF results under con-

ditions of a three-week SF, indicating a slight decrease in 

basal perfusion in the forearm skin throughout the flight 

[20], our study under similar-duration conditions revealed 

no changes in the LDF parameter in the forearm skin.

Nevertheless, the analysis of the above functional tests 

showed that HDBR exposure leads to changes in the va-

somotor function of the vessels of the forearm skin, which 

may be indicated by both a decrease in VAR and a decrease 

in IDP. This, hence, states a decrease in the microvascular 

response to both types of constrictor stimuli. The steadily 

reduced value of IDP throughout the entire period of HDBR 

indicates that the degree of shortening of smooth muscle 

cells during activation of the sympathetic adrenergic system 

decreases either due to changes in the sensitivity of myo-

cytes to norepinephrine, or due to increased muscle tone. 

In this regard, it can be assumed that the tone of myocytes 

is increased on the forearm (the higher the initial tone, the 

lower the degree of muscle shortening and, consequently, 

the lower the amplitude of the recorded signal). However, 

according to the amplitude-frequency wavelet analysis, we 

did not register a significant decrease in the amplitude of 

myogenic vasomitations. The constrictor reaction in venous 

occlusion is based on the contraction of precapillary arteri-

oles in response to stretching of myocytes with increasing 

pressure, initially in the venous region, then in the capillary 

and in the precapillary (Ostroumov-Baylis mechanism). 

The decrease in the VAR index in HDBR conditions can 

be explained by the obstructed blood flow and free venous 

flow in the ICR system, which does not have time to fill 

during two minutes of occlusion. It is also impossible to 

exclude an increased tone of myocytes in HDBR condi-

tions. An increase in RCC can be considered from the per-

spective of increasing the sensitivity of smooth muscle cells 

to the dilatory effect of metabolic products with temporary 

restriction of blood flow. At the same time, according to 

some literature data, the reaction to arterial occlusion may 

indirectly indicate a change in endothelial function [13, 21]. 

We assumed that the increase in RCC observed in our 

experiment may indirectly point to a change in endothe-

lial function, since other authors report data on impaired 

endothelium-dependent vasodilation (in a sample with ace-

tylcholine) in ANH without prophylaxis in both men [22] and 

women [23].

CONCLUSION

Our study investigated the perfusion dynamics and regula-

tory mechanisms of vascular tone formation in various skin 

areas in healthy men under conditions of 21-day HDBR ex-

posure. It has been shown that the skin areas of the fore-

head and lower extremities respond more strongly to this 

type of exposure from the skin microcirculation and its reg-

ulation. The effect of blood redistribution and physical inac-

tivity is manifested in a decrease in skin perfusion against 

the background of increased tone of terminal arterioles 

and precapillary sphincters. Such dynamics may indicate 

the redistribution of microcirculation toward larger vessels. 

Despite the stability of perfusion in the forearm skin at rest, 

the functional tests performed showed the probability of 

HDBR conditions to invoke changes in vasomotor function. 

Further research should address skin microhemody-

namics in relation to conditions of actual weightlessness 

using the HDBR model. 
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LAPAROSCOPIC ACCESS IN TREATMENT OF REPRODUCTIVE SYSTEM DISEASES 
IN WOMEN WITH MULTIPLE ADHESIONS

Elena A. Soloveva1, Oleg S. Filippov2,3, Anna P. Uryupina1, Nina A. Chugunova1, Daria A. Ivanova1, Anna M. Utkina1
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2 Federal Scientific and Clinical Center for Children and Adolescents, Moscow,  Russia

3 Burnasyan Federal Medical Biophysical Center, Moscow, Russia

Introduction. Recent progress in abdominal surgery and operative gynecology has led to a significant increase in the number of patients with postoperative 

abdominal adhesions. The incidence of adhesions after abdominal surgery reaches 67–95%, a serious health problem. In their presence, any following opera-

tions may be associated with an increased risk of intra- and postoperative complications. 

Objective. To study the possibility of laparoscopic access and its outcome in the surgical treatment of women with reproductive system diseases concomi-

tant with pronounced abdominal and pelvic adhesions. 

Materials and methods. A retrospective analysis of 265 patient medical records was performed. The general group included 91 women who had under-

gone surgery for diseases of the reproductive system in the setting of pronounced abdominal and pelvic adhesions. The second group (control) comprised 

174 patients who had undergone surgery for diseases of the reproductive system and had no adhesions. The average age of the patients in the general and 

control groups was 47.1 ± 12.8 and 46.5 ± 8.1 years, respectively. The preoperative examination included ultrasonography and dynamic magnetic resonance 

imaging (MRI) of the abdominal cavity and lesser pelvis. For laparoscopic surgery, a STORZ high-resolution video system (Germany) and a BOWA power plant 

(Germany), including high-frequency (HF) electric, laser, and argon plasma energy, were used. Statistical data processing was carried out using the Statistica 

13 and MS Office Excel software. The result was considered statistically significant at p < 0.05.

Results. The conducted comparative analysis demonstrated the possibility of using laparoscopic access for the treatment of women with reproductive 

system pathologies in combination with pronounced abdominal and pelvic adhesions. The duration of surgery, the volume of blood loss, the severity of pain, 

the duration of hospitalization, and convalescence had no statistically significant differences between the general (n = 91) and control groups (n = 174). The 

absence of differences in the frequency of intra- and postoperative complications proves laparoscopic access to be safe in the setting of severe adhesions. 

The safety is ensured by preoperative patient preparation and examination, use of necessary modern equipment and tools, surgical skills and experience. 

Conclusions. The use of laparoscopic access for performing surgical treatment of patients with reproductive system diseases in combination with pro-

nounced adhesions can be considered as the preferred and safe treatment method. 
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ЛАПАРОСКОПИЧЕСКИЙ ДОСТУП ДЛЯ ЛЕЧЕНИЯ ЗАБОЛЕВАНИЙ РЕПРОДУКТИВНОЙ СИСТЕМЫ 
ЖЕНЩИН ПРИ ВЫРАЖЕННОМ СПАЕЧНОМ ПРОЦЕССЕ

Е.А. Соловьева1, О.С. Филиппов2,3, А.П. Урюпина1, Н.А. Чугунова1, Д.А. Иванова1, А.М. Уткина1

1 Новороссийский клинический центр Федерального медико-биологического агентства, Новороссийск, Россия

2 Федеральный научно-клинический центр детей и подростков Федерального медико-биологического агентства, Москва, Россия

3 Федеральный медицинский биофизический центр им. А.И. Бурназяна Федерального медико-биологического агентства, Москва, Россия

Введение. Развитие абдоминальной хирургии и оперативной гинекологии определило значительное увеличение числа больных с послеопераци-

онными спайками брюшной полости. Частота встречаемости спаечного процесса после абдоминальных операций достигает 67–95%. Абдоминаль-

ные спайки представляют собой серьезную проблему для здоровья. При необходимости повторных операций при наличии спаечного процесса 

значительно возрастает риск интра- и постоперационных осложнений.

Цель. Изучить возможность и результаты применения лапароскопического доступа при хирургическом лечении женщин с заболеваниями репро-

дуктивной системы в сочетании с выраженным спаечным процессом брюшной полости и малого таза.

Материалы и методы. Проведен ретроспективный анализ 265 историй болезни пациенток. В основную группу была включена 91 женщина, 

прооперированная по поводу заболеваний репродуктивной системы на фоне спаечного процесса брюшной полости и малого таза. Вторую 

группу (контрольная) составили 174 пациентки, прооперированные по поводу заболеваний репродуктивной системы и не имеющие спаечного 

процесса. Средний возраст пациенток основной группы составил 47,1 ± 12,8 года, контрольной группы — 46,5 ± 8,1 года. Предоперационное 

обследование включало в себя ультразвуковое исследование и динамическое магнитно-резонансное исследование (МРТ) брюшной полости 

и малого таза. Для выполнения лапароскопических операций использовали видеосистему высокого разрешения компании STORZ (Герма-

ния), энергетическую установку компании BOWA (Германия), включающую электрохирургию высокой частоты (ЭХВЧ), лазерную и аргоно-

плазменную энергию. Статистическая обработка данных проводилась с использованием программы Statistica 13 и MS Office Excel. Результат 

считался статистически значимым при p < 0,05.

© E.A. Soloveva, O.S. Filippov, A.P. Uryupina, N.A. Chugunova, D.A. Ivanova, A.M. Utkina, 2025
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Результаты. Проведенный сравнительный анализ продемонстрировал возможность применения лапароскопического доступа для лечения жен-

щин с патологией органов репродуктивной системы в сочетании с выраженным спаечным процессом брюшной полости и малого таза. Длитель-

ность оперативного вмешательства, объем кровопотери, выраженность болевого синдрома, длительность госпитализации и реконвалесценции 

не имели статистически значимых различий между основной (n = 91) и контрольной группами (n = 174). Отсутствие различий частоты интра- и по-

слеоперационных осложнений доказывает, что лапароскопический доступ в условиях выраженного спаечного процесса является безопасным, 

что обеспечивается предоперационными подготовкой и обследованием пациента, применением необходимого современного оборудования и ин-

струментария, оперативными навыками и опытом хирурга.

Выводы. Применение лапароскопического доступа для выполнения оперативного лечения пациенток с заболеваниями органов репродуктивной 

системы в сочетании с выраженным спаечным процессом может рассматриваться как предпочтительный и безопасный метод лечения.

Ключевые слова: спаечный процесс; лапароскопия; адгезиолизис; гистерэктомия; миомэктомия; противоспаечный барьер
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INTRODUCTION

Recent achievements in abdominal surgery and operative 

gynecology have led to a significant increase in the number 

of patients with postoperative abdominal adhesions [1]. The 

development of abdominal adhesions occurs in 67–95% 

of cases after general abdominal surgery and up to 97% 

after gynecological surgery with laparotomy access [2, 3]. 

According to research studies, 63% of the laparotomy ac-

cess length is involved in the formation of anterior abdomi-

nal wall adhesion of the omentum and intestinal loops [4, 5]. 

According to the International Adhesion Society ex-

perts, postoperative adhesions in the abdominal cav-

ity are the most common complication, posing a serious 

health problem for patients and significantly reducing their 

quality of life. The most significant consequences of ad-

hesions involve intestinal obstruction (32–85%), female in-

fertility (15–40%), dyspareunia and chronic abdominal pain 

syndrome (20–50%) [6]. The need for adhesiolysis during 

subsequent surgical procedures increases the operation 

duration by an average of 24–50 min. In addition, the risk 

of iatrogenic intestinal damage, bleeding, and subsequent 

fistula formation increases, thus lengthening the recovery 

time. Moreover, repeated laparotomy and adhesiolysis can 

only worsen the adhesion formation [2, 7–9, 10]. At the 

same time, according to some authors, laparoscopic ad-

hesiolysis decreased the risk of adhesion recurrence and 

secondary surgical infections (infectious septic complica-

tions, wound infection) [11, 12]. 

Currently, the efforts aimed at preventing adhesions in-

volve anti-adhesive barriers made of hyaluronic acid and 

carboxycellulose, thorough hemostasis during surgery, 

and delicate tissue handling [2, 13–15]. 

Most publications on the characteristics of adhesions 

in the abdominal cavity address the features of diagno-

sis, treatment methods, and analysis of complications of 

intestinal adhesive obstruction that occur after surgical in-

terventions on abdominal organs [16–18]. 

Despite the current progress in minimally invasive tech-

nologies that have made it possible to minimize the trau-

matic nature of surgical interventions, the use of modern 

multimodal postoperative rehabilitation programs and a 

variety of means and methods aimed at preventing the 

adhesive process, the results of therapeutic and preven-

tive measures cannot be considered sufficient [6, 19]. The 

issue of pelvic and abdominal adhesions resulting from 

surgical interventions on the female reproductive system 

requires research attention due to its decisive importance 

for selecting treatment tactics and surgical access. 

To date, standardized diagnostic criteria and recom-

mendations for selecting surgical access when treating 

women with reproductive organ pathologies concomitant 

with a widespread adhesive process are lacking. This dic-

tates the need to study the technological capabilities of 

minimally invasive surgery for its further improvement and 

implementation in gynecological practice. 

In this study, we set out to investigate the possibility of 

using laparoscopic access and its outcome in the surgical 

treatment of women with reproductive system diseases in 

combination with pronounced abdominal and pelvic adhe-

sions. 

MATERIALS AND METHODS 

We carried out a retrospective analysis of 265 records 

of patients operated at the Gynecological Department of 

the Novorossiysk Clinical Center for Reproductive System 

Diseases using laparoscopic access. 

The general group included 91 women who had under-

gone surgery for reproductive system diseases in the set-

ting of pronounced abdominal and pelvic adhesions (grade 

III–IV according to Blinnikov’s scale). The second group 
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(control) consisted of 174 patients who had undergone 

surgery reproductive system diseases and had no adhe-

sions or those with a slight degree of its severity (I–II degree 

according to Blinnikov’s scale). The scale is presented in 

Table 1.

The criteria for selecting patients in the study group 

were the age of women over 18 years old, reproductive 

system diseases that required surgical treatment, and ab-

dominal adhesions of varying severity. 

In the general group, the average age of the patients 

was 47.1 ± 12.8  years. In the general group, 55 (60.4%) 

women were overweight or obese of varying severity with 

an average BMI of 27.5 ± 5.9 kg/m2 (maximum 42.4 kg/m2); 

5 (5.4%) patients with morbid obesity with a BMI of more 

than 40 kg/m2 underwent surgery. Body weight deficiency 

was found in only 1 (1.1%) case. Out of the entire sample, 

only 30 (32.3%) women were of normal weight. 

In the control group of 174 patients, the average age 

was 46.5 ± 8.1 years. Overweight and obese women pre-

vailed: 113 (64.9%) patients with an average BMI of 30.1 ± 

6.7 kg/m2 (maximum 52.6 kg/m2), of whom 30 (17.2%) were 

morbidly obese. Most of the operated patients had a com-

bined gynecological pathology.

The preoperative examination of the patients and op-

eration planning included ultrasonography and dynamic 

magnetic resonance imaging (MRI) of the abdominal cavity 

and lesser pelvis. One of the objectives of this study was to 

determine the presence, localization, and prevalence of the 

adhesive process, the involvement of the anterior abdomi-

nal wall and intestinal loops with the purpose of selecting 

the safest access to the abdominal cavity (places of inser-

tion of trocar for optics and trocar for instruments). 

Abdominal ultrasonography (US) was performed in all 

patients. Isolated preoperative ultrasonography in obese 

patients was associated with technical difficulties, which 

resulted in an objective diagnostic error. In such cases, 16 

(17.6%) patients additionally underwent dynamic MRI of the 

abdominal cavity and lesser pelvis. This group included 

women with 3–4 obesity grade.

Laparoscopic surgery was performed using a STORZ 

high-resolution video system (Germany), a BOWA power 

plant from (Germany), including high-frequency (HF) elec-

tric, laser, and argon plasma energy.

A laparoscopic access using 30° anterolateral vision 

optics provided more reliable information about the con-

dition of the abdominal organs, as well as the presence, 

localization, and prevalence of adhesions. The volume of 

dissected splices was determined individually in each case. 

In order to prevent damage to internal organs during 

the introduction of an optical trocar, taking into account ul-

trasonography and MRI mapping data, in 18 (19.9%) cases 

the trocar was installed in an open way along the midline 

3–5 cm above the navel; in 9 (9.8%) cases, the optical tro-

car was not inserted along the classical point of the um-

bilical region. The Veres needle was not used to create a 

carboxyperitoneum. To minimize the pathological effect of 

carboxyperitoneum, abdominal pressure was maintained 

at a level of 6–8 mmHg. 

A combination of various methods and tools was 

used to dissect the splices: an ultrasonic scalpel (BOWA, 

Germany), scissors, and mechanical traction. After per-

forming adhesiolysis and gaining access to the pelvic or-

gans, the necessary amount of surgery was performed 

to solve the set clinical task. To prevent the formation of 

adhesions in the postoperative period, great importance 

was given to hemostasis and sanitation of the abdominal 

cavity. To create an anti-adhesive barrier, an anti-adhesive 

preparation based on polyethylene oxide and carboxym-

ethylcellulose was injected into the abdominal cavity. Upon 

the completion of the surgery, the site of the first trocar 

insertion was examined to ensure the absence of intestinal 

damage.

A comparative assessment of the results of surgical 

treatment was carried out by analyzing the duration of sur-

gical treatment, the volume of blood loss, the severity of 

pain syndrome on the VAS scale, and the duration of hos-

pitalization. In the postoperative period, the classical visual 

analog pain scale (VAS) was used to assess the pain syn-

drome [21, 22]. 

Statistical data processing was carried out using the 

Statistica 13 and MS Office Excel software. The result was 

considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION 

According to the results obtained, The study found that 

benign uterine tumor processes prevailed in the general 

group in 34 (37.4%) cases and in the control group in 86 

(49.4%) cases. Benign ovarian neoplasms were registered 

in 23 (25.3%) patients of the general group and 29 (16.7%) 

women from the control group. The relevant data is pre-

sented in Table 2.

In the general group, 81 (89%) of the patients had pre-

viously undergone various surgical procedures on the 

abdominal and pelvic organs. Only 10 (10.9%) women in 

this group had no history of any prior surgical procedures. 

Table 3 shows the types of surgical interventions previous-

ly performed in patients of the general group with a pro-

nounced adhesive process. The total number of operations 

performed was 180, of which 123 (68.3%) were performed 

for gynecological pathology and 57 (31.7%) operations on 

Table 1. Grades of abdominal adhesions by O.I. Blinnikov

Grade I Local adhesions limited to  the postoperative scar area or part of the abdominal cavity, occupying no more than 1/3 of one 

compartment in the absence of adhesions in other areas

Grade II Local adhesions in combination with single rare adhesions in other areas

Grade III Adhesions occupying more than 1/3 of the abdominal cavity

Grade IV Diffuse adhesions occupying 2/3 of the abdominal cavity

Table prepared by the authors using data from [20]
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abdominal organs. Previous surgical interventions in the 

vast majority of 149 (82.8%) cases were performed by 

laparotomy access. Laparoscopic access was performed 

only in 29 (16.1%) operations, vaginal access — in 2 (1.4%) 

operations.

To achieve the clinical task, the patients of the general 

and control groups underwent various amounts of surgery. 

Table 4 shows the main types of surgical treatment per-

formed. A large proportion were radical operations, such as 

radical hysterectomy with appendages or fallopian tubes. 

The analysis of the medical records of the patients in 

both groups found that no damage to the internal organs 

occurred during the introduction of the trocar for optics and 

instruments. When comparing the features of the course 

of surgery and the course of the postoperative period in 

cases of surgical treatment in patients of the general and 

control groups, no statistically significant differences were 

found (Table 5). 

Thus, the average duration of surgical intervention in-

creased by 25–40 min in the general group due to the time 

spent on adhesiolysis. The average volume of blood loss 

and the hospitalization duration did not differ significantly 

among the groups. In all cases of surgical intervention, 

the amount of surgical treatment required by the clinical 

situation was performed, which additionally confirms the 

possibility of performing the required amount of surgical in-

tervention in the presence of pronounced adhesions in the 

abdominal cavity. There were no laparotomy conversions in 

both groups of patients. 

Health promotion in both groups was carried out start-

ing from the first day of the postoperative period; sparing 

nutrition was organized from the second day. In all patients, 

intestinal motility was restored on days 1–2. 

On the first day after surgery, only 6 (6.6%) patients 

from the general group rated pain on a scale of 7–8 points. 

Moderate pain at a level of 5–6 points according to VAS 

was noted in 38 (41.8%), while a mild pain level of 3–4 

points was noted by 42 (46.2%) women. There were no 

complaints of pain at all in 5 (5.4%) patients from the gen-

eral observation group. By the third day, all patients had 

reported a pain level of 2–3 points, which made it possible 

to cancel the use of painkillers. Similar data were obtained 

in the control group. 

The average duration of hospitalization stay in both 

groups did not differ statistically, the corresponding data 

are presented in Table 5. The need to perform adhesiolysis 

during surgery did not lead to an increase in the postopera-

tive bed day. Significant intraoperative and postoperative 

complications, such as injury to adjacent organs, bleeding 

from damaged vessels, and purulent-septic complications 

in the early and late postoperative periods, were not re-

corded in both groups. In the general group, in one case, 

sigmoid colon deserosing occurred without opening the lu-

men. The defect was sutured laparoscopically and did not 

affect the course of the postoperative period. During the 

follow-up year, there were no cases of intestinal adhesive 

obstruction in both groups of patients. 

Table 2. Indication for surgical treatment (p > 0.05)

General group 
n = 91

Control group
n = 174

n % n %

Uterine fibroids 34 37.4 86 49.4

Ovarian neoplasms 23 25.3 29 16.7

External genital endometriosis 11 12.1 18 10.3

Chronic inflammatory diseases of the pelvic organs with hydrosalpinxes 8 8.8 7 4.0

Infertility 6 6.6 17 9.7

Pelvic organ prolapse 4 4.4 12 6.9

Atypical endometrial hyperplasia, adenomatosis 2 2.2 5 2.9

Chronic pelvic pain syndrome 3 3 0 0

Table prepared by the authors using their own data

Table 3. Total number and types of previous surgical interventions in patients 

of the general group based on anamnesis data

Surgical interventions
Number of 

interventions

On the reproductive system organs, in particular: 123

operations on the uterine appendages 43

Caesarean section 38

tubal pregnancy 13

hysterectomy 12

endometriosis 10

myomectomy 5

inflammatory diseases 2

On the abdominal organs, in particular: 57

appendectomy 30

cholecystectomy 9

bowel surgery 6

injuries and traumas of abdominal organs 5

operations for diffuse peritonitis 4

liver surgery 3

Table prepared by the authors using their own data
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To date, pronounced adhesions remain a contraindi-

cation for selecting laparoscopic access during surgical 

treatment. It is believed that adhesions impair visualization, 

increase the risk of damage to the internal organs of the ab-

dominal cavity (intestines, large vessels, etc.), and worsen 

the outcome of surgical treatment in patients with diseases 

of the female reproductive system. In addition, the range of 

noninvasive preoperative diagnostic tools of adhesions is 

limited, not finding application in routine practice [23, 24]. 

The development and implementation of standardized 

diagnostic criteria and surgical tactics for a safer surgical 

treatment in patients with reproductive system diseases in 

combination with pronounced abdominal and pelvic adhe-

sions will make it possible to use laparoscopic technolo-

gies in larger groups of patients with reproductive system 

diseases [24–26]. 

Preoperative mapping of adhesions using ultrasonogra-

phy and MRI of the abdominal cavity and lesser pelvis with 

a high degree of probability facilitates the selection of the 

safest points of trocar insertion into the abdominal cavity. 

The refusal to use a Veres needle and the direct introduc-

tion of the trocar into the abdominal cavity followed by the 

creation of a carboxyperitoneum does not increase the risk 

of abdominal organ damage. The use of 30° anterior-lat-

eral vision optics significantly improves visualization in the 

presence of adhesions. A combination of modern instru-

ments with various types of energy improves the quality of 

adhesiolysis, reduces the risk of damage to the abdomi-

nal and pelvic organs, injury to surrounding tissues, and 

bleeding. All of the above increases the safety of surgical 

intervention performed in the setting of adhesions using the 

laparoscopic method. The presented conclusions are con-

sistent with the literature data [12, 25–27].

The conducted comparative analysis demonstrates the 

possibility of using laparoscopic access for the treatment 

of women with reproductive system pathologies concomi-

tant with pronounced abdominal and pelvic adhesions. 

Laparoscopic access in the setting of pronounced adhe-

sions is a safe choice, which is ensured by preoperative 

preparation and examination of the patient, the use of nec-

essary modern equipment and tools, the surgical skills and 

experience of the surgeon.

CONCLUSION

The use of laparoscopic access for performing surgical 

treatment in patients with reproductive system diseases in 

combination with pronounced adhesions can be consid-

ered as the preferred and safe method of treatment. The 

use of modern methods of preoperative mapping of adhe-

sions (ultrasonography, MRI) and modern equipment con-

tributes to improving the safety of laparoscopic methods 

and reducing the risk of intraoperative and postoperative 

complications.

Table 4. Types of surgical procedures

Types of surgical interventions

General group
n = 91

Control group
n = 174

n % n %

Radical hysterectomy with bilateral oophorectomy 38 41.8 99 55.2

Ovarian neoplasm excision 13 14.3 20 11.5

Adnexectomy 11 12.1 13 7.5

Endometriosis surgery 8 8.7 8 4.6

Myomectomy 7 7.8 20 11.5

Tubectomy 5 5.5 0 0

Dissection of the adhesions (infertility) 5 5.5 4 2.3

Promontofixation using a mesh implant 4 4.4 12 6.9

Scar metroplasty after cesarean section 0 0 1 0.6

Table prepared by the authors using their own data

Table 5. Main indicators of surgical intervention

Parameter General group Control group

Average surgery duration, min 107.9 ± 34.38 81.9 ± 25.6

Average volume of blood loss, mL 65 ± 32.5 61.9 ± 29.2

Average hospital length of stay, bed days 5.6 ± 1.8 6.1 ± 1.3

Stay in the intensive care unit 1 day after surgery, number of patients, % 28 (30.8%) 59 (33.9%)

Conversion to laparotomy, % 0 0

Table prepared by the authors using their own data
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