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Effects of Metformin on Ceramide Production in Local Fat Depots  
in Patients with Coronary Artery Disease

Dyleva Yu.A.1, Gorbatovskaya E.E.1, 2, Dolmatova S.E.1, 2, Ivanov S.V.1, 
Fanaskova E.V.1, Gruzdeva O.V.1, 2

1 Research Institute for Complex Issues of Cardiovascular Diseases 
6 Academician Barbarash Blvd., 650002 Kemerovo, Russian Federation
2 Kemerovo State Medical University  
22а Voroshilov St., 650029 Kemerovo, Russian Federation

ABSTRACT

Aim. To evaluate the effects of metformin on the expression level of ceramide synthesis enzyme genes, and on the 
total content and spectrum of ceramides in local fat depots in patients with coronary heart disease (CHD).

Materials and methods. The study included 41 patients with CHD, who were scheduled to undergo coronary 
artery bypass grafting. Samples of subcutaneous, epicardial, and perivascular adipose tissue (SAT, EAT, and 
PVAT) were obtained during surgery, adipose tissue adipocytes were isolated and cultured for 24 hours with the 
addition of metformin (Sigma-Aldrich, USA) at concentrations of 1 and 10 mmol/l. The expression characteristics 
of de novo ceramide synthesis enzymes were assessed by quantitative polymerase chain reaction on a ViiA 7 
amplifier (Applied Biosystems, USA). The total content and spectrum of ceramides (Cer) were determined by high-
performance liquid chromatography with mass spectrometry (HPLC-MS/MS). Statistical processing of the results 
was performed using the STATISTICA 12 software package.

Results. Metformin at a concentration of 1 mmol/l statistically significantly decreased the gene expression of 
the enzymes serine palmitoyltransferase-1 (SPTLC1) in SAT, EAT and PVAT, ceramide synthase-2 (CERS2) 
in EAT and SAT, ceramide synthase-4 (CERS4) in EAT and PVAT, and increased dihydroceramide desaturase 
(DEGS1) in EAT and SAT. Metformin at a concentration of 10 mmol/l decreased the level of SPTLC1 and CERS2 
mRNA in EAT, CERS4 in EAT and PVAT. A significant decrease in the content of Cer d18:1/16:0 in EAT at a 
metformin concentration of 1 mmol/l, and Cer d18:1/18:0 in EAT and PVAT, Cer d18:1/20:0 in SAT and EAT at 
concentrations of 1 and 10 mmol/l was revealed.

Conclusion. Thus, the potential ability of metformin to inhibit de novo ceramide synthesis in isolated SAT, EAT 
and PVAT adipocytes and to reduce the content of ceramides associated with adverse cardiovascular events in fat 
cells was demonstrated in in vitro experiments.

Keywords: ceramides, metformin, adipose tissue, coronary heart disease
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Эффекты метформина на продукцию церамидов в локальных  
жировых депо у пациентов с ишемической болезнью сердца

Дылева Ю.А.1, Горбатовская Е.Е.1, 2, Долматова С.Е.1, 2, Иванов С.В.1, Фанаскова Е.В.1,  
Груздева О.В.1, 2

1 Научно-исследовательский институт комплексных проблем сердечно-сосудистых заболеваний (НИИ КПССЗ) 
Россия, 650002, г. Кемерово, б-р им. академика Л.С. Барбараша, стр. 6
2  Кемеровский государственный медицинский университет 
Россия, 650056, г. Кемерово, ул. Ворошилова, 22а

РЕЗЮМЕ

Цель: оценить эффекты метформина на уровень экспрессии генов ферментов синтеза церамидов и общее 
содержание и спектр церамидов в локальных жировых депо у пациентов с ишемической болезнью сердца 
(ИБС).

Материалы и методы. В исследование включен 41 пациент с ИБС, которому планировалось проведение 
аортокоронарного шунтирования. Образцы подкожной, эпикардиальной и периваскулярной жировой тка-
ни (ПЖТ, ЭЖТ и ПВЖТ) были получены во время оперативного вмешательства, адипоциты ЖТ изолиро-
вали и культивировали в течение суток с добавлением метформина (Sigma-Aldrich, США) в концентрациях 
1 и 10 ммоль/л. Оценку экспрессии ферментов синтеза церамидов de novo проводили методом количествен-
ной полимеразной цепной реакции на амплификаторе ViiA 7 (Applied Biosystems, США). Общее содер-
жание и спектр церамидов (Cer) устанавливали методом высокоэффективной жидкостной хроматографии 
с масс-спектрометрическим детектированием (ВЭЖХ-МС/МС). Статистическую обработку результатов 
осуществляли c использованием программного пакета Statistica 12. 

Результаты. Метформин в концентрации 1 ммоль/л статистически значимо снижал генную экспрессию 
ферментов серинпальмитоилтрансферазы-1 (SPTLC1) в ПЖТ, ЭЖТ и ПВЖТ, церамидсинтазы-2 (CERS2) 
в ЭЖТ и ПЖТ, церамидсинтазы-4 (CERS4) в ЭЖТ и ПВЖТ и повышал экспрессию ферментов дигидроце-
рамиддесатуразы (DEGS1) в ЭЖТ и ПЖТ. Метформин в концентрации 10 ммоль/л снижал уровень мРНК 
SPTLC1 и CERS2 в ЭЖТ, CERS4 в ЭЖТ и ПВЖТ. Выявлено снижение содержания Cer d18:1/16:0 в ЭЖТ 
при концентрации метформина 1 ммоль/л и Cer d18:1/18:0 в ЭЖТ и ПВЖТ, Cer d18:1/20:0 в ПЖТ и ЭЖТ 
при концентрациях 1 и 10 ммоль/л.  

Заключение. Показана потенциальная способность метформина в экспериментах in vitro ингибировать 
синтез церамидов de novo в изолированных адипоцитах ПЖТ, ЭЖТ и ПВЖТ и снижать содержание в жи-
ровых клетках церамидов, ассоциированных с неблагоприятными сердечно-сосудистыми событиями.

Ключевые слова: церамиды, метформин, жировая ткань, ишемическая болезнь сердца
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INTRODUCTION
Metformin is the oldest first-line oral hypoglycemic 

agent for patients with type 2 diabetes mellitus 
(T2DM). Over the past two decades, metformin has 
demonstrated a number of beneficial effects beyond 
its efficacy in the context of hypoglycemic therapy, 
both in experimental models and in clinical trials.

Among the drug’s most significant pleiotropic 
effects are its cardioprotective properties [1] and its 
impact on modifiable cardiovascular risk factors, 
such as dyslipidemia, obesity, and insulin resistance 
[2–4], suppression of oxidative stress in vascular 
cells, and reduction of inflammatory responses 
[5–7]. Furthermore, there is growing evidence 
demonstrating the efficacy of metformin in secondary 
cardiovascular prevention [8]. Pleiotropic effects 
are likely mediated, as demonstrated in studies, 
through the drug’s ability to suppress adipocyte 
differentiation and modulate their functional activity, 
reducing adipose tissue inflammation, thereby 
potentially reducing the risk of cardiac fibrosis, 
which leads to structural changes and systolic and 
diastolic myocardial dysfunction.

Using untargeted and targeted lipidomics 
methods, a comprehensive and advanced analytical 
approach to studying lipidome changes, the effect 
of metformin on the serum lipidome in obesity 
and diabetes mellitus was assessed. The drug 
demonstrated positive effects by significantly 
reducing certain lipid classes, the role of which has 
been demonstrated in the development of obesity, 
diabetes mellitus, and cardiovascular disease [9–12]. 
Furthermore, adipose tissue (AT) of the heart and 
blood vessels can also act as a potential source of 
complex lipids, as its epicardial and perivascular 
compartments are located in close proximity to 
atherosclerotic lesions. 

In this regard, the class of sphingolipids, 
especially ceramides, is of particular interest, as 
experimental and clinical studies have shown their 
association with the development and progression 
of atherosclerosis [13, 14]. Currently, the question 
remains open as to whether metformin is capable of 
modulating the functional activity of local cardiac 
fat depots and regulating the synthesis of ceramides 
associated with coronary diseases.

This study aimed to evaluate the effect of 
metformin on the level of expression of enzyme-
encoding genes responsible for de novo synthesis 

of ceramides and the total content and spectrum 
of ceramides in local fat depots in patients with 
coronary heart disease (CHD).

MATERIALS AND METHODS
The inclusion criteria for the study were the 

presence of stable CHD and indications for coronary 
artery bypass grafting (CABG). Exclusion criteria 
were as follows: age over 75 years, myocardial 
infarction, carbohydrate metabolism disorders 
(T1DM and T2DM), and the presence of clinically 
significant comorbidities (renal failure, liver failure, 
anemia, acute oncological and infectious and 
inflammatory diseases, and autoimmune diseases). 

Thus, the study included 41 patients meeting 
the inclusion and exclusion criteria. The study 
was approved by the local Ethics Committee 
of the Research Institute for Complex Issues of 
Cardiovascular Diseases (Minutes No. 12 dated 
March 20, 2023) and complied with the principles of 
good clinical practice and the principles of the World 
Medical Association’s Declaration of Helsinki, 
taking into account the amendments adopted in 
2013, as well as the “Rules of Clinical Practice in 
the Russian Federation” (Order of the Ministry of 
Health of the Russian Federation No. 266 dated June 
19, 2003). 

All patients had their medical history taken upon 
admission to the hospital, their height (m) and weight 
(kg) were measured, and their body mass index (BMI, 
kg/m2) was calculated. The clinical characteristics of 
the patients are presented in Table 1.

T a b l e  1
Clinical Characteristics of Patients with Coronary Heart Disease

Parameter CHD patients,
n = 41

Male gender, n (%) 27 (66)
Age, years, Mе (Q25; Q75) 66.2 (48.5;70.3)

Body mass index, kg/m2, Mе (Q25; Q75) 26.9 (22.1;29.7)
History of myocardial infarction, n (%) 30 (73)
History of CHD, n (%) 21 (56)
Arterial hypertension, n (%) 25 (61)
Dyslipidemia, n (%) 20 (49)
Smoking, n (%) 21 (56)
Acute cerebrovascular accident, n (%) 3 (7)
Atherosclerosis of one coronary artery, n (%) 6 (15)
Atherosclerosis of two coronary arteries, n (%) 7 (17)
Atherosclerosis of three or more coronary 
arteries, n (%) 28 (68)

Atherosclerosis of other vascular basins, n (%) 8 (20)
Class I heart failure, n (%) 28 (68)
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Parameter CHD patients,
n = 41

Class II heart failure, n (%) 13 (32)
Class III heart failure, n (%) 0 
Class IV heart failure, n (%) 0
No angina pectoris, n (%) 3 (7)
Class I angina pectoris, n (%) 0
Class II angina pectoris, n (%) 14 (34)
Class III angina pectoris, n (%) 24 (57)
Class IV angina pectoris, n (%) 0
Ejection fraction, %, Mе (Q25; Q75) 53.6 (46.3;58.9)
Aspirin, n (%) 38 (93)
Clopidogrel, n (%) 6 (15)
β-blockers, n (%) 37 (90)
Angiotensin-converting enzyme inhibitors, n (%) 31 (76)
Statins, n (%) 41 (100)
Ca-channel blockers, n (%) 31 (76)
Nitrates, n (%) 1 (2)
Diuretics, n (%) 33 (81)____________

Note .  Class is functional class according to NYHA.

Patients’ medical histories often included 
cardiovascular risk factors, such as hypertension, 
dyslipidemia, and smoking. Left ventricular ejection 
fraction calculated according to the Teicholz formula 
was preserved. During their hospital stay, patients 
received standard medications in accordance with 
the guidelines of the Ministry of Health of the 
Russian Federation (2020) and the European Society 
of Cardiology (2020) (Table 1).

Obtaining cardiac adipose tissue samples and 
isolating adipocytes were performed according 

to a previously described method [15]. To assess 
the effect of the drug on the functional activity 
of adipocytes in subcutaneous, epicardial, and 
perivascular adipose tissue (SAT, EAT, and PVAT, 
respectively), the cells were cultured for 24 hours 
with the addition of metformin (Sigma-Aldrich, 
USA) at concentrations of 1 and 10 mmol/l. To obtain 
the required concentrations, metformin was diluted 
with complete culture medium M199 containing a 
glucose solution at a concentration of 5.3 mmol/l 
and dexamethasone 10–9M. These substances are 
necessary to create a state of adipocytes in the 
body that is as close as possible to the physio- 
logical state. 

Next, 2 x 106 adipocytes were added to the 
wells of a sterile 24-well plate (Greiner, Germany) 
and brought to a volume of 1 ml with complete 
M199 culture medium containing glucose at a final 
concentration of 5.3 mmol/l, dexamethasone 10–9M, 
and metformin at the specified concentration. The 
cells were cultured for 24 hours in a CO2 incubator 
(CB-53, BINDER, Germany) at 37°C and 5% CO2. 
After the incubation period, the cultured cells were 
carefully removed for subsequent gene expression 
determination.

The expression of ceramide synthesis enzymes 
in isolated adipocytes was assessed by quantitative 
polymerase chain reaction on a ViiA 7 amplifier 
(Applied Biosystems, USA) using primers (Eurogen, 
Russia) indicated in Table 2.

E n d   o f   t a b l e 1

T a b l e  2

Nucleotide Sequences in the Primers of Enzymes Involved in de novo Ceramide Synthesis
Gene Sequence Direction Sequence (5’->3’) Primer Length

Serine palmitoyltransferase long chain base 
subunit 1 (SPTLC1)

Forward primer aggaagcggctaactatggc 20

Reverse primer ccagaggatcagaatcccttcc 22

Ceramide synthase 2 
(CERS2)

Forward primer ggacgtgtctacgccaaagc 20
Reverse primer atgttcaagagggcagccagt 21

Ceramide synthase 4
(CERS4)

Forward primer caggacttgttggcagccct 20
Reverse primer cgttgggcttcacttgcctc 20

Delta 4-desaturase, sphingolipid 1 (DEGS1)
Forward primer ccactgagctggagtttcct 20
Reverse primer caggaattgtagtgagggaggt 22

The total content and spectrum of ceramides (Cer) 
in adipocytes were assessed by high-performance 
liquid chromatography with mass spectrometry to 
identify precursor ions of the fragment with m/z 
264 in the mass/charge ratio range from 500 to 
700 (HPLC-MS).  First, liquid–liquid extraction 

was performed using chloroform, methanol, and 
water. Calculation of ceramide concentrations was 
performed using calibration standards (ng/ml). The 
HPLC-MS/MS system consisted of a Sciex QTRAP 
5500 tandem triple quadrupole mass spectrometric 
detector (ab Sciex, USA) and an Agilent 1260 
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Infinity liquid chromatograph (Agilent Technologies, 
USA). For chromatographic determination of 
ceramides in adipose tissue adipocytes, a ZORBAX 
Eclipse XDB-C18 column, 2.1 × 100 mm, 1.8 μm 
(Agilent Technologies, USA) with a Security Guard 
precolumn (Phenomenex, USA) was used. Ceramide 
identification was performed using LipidMatch 
scripts and the LipidMaps lipid nomenclature.

Statistical processing was performed using the 
Statistica 12 software package. Quantitative data were 
presented as the median and the interquartile range 
Me (Q25; Q75), while qualitative data were presented 
as frequency indices in absolute and relative units n 
(%). Intergroup differences were determined using 
nonparametric tests. Three dependent groups were 
compared using the Friedman test, and pairwise 
comparisons were performed using the Wilcoxon 
test. Using the Bonferroni correction, the critical 
level of significance was taken to be p ≤ 0.017 when 

comparing three study groups; when comparing two 
groups, differences were considered as statistically 
significant at p < 0.05.

RESULTS
Metformin was found to modulate the functional 

activity of cardiac adipose tissue adipocytes. 
Concentrations of 1 and 10 mmol/l metformin 
had consistent effects on the gene expression of 
de novo ceramide synthesis enzymes in cultured 
subcutaneous, epicardial, and perivascular adipocytes 
from individuals with CHD. However, the effect of 
the drug at a concentration of 1 mmol/l was more 
pronounced than at 10 mmol/l. Among patients with 
coronary heart disease, decreased gene expression 
of the enzyme encoding the first step in de novo 
ceramide synthesis, serine palmitoyltransferase-1 
(SPTLC1), was observed in SAT, EAT, and PVAT 
(Figure).

Figure. Evaluation of the effect of metformin on the expression levels of serine palmitoyltransferase-1 (SPTLC1), ceramide synthase 
2 (CERS2), ceramide synthase 4 (CERS4), and delta 4-desaturase, sphingolipid 1 (DEGS1) in adipocytes of various locations in 
patients with coronary heart disease. ΔCt (delta Ct) is the difference between the threshold cycles (Ct) for the gene under study and 

the reference gene in the same sample

In patients with CHD, metformin at a 
concentration of 1 mmol/l suppressed the expression 
of genes encoding enzymes responsible for ceramide 
species diversity: ceramide synthase-4 (CERS4) in 

EAT and PVAT, and ceramide synthase-2 (CERS2) 
in EAT and SAT, which synthesize ceramides with 
a long hydrocarbon chain of C16-C24. Furthermore, 
metformin at a concentration of 1 mmol/l increased 

p = 0.002 p = 0.010

p = 0.001 p = 0.002

p = 0.003

p = 0.002
p = 0.001

p = 0.002p = 0.001

p = 0.012

p = 0.001

p = 0.001

p = 0.011 p = 0.016 p = 0.011

p = 0.014
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the expression level of the delta 4-desaturase, 
sphingolipid 1 (DEGS1) gene, an enzyme involved 
in the final stage of de novo ceramide synthesis in 
EAT and SAT.

Ceramides containing saturated fatty acid 
residues were detected in patients with CHD: Cer 
d18:1/16:0, Cer d18:1/18:0, Cer d18:1/20:0, and 
Cer d18:1/24:0. Metformin at concentrations of 1 
and 10 mmol/l was shown to modulate ceramide 
levels in adipocytes. The effects of metformin were 
consistent with the identified patterns of changes 
in gene expression of enzymes involved in de novo 
ceramide synthesis. Metformin had a unidirectional 

effect regardless of concentration. However, the 
effect of the drug at a concentration of 1 mmol/l on 
the levels of some ceramides was more pronounced.

Adipocytes in the epicardial region were most 
susceptible to the effects of metformin. A significant 
decrease in the content of Cer d18:1/16:0, Cer 
d18:1/18:0, and Cer d18:1/20:0 in EAT was 
observed. In perivascular adipocytes, only the level 
of Cer d18:1/18:0 decreased, while in subcutaneous 
adipocytes, Cer d18:1/20:0 decreased. Metformin had 
no statistically significant effect on the production of 
Cer d18:1/24:0 (Table 3).

T a b l e  3

Evaluation of Ceramide Concentration in Adipocytes of Local Fat Depots of Patients with Coronary Heart Disease  
with the Addition of Metformin, Me (Q25; Q75)

Ceramides, ng/ml
SAT EAT PVAT

C 1 mmol/l 10 mmol/l C 1 mmol/l 10 mmol/l C 1 mmol/l 10 mmol/l
1 2 3 4 5 6 7 8 9

Cer d18:1/16:0

42.18
(21.07;
49.28)

44.20
(22.03;
50.32)

45.16
(22.21;
51.2)

75.33
(53.07;
87.25)

60.07
(47.82;
79.45)

71.21
(51.17;
86.02)

37.67
(32.13;
51.04)

35.61
(29.53;
49.81)

36.35
(28.44;
45.22)

рFt ≥ 0.05 рFt = 0.012
рWt4,5 = 0.021 рFt ≥ 0.05

Cer d18:1/18:0

12.04
(9.22;
15.91)

13.00
(9.27;
16.42)

13.03
(9.32;
16.63)

25.27
(17.15;
30.37)

15.32
(10.22;
19.54)

19.63
(11.53;
21.64)

18.75
(11.03;
23.68)

15.13
(10.30;
20.63)

15.60
(10.61;
23.21)

рFt ≥ 0.05
рFt = 0.015

рWt4,5 = 0.003
рWt4,6 = 0.018

рFt = 0.001
рWt7,8 = 0.014
рWt7,9 = 0.027

Cer d18:1/20:0

22.01
(18.11;
30.11)

16.93
(11.31;
22.49)

19.83
(12.98;
23.83)

15.95
(9.35;
21.80)

10.30
(8.38;
13.11)

12.26
(8.57;
18.95)

13.04
(9.11;
19.50)

10.13
(8.01;
12.53)

12.15
(8.38;
17.44)

pFt = 0.001
рWt1,2 = 0.003

pFt = 0.001
рWt4,5 = 0.002
рWt4,6 = 0.009
рWt5,6 = 0.011

рFt ≥ 0.05

Cer d18:1/24:0

60.54
(33.78;
71.24)

59.55
(34.19;
67.51)

60.05
(32.55;
69.33)

45.85
(24.51;
53.22)

45.97
(24.88;
58.04)

45.92
(24.61;
58.31)

42.03
(21.32;
52.12)

41.29
(23.08;
50.76)

43.53
(22.14;
53.35)

рft ≥ 0.05 рFt ≥ 0.05 рFt ≥ 0.05
____________
Note .  C – control, SAT – subcutaneous adipose tissue, PVAT – perivascular adipose tissue, EAT – epicardial adipose tissue. The levels of statistical 
significance: pFt – the level when comparing three groups using the Friedman method, pWt – the level when comparing two groups using the 
Wilcoxon method, and 1 mmol/l and 10 mmol/l – metformin concentration.

DISCUSSION

Metformin is a widely used biguanide with 
antihyperglycemic properties. However, its potential 
uses have long extended beyond the treatment of 
T2DM. The beneficial effects of metformin on 
cardiovascular health are being increasingly discussed.

The mechanisms of this phenomenon are not fully 
understood and are related to metformin’s ability 

to modulate lipid homeostasis, but the molecular 
and genetic aspects require further clarification 
[16]. Ceramides are key molecules in sphingolipid 
metabolism and are considered to be important 
modulators of various cells and tissues, including 
cardiac and vascular adipose tissue [17]. According 
to experimental data, metformin inhibits the synthesis 
of ceramides and other complex lipids in animal 
skeletal muscle [18, 19], significantly reduces the 
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levels of certain lipid classes in the myocardium, as 
well as the expression of genes encoding enzymes 
that synthesize them, and regulates fatty acid 
composition [20].

The obtained results indicate the ability of 
metformin to regulate ceramide metabolism in 
vitro in epicardial and perivascular adipocytes 
to a greater extent than in subcutaneous ones, 
among patients with CHD. The pleiotropic effect 
of metformin was expressed in the ability to 
regulate the pathways of ceramide synthesis in 
cardiac adipocytes. Thus, at a low concentration 
(1 mmol/l), metformin more effectively suppressed 
the de novo ceramide synthesis from palmitoyl-
CoA and serine at the stage of the first enzymatic 
reaction, as evidenced by a reduced expression of 
SPTLC1. Metformin suppressed the expression 
of genes of some ceramide synthases CERS2 and 
CERS4 in epicardial and perivascular adipocytes 
responsible for the synthesis of ceramides 
containing C-16, C-18, C-20, and C-24 residues of 
fatty acids associated with cardiovascular diseases 
[21]. At the same time, the drug increased the 
expression of the gene encoding the enzyme for 
the final reaction of de novo ceramide synthesis  
(DEGS1).

Based on the obtained results, it was established 
that the use of metformin in vitro promotes 
changes in ceramide concentrations in adipocytes, 
primarily in EAT and PVAT, in patients with CHD. 
Moreover, the drug effect was more pronounced 
at a concentration of 1 mmol/l compared to  
10 mmol/l. Thus, ceramide levels, which are 
closely linked to the development and progression 
of cardiovascular disease, decreased in EAT  
and PVAT.

The pronounced effect of metformin in patients 
with CHD is likely due to the fact that one of the 
drug pleiotropic effects is the ability to suppress 
adipocyte differentiation and hypertrophy and 
reduce AT inflammation [22]. Therefore, metformin 
has the potential to reduce the ceramide-producing 
capacity of adipocytes. The reduction in ceramide 
production is achieved through the regulation of 
gene expression of enzymes synthesizing ceramides 
de novo, thereby inhibiting the accumulation of Cer 
in the ventricular tract of the heart and coronary 
vessels, which have adverse cardiovascular  
effects.

CONCLUSION
The potential ability of metformin to inhibit de 

novo ceramide synthesis in isolated adipocytes 
(SAT, EAT, and PVAT) and to reduce the content 
of ceramides associated with adverse cardiovascular 
events in fat cells was demonstrated in in vitro 
experiments.
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ABSTRACT

Aim. To investigate morphological alterations in neurons and glial cells in the cerebral cortex using a rat model of 
total transient global cerebral ischemia (GCI) and to evaluate the neuroprotective effects of p-tyrosol.

Materials and methods. Experiments were performed on Wistar rats (n = 30), randomly divided into three 
groups: sham-operated, GCI control, and GCI with p-tyrosol treatment. The glioneuronal elements of the cerebral 
cortex were analyzed by light and transmission electron microscopy combined with a quantitative morphometric 
assessment.

Results. In the GCI group, a significant reduction in neuron density was observed. Surviving neurons showed a 
marked decrease in the relative volume of membrane-bound organelles, accompanied by an increase in lipofuscin, 
lysosomes, and vacuoles. Administration of p-tyrosol after GCI enhanced neuronal survival.

Conclusion. For the first time in this rat model of GCI, structural and ultrastructural changes of cortical neurons 
and glial cells in rats were characterized, confirming the validity of the model. Neuroprotective effects of p-tyrosol 
in the context of GCI were demonstrated at both the light-microscopic and ultrastructural levels.

Keywords: brain, ischemia, light microscopy, electron microscopy, tyrosol, neuroprotection
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их коррекция п-тирозолом

Жданкина А.А.1, Осипенко А.Н.1, Чернышева Г.А.2, Смольякова В.И.2,  
Логвинов С.В.1, Потапов А.В.1, Герасимов А.В.1, Ласукова Т.В.1, Геренг Е.А.1,  
Акбашева О.Е.1, Тихоновская О.А.1, Плотников М.Б.2

1 Сибирский государственный медицинский университет (СибГМУ) 
Россия, 634050, г. Томск, Московский тракт, 2
2 Научно-исследовательский институт фармакологии и регенеративной медицины (НИИФиРМ)   
Томского национального исследовательского медицинского центра (НИМЦ) Российской академии наук  
Россия, 634028, г. Томск. пр. Ленина, 3

РЕЗЮМЕ

Цель. Изучить морфологические изменения нейронов и глии коры больших полушарий на модели тоталь-
ной транзиторной ишемии головного мозга (ТТИГМ) у крыс и на фоне коррекции п-тирозолом.

Материалы и методы. Опыты проведены на крысах линии Вистар (n = 30). Животные были разделе-
ны случайным образом на три группы – ложнооперированные, контрольные с воспроизведением ТТИГМ, 
опытные с моделью ТТИГМ и введением п-тирозола. Глионейрональный комплекс коры больших полу-
шарий изучали при помощи световой и электронной микроскопии с применением морфоколичественного 
анализа.

Результаты. В группе животных с ТТИГМ отмечено значимое снижение численной плотности нейронов. 
В сохранившихся нейронах происходило значительное уменьшение удельного объема мембранных орга-
нелл, а также повышение удельного объема липофусцина, лизосом и вакуолей. У животных, получавших 
п-тирозол после ТТИГМ, отмечалось усиление выживаемости нейронов.

Заключение. Впервые на данной модели ТТИГМ охарактеризованы структурные и ультраструктурные 
изменения нейронов и глии коры больших полушарий у крыс, которые свидетельствуют о состоятельно-
сти модели. В условиях ТТИГМ впервые продемонстрированы нейропротективные эффекты п-тирозола на 
светомикроскопическом и ультраструктурном уровнях.

Ключевые слова: головной мозг, ишемия, световая микроскопия, электронная микроскопия, п-тирозол, 
нейропротекция
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INTRODUCTION

According to the WHO, stroke is the second 
leading cause of death in Russia and most other 
countries [1], with ischemic strokes predominating. 
Acute cerebral ischemia – reperfusion causes 

massive death of neuronal and glial cells and leads 
to severe neurological deficits [2], creating a need 
for neuroprotection [3]. Due to the leading role of 
oxidative stress during ischemia – reperfusion injury, 
the use of neuroprotective agents with antioxidant 
effects is relevant [4]. One such neuroprotective 
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agent is p-tyrosol, a naturally occurring phenol with 
high bioavailability for brain tissue [5].

To study the pathogenesis of ischemia – 
reperfusion injury and to carry out a preclinical 
evaluation of neuroprotection, a total transient global 
cerebral ischemia (GCI) rat model was used [6]. We 
developed a modified variant of the model proposed 
by N.S. Shcherbak et al., with low morbidity 
and mortality in animals [7]. The pharmaceutical 
substance p-tyrosol (99.5% purity) was provided by 
the Institute for Problems of Chemical and Energy 
Technologies, Siberian Branch of the Russian 
Academy of Sciences (Biysk, Russia).

The aim of the study was to investigate 
morphological changes in cortical neurons and glia 
using a rat model of GCI and after treatment with 
p-tyrosol. 

MATERIALS AND METHODS
The study involved 30 outbred Wistar rats 

weighing 220–240 g. The animals were divided 
into three groups (10 each): a sham-operated group 
(sham control), a group with GCI induction (control), 
and a group with GCI induction and p-tyrosol 
administration (experimental). The GCI model 
was reproduced using the three-vessel occlusion 
method [7]. Shamoperated animals underwent the 
same surgical procedure, but without application of 
arterial occluders. Rats in the experimental group 
received ptyrosol intraperitoneally at a dose of 20 
mg/kg body weight for 5 days starting from the time 
of GCI induction. Rats in the control group received 
distilled water according to the same regimen.

At the end of the experiment, the animals were 
euthanized under isoflurane anesthesia, and the 
brains were removed. All procedures complied with 
the Directive 2010/63/EU. The study was approved 
by the Bioethics Committee at Siberian State Medical 
University (Minutes No. 2203201 dated ).

For morphological studies, the brains of the 
experimental animals were fixed by transcardial 
perfusion with a mixture of 4% paraformaldehyde 
and 1% glutaraldehyde for 15–20 minutes at 90 mm 
Hg. After fixation, the brains were removed and 
post-fixed in a similar fixative mixture. For light 
microscopy, the material was embedded in paraffin. 
Thin serial frontal sections of the whole brain at the 
level of the sensorimotor cortex were then obtained 
and stained with hematoxylin – eosin and Nissl 
stain (cresyl violet). The sections were viewed and 

photographed using the Carl Zeiss Axiostar plus 
microscope.

For electron microscopy, the sensorimotor cortex 
(areas Fpa and Fpp) was isolated using stereotaxic 
atlases. Slices of the sensorimotor cortex (five from 
each hemisphere) were then post-fixed in 2% OsO4, 
dehydrated in graded alcohols, and embedded in the 
Epon – Araldite mixture. Semithin sections were 
cut on the LKB4 ultratome (Sweden) and stained 
with 0.1% toluidine blue. Ultrathin sections were 
mounted on copper grids and contrasted with uranyl 
acetate and lead citrate.

In the paraffin sections stained with cresyl violet, 
we counted the percentage of neurons with focal and 
total chromatolysis, hyperchromic and pycnomorphic 
neurons in layers II, IV, and V of the cerebral cortex 
per 500 neurons in each layer from each animal. We 
also determined the numerical density of neurons per 
section plane (Ns), the mean number of neurons, and 
the total number of glial cells and perineuronal glia 
within an ocular frame of 0.029 mm² and calculated 
the glia-to-neuron ratio (GNR). Using the ImageJ 
software (NIH, USA) and electron micrographs, we 
calculated the specific total area of mitochondria, 
endoplasmic reticulum, Golgi complex (GC), 
vacuoles, and lipofuscin in layer V neurons. 

The statistical significance of differences between 
the groups was assessed using the nonparametric 
Kruskal – Wallis test, followed by pairwise 
comparisons with the Mann – Whitney test. A 
Bonferroni correction was applied to account for 
multiple comparisons; the adjusted significance level 
was 0.01, with a baseline significance level of 0.05. 
Differences were considered statistically significant 
at p < 0.01. Results were presented as the median 
and the interquartile range Me (Q1–Q3).

RESULTS
Due to ischemia, the numerical density of 

neurons in cortical layers IV and V decreased by 
29 and 22%, respectively (p < 0.01) compared to 
the sham-operated animals. The numerical density 
of total glial cells also significantly decreased, but 
the numerical density of perineuronal glia remained 
at the control level, indicating a pronounced 
progressive proliferative glial response. The analysis 
of glial – neuronal interactions revealed a significant 
increase in the GNR in cortical layers IV and V in the 
control group by 19 and 35%, respectively (p < 0.01;  
Table 1).
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p-Tyrosol (20 mg/kg) promoted normalization of 
the cytoarchitecture in the examined cortical regions, 
as evidenced by preservation of the numerical density 
of neurons and glial cells in cortical layers IV and V 
at levels comparable to those in the sham-operated 
rats, along with normalization of the GNR (Table 1).

Among the surviving neurons in cortical layers II, 
IV, and V in the GCI group, a substantial proportion 
exhibited chromatolysis of varying severity, as well 
as dark-stained changes with nuclear pyknosis and a 
decrease in cytoplasmic volume.

Quantitative analysis showed that chromatolysis 
was more pronounced in cortical layers II and IV 

of the control group, whereas dark-stained neuronal 
changes with nuclear pyknosis and increased 
osmiophilic cytoplasmic inclusions predominated in 
layer V (Table 2).

Administration of p-tyrosol after ischemia 
attenuated the development of reversible and 
irreversible changes in cortical neurons compared 
to the rats in the control group. Moreover, neuronal 
integrity was approximately equal in all studied 
layers; the indices of neuronal damage were 1.5–2-
fold lower than in the control group (p < 0.01), but 
they remained significantly higher than in the sham-
operated group (Table 2).

T a b l e  1

Quantitative Characteristics of Glial and Neuronal Elements in Layers II, IV, and V of the Rat Occipital Cortex after Experimental 
Global Cerebral Ischemia – Reperfusion with and without pTyrosol Treatment, Me (Q1–Q3)

Animal groups Neuron density  
(per 1 mm2 of slice)

Total glia density (per 1 
mm2 of slice)

Numerical density of perineuronal 
glia (per 1 mm2 of slice)

Gliato-neuron 
ratio

Sham-operated 
animals

Layer 
II

2,142.39 
(2,095.67–2,151.71)

1,040.54 
(1,025.03–1,133.89)

385.24 
(377.46–409.11)

0.18 
(0.18–0.19)

Layer IV 2,149.61 
(2,140.12–2,171.22)

1,195.64 
(1,195.58–1,208.57)

352.37 
(348.87–371.53)

0.17
(0.16–0.17)

Layer 
V

1,972.8
 (1,872.8–2,041.46)

975.17
(969.45–982.54)

294.44 
(259.73–316.58)

0.13 
(0.13–0.19)

Control

Layer 
II

2,028.16 
(1,916.77–2,132.14)

922.28*
(902.26–944.47)

373.29 
(351.54–374.49)

0.18 
(0.17–0.20)

Layer IV 1,506.50 
(1,449.76–1,675.83)*

844.18*
(827.38–881.27)

329.14 
(311.58–331.59)

0.21
 (0.19–0.24)*

Layer 
V

1,338.67 
(1,330.65–1,338.81)*

976.68 
(793.98–893.59)

276.30 
(221.87–278.91)

0.20
 (0.17–0.21)*

p-Tyrosol

Layer 
II

1,992.51 
(1,991.98–2,132.18)

999.29 
(914.94–1,171.46)

396.22
 (373.93–429.14)

0.19 
(0.18–0.22)

Layer IV 2,116.55 
(2,092.19–2,126.80)^

931.87 
(931.53–966.87)

338.84 
(325.37–369.45)

0.17
(0.15–0.18)

Layer 
V

1,743.45 
(1,642.22–1,748.28)^

1,071.07 
(1,007.17–1,078.49)

316.44 
(316.43–316.45)

0.18*^
(0.18–0.19)

____________
Here and in Table 2, 3: *  p < 0.01 compared to the sham-operated animals; ^  p < 0.01 compared to the control group.

T a b l e  2

Morphological Changes in Cortical Neurons of Rats from Different Experimental Groups, %, Me (Q1–Q3)

Animal groups Neurons with focal 
chromatolysis 

Neurons with total 
chromatolysis 

Hyperchromic neurons 
without shrinkage

Hyperchromic neurons 
with shrinkage

Sham-operated 
animals

Layer II 0.82 (0.82–0.88) 0.97 (0.83–1.11) 1.23 (0.94–1.34) 1.40 (1.02–1.57)
Layer IV 1.2 (0.39–1.26) 0.78 (0.42–0.88) 1.39 (1.32–1.41) 1.34 (1.31–1.62)
Layer V 2.23 (2.15–2.29) 0.47 (0.45–0.57) 10.06 (9.82–10.23) 4.66 (3.31–5.10)

Control
Layer II 58.22* (54.27–59.36) 7.84* (7.17–10.23) 7.15* (6.88–8.91) 3.43* (2.57–3.85)
Layer IV 58.21* (58.11–58.40) 10.67* (9.15–11.81) 7.04* (6.94–8.45) 2.78* (2.36–3.04)
Layer V 12.91* (11.42–15.16) 3.36* (3.31–4.44) 13.88 (12.40–14.21) 7.41* (7.41–7.54)

p-Tyrosol
Layer II 42.57 *^ (27.44–43.98) 3.45 *^ (3.13–3.81) 7.77 (7.31–8.70) 2.67 (2.53–2.69)
Layer IV 35.02*^ (34.43–37.42) 4.94* (4.18–5.16) 9.11 (8.07–9.64) 1.90^  (1.65–2.12)
Layer V 10.63*^ (10.62–11.29) 2.55*^ (2.41–2.86) 6.59*^ (6.50–6.90) 4.94^ (4.53–5.76)

Zhdankina A.A., Osipenko A.N., Chernysheva G.A. et al. Morphological Changes in Cortical Neurons and Glia of Rats
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Electron microscopy of the cerebral cortex in 
the rats with GCI revealed a marked reduction in 
the number of rough endoplasmic reticulum (RER) 
cisternae throughout the cytoplasm, with only 
isolated polysomes and free ribosomes remaining. A 
significant reduction in the number of mitochondria 
was noted; the remaining mitochondria were 
swollen, with matrix clearing and destruction of 

cristae. Increased vacuolization was observed in 
a substantial proportion of neurons. The nuclei of 
surviving neurons often had an irregular outline, 
with deep invaginations of the karyolemma and 
localized expansion of the perinuclear space. In some 
neurons, the nucleolus was enlarged, which may be 
interpreted as a compensatory and adaptive response 
of neurons to injury (Fig. 1, a).

Fig. 1. Layer IV of the cerebral 
cortex of rats from different 
experimental groups: a – unchan- 
ged cortical neuron from a sham-
operated rat; b, c – cortical 
neurons from rats in the control 
group. Disintegration of RER, 
with isolated RER fragments in 
the cytoplasm (black arrows), the 
appearance of lipofuscin granules 
(dashed arrow), condensation of 
the neuron nucleolus (asterisk), 
and peripheral chromatin frag- 
mentation in the nucleus (dotted –  
dashed arrows); d – cortical 
neuron from a rat in the experi- 
mental group. Preservation of 
organelles, marginal conden- 
sation of chromatin in the nucleus 
(dotted – dashed arrows). Electron 

micrographs, × 4,500

Quantitatively, in the ischemia – reperfusion 
group, the specific volume of RER, mitochondria, and 
the GC decreased 4.4-fold, 1.9-fold, and by 21.4%, 
respectively, compared to the sham-operated animals 

(p < 0.01). In the meantime, a ten-fold increase in the 
specific volume of lipofuscin and lysosomes and a 
five-fold increase in the specific volume of vacuoles 
were detected (p < 0.01; Table 3).

T a b l e  3

Specific Area of ​​Organelles in the Cytoplasm of Cortical Pyramidal Neurons of Layer V in Rats from Different Experimental Groups,  
%, Me (Q1–Q3)

Animal groups RER Mitochondria Lysosomes Golgi complex Vacuoles
Sham-operated animals 24.33 (19.52–27.21) 9.67 (8.72–11.51) 1.38 (1.12–1.72) 2.34 (2.15–3.29) 1.8 (1.6–2.3)
Control 5.48* (4.97–5.86) 5.09* (4.089–5.14) 13.9* (12.15–15.02) 1.84 * (1.7–2.05) 8.82* (8.12–9.91)
p-Tyrosol 10.15*^ (9.58–11.51) 6.85*^ (6.15–7.71) 7.1*^ (6.88–7.65) 1.86* (1.85–2.52) 8.9* (8.1–9.65)
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Administration of p-tyrosol to the rats after GCI 
significantly prevented the development of the 
ultrastructural neuronal abnormalities described 
above. The specific volume of organelles remained 
1.9- and 1.4-fold greater than in the control group, 
respectively (p < 0.01), but was 1.6-fold smaller than 
in the sham-operated group. p-Tyrosol also prevented 
the accumulation of lipofuscin and lysosomes in 
the neuronal perikarya: their specific volume value 
was almost two-fold lower than in the control group  
(p < 0.01; Table 3).

Neuronal death during GCI promoted activation 
of perineuronal glia, whose cytoplasm contained 
numerous vacuoles, phagosomes, and myelin-
like bodies. Satellite glial cells were frequently 
observed, indicating the onset of neuronophagia. 
Activation of microglia was also evident: the cells 
lost their processes, became rounded, the nucleolus 
was clearly visible within the nucleus, and there was 
marked development of the GC and, consequently, 
of the vacuolar apparatus in the cytoplasm  
(Fig. 2).

Fig. 2. Glial – neuronal interactions in the cerebral cortex of rats with total transient cerebral ischemia: a – neuronophagia: 
invagination of a satellite glial cell into the neuronal cytoplasm (arrow); Nissl staining with methylene blue; × 1,000; b – vacuoles, 
phagosomes, myelin-like bodies in the cytoplasm of a glial cell (dashed arrows); c – activated microglial cell (dotted – dashed 

arrow). Electron micrographs, × 5,000

DISCUSSION

The comprehensive analysis of layers II, IV, and 
V of the sensorimotor cortex in the rats subjected to 
GCI revealed marked alterations in the structure and 
number of neurons and glial cells during hemodynamic 
disturbances. Neurons showed hyperchromia and 
varying degrees of chromatolysis, and postischemic 
neuronal death was noted. By day 5, focal 
chromatolysis manifested as peripheral and segmental 
dissolution of the chromatophilic substance, which is 
considered as the most typical response to hypoxia 
[8]. Total chromatolysis was characterized by uniform 
dissolution of chromatophilic clumps throughout the 
perikarya and dendrites, and its extreme stage (ghost 
cells) is regarded as irreversible neuronal destruction 
[9]. According to various authors, hyperchromia may 
result either from increased nucleocytoplasmic RNA 
transport or from suppressed protein synthesis, the latter 
coinciding with activation of hydrolytic processes and 

indicating irreversible neuronal damage [8]. Electron 
microscopy confirmed the morphometric data: after 
GCI, layer V neurons exhibited degranulation of RER, 
dilation of RER and GC cisternae, and destruction of 
membranous organelles with formation of vacuoles. 
Quantitatively, this was reflected in a decrease in 
the specific volume of RER, mitochondria, and GC 
and an increase in the specific volume of lipofuscin, 
lysosomes, and vacuoles. In surviving neurons, 
GC cisternae were dilated and fragmented, and the 
number of lysosomes, lipid inclusions, and lipofuscin 
granules increased. These findings are consistent with 
other GCI models [10–12].

Glial – neuronal interactions normally support 
axonal conduction and synaptic transmission [13]. 
The study revealed a progressive neuroglial response: 
increased GNR, more frequent contacts between 
neurons and glial cell bodies and processes, and an 
increased number of satellite cells, all of which are 
characteristic of the early postischemic period [8]. 

Zhdankina A.A., Osipenko A.N., Chernysheva G.A. et al. Morphological Changes in Cortical Neurons and Glia of Rats
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At the same time, the numerical density of glial 
cells in the GCI control group decreased, reflecting 
predominant death of astrocytes.

Oxidative stress during ischemia – reperfusion 
injury damages erythrocyte membranes and vascular 
endothelium, thereby impairing microcirculation 
and reducing oxygen availability to tissues [14]. 
The previously described antioxidant effects of 
p-tyrosol in cerebral ischemia [5] may also explain 
its neuroprotective effects under GCI conditions. 
Administration of p-tyrosol reduced neuronal loss in 
all layers, decreased the proportion of neurons with 
focal and total chromatolysis in layers II and IV, and 
reduced the proportion of pycnomorphic neurons 
in layer V. Similarly, in models of focal ischemia, 
ptyrosol was shown to reduce free radical levels, 
prevent necrosis and apoptosis, decrease the size of 
the ischemic core, and increase neuronal survival in 
the prefrontal cortex and hippocampus [15].

At the ultrastructural level, preservation of RER 
and mitochondria and a smaller number of lysosomes 
were observed in the p-tyrosol-treated animals 
compared to the GCI control group. In addition to 
its antioxidant effect, the hemorheological properties 
of p-tyrosol are important: increased erythrocyte 
deformability, reduced erythrocyte aggregation, and 
decreased wholeblood and plasma viscosity [16]. 
These effects probably improve microcirculation 
and oxygen delivery and thereby limit damage to 
neurons and glial cells.

CONCLUSION
Therefore, p-tyrosol exhibits neuroprotective 

effects, reducing neuronal loss in the cerebral cortex 
and decreasing the proportion of neurons with 
pathomorphological changes after transient total 
cerebral ischemia – reperfusion. These effects are 
associated with preservation of neuronal membrane 
organelles, normalization of neuronal – glial 
interactions, and improvement of microcirculation. 
The efficacy of p-tyrosol in cerebral ischemia – 
reperfusion demonstrated in these preclinical trials 
is an important prerequisite for conducting clinical 
trials of this drug in the treatment of ischemic lesions 
of the central nervous system.
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Mathematical Modeling of the Intrarenal Arterial Bed Structure Using 
Regression Models and a Graph Neural Network
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ABSTRACT

The aim was to develop models for numerical modeling of the diameters and lengths of bifurcation segments, 
structural units of the intrarenal arterial bed (IAB). 

Materials and methods. The study is based on previously obtained morphometric data on the structure of 9,642 
arterial bifurcations (AB) of 60 corrosion casts of the IAB. AB is a section of the IAB consisting of a proximal 
arterial segment (AS) (D), two distal AS (with a larger (dmax) and smaller (dmin) internal diameter) and a branching 
point. Regression models were used for numerical modeling of the AS diameters, while a graph attention network 
(GAT) was used for the lengths of AS. 

Results. The developed models demonstrate high prediction accuracy: for AS diameters with a larger value (dmax), 
the training set reached an R2 value of 0.89, for AS with a smaller value (dmin) – R2 = 0.8. For the length of the AS 
with a larger diameter, the training set reached an R2  value of 0.75, and the test set reached an R2 value of 0.74; for 
the length of the AS with a smaller diameter, the training set reached an R2 value of 0.77, and the test set reached 
an R2 value of 0.73.

Conclusion. The proposed models can be used for numerical modeling of the IAB structure and assessment of the 
adequacy of renal blood supply.

Keywords: intrarenal arterial bed, arterial bifurcation, numerical modeling, neural networks
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Математическое моделирование структуры внутрипочечного  
артериального русла с помощью регрессионных моделей и графовой 
нейронной сети

Зенин О.К.1, Горбаченко В.И.1, Грибков Д.Н.1, Сергиенко А.А.1, Ilias Miltiadis2

1 Пензенский государственный университет (ПГУ) 
Россия, 440026, г. Пенза, ул. Красная, 40
2 Университет Палермо  
Италия, 90133, г. Палермо, ул. Пиацца Марина, 61 

РЕЗЮМЕ

Цель  – разработать модели для численного моделирования диаметров и длин сегментов бифуркаций  – 
структурных единиц внутрипочечного артериального русла (ВАР).

Материалы и методы. Исследование основано на ранее полученных морфометрических данных о струк-
туре 9 642 артериальных бифуркаций (АБ) 60 коррозионных препаратов ВАР. Артериальная бифуркация – 
участок ВАР, состоящий из проксимального артериального сегмента (АС) (D), двух дистальных АС (с 
большей (dmax) и меньшей (dmin) величиной внутреннего диаметра) и точки ветвления. Для численного моде-
лирования диаметров (АС) использовали регрессионные модели, для моделирования длин АС – графовую 
нейронную сеть внимания (GAT).

Результаты. Разработаны модели, которые демонстрируют высокую точность прогнозирования: для 
диаметров АС с dmax обучающий набор достиг значения R2 = 0,89, для АС с dmin – R2 = 0,8. Для длины АС 
с dmax обучающий набор достигал значения R2 = 0,75, а тестовый набор – R2 = 0,74; для длины АС с  dmin 
обучающий набор достиг значения R2 = 0,77, а тестовый набор – R2 = 0,73. 

Заключение. Предложенные модели могут быть использованы для численного моделирования структуры 
ВАР и оценки адекватности почечного кровоснабжения. 

Ключевые слова: внутрипочечное артериальное русло, артериальная бифуркация, численное моделиро-
вание, нейронные сети
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INTRODUCTION

The prevalence of kidney disease is steadily 
increasing every year [1–3]. Recently, the P4 
medicine – personalized, predictive, preventive, and 
participatory – has become increasingly important 
in modern medicine, including the fight against 
kidney disease [4]. Modern digital in vivo imaging 
technologies offer new opportunities for diagnosis 
[5, 6], predicting the results of angioplasty [7], and 
solving educational problems related to the anatomy 

and pathology of the intrarenal arterial bed (IAB) 
[8, 9]. Despite many studies, these problems remain 
unresolved, which, in our opinion, is largely due to 
the lack of a digital model adequately describing the 
structure of the IAB.

Previous attempts at numeric modeling and 
creating a digital model of the IAB described its 
structure as a fractal system. This system consists 
of arterial bifurcations (ABs), which include a 
parent (D) and two daughter arterial segments 
(ASs), with larger (dmax) and smaller ((dmin) internal 
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Fig. 1. Diagram of IAB as a fractal system: a – AB IAB diagram; b – graphical representation of the protocol; 1 – unique numbers 
are indicated at the graph nodes, and the edges indicate the lengths of AS. D – diameter of the proximal segment; dmax – diameter 
of the distal segment with a larger value; dmin – diameter of the distal segment with a smaller value; L – length of the proximal 
segment; lmax – length of the distal segment with a larger diameter; lmin – length of the distal segment with a smaller diameter; αmax– 
branching angle between the distal segment with a larger diameter and the proximal segment; αmin – branching angle between the 

distal segment with a smaller diameter and the proximal segment

The study included 9,642 ABs located at 22 
division levels (i) and 60 corrosive IAB preparations. 
The ABs were divided into the following groups: 
two sex-based groups (male or female ABs); two 
age groups: middle-aged (men aged 36–60 years, 
women aged 36–55 years) and elderly individuals 
(men aged 61–75 years, women aged 56–75 years) 
(Classification of the USSR Academy of Medical 
Sciences (1965)); as well as ABs belonging to the 
corrosion preparations of the left and right kidneys. 
Previous studies have revealed morphological 
differences in the arterial bed of the kidneys in 
individuals of different sexes [21], as well as in the 

left and right kidneys [22].
The following indicators were used to describe 

this structure numerically: i – serial number of 
the division level – newly formed AS series; D – 
diameter of the parent proximal AS located at the 
initial division level; dmax – diameter of the daughter 
distal AS with a larger value; dmin – diameter of the 
daughter distal AS with a smaller value; L – length of 
the parent proximal AS located at the initial division 
level, distance between the nearest branching points;  
lmax – length of the daughter distal AS with a larger 
diameter; lmin – length of the daughter distal AS with 
a smaller diameter.

diameters. This issue was first addressed in the 
doctoral dissertation of the German anatomist and 
embryologist Wilhelm Roux [10]. On the basis of 
his observations, he concluded that the structure of 
AB resembles the shape of a jet of liquid flowing 
out of a tube opening. He was the first to establish a 
connection between the AB branching angle and the 
diameters of the lumen of the parent and daughter 
ASs [10]. This issue was subsequently studied by 
C.D. Murray [11], H.B. Uylings [12], M. Kretowski 
et al. [13], F. Cassot et al. [14], P.J. Blanco et al. 
[15], T. Fredrich et al. [16], F.M. Kashkooli et al. 
[17], and P. Li et al. [18].

Nevertheless, an adequate quantitative (nume- 
rical) description of IAB remains an unsolved 
problem for two main reasons. Firstly, the channel 
covers a wide range of AS diameters – from several 

micrometres to several millimeters [19], which is 
undeservedly ignored by most authors. Secondly, 
the complexity of visualizing and obtaining reliable 
information about AS lengths, which is extremely 
necessary for their numerical modeling.

The aim was to develop models for numerical 
modeling of the diameters and lengths of bifurcation 
segments – structural units of IAB.

MATERIALS AND METHODS
The material for the study was previously 

obtained from the morphometry of 60 corrosion 
casts of IAB [20]. This method allows for the 
measurement of ASs with an inner diameter of 0.1 
mm with accuracy of 0.01 mm. IABs are considered 
to be fractal systems consisting of interconnected 
ABs (Fig. 1, a, b).
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For the diameters of the AB IAB segments, 
calculations and comparisons of several regression 
model options were performed. A formal description 
of the model in statistics assumes the presence of 
observations, a set of all measured pairs of features – 
responses, expressed as{ }( 1)

( , ) n
i i i

y
=

x , where the 
observation vector  xi  is one element of the sample. 
In our case, this is one row of the available database 
[20], where i is the observation index,  xi is the value 
of the predictor (feature) for the i-th observation, and  
yi  is the response value for this observation.

When a simple linear regression model is applied, 
the observation vector contains only one element xi. 
From a mathematical point of view, simple linear 
regression has the form represented as yi = α + β xi + εi,  
where α is the intercept (free term) common to all 
observations, which does not depend on x; β is the 
slope coefficient, which describes how y changes on 
average when x changes by one unit, assuming that 
the relationship is linear (straight); εi is a random 
error (noise), i.e., the part of the variation in y that is 
not explained by the linear relationship. 

The regression problem was solved via the method 
of least squares. The accuracy of each predicted value 
is measured by the square of its residual (the vertical 
distance between the data point and the constructed 
line), and the goal of the method is to minimize 
the sum of these squares of deviations. In the case 
of simple linear regression, the method of least 
squares leads to a system of two linear equations, the 
solutions of which are the coefficients α and β.

We also employed a multiple linear regression 
model that uses a vector of features xi = [xi1 xi2 … xip]

T 

for p features, in contrast to simple linear regression, 
which relies on a single variable. Then, the regression 

equation takes the form
0

p

i j ji
j

y a x
=

=∑ , where 0 1ix = . 

In matrix form, the regression equation takes the 
form Xa = y, where y = [y1 y2 … yn]

T  is the vector 
of dependent variable values, T  is the transpose 
symbol, and a = [a0 a1, …, ak]

T  is the vector of 
regression coefficients:

is the matrix of independent variables (design 
matrix).

In modern libraries, the regression equation is 
solved via the singular value decomposition method 
rather than the method of least squares.

In addition, we explored the use of polynomial 
regression of degrees 2 and 3. It is a linear model 
in the space of extended basis features obtained by 
raising the initial variables to power and multiplying 
them together. From a mathematical point of 
view, the general form of polynomial regression 
is represented as y = β0 + β1x + β2x

2 + … + βnx
n + ε, 

where y is the dependent variable response, βn are 
unknown terms, ε is noise, and n is the degree of the 
polynomial. In general, the matrix form is  =  + ,  
and the solution is  = (XTX)–1XT .

For regression modeling of diameters, the dataset 
was divided into a training set (7,710 samples,  
80 %) and a test set (1,930 samples, 20%). In a 
simple linear regression approach, the diameter of 
the parent segment was used as the only predictor. 
For all other models, a complete set of features was 
used, including the diameter of the parent vessel, 
sex, age, and division level.

The following metrics were selected to verify 
the quality of the results. R2 is the coefficient of 
determination. An R2 close to 1 indicates that the 
model almost completely explains the variation. An 
R2 of 0 means that the model does not explain the 
variance any better than the mean, while a negative 
R2 suggests the model’s predictions are worse than 
simply using the mean as a forecast. The coefficient 
is calculated by subtracting from one the ratio of the 
residual sum of squares to the total sum of squares:

2
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, where yi are the actual 

values, ˆiy  are the predicted values, and
1

1 n
ii

y y
n =

= ∑  
is the average value of the observed data. 

The RMSE and MAE metrics were used to 
evaluate the accuracy of the forecasts. The RMSE 
is the root mean squared error, measured in the 
same units as the target variable. The formula is as 

follows: 2
1

1 ˆ( )n
i ii

RMSE y y
n =

= −∑ , where n is 

the number of observations and ˆiy  is the predicted 
value. The MAE is the mean absolute error , 
which is less sensitive to outliers than the RMSE: 

1

1 ˆn
i ii

MAE y y
n =

= −∑ .

1 x11 ... x1k

1 x21 ... x2k

 ⁝  ⁝       ⁝
1 xn1 ... xnk

Х = 
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The models were implemented in Python version 
3.11.11 in the Ubuntu 24.04 software environment 
via the scikit-learn library version 1.7.2. The 
forecasts were visualized via the matplotlib library 
version 3.10.6. The same linear regression models 
were used for forecasting lmaxand lmin as for dmax and 
dmin. The only change for simple linear regression 
was that the dependence of the daughter length on a 
single predictor L – vessel length – was investigated, 
whereas for multiple regression and polynomial 
regression, the set of features was expanded with the 
parameters for dmax and dmin.

RESULTS
Mathematical modeling of AB as a structural 

element of the fractal system IAB is a difficult task. 
To construct an accurate digital model of ABs, four 
tasks were solved simultaneously. Specifically, the 
following were determined: 1. Diameters dmax of 
distal ASs with large values; 2. Diameters dmin of 
distal ASs with smaller values; 3. Lengths lmax of 
distal ASs with large diameters; 4. Lengths lmin of 
distal ASs with smaller diameters.

The results of the calculations for dmax and dmin  are 
presented in Table 1 and Figure 2, a:

T a b l e  1

Model Quality Indicators for Predicting dmax and dmin

Model/metrics
Prediction Prediction 

RMSE, mm MAE, mm RMSE, mm MAE, mm
Linear regression 0.87 0.21 0.15 0.78 0.22 0.15
Multiple linear regression 0.87 0.21 0.15 0.78 0.21 0.14
Second-degree polynomial regression 0.88 0.20 0.15 0.78 0.21 0.14
Third-degree polynomial regression 0.83 0.24 0.17 0.75 0.23 0.16

____________

Note .  Here and in Tables 2 and 3: dmax – diameter of the distal AS with a larger value; dmin  – diameter of the distal AS with a smaller value; R2 – 
coefficient of determination; RMSE – root mean squared error; MAE – mean absolute error.

Fig. 2. Predicted/actual graphs for: a – 
simple linear regression for dmax and dmin of 
the relationship equations: dmax = –0.080 + 
0.808D (R2 = 0.87) and dmin = –0.057 + 
0.612D (R2 = 0.77) ; b – GAT for lmax and 
lmin: the coefficient of determination for 

lmax is R2 = 0.77 and lmin  is R2 = 0.70
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As shown above (Table 1 and Fig. 2, a), all the 
models yield good results (R2 ≥ 0.70), with both 
linear regression and second-degree polynomial 
regression showing the best results. The third-
degree polynomial regression models are overfit: 

R2 decreases to 0.83 (for dmax) and 0.75 (for dmin), 
and the RMSE increases by approximately 10–15% 
(Table 1).

The results of the calculations for lmax and lmin are 
presented in Table 2.

T a b l e  2

Model Quality Indicators for Predicting lmax and lmin

Model/metrics
Prediction Prediction

RMSE, mm MAE, mm RMSE, mm MAE, mm

Linear regression 0.55 1.43 0.93 0.42 1.48 0.88

Multiple linear regression 0.57 1.40 0.90 0.51 1.35 0.86

Second-degree polynomial regression 0.58 1.38 0.85 0.55 1.31 0.79

Third-degree polynomial regression 0.56 1.41 0.85 0.56 1.30 0.77

The results of regression analysis show that 
for simple linear regression, the dependence is 
too complex to detect. As the complexity of the 
regression model increases, the results improve, 
but even for second- and third-degree polynomial 
regressions, the results do not exceed 58%. In this 
context, the use of neural networks, which can 
approximate arbitrarily complex functions [23] and 
capture hidden dependencies between variables that 
are not accessible to standard regressors [24], has 
been proposed. 

This was the prerequisite for using a neural 
network approach to solve these problems. The first 
architecture used was the basis and progenitor of 
all other networks – a multilayer perceptron [24]. 
The advantages of a multilayer perceptron are its 
simplicity of implementation, fast training, and easy 
integration into the workflow pipeline (as well as 
into regressors). The main limitation is the inability 
to account for the structure of the input data (for 
example, temporal or graph data). 

The main idea of a multilayer perceptron is that 
each neuron of layer l is connected to all the neurons 
of the previous layer 1l − . This connection defines a 
linear transformation, which is usually followed by 
nonlinear activation. From a mathematical point of 
view, this can be represented as  z(l) = W(l)a(l–1) + b(l), 
a(l) = f(z(l)), , where W(l)  is the weight matrix of layer 
l, b(l)  is the bias vector of layer l, f(z(l)) is a nonlinear 
activation function (ReLU, tanh, sigmoid, etc.), a(l–1)  
is the activation vector of the previous layer, and a(l)  
is the activation vector of the current layer. MLP 

training is implemented via the backpropagation 
algorithm, which calculates the gradients of the loss 
function across the network parameters. Parameter 
optimization is performed via stochastic gradient 
descent methods or their modern adaptive variants, 
such as Adam. The choice of loss function depends 
on the task at hand; MSE is often used for regression.

The next architecture chosen was a recurrent 
neural network LSTM [25] (long short-term memory 
network). The choice was made because segments 
of the vascular system are represented as sequences, 
the characteristics of which can potentially be 
predicted by LSTM. The main advantage of LSTM 
is the preservation of long-term dependencies in 
memory and resistance to vanishing gradients 
(unlike conventional recurrent networks). When 
applied to the vascular structure, each individual AB 
segment can be represented as a time series, where 
a daughter vessel grows from a larger vessel, and so 
on. In vascular bed modeling, the level of vascular 
bed division acts as an analog of the time series step. 

The disadvantages of LSTM include the high 
computational cost of training and limitations in 
parallelization. The main advantage of LSTM is 
its ability to store information effectively over 
many steps, solving the problem of gradient decay. 
This allows the network to identify long-term 
dependencies in the data, which is impossible for 
conventional recurrent networks. This is achieved by 
introducing a memory cell that transmits information 
in steps and three control gates that regulate the flow 
of information. The gates are fully connected layers 

Zenin O.K., Gorbachenko V.I., Gribkov D.N. et al. Mathematical Modeling of the Intrarenal Arterial Bed Structure Using Regression 
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with sigmoid activation functions that output values 
close to 0 (“closed”) and 1 (“open”). 

At step t , the LSTM components work as follows. 
The forget gate (ft) determines what proportion of 
information from the previous state of the cell (ct–1) 
needs to be “forgotten.” The forget gate is described 
by the expression ft = σ(Wf [ht–1, xt] + bf) , where [ht–1, 
xt]  is the concatenation of the previous hidden state 
(ht–1) and the current input (xt), and bf  is the bias vector. 
The input gate (it = σ(Wf [ht–1, xt] + bi)) ) determines 
which part of the new information to update, and the 
candidate value creates new candidate values that 
can be added to the cell (ĉt = tanh (Wĉ[ht–1, xt] + bĉ). 
The cell state update is performed by combining the 
forgetting of old information and the addition of a 
new сt = ft  ct–1 + it  ĉt, where the symbol  denotes 
element-wise multiplication. Old information is 
multiplied by the “forgetting” coefficient, and new 
information is multiplied by the “input” coefficient. 
The output gate determines which part of the updated 
cell state (сt) will be used to form the output signal  
ot = σ(Wo [ht–1, xt] + bo . The new hidden state is formed 
according to the formula

ht = ot  tanh (сt).
LSTM training, like other recurrent networks, 

is performed via the backpropagation through time 
(BPTT) algorithm. The key mechanism of LSTM, 
additive state updates through gates, allows gradients 
to propagate without attenuation. This enables the 
network to remember information over many steps, 
as the model itself learns to decide when to “open” 
or “close” the gates.

For comparison with the multilayer perceptron, 
we selected the Kolmogorov–Arnold Network 
(KAN), a novel neural network architecture [26]. 
The KAN architecture is based on the Kolmogorov‒
Arnold theorem, which states that any continuous 
function of many variables can be represented as 
a finite superposition of continuous functions of a 
single variable. For the input vector x = (x1 x2, …, xn)  
KAN, the regression problem for predicting vessel 
diameters is described by the expression

( )
2 1

1 1

n n

j ij i
j i

y x
+

= =

 = Φ ϕ 
 

∑ ∑ , 

where ijϕ  are B-splines (approximating basis 
functions), and Фj are nonlinear functions of the 
output layer (B-splines). The network has two 
layers with activations on the edges rather than on 

the nodes. B-splines with trainable coefficients are 
used as activation functions. The main advantage of 
Kolmogorov‒Arnold networks is their high accuracy 
with fewer parameters.

Since the AS components of AB in the IAB 
system can be represented as a graph, the use 
of graph neural networks [27] to predict vessel 
diameters has been proposed. The best results were 
obtained via graph attention networks (GAT) [28]. In 
this work, PyTorch Geometric (PyG), a specialized 
PyTorch extension for working with graph neural 
networks, was used to implement the graph attention  
network [29]. 

Let us consider the implementation of a GAT, 
taking into account the features of PyG. The 
graph at the input of the graph neural network 
was represented by two matrices: a vertex matrix 
and an adjacency matrix. The vertex matrix 
is a concatenation (combination) of vectors 
(embeddings) describing the vertices. Considering 
the bifurcations of the daughter vessel length , they 
were represented in the node embeddings, which 
made it possible to exclude the edge matrix. The 
adjacency matrix, as is customary in graph theory, is 
a binary matrix in which the element (i, j) is equal to 
one if the vertex i is connected to the vertex j. Since 
the adjacency matrix is sparse, PyG is represented as 
an array of edges containing the indices of the graph  
edges. 

A multi-headed graph attention network is a 
GAT architecture in which each node of the graph 
is trained to dynamically weigh the importance of 
its neighbors simultaneously in several independent 
projections of the feature space («attention heads»). 
Multi-headed attention uses K  independent attention 
mechanisms («heads») in parallel to improve 
stability and expressiveness. Each head k  has its own 
trainable weight matrix Wk of size f × f , where f is the 
dimension of the node embeddings at the layer input, 
and a trainable attention matrix att

kA  of size n × n, 
where n  is the number of graph nodes. The attention 
matrix shares structure with the graph adjacency 
matrix, but the elements of the adjacency matrix are 
constant and equal to 0 or 1, whereas the elements 
of the attention matrix are trainable and capture 
the varying degrees of influence of neighboring 
nodes. Each attention head performs the following 
operations (in PyG, the operations are vectorized and 
performed in parallel).
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Linear transformation Hk = XWk  for k = 1, ... K,  
where X is the matrix of input embeddings of the 
layer with size n × f.

Calculation of attention matrices att
kA .

Aggregation att
k k kA=Z H  for k = 1, ... , K.

The results of all heads are combined. For the 
hidden layers, concatenation is used X' = Concat 
[σ(Z1), σ(Z2), .., σ(ZK)], where σ is the activation 
function, usually ReLU. The output dimension of 
the network layer increases n × (K . f). In the input 
layer, averaging

1

1 ( )
K

k

kK =

′ = σ∑X Z

is used, and the output dimension of the network 
becomes equal to the dimension of the input 
embedding array. Since the regression problem is 
being solved, a linear activation function is used in 
the output layer.

The embeddings of nodes in a single layer of a 
multi-headed attention graph network consider the 
properties of neighboring nodes. The perception area 
(how far the influence spreads) is controlled by the 
number of layers in the network. A graph network 
with m  layers will aggregate information from nodes 
at a distance of up to m  transitions.

To implement neural networks, the cuda library 
version 12.8 is added to the above information, 
together with the PyTorch library for implementing 
neural networks in Python version 2.7.0. Pycan 
library version 0.0.2 was used to implement KAN. 
Owing to the limitations of this library, KAN training 
was also performed on the CPU via the PyTorch 
library. PyTorch-Geometric library version 2.6.1 
[29] was used to implement the GAT graph model.

Each of the four neural networks was trained on 
an identical dataset. All the networks used a single 
set of features: parent diameter, diameter of the 
larger and smaller daughter ASs, parent AS length, 
sex, age, and division level. The target data were the 
lengths of the larger and smaller daughter ASs. For 
each of the trained networks, the Adam optimizer 
and MSE validation for early stopping were used to 
prevent overfitting on the training set. The MLP is 
represented by a single hidden layer with a dimension 
of 128 with a ReLU activation function and a 
learning rate of 0.0005. The LSTM is represented 
by four layers, with 1,024 hidden neurons, at the 
output of a linear layer for compressing the output 
data into one neuron, with a learning rate of 0.005. 

The KAN consists of two hidden layers with two 
neurons in each, the grid size (number of “nodes” 
in each function) is 5, the grid range is from –5 to 5, 
and a learning rate of 0.01. The GAT is represented 
by two layers with 1,024 neurons, one attention 
head, a learning rate of 0.001, and weight decay  
(L2 regularization) of 0.00001.

The graph models (GATs) demonstrate the best 
prediction quality for both the maximum length of 
IAB AS (lmax) and the minimum length of IAB AS 
(lmin). This confirms the idea that the relationships 
between individual ASs play a key role in assessing 
the morphology of the vascular system: at lmax, it 
outperforms all other models on all the metrics; for 
lmin, the GAT retains the best explanatory power  
(R2 = 0.70) and the lowest MAE, but its RMSE  
(1.46 mm) is slightly greater than that of the MLP. 
This may indicate that when predicting shorter lengths 
(lmin), the model is more sensitive to “outliers” in the 
data, whereas the MLP is more stable on average; 
the poor performance of the LSTM indicates that 
the current dataset does not have a clearly defined 
sequential structure that can be used by a recurrent 
architecture.

Neural networks use nonlinear transformations 
that cannot be written as fixed analytical formulas 
without fully disclosing all the weights and 
biases. Therefore, the article presents a structural 
description of the models, their hyperparameters, 
and results, which fully meets the requirements of 
a scientific publication and allows the experiment 
to be reproduced. In neural networks, prediction is 
a sequence of matrix multiplication and nonlinear 
activation functions with many parameters (weights 
and biases). It is meaningless to write them down 
as a few formulas; instead, the architecture, 
hyperparameters, and metric results are published, 
allowing other researchers to reproduce  
the model.

The results are presented in Table 3 and Fig.2, b.
T a b l e  3

Neural Network Training Results lmax and lmin

Model/metrics
Prediction Prediction
RMSE, 

mm
MAE, 
mm

RMSE, 
mm

MAE, 
mm

MLP neural 
network 0.61 1.32 0.79 0.61 1.21 0.73

LSTM neural 
network 0.43 1.59 0.95 0.34 1.51 0.93

KAN 0.63 1.28 0.78 0.55 1.29 0.77
GAT neural 
network 0.77 1.11 0.56 0.70 1.45 0.66
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DISCUSSION
Two models were trained to find the diameters 

of daughter ASs with larger and smaller values. For 
practical implementation, simple linear regression 
equations can be used: dmax= –0.080 + 0.808 D (R2 
= 0.87) and dmin = –0.057 + 0.612 D (R2 = 0.77) 
(Fig. 2, a). Two models were trained to find the 
length of AS with larger and smaller diameters, 
both of which solve the regression problem  
(Fig. 2, b). The training used features that were 
explicitly known or could be accurately calculated, 
including the following: current AS diameter;  
AS diameters with larger values; AS diameters with 
smaller values; division level (i); sex; age group; and 
current AS length.

Studies have shown that using the organ position 
(i.e., right or left) impairs the predictive power of the 
models. Using AS lengths with larger and smaller 
diameter values increases the accuracy of the model’s 
predictions, but these characteristics cannot be used 
because of their uncertainty in predicting distal AS 
lengths.

As a result of the experiments, the best solution 
was a graph network consisting of two layers of 
GAT and two attention heads, implemented in the 
PyTorch Geometric library [29]. The best results 
were obtained via the Adam optimizer [32], with a 
learning rate of 0.001 and weight_decay of 0.00001. 
Retraining was controlled by monitoring the values 
of R2 for the test sample: if there was no impro- 
vement in the  indicator by a delta of 0.01 within  
100 epochs, training was stopped.

For accurate modeling of the geometry of the 
IAB, it is necessary to combine the developed neural 
network models to determine the distal ASs with 
maximum and minimum diameters. The results of 
testing the program were presented in the form of 
model training quality metrics. The coefficient of 
determination R2 was used to evaluate quality. For 
the length of the distal segment with a large diameter, 
the training set reached a value of R2 = 0.75, and 
the test set reached a value of R2 = 0.74. The mean 
square error function was used as the loss function.

Similar metrics and loss functions were used for 
the length of the distal segment with a calculation 
model of a smaller diameter. The training set achieves 
a value of R2 = 0.77, and the test set achieves a value 
of R2 = 0.73. The results of our study confirm that the 
use of a GNN for modeling AB IAB is a promising 

approach. In particular, the GAT demonstrated high 
prediction accuracy, which is consistent with other 
studies in the field of vascular structure modeling 
[33, 34]. 

The results obtained coincide with the results 
of previous studies, such as those by P.J. Blanco et 
al., which showed that digital models and computer 
simulations can accurately describe vascular beds. 
However, unlike these studies, the present study 
focuses on neural networks, which allows for the 
consideration of more complex relationships between 
the AS parameters that make up the AB. Moreover, 
the neural network approach made it possible for 
the first time to quantitatively predict the model of 
the IAB structure – to determine the values of the 
AS length for each AB, which makes it possible to 
conduct a more in-depth study and perform numerical 
modeling of hemodynamics within the IAB.

The use of the GAT offers several advantages 
over traditional modeling methods. First, graph 
networks consider the topology of the IAB, which is 
crucial for modeling complex bifurcation structures 
[35]. Second, the use of GAT mechanisms allows for 
more accurate consideration of the importance of AS 
(edges) and AB (nodes) connections in the graph, as 
GAT calculates trainable attention coefficients for 
each AS that determine how important a neighboring 
AB is to the current one, thereby improving the 
quality of prediction [28].

Despite these promising results, the study 
has several limitations. Firstly, the accuracy of 
predictions depends on the quality of the input 
data and model parameters. Secondly, the use of 
neural networks requires significant computational 
resources, which may limit their application in 
clinical practice. Further improvements will focus 
on using more accurate data and optimizing training 
algorithms.

CONCLUSION

Thus, models were developed for numerical 
simulation of the diameters and lengths of AB 
segments, i.e., structural units of IAB. The first 
module consisting of two regression equations 
allows the diameters of two daughter (distal) ASs 
to be calculated on the basis of the diameter of the 
parent (proximal) AS. The second module, a graph 
neural attention network, allows for the calculation 
of the lengths of two daughter (distal) ASs on the 
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basis of the length of the parent (proximal) AS to 
determine the lengths of the AB segments of the 
IAB. The use of a graph attention network has made 
it possible to achieve high prediction accuracy, 
opening new opportunities for clinical applications, 
including preoperative modeling and assessment of 
whether renal blood supply is normal.

The developed two-module model can serve 
as a basis for creating methods for the numerical 
prediction of the volume and area of the kidney region 
supplied by a given artery. This will help in planning 
and performing surgical interventions, as well as 
evaluating their results. Further improvements will 
focus on using more accurate data and optimizing 
training algorithms.
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Spontaneous Neutrophil Extracellular Trap Formation During  
Pollinosis Exacerbation
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Turishcheva О.О.
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1 Ostrovityanov St., 117997 Moscow, Russian Federation

ABSTRACT

Aim. To study the morphological structure and functional activity of neutrophil extracellular traps in patients with 
seasonal allergic rhinitis during the exacerbation period.

Materials and methods. The study included 12 patients with seasonal allergic rhinitis during the exacerbation 
period. We studied the morphological structure and functional activity of neutrophil extracellular traps (NET) in 
pollinosis patients. Fluorescence microscopy with SYBR Green dye was used to visualize NETs.

Results. The study of neutrophils from allergic patients during the exacerbation period showed spontaneous NETs 
formation in the morphological form of neutrophil networks. The number of NETs during 1 hour of incubation is 
10 [8.3–14] %, and their size was 28 [17.5–35] μm. Culturing neutrophils from allergic patients for 2 hours does 
not increase the number of NETs, but the size of NETs doubles, and 10% of NETs form as single threads and fibers. 
Neutrophil networks have a high functional activity.

Conclusion. The results specify that during the exacerbation of seasonal allergic rhinitis, there is an NET formation 
similar to that observed during infectious inflammation, which is combined with high functional activity of 
neutrophil networks.

Keywords: pollinosis, seasonal allergic rhinitis, exacerbation period, neutrophil extracellular traps, neutrophil 
networks, allergy
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Обострение поллиноза сопровождается спонтанным формированием 
нейтрофильных экстраклеточных ловушек в морфологической  
форме нейтрофильных сетей

Казимирский А.Н., Салмаси Ж.М., Порядин Г.В., Панина М.И., Ким А.Э., Ким Т.Э.,  
Турищева О.О.

Российский национальный исследовательский медицинский университет (РНИМУ)   
им. Н.И. Пирогова (Пироговский университет) 
Россия, 117997, г. Москва, ул. Островитянова, 1

РЕЗЮМЕ

Цель. Исследование морфологической структуры и функциональной активности нейтрофильных экстра-
клеточных ловушек у больных сезонным аллергическим ринитом в период обострения заболевания.

Материалы и методы. В исследование включены 12 больных с поллинозом период обострения заболева-
ния. Исследовали морфологическую структуру и функциональную активность нейтрофильных экстракле-
точных ловушек (НЭЛ) у больных поллинозом. Для визуализации НЭЛ использовали флуоресцентную 
микроскопию с красителем SYBR Green. 

Результаты. Исследование нейтрофилов больных в период обострения заболевания показало спонтанное 
формирование НЭЛ в морфологической форме нейтрофильных сетей. Количество НЭЛ в течение 1 ч ин-
кубации составляет 10 [8,3–14]%, а их размеры – 28 [17,5–35] мкм. Культивирование нейтрофилов аллер-
гических пациентов в течение 2 ч не увеличивает численность НЭЛ, размеры НЭЛ увеличиваются в 2 раза, 
при этом происходит формирование 10% НЭЛ в форме одиночных нитей и волокон. Нейтрофильные сети 
имеют высокую функциональную активность. 

Заключение. Результаты свидетельствуют, что при обострении поллиноза наблюдается образование НЭЛ, 
подобное развивающемуся при инфекционном воспалении, сочетающееся с высокой функциональной ак-
тивностью нейтрофильных сетей.

Ключевые слова: поллиноз, сезонный аллергический ринит, период обострения заболевания, нейтро-
фильные экстраклеточные ловушки, нейтрофильные сети, аллергия
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INTRODUCTION 

The rapid development of immunology has led to the 
creation of many new biological drugs for the treatment 
of allergic diseases, including anti-immunoglobulin E 
(anti-IgE), anti-interleukin-5 (anti-IL-5), and anti-
thymic stromal lymphopoietin (anti-TSLP/IL-4), but 
the initiation of the allergic (atopic) process is still 

unclear [1]. The dysfunction of the immune system in 
allergic (atopic) diseases is associated with changes 
in the functioning of the body’s defense. 

One of the possible mechanisms is associated 
with the disruption of the protective functions of 
neutrophils as participants in the innate immunity. 
This particular pathogen link was identified 
during the examination of patients suffering from 
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hay fever (chronic allergic rhinitis) [2], where it 
was demonstrated that the neutrophils of these 
patients had impaired adhesion to plastic, reduced 
chemotaxis, and decreased bactericidal activity. 
An increased level of neutrophils in nasal mucosa 
biopsies was recorded in patients with allergies 
during the blooming season, compared to healthy 
individuals. Studies have shown that neutrophils in 
patients with seasonal allergic rhinitis are partially 
activated [3] and can, in turn, activate T-cells and 
enhance the migration of eosinophils.

Recently, researchers have gradually come 
to understand that in order to develop effective 
treatment strategies that take into account the 
complex interaction between immune system cells 
and pathogens, it is necessary to study in depth the 
mechanisms of neutrophil extracellular trap (NET) 
formation in allergic (atopic) diseases. It can be 
reasonably assumed that NETs can serve as potential 
biomarkers and therapeutic targets.

The aim was to study the morphological structure 
and functional activity of neutrophil extracellular 
traps in patients with seasonal allergic rhinitis during 
the exacerbation period.

MATERIALS AND METHODS
The study included 12 patients with hay fever 

during the exacerbation period. The inclusion 
criterion was the absence of other acute diseases at 
the time of the study and indications of other chronic 
diseases in history. The exclusion criterion was acute 
infectious diseases within a month before the day of 
the study.

The blood samples were analyzed at the 
Department of Pathophysiology and Clinical 
Pathophysiology, Institute of Biology and Human 
Pathology, Pirogov Russian National Research 
Medical University. All procedures were performed 
in accordance with the ethical standards of the WMA 
Helsinki Declaration (as revised in 2004) and the 
written informed consent of the patients. The study 
was approved by the local Ethics Committee of 
Pirogov University (Minutes No. 239 dated April 
15, 2024).

Neutrophil isolation from EDTA-treated venous 
blood of patients was carried out as described by 
us before [4]. Immunofluorescence study of NETs 
to determine their morphological structure, as well 
as the study of the functional activity of neutrophil 
extracellular structures using a cell culture of 

Klebsiella pneumoniae (ATCC 700603) was carried 
out using the method [5].

Statistical data processing was carried out using 
STATISTICA 12.0 software packages (StatSoft, 
USA). Descriptive statistics are presented in the 
form of continuous quantitative data: for normal 
distributions, in the form of the mean value (M) ± 
standard error (m), and for distributions that differ 
from normal, as the median of the interquartile 
range Me [Q1–Q3]. Comparison of quantitative 
variables was performed using the Mann–Whitney 
test. The difference was considered to be statistically 
significant at a two-tailed p value of < 0.05.

RESULTS AND DISCUSSION
The study of neutrophils in patients with allergic 

rhinitis during the exacerbation period showed 
spontaneous formation of NETs in the morphological 
form of neutrophil networks. 

The number of neutrophil networks during 1 hour 
of incubation was 10 [8.3–14] %, and their size was 
28 [17.5–35] μm. Culturing neutrophils from allergic 
patients for 2 hours did not increase the number of 
NETs, but the size of neutrophil extracellular traps 
increased by almost 2 times (Table 1).

T a b l e  1

Parameters of Neutrophil Extracellular Traps (NETs)  
in Patients with Seasonal Allergic Rhinitis (n = 12) during  

the Exacerbation Period, Me [Q1–Q3]
Number of 
NETs, % NET size, microns NET structure

Spontaneous formation of extracellular structures  
(1 hour of incubation)

10 [8.3–14] 28 [17.5–35] Networks
Spontaneous formation of extracellular structures  

(2 hours of incubation)

11.1 [8.3–21] 52.5 [35–70]* Networks, single 
strands, fibers

____________
*p < 0.05 compared to cell incubation for 1 hour

The peculiarity of the NET formation in patients 
with seasonal allergic rhinitis during the exacerbation 
period is that, in addition to neutrophil networks, 
single strands, and fibers are detected during longer 
neutrophil cultivation (for 2 hours). The number of 
these abnormal structures is small and does not exceed 
10% of the total number of neutrophil networks.

NET formation in the morphological form of 
neutrophil networks (Fig. 1), combined with single 
strands and fibers, confirms that the neutrophils of 
allergic patients are already pre-activated [3].
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Fig. 1. Neutrophil networks in patients with seasonal allergic 
rhinitis during the exacerbation period. Incubation time 1 h. 

CYBR Green staining. Magnification × 1 000

These two morphological structures (neutrophil 
networks and single strands) may indicate two forms 
of neutrophil activation during the exacerbation 
period and may be caused by two different processes. 
Neutrophil network formation in patients with 
seasonal allergic rhinitis during the exacerbation 
period may be induced by both contact interactions 
with pathogens [5] and the action of IL-8, which 
can induce the production of free radicals and the 
formation of extracellular traps [6].

In severe infectious complications/sepsis, 
it was found that the IL-8 concentration in the 
patients’ blood plasma was closely related to the 
NET formation, and the inhibition of IL-8 using 
monoclonal antibodies significantly weakened the 
formation of NETs [7]. Epithelial cells stimulated 
by pollen extracts release IL-8, as well as a 
number of pro-inflammatory cytokines, including 
IL-1, IL-6, and TNFα [8]. The secretion of pro-
allergic alarmins (thymic stromal lymphopoietin 
TSLP, IL-33; and IL-25) contributes to a Th2-
dominated immune response and the development 
of sensitization.

For that reason, the neutrophil network 
formation in the patients we examined is likely to 
be caused by the action of IL-8. However, as we 
have previously shown, the neutrophil network 
formation is a manifestation of the body’s readiness 
to trigger protective anti-infective reactions [5]. 
The detection of NETs in the morphological form 
of single strands can be interpreted as a neutrophil 
response to contact interactions with damaged 
vascular endothelium [9].

The central neutrophil extracellular structure 
found in patients with seasonal allergic rhinitis during 
the exacerbation period is neutrophil networks. 
Functional activity study of these neutrophil structures 
showed that, despite the relatively small size of 
the neutrophil networks – 52.5 [35–70] microns, 
upon incubation for 2 hourthe pathogen Klebsiella 
pneumoniae in these extracellular structures is quite 
high (Table 2).

T a b l e  2 

Functional Activity of Neutrophil Networks, Single Strands, 
and Fibers in Patients with Seasonal Allergic Rhinitis (n = 12) 
during the Exacerbation Period, after Incubation for 2 hours, 

Me [Q1-Q3]

NET struc-
ture

NET size, 
microns

NET conversion 
after interaction 
with a pathogen

Capture of 
pathogen cells

Klebsiella pneu-
moniae

Neutrophil 
networks 52.5 [35–70] Neutrophil veils 50 [40–60]

Single 
strands, 
fibers 

130  
[112.5–157.5]

Single strands, 
fibers 0.00

Each neutrophil network binds 50 [40–60] 
pathogen cells. At the same time, the structure 
of the neutrophil network changes – it undergoes 
morphofunctional transformation, i.e., it transforms 
into a veil-like structure (Fig. 2).

Fig. 2. Neutrophil networks of patients with seasonal allergic 
rhinitis during exacerbation capture and bind the cells of the 

pathogen Klebsiella pneumoniae. 

We previously described such morphofunctional 
transformation of neutrophil networks during 
contact interactions with a pathogen in patients 
with infectious inflammation in the abdominal  
area [10].
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It should be noted that during the neutrophil 
activation in healthy individuals, each neutrophil 
network is capable of capturing and retaining an 
average of 80 [60–100] Klebsiella pneumoniae 
cells. In patients with inflammatory diseases of the 
abdominal cavity (appendicitis, cholecystitis, and 
pancreatitis), the functional activity of NETs is 
reduced by several times compared to healthy donors 
in the postoperative period.

In these patients, neutrophil extracellular 
structures capture and bind an average of no more 
than 20 cells of the test microorganism, and some of 
the infectious pathogen cells remain unbound by the 
extracellular neutrophil structures, which increases 
the risk of postoperative infectious complications in 
these patients [9].

The functional activity of spontaneous 
neutrophil networks in patients with seasonal 
allergic rhinitis during the exacerbation period is 
1.6 times lower than the activity of induced NETs in 
healthy donors, but 2.5 times higher than the same 
parameter in patients with inflammatory diseases of 
the abdominal cavity.

CONCLUSION 

The results of a study of the morphological 
structure and functional activity of neutrophil 
extracellular traps in patients with hay fever (seasonal 
allergic rhinitis) during the exacerbation period 
indicate that during the exacerbation of hay fever, 
the NET formation is similar to that observed during 
infectious inflammation, accompanied by relatively 
high functional activity of neutrophil networks. 
The conducted research suggests that neutrophil 
extracellular trap formation in the morphological 
form of neutrophil networks is a universal response 
of neutrophils to pathogens.
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Morphological Features of Mitochondria Isolated from Tumor  
and Apparently Healthy Tissue of the Rectum in Patients Depending  
on the Presence of Metastases
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ABSTRACT

Aim. To examine the ultrastructural characteristics of mitochondria isolated from rectal adenocarcinoma tissue 
and apparently healthy tissue along the tumor resection line in patients of both sexes, depending on the presence 
or absence of metastases.

Materials and methods. The study encompassed the analysis of 28 patients diagnosed with rectal cancer, classified 
as T2–3N0M0 and T2–3N1–3M1, with tumor differentiation grade G2. Mitochondria were isolated from tumor 
and intestinal tissue cells via differential centrifugation. The mitochondrial suspension was then placed in a fixative 
solution containing formaldehyde and glutaraldehyde, followed by immersion in pure Epon-812 resin (SPI Inc., 
USA). The resin was allowed to cure for a period of 72 hours at a temperature of 70° C. Standard methodologies 
were employed to prepare the sections, which were then examined using a Jeol JEM-1011 electron microscope 
(JEOL Inc., Japan). The mitochondrial perimeter on images obtained by electron microscopy was determined using 
the Fiji program.

Results. A comprehensive ultrastructural study and statistical analysis of the perimeter size of mitochondria 
isolated from rectal adenocarcinoma in patients of both sexes were conducted. The results indicated that there were 
no statistically significant intergroup differences in mitochondrial size, categorized as conditionally small (0–1 
μm), medium (1–2 μm), and large (>2 μm), depending on the presence or absence of metastases. In contrast to 
the tumor tissue, in apparently healthy tissue along the rectal resection line, the proportion of mitochondria with a 
perimeter of ˃ 2 μm, characterized by the most pronounced dysfunction, decreased by 3.6 times in women and by 
4.8 times in men without metastases compared to the indicators in all patients with metastases (p < 0.05).

Conclusion. The significance of differences in the perimeter dimensions of mitochondria isolated from apparently 
healthy tissue at the resection line of rectal adenocarcinoma, regardless of gender differences in patients, indicated 
the possibility of a morphofunctional relationship between processes occurring at the ultrastructural mitochondrial 
level and metastasis of rectal cancer.
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Морфологические особенности митохондрий, изолированных  
из опухоли и условно здоровой ткани прямой кишки,  
у пациентов в зависимости от наличия метастазов

Кит О.И.1, Шихлярова А.И.1, Франциянц Е.М.1, Ильченко С.А.1, Нескубина И.В.1,  
Кириченко Е.Ю.2, Логвинов А.К.3, Родькин С.В.2, Черярина Н.Д.1, Колесников Е.Н.1, 
Кожушко М.А. 1, Анисимов А.Е.1 Легенько Н.Н.1

1 Национальный медицинский исследовательский центр (НМИЦ) онкологии  
Россия, 344037, г. Ростов-на-Дону, ул. 14-я Линия, 63
2 Донской государственный технический университет (ДГТУ) 
Россия, 344000, г. Ростов-на-Дону, пл. Гагарина, 1
3 Южный федеральный университет(ЮФУ) 
Россия, 344006, г. Ростов-на-Дону, пр. Стачки 194/1

РЕЗЮМЕ 

Цель. Изучение ультраструктурных особенностей митохондрий, изолированных из ткани аденокарциномы 
прямой кишки и условно здоровой ткани по линии резекции опухоли, у пациентов обоего пола в зависимости 
от наличия или отсутствия метастазов.  

Материалы и методы. В исследование включены результаты, полученные от 28 больных раком прямой 
кишки T2–3N0M0 и T2–3N1–3M1, степень дифференцировки опухоли – G2. Митохондрии из клеток тканей 
опухоли и кишки выделяли с применением дифференциального центрифугирования. Взвесь митохондрий 
помещали в фиксирующий раствор, содержащий формальдегид и глутаральдегид, далее в чистую смолу 
Epon-812 (SPI Inc., США) и отверждали в течение 72 ч при 70 °C. Применяли стандартные методы 
подготовки срезов, которые исследовали с помощью электронного микроскопа Jeol JEM-1011 (JEOL 
Inc., Япония). Определение периметра митохондрий на изображениях, полученных методом электронной 
микроскопии, проводилось с использованием программы FiJi.

Результаты. На основе ультраструктурного исследования и статистического анализа размерности 
периметра митохондрий, изолированных из аденокарциномы прямой кишки пациентов обоего пола, 
было установлено, что показатели условно малых (0–1 мкм), средних (1–2 мкм) и больших (> 2 мкм) 
размеров митохондрий не имели межгрупповых статистически значимых различий в зависимости от 
наличия или отсутствия метастазов. В отличие от опухоли, в условно здоровой ткани по линии резекции 
прямой кишки доля митохондрий с периметром более 2 мкм, характеризующихся наиболее выраженной 
дисфункциональностью, снижалась в 3,6 раза у женщин и в 4,8 раза у мужчин без метастазов по сравнению 
с показателями у всех пациентов с метастазами (p < 0,05).

Заключение. Значимость различий в показателях размерности периметра митохондрий, изолирован-
ных из условно здоровой ткани на линии резекции аденокарциномы прямой кишки, независимо от 
гендерных различий пациентов указывала на возможность морфофункциональной взаимосвязи процессов, 
протекающих на ультраструктурном митохондриальном уровне и метастазированием рака прямой кишки. 

Ключевые слова: аденокарцинома прямой кишки, митохондрии, метастазирование
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Соответствие принципам этики. Все пациенты подписали информированное согласие на взятие и 
передачу биологического материала для проведения научных исследований, государственных заданий в 
общественно и социально полезных целях. Исследование одобрено этическим комитетом НМИЦ онкологии 
(протокол № 1 от 30.01.2023).
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INTRODUCTION
The principle of the unbreakable link between 

structure and function, that has long been 
developed in Russian science by the flagship 
of morphofunctional unity, Academician D.S. 
Sarkisov, has currently reached full understanding 
within the global community with the recognition of 
the equivalence of concepts previously considered 
as polar opposites at the fine ultrastructural level 
of mitochondria [1]. In major world publications, 
such as  Nature,  Nat. Metabolism,  Redox Biology, 
and many others, hundreds of relevant articles and 
literature reviews have been published over the 
past 10 years, presenting a new paradigm regarding 
the versatility of mitochondria and declaring the 
expansion of mitochondrial science beyond the 
scope of function and dysfunction [2–5].

The tight link between mitochondrial structure 
and function led to the emergence of the concept 
of “morphofunctionality” of mitochondria [6], 
which included “morphofunctional analysis of 
mitochondria” as the “simultaneous quantitative 
determination of morphological and functional 
parameters of mitochondria.” T.T. Renault et al. 
(2015) showed that both mitochondrial hyperfusion 
and hyperfragmentation protected cells from BAX-
mediated apoptosis, suggesting that a specific 
mitochondrial shape is required for BAX to induce 
mitochondrial outer membrane permeabilization [7]. 

Furthermore, it was established that in response 
to low ADP concentrations, the structure of the 
inner mitochondrial membrane (IMM) changed: 
the mitochondrial matrix contracted and condensed 
(“condensed state”), and then became less dense 
and more stretched (“orthodox state”), which was 
associated with a more compact arrangement of 
the cristae [8]. A study by Y. Wang et al. (2017) 

demonstrated that mitochondrial fragmentation 
allowed for the release of Ca2+ from the endoplasmic 
reticulum into the cytosol, which promoted 
phagocytosis by stimulating Ca2+-mediated vesicle 
transport [9]. Mitochondrial structure has been 
shown to influence the cell cycle phase, and vice 
versa [10]. 

For example, cyclin-dependent kinase 5 (CDK5) 
inhibits dynamin-related protein 1 (DRP1) via 
phosphorylation [11], and mitochondria form a 
hyperfused network during the transition from 
the G1 to the S phase, associated with cyclin E 
accumulation [12]. The latter study also showed that 
Δψ depolarization at the onset of G1 prevented cell 
cycle progression into the S phase [12].

One of the most important aspects of 
mitochondrial research is associated with their 
unique and indispensable role in oncogenesis 
and cancer progression [5, 13, 14]. Although the 
mechanisms of mitochondrial reprogramming in 
cancer have recently received closer attention, 
the specifics of organelle adaptation during this 
process have not been widely considered [15–17]. 
Meanwhile, the microenvironment in which a tumor 
grows is extremely unfavorable for mitochondria, 
as unstable oxygen concentrations and oxidative 
radicals can disrupt organelle integrity, disintegrate 
the regulation of numerous mitochondrial functions, 
and activate cell death [18]. Questions regarding how 
mitochondria cope with the loss of their “functional 
shape” and what the impact of low-quality or 
damaged mitochondria is on tumor characteristics, 
including the transfer of malignant information, 
remain poorly understood and understudied [19].

In early 2025, Guidelines for the Nomenclature 
and Characterization of Mitochondrial Transfer 
developed by more than 30 scientists from different 
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countries around the world were published [20]. 
These guidelines significantly eased the complex 
task of describing all forms of mitochondria, 
whether structurally damaged, intact, or fragmented. 
They indicate the necessity for mitochondria to be 
characterized, at a minimum, in terms of size, as 
this is a physical characteristic that can be measured 
using various methods. Thus, studies at the level of 
mitochondria isolated from tissues can contribute 
not only to expanding the understanding of the 
link between functional and morphological aspects 
but also to determining the role of mitochondrial 
dimensions in tumor progression, particularly in the 
processes of metastasis.

The aim of this study was to investigate the 
ultrastructural features of isolated mitochondria 
derived from rectal adenocarcinoma tissue and 
apparently healthy tissue along the tumor resection 
line in patients of both sexes, depending on the 
presence or absence of metastases. 

MATERIALS AND METHODS
The study included results obtained from 28 

patients with rectal cancer classified as T2–3N0M0 
and T2–3N1–3M1, with a median age of 66 (58–73) 
years. None of the patients included in the study 
received neoadjuvant treatment prior to surgery. 
The tumor differentiation grade in all patients 
corresponded to G2. Rectal resection of the affected 
organ was performed with the removal of the 
malignant tumor.

Mitochondria were isolated from tumor cells and 
apparently healthy rectal tissue using differential 
centrifugation on the Avanti J-E high-speed 
refrigerated centrifuge (BECKMAN COULTER, 
USA) according to generally accepted methods [21, 
22]. To disrupt intercellular bonds, cell walls, and 
plasma membranes, mechanical tissue processing 
was used, including mincing with scissors and 
homogenization in a glass homogenizer with a 
Teflon pestle (Potter-Elvehjem homogenizer). For 
each gram of tissue, 10 ml of sterile isolation medium 
was added (0.22 M mannitol, 0.3 M sucrose, 1 mM 
EDTA, 2 mM TRIS-HCl, 10 mM HEPES, pH 7.4).

Tissues were homogenized and centrifuged for the 
first time for 10 min at 1,000 g at 0–2° C; the second 
and third centrifugations were performed at 20,000 g 
for 20 min at 0–2° C. Between centrifugations, the 
mitochondrial pellet was resuspended in the isolation 
medium. Mitochondria were further purified from 

lysosomes, peroxisomes, melanosomes, etc. by 
centrifuging in a 23% Percoll gradient. The suspension 
of subcellular structures was layered onto the Percoll 
gradient and centrifuged for 15 min at 21,000 g; after 
this, separation into 3 phases was observed, the bottom 
layer of mitochondria was retained and resuspended 
with the isolation medium. The next purification of 
the mitochondria was carried out by centrifugation for 
10 min at 15,000 g at 0–2° C.

A portion of the intestinal tissues and the 
mitochondrial suspension isolated from the tumor 
and apparently healthy rectal tissue were immediately 
placed in a fixative solution containing formaldehyde 
and glutaraldehyde. After pre-treatment, the tissue 
sample was embedded in pure Epon-812 resin 
(SPI Inc., USA) and cured for 72 hours at 70° C. 
Ultrathin 90-nm sections were obtained using an 
ultramicrotome equipped with a diamond knife. 
The sections were mounted on copper slot grids and 
stained with a 2% aqueous solution of uranyl acetate 
for 40 min and lead citrate for 2 min. The sections 
were examined and photographed using the Jeol 
JEM-1011 electron microscope (JEOL Inc., Japan).

Mitochondrial perimeters were determined on 
electron microscopy images using  Fiji software. 
Before starting the analysis, the image scale was 
manually set using the scale bar present on each 
micrograph. Mitochondria were selected using 
the  Freehand Selection tool. When necessary, 
contrast correction and image smoothing were 
also performed to improve the visualization of 
mitochondrial boundaries. After tracing each 
mitochondrion, the result was saved as a region of 
interest (ROI), and the obtained contours were added 
to the ROI Manager. Based on these selections, the 
software automatically calculated the perimeter of 
each mitochondrion. To increase the reproducibility 
and transparency of the analysis, a markup map 
was created for each image: files with the applied 
mitochondrial contours were saved separately, which 
allowed for subsequent verification of the accuracy 
of object identification. 

Statistical analysis of the results was performed 
using the Statistica 10.0 software package. Normality 
distribution was assessed using the Shapiro – Wilk 
test (for small samples). Quantitative data in groups 
(independent samples) were compared using the 
Student’s t-test and the Mann – Whitney U-test. 
A value of p < 0.05 was considered as the limit of 
statistical significance. Data in tables were presented 
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as M ± m, where M is the arithmetic mean, and m is 
the standard error of the mean (SEM).

RESULTS
In all patients with rectal adenocarcinoma, 

morphological signs of dysfunction of mitochondria 
isolated from the tumor were noted on ultrathin serial 
sections, which was manifested by a significant 
variation in the size and shape of the organelles, 
ranging from ovoid and rounded to polygonal  

(Fig. 1). The electron micrograph shows that a 
significant part of the mitochondrial population 
(over 40%) with large and medium perimeters is in 
a swollen state. Total mitochondrial swelling could 
indicate greater coupling and increased ATP synthesis 
within them, i.e., the probability of a high metabolic 
rate. According to the literature, the intensity of 
mitochondrial respiration in pathological conditions 
can double, but without a significant change in the 
efficiency of oxidative phosphorylation [23, 24].

а     					                  b 

Fig. 1. Electron micrograph of mitochondria isolated from rectal adenocarcinoma in men: a – with detected metastases; b – without 
metastases. Manifestation of local swelling (left arrow) and the granular osmiophilic component (right arrow); × 50,000

It was noted that in swollen, enlarged mitochondria, 
the structure of the cristae was substantially deformed 
and limited to single elongated or shortened 
invaginations of the inner membrane, oriented 
radially with an increase in the intermembrane space.

The ultrastructure of mitochondria in rectal 
adenocarcinoma of men without metastases and 
with metastases was similar in heterogeneity and 
was supplemented by data on the state of the 
mitochondrial matrix, which was completely or 
partially filled with inclusions of increased electron 
density. The matrix filling was heterogeneous, since 
the inclusions either filled the entire matrix or formed 
clumps in the marginal zones closer to the IMM (Fig. 
1, b). On ultrathin sections, the outer membrane of 
the mitochondria was clearly contoured, in most 
cases retaining its integrity or having small ruptures. 
The pathological presentation of mitochondrial 
heterogeneity of the tumor in men without metastases 
was supplemented by the manifestation of local 
swelling and a slight deposition of the granular 
osmiophilic component inside individual organelles 

(indicated by arrows in Fig. 1, b).
In women with metastatic rectal adenocarcinoma, 

similar morphological signs of dysfunction of 
mitochondria isolated from the tumor were noted 
on ultrathin serial sections, as were observed in men 
(Fig. 2).

A pronounced variety in the size and shape of the 
organelles was observed: ovoid, rounded, and less 
commonly, polygonal. In more than 50% of cases, 
mitochondrial swelling with deformation or absence 
of cristae was noted. Single mitochondria were 
identified with relatively uniform cristae striation, 
high osmiophilic activity of inclusions, and increased 
electron optical density of the matrix. Marginal 
deposits in the matrix of rounded fragments of the 
osmiophilic component, associated with deformed 
cristae, could be of a lipid nature.

When analyzing electron micrographs of 
mitochondria isolated from rectal adenocarcinoma 
cells in women without detected metastases (Fig. 2, 
b), no distinctive features of the ultrastructure were 
noted compared to previous studies.
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Thus, the microscopic presentation of 
mitochondria isolated from tumor cells in men and 
women, regardless of the presence of metastases, 
was characterized by comparatively similar 
features: heterogeneity of shape and enlarged 
size, total mitochondrial swelling with significant 
deformation of the cristae, altered electron density, 
and osmiophilic deposits in the matrix and cristae.

Upon studying the apparently healthy rectal tissue 
along the resection line in men and women with or 
without metastases, the  infiltration  of unaffected 
tissue by tumor mitochondria was revealed  
(Fig. 3).

Fig. 3. Electron micrograph demonstrating the variation in the 
size and shape of mitochondria in apparently healthy rectal 

tissue along the tumor resection line; × 25,000

As an example, we present a micrograph that 
convincingly demonstrates the ability of tumor 
mitochondria to translocate into the areas adjacent 
to the resection line, which were visually (by light 
microscopy) unaffected by the tumor process.

Electron microscopy of mitochondria isolated 
from apparently healthy rectal tissue in men 
with metastatic adenocarcinoma revealed the 
entire spectrum of morphological disorders. The 
micrograph (Fig. 4, a) shows swollen organelles of 
various size clusters, predominantly with increased 
electron density of the matrix and single elongated 
as well as multiple shortened cristae.

The outer mitochondrial membrane largely 
retained its integrity; however, fragmented areas of 
damage were also detected, including splitting of 
the outer and inner membranes with filling of the 
intermembrane space. The presence of process-like 
inclusions with high osmiophilic activity, associated 
with the cristae, within the mitochondria was notable. 
Pathological forms of mitochondria isolated from 
apparently healthy rectal tissue cells were also noted 
in men without metastases. However, the microscopic 
presentation changed somewhat, highlighting 
the predominance of small forms. With reduced 
mitochondrial dimensions, the mitochondrial matrix 
was characterized by moderate and low optical 
density, the membrane retained its integrity, and a 
cristae structure of varying visualization intensity 
and configuration was revealed.

A similar discrepancy in mitochondrial size was 
visualized in apparently healthy rectal tissue among 

Fig. 2. Electron micrograph of mitochondria isolated from rectal adenocarcinoma in women: a – with detected metastases; b – 
without metastases; × 50,000
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Fig. 5. Electron micrograph of mitochondria isolated from apparently healthy rectal tissue along the tumor resection line in women: 
a – with detected adenocarcinoma metastases; b – without metastases; × 50,000

Fig. 4. Electron micrograph of mitochondria isolated from apparently healthy tissue along the resection line in men: a – with 
detected metastases; b – without metastases; × 50,000
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women, depending on the presence or absence 
of adenocarcinoma metastases. It is important to 
emphasize that a fundamental condition was met 
during all studies of mitochondrial ultrastructure for 

the adequate comparison of their sizes: an identical 
electron microscope magnification of ×50,000, 
which allowed for the standardization of their 
dimensions.

Mitochondria isolated from apparently healthy 
tissue along the tumor resection line in women with 
metastases appeared larger compared to mitochondria 
without metastases (Fig. 5, a, b). Nevertheless, 
in both cases, swelling and a pronounced cristae 
structure were noted, associated to a greater or lesser 
extent with inclusions of high osmiophilic activity. 
The outer mitochondrial membranes generally 

maintained their integrity; however, thinning or 
even blurring of mitochondrial boundaries could 
be observed, as well as membrane splitting with 
the gap filled by the active medium resulting from 
mitochondrial metabolism.

Given the significant variation in mitochondrial 
sizes, we formed clusters of conditionally small 
(0–1 µm), medium (1–2 µm), and large (>2 µm) 
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these mitochondrial dimensions in women and men  
with the presence and absence of metastases  
(Table).

mitochondria. Their perimeters were measured, 
followed by statistical processing of the results 
and calculation of the occurrence frequency of 

T a b l e 

Occurrence Frequency (%) and Perimeter (μm) of Mitochondria Isolated from Tumor Cells and Apparently Healthy Rectal  
Tissue of Male and Female Patients with or without Metastases, M ± m

Patient groups
Tumor Apparently healthy tissue

0–1 1–2 ˃ 2 0–1 1–2 ˃ 2

Women with metastases, n = 7
65.5 ± 5.1%
0.63 ± 0.009

n = 272

22.9 ± 2.0%
1.46 ± 0.03

n = 95

11.6 ± 1.4%
2.43 ± 0.05 

n = 48

50.6 ± 4.9%
0.69 ± 0.01

n = 167

35.2 ± 2.9%
1.45 ± 0.03

n = 116

14.2 ± 1.7%
2.41 ± 0.06

n = 47

Women without metastases,
n = 7

49.6 ± 4.4%
0.69 ± 0.01

n = 130

36.3 ± 3.1%
1.45 ± 0.03

n = 95

14.1 ± 1.6%
2.43 ± 0.06

n = 37

61.5 ± 5.4%
0.68 ± 0.01

n = 220

34.6 ± 2.7%
1.32 ± 0.02

n = 124

3.9 ± 0.5% *

2.32 ± 0.06
n = 14

Men with metastases, 
n = 7

58.1 ± 5.3%
0.68 ± 0.01

n = 122

27.1 ± 2.2%
1.41 ± 0.04

n = 57

14.8 ± 1.9%
2.65 ± 0.12

n = 31

42.5 ± 3.9%
0.69 ± 0.02

n = 119

42.5 ± 3.7%
1.41 ± 0.03

n = 119

15.0 ± 1.6%
2.63 ± 0.09

n = 42

Men without metastases, 
n = 7

55.9 ± 4.9%
0.7 ± 0,02

n = 85

32.3 ± 2.7%
1.4 ± 0.04

n = 49

11.8 ± 1.5%
2.5 ± 0.08

n = 18

64.5 ± 5.1%
0.76 ± 0.01

n = 82

32.4 ± 2.5%
1.37 ± 0.03

n = 71

3.1 ± 0.2% *

2.48 ± 0.16
n = 19

____________

* differences between the frequency of detection of the maximum mitochondrial dimension in the apparently healthy tissue of patients with and 
without metastases are statistically significant (p < 0.05).

The calculations revealed that in all patient groups 
across the three mitochondrial perimeter dimension 
clusters isolated from the tumor, the conventional 
ratio of perimeter values was maintained, with a 
predominance of small mitochondria (0–1 µm) 
(Table). Perimeter values of mitochondria > 2 
µm in women and men with and without rectal 
adenocarcinoma metastases showed no significant 
intergroup differences and varied with an insignificant 
difference of 3%. Meanwhile, the relative content of 
small organoid forms (perimeter of 0–1 µm) exceeded 
the proportion of large forms by 5.6–3.1 times. The 
relative number of mitochondria belonging to the 
medium perimeter dimension of 1–2 µm occupied 
an intermediate position between the large and small 
mitochondria.

Upon the analysis of the perimeter values of 
mitochondria isolated from apparently healthy 
tissue cells, statistically significant differences were 
found in both women and men, depending on the 
presence or absence of metastases. These differences 
were characteristic only of the conditionally large 
mitochondrial cluster. 

Thus, while the proportion of isolated 
mitochondria with a perimeter > 2 µm from 
apparently healthy tissue cells in women and men 
with metastases showed no statistically significant 
differences either between one another or compared 

to the mitochondria isolated from the tumor, a 
completely different situation was revealed in 
patients without metastases. In women without 
rectal adenocarcinoma metastases, the frequency of 
occurrence of mitochondria with a perimeter > 2 µm 
isolated from apparently healthy tissue decreased 
by 3.6 times compared to the mitochondria of the 
same dimension in women with detected metastases 
(p < 0.05). Simultaneously, a reciprocal increase 
in the proportion of small-dimension mitochondria 
(0–1 µm) was observed together with a decrease 
in the proportion of large organoids; however, the 
differences in the values were not significant in the 
context of detected metastases.

A similar pattern of changes was observed in 
men without metastases: against the background of 
an increase in the frequency of detecting organoids 
with a small perimeter (0–1 µm), the content of 
mitochondria with a perimeter > 2 µm isolated from 
apparently healthy tissue was 4.8 times smaller 
compared to the values when metastases were 
present (p < 0.05). In other words, the statistical 
significance of differences in the indicators of the 
large-perimeter mitochondrial cluster pointed to 
the possibility of a morphofunctional interrelation 
between processes occurring at the ultrastructural 
level and rectal cancer metastasis. A question arose 
as to what might cause this kind of determination of 
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mitochondrial morphogenesis in apparently healthy 
rectal tissue with metastasis?

DISCUSSION
We believe that the causal chain of events may 

be primarily linked to the specific characteristics of 
mitochondrial dysfunction during carcinogenesis. 
Large mitochondria represent the most unfavorable, 
yet effective, form of dysfunctional mitochondria, 
the excessive presence of which in the tumor poses 
a high risk of its death. What is this associated 
with? The increase in mitochondrial size, 
including the perimeter, is associated with swelling 
processes, which intensify when the production 
of Bcl-2, Bax, and Bak increases within the cell. 
These very apoptotic signals cause mitochondrial 
swelling and the formation of a special pore for 
the exit of biologically active molecules into the 
medium: cytochrome C, flavoproteins, reactive 
oxygen species (ROS), and mtDNA, which, upon 
entering the cytosol, trigger the program of cell  
death [25].

Based on this fundamental process, the following 
can be hypothesized. The statistically significant 
increase in the frequency of detection of mitochondria 
with perimeter > 2 µm in the apparently healthy 
rectal tissue of patients with metastases, compared 
to the same perimeter dimension in cases without 
metastases, may be related to various metabolic 
changes in the surrounding cellular environment. 
First and foremost, this may be due to the release of 
factors involved in the pathological reprogramming 
of genetic and metabolic processes, including ROS, 
acting as mediators of targeted mitochondrial transfer 
[26, 27]. 

Additionally, cancer-associated fibroblasts 
(CAFs), which participate in the metabolic 
reprogramming of cancer cells and promote tumor 
progression, may also contribute to this [28]. 
Consequently, the morphological differences in 
mitochondria observed by us in the apparently 
healthy rectal tissue of patients with metastases may 
indirectly indicate involvement in the processes of 
metastasis. These prerequisites may be associated 
with the accumulation of unfavorable factors in 
the form of enlarged, deformed mitochondria, 
whose dysfunction is combined with the ability to 
actively translocate in media and tissues and which 
possess potent signaling regulation of structural and 
metabolic processes during tumor growth.

As noted previously, the present study was 
aimed at identifying the ultrastructural features of 
mitochondria isolated from rectal adenocarcinoma 
tissue and apparently healthy tissue along the tumor 
resection line in patients of both sexes, depending on 
the presence or absence of metastases.

However, this problem is much broader than just 
the morphological aspects and may encompass many 
more unaccounted factors. These include violations 
of mitophagy, an increase in extracellular vesicles 
(EVs) which can engulf large mitochondria and 
facilitate their transfer to the extracellular space [29, 
30]. In this regard, it should be noted that a population 
of mitochondria-derived extracellular vesicles (EV-
Mitos) plays an important role in the realization of 
mitochondrial dysfunction toward metastasis. These 
vesicles contain numerous mitochondrial components 
(the mitochondrial cargo), the composition of which 
reflects changes in the parent cell.

It is fundamentally important to consider that 
metastasis is a complex, multi-stage process 
dependent not only on intracellular changes but 
also on angio- and lymphangiogenesis, expression 
of adhesion molecules, EMT, and features of the 
immune microenvironment. For more detailed 
investigation, control of variables, such as tumor 
stage, level of invasion, tumor mutational profile, 
tumor microenvironment, Ki-67 index, etc., is 
required. The present study represents only a limited 
portion of changes at the subcellular level within the 
multifaceted processes of rectal cancer metastasis. 

Nevertheless, considering the strategic role of 
mitochondria in the processes of carcinogenesis, 
one cannot but to note that even the observed 
morphological changes in these organoids already at 
the tumor resection line may manifest events related 
to the implementation of the tumor progression 
program. An increase in the number of dysfunctional, 
enlarged mitochondria in the zone relatively close to 
the tumor may serve as one of the significant signals 
on the path to metastasis.

CONCLUSION
Morphological differences were revealed when 

comparing the spatial dimension of mitochondria 
isolated from adenocarcinoma and apparently 
healthy rectal tissue in patients of both sexes with 
or without metastases. These differences were 
associated with a statistically significant increase 
in the population of large-dimension mitochondria 
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(perimeter > 2 µm) only in the apparently healthy 
tissue along the tumor resection line in cases 
where metastasis was detected, compared to their 
content in the absence of metastases (p < 0.05). The 
increase in mitochondrial dimension, coupled with 
morphological signs of dysfunction, characterizes 
an increase in the malignant potential of apparently 
healthy rectal tissue, which may contribute to the 
progression of the tumor process.
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ABSTRACT

Aim. To determine the prognostic significance of systemic inflammatory indices for the development of carotid 
artery (CA) atherosclerosis in patients with rheumatoid arthritis (RA).

Materials and methods. A single-center, observational, cross-sectional study was conducted, which included 52 
male and female patients with RA. The average age of the study participants was 59.5 ± 6.7 years. All patients 
underwent carotid duplex ultrasound. The intima – media thickness was recorded at ≥ 0.9 mm. A hemodynamically 
significant atherosclerotic plaque (AP) was considered to be a CA thickening of more than 50% compared to 
adjacent tissues. Based on the complete blood count data, the systemic inflammatory response index (SIRI), the 
aggregate index of systemic inflammation (AISI), the systemic immune – inflammation index (SII), the neutrophil-
to-lymphocyte ratio (NLR), the lymphocyte-to-monocyte ratio (LMR), the platelet-to-lymphocyte ratio (PLR), and 
the Reis leukocyte index of intoxication were calculated. Binary logistic regression was used to develop a prognostic 
model.

Results. Based on the results of the carotid duplex ultrasound, the patients were divided into 2 groups: 32 patients 
(61.5%) with the presence of AP in the CA and 20 patients (38.5%) without AP. Patients with AP in the CA had 
higher values ​​of NLR, SII, SIRI, and the Reis leukocyte index of intoxication. During the study, threshold values ​​
for these indices were determined, and a prognostic model for the probability of developing atherosclerosis of the 
CA in patients with RA was developed, in which the predictors were the values of the Reis index, SIRI, low-density 
lipoproteins, and age.

Conclusion. In RA, high activity of systemic inflammation is associated with the development of atherosclerotic 
arterial lesions, which should be taken into account when determining the tactics of managing these patients.
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РЕЗЮМЕ 

Цель. Определить прогностическую значимость системных воспалительных индексов для развития атеро-
склероза сонных артерий (СА) у пациентов с ревматоидным артритом (РА).

Материалы и методы. Проведено одноцентровое обсервационное кросс-секционное исследование, в ко-
торое были включены 52 пациента с РА. Средний возраст участников составил 59,5 ± 6,7 лет. Всем пациен-
там выполнено ультразвуковое дуплексное сканирование (УЗДС) СА. Утолщение комплекса интима-медиа 
фиксировали при значениях 0,9 мм и более. За гемодинамически значимую атеросклеротическую бляшку 
(АСБ) принимали утолщение СА свыше 50% в сравнении с близлежащими тканями. Проведен анализ на-
личия факторов риска сердечно-сосудистых заболеваний. На основании данных общего анализа крови рас-
считывали индекс системного воспалительного ответа (SIRI), совокупный индекс системного воспаления 
(AISI), индекс системного воспаления (SII), нейтрофильно-лимфоцитарное соотношение (NLR), лимфоци-
то-моноцитарное соотношение (LMR), тромбоцитарно-лимфоцитарное соотношение (PLR), а также индекс 
Рейса. Для разработки прогностической модели использован метод бинарной логистической регрессии. 

Результаты. По результатам УЗДС СА пациенты были разделены на две группы: 32 пациента (61,5%) с 
наличием АСБ в СА и 20 пациентов (38,5%) без АСБ. Пациенты с наличием АСБ в СА имели более вы-
сокие значения NLR, SII, SIRI, индекса Рейса. В ходе исследования определены пороговые значения для 
данных индексов, а также разработана прогностическая модель вероятности развития атеросклероза СА 
у пациентов с РА, в которой предикторами являлись значения индекса Рейса, SIRI, липопротеиды низкой 
плотности и возраст. 

Заключение. При РА высокая активность системного воспаления ассоциирована с развитием атеросклеро-
тического поражения артерий, что следует учитывать при разработке тактики ведения данных пациентов.

Ключевые слова: ревматоидный артрит, атеросклероз, NLR, SIRI, SII, системное воспаление
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic 
autoimmune disease that affects joints and internal 
organs [1]. In 2020, there were over 17.6 million 
patients with RA worldwide, and the prevalence of 
the disease was 208.8 cases per 100,000 population, 
which is 14.1% more than in 1990. According to 
projections, by 2050, the global prevalence of RA 
will reach 31.7 million [2]. The prevalence of RA in 
the Russian Federation is 0.61% [3]. 

Patients with RA have an increased 
cardiovascular risk (CVR), which significantly 
contributes to overall cardiovascular mortality. This 
is primarily due to systemic inflammation, which 
is an independent factor in the development and 
progression of atherosclerosis. According to the 
World Health Organization, cardiovascular diseases 
(CVD) annually cause 17.9 million (32%) of all 
deaths worldwide [3]. Acute myocardial infarction 
(AMI) and stroke, which are most often caused by 
atherosclerosis, are the most significant causes of 
cardiovascular mortality [4]. 

The presence of atherosclerotic plaques (AP) 
in the carotid arteries (CA) is known to be a risk 
factor for ischemic stroke. According to the data of 
a systematic review and meta-analysis conducted by  
P. Ambrosino et al., patients with RA had higher 
values ​​of the intima-media thickness (IMT) of the 
CA based on the results of carotid duplex ultrasound 
and also more often AP were detected in the CA 
(odds ratio (OR): 3.57; 95% confidence interval 
(95% CI): 1.69, 7.51; p = 0.0008) compared to the 
general population [5]. D.A. Galarza-Delgado et 
al. indicate that in RA, AP in the CA are formed 
more often than in the general population (30.0% 
versus 11.7%, p = 0.013), while bilateral AP are also 
detected significantly more often (8.3% versus 3.3%, 
p = 0.008) [6]. According to data from various studies 
in the Russian cohort, AP in the CA were detected 
in 59.5% (L.N. Eliseeva et al.) [7], 77% (O.A. 
Fomicheva et al.) [8], and 11% (E.V. Gerasimova et 
al.) of patients with RA [9].

The development and progression of athero- 
sclerotic arterial lesions in RA are largely determined 
by the influence of systemic inflammation. Increased 
production of interleukin-1 (IL-1), IL-6, and tumor 
necrosis factor alpha (TNFα) in RA induces the 
expression of adhesion molecules (vascular cell 
adhesion molecule 1 (VCAM-1), intercellular 

adhesion molecule 1 (ICAM-1), and E-selectin) on 
the surface of CA endothelial cells, which leads 
to a decrease in the production and bioavailability 
of nitric oxide (NO), an increase in the synthesis 
of endothelin-1, and hyperproduction of reactive 
oxygen species, contributing to increased oxidative 
stress and endothelial activation [10]. In addition, 
TNFα and IL-6 suppress the activity of lipoprotein 
lipase and lecithin cholesterol acyltransferase, which 
contributes to the formation of a proatherogenic 
lipid profile in RA, the development of oxidative 
modifications of low-density lipoproteins (LDL), 
and an increase in the production of dysfunctional 
high-density lipoproteins (HDL), leading to the 
progression of atherosclerotic lesions of the CA [11, 
12]. Under conditions of systemic inflammation in 
RA, T-lymphocytes and monocytes are activated, 
which, under the influence of VCAM-1 and ICAM-
1, migrate to the CA intima and infiltrate the AP, 
where they contribute to increased expression of 
proinflammatory cytokines and the development of 
AP instability [13].

The significant influence of inflammation on 
the development of carotid atherosclerosis and 
the contribution of the latter to the increase in 
CVR in patients with RA determine the special 
clinical significance of the search for predictors 
of this vascular lesion, which can be considered 
as systemic inflammatory indices based on the 
indicators of a complete blood count: the systemic 
inflammatory response index (SIRI), the aggregate 
index of systemic inflammation (AISI), the systemic 
immune – inflammation index (SII), the neutrophil-
to-lymphocyte ratio (NLR), the lymphocyte-to-
monocyte ratio (LMR), the platelet-to-lymphocyte 
ratio (PLR), the Reis leukocyte index of intoxication. 
Currently, the possibility of using systemic 
inflammatory indices in predicting atherosclerosis 
and CVR is being actively studied worldwide [14].

The aim of the study was to determine the 
prognostic significance of systemic inflammatory 
indices for the development of CA atherosclerosis in 
patients with RA.

MATERIALS AND METHODS
A single-center, observational, cross-sectional 

study was conducted, including 52 male and female 
patients (mean age 59.5 ± 6.7 years) with RA. 
Inclusion criteria were as follows: age from 35 to 
75 years; RA diagnosis established in accordance 
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with the criteria of the American College of 
Rheumatology/European Alliance of Associations 
for Rheumatology (ACR/EULAR). Patients meeting 
one of the following criteria were excluded from 
the study: coronary artery disease (CAD), chronic 
heart failure, acute or exacerbated chronic infection, 
cancer or history of cancer, and type 1 or type 2 
diabetes mellitus. Patients underwent a general 
clinical examination in accordance with the 2024 
Clinical Guidelines for Rheumatoid Arthritis of 
the Russian Association of Rheumatologists. All 
patients received basic anti-inflammatory therapy 
with one of the following medications: methotrexate, 
sulfasalazine, or leflunomide.

A carotid duplex ultrasound was performed 
for all patients by a single specialist – a functional 
diagnostics doctor – once during inpatient treatment 
in a specialized Rheumatology Unit. The carotid 
duplex ultrasound was performed using a Samsung 
RS85 ultrasound machine (South Korea). The linear 
transducer used in the study emitted a frequency 
of 7.5 MHz. The IMT of the CA was measured in 
mm at three points: the first point is the area of ​​the 
general CA at a distance of 10 mm from the bulb; the 
second point is 5–10 mm cranial to the beginning of 
the bulb; the third point is the internal CA, 10 mm 
after the bifurcation on both sides. The maximum 
values ​​of the IMT obtained during the study were 
analyzed. IMT was recorded at values ​​of 0.9 mm 
or more. A hemodynamically significant AP was 
defined as a CA thickening over 50% compared to 
adjacent tissues [15, 16].

Total cholesterol (TC) was analyzed 
enzymatically, LDL and HDL were analyzed 
using a direct enzymatic colorimetric method, and 
triglycerides (TG) were analyzed using an enzymatic 
colorimetric method. A complete blood count was 
performed on a MINDRAY BC-6000 hematology 
analyzer (China). The erythrocyte sedimentation 
rate (ESR) was determined using the Westergren 
method. C-reactive protein (CRP) and IgM 
rheumatoid factor (RF) levels were analyzed using 
an immunoturbidimetric method on an ILab Taurus 
automated biochemical analyzer (USA). An enzyme-
linked immunosorbent assay was used to determine 
the concentration of antibodies to cyclic citrullinated 
peptide (anti-CCP) in the serum.

Systemic inflammatory indices were calculated 
using the following formulas: SIRI = neutrophils x 

monocytes / lymphocytes [17]; AISI = neutrophils 
× monocytes × platelets / lymphocytes [18]; SII = 
neutrophils × platelets / lymphocytes [19]; ​​NLR = 
neutrophils / lymphocytes [20]; PLR = platelets / 
lymphocytes [20]; LMR = lymphocytes / monocytes 
[21]; Reis index = (myelocytes + metamyelocytes 
+ band neutrophils + segmented neutrophils) / 
(monocytes + lymphocytes + eosinophils) [22]. 
Absolute values ​​of the number of formed elements 
in the blood were used for the calculation.

Microsoft Excel was used to create the study 
database. Statistical analysis was performed using 
STATISTICA 9 (StatSoft, USA). The normality of 
distribution of quantitative variables was assessed 
using the Shapiro – Wilk test, as well as analysis 
of the asymmetry and kurtosis coefficients. Data 
corresponding to a normal distribution were presented 
as the arithmetic mean (M) and standard deviation 
(SD). Indicators with a distribution different from 
the normal one were described using the median 
and interquartile range, Me [Q1; Q3]. Categorical 
variables were described as absolute values ​​(n) and 
percentages (%). 

Comparison of two independent groups for a 
quantitative indicator, the distribution of which in 
each of the groups corresponded to the normal one, 
under the condition of equal variances  was performed 
using Student’s t-test; in case of unequal variances, 
Welch’s t-test was used. A comparison of two 
independent groups based on quantitative variables 
with non-normal distributions was performed using 
the non-parametric Mann – Whitney U-test. ROC  
analysis was used to assess the predictive value and 
discriminatory ability of quantitative variables for the 
target outcome. Classification quality was assessed 
based on the area under the ROC curve (AUC) with 
a 95% confidence interval. The cutoff value of the 
quantitative variable  was determined by the highest 
value of the Youden’s index. A predictive model for 
the probability of a specific outcome was constructed 
using logistic regression. Statistical significance of 
differences was determined at a significance level of 
p < 0.05.

RESULTS

Based on carotid duplex ultrasound data, all 
patients were divided into two groups: those with CA 
AP (n = 32; 61.5%) and those without them (n = 20; 
38.5%). Patients in the study groups did not differ in 
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gender, age, disease duration and stage, CVD risk 
factors, or the proportion of patients receiving statins 
and glucocorticosteroids. No significant differences 
in lipid profile parameters were found between 
the patient groups. The presence of CA AP was 
statistically significantly more often associated with 
anti-CCP status and higher ESR and CRP values ​​
(Table 1). Systemic inflammation indices were 

T a b l e  1

Comparative Characteristics of Patients with and without Carotid Artery Atherosclerosis

Indicator Patients with the presence of AP in 
the carotid arteries (n = 32)

Patients without AP in the 
carotid arteries (n = 20) p

Age, years, M ± SD 60.4±6.5 58.6±7.1 0.06
Gender (male), n (%) 9 (28.1) 6 (30) 0.07
Duration of disease, years, Me [Q1; Q3] 11.9 [7.4; 14.3] 10.8 [6.1; 13.9] 0.21
Disease stage, early/advanced/late, n (%) 5 (15.6) / 11 (34.4) / 16 (50) 3 (15) / 3 (15) / 14 (70) 0.19
Positive RF, n (%) 25 (78.1) 16 (80) 0.44
Positive anti-CCP, n (%) 23 (71.8) 13 (65) 0.03
Hypertension, n (%) 14 (43.8) 8 (40) 0.29
Statin therapy, n (%)
Atorvastatin, n (%)
Average dose, mg, M ± SD
Rosuvastatin, n (%)
Average dose, mg, M ± SD

15 (46.9)
8 (25)

26.25±8.5
7 (21.9)
10.7±3.5

9 (45)
6 (30)
20±6.5
3 (15)

13.3±4.2

0.36
0.08
0.25
0.07
0.23

Glucocorticosteroid therapy, n (%) 6 (18.8) 3 (15) 0.22
Smoking, n (%) 7 (21.8) 4 (20) 0.17
Family history of CVD, n (%) 6 (18.8) 5 (25) 0.06
Antirheumatic therapy:
Methotrexate
Leflunomide
Sulfasalazine, n (%)

15 (46.8)
8 (25)

9 (28.2)

9 (45)
6 (30)
5 (25)

0.54
0.19
0.12

TC, mmol/l, M ± SD 5.21±1.22 5.03±0.98 0.11
LDL, mmol/l, Me [Q1; Q3] 3.31 [2.2; 3.98] 3.12 [2.11; 3.77] 0.09

HDL, mmol/l, Me [Q1; Q3] 0.89 [0.68; 1.01] 0.78 [0.65; 0.99] 0.078
TG, mmol/l, M ± SD 1.77±0.33 1.71±0.41 0.15
ESR, mm/h, Me [Q1; Q3] 27 [22; 31] 20 [16; 25] 0.03
CRP, mg/l, M ± SD 6.28±1.17 3.22±1.12 0.02

____________
Note .  AP – atherosclerotic plaque; RF – rheumatoid factor; anti-CCP – antibodies to cyclic citrullinated peptide; CVD – cardiovascular disease; 
TC – total cholesterol; LDL – low-density lipoprotein; HDL – high-density lipoprotein; TG – triglycerides; ESR – erythrocyte sedimentation rate; 
CRP – C-reactive protein; p – level of statistical significance of differences.

T a b l e  2

Values ​​of Systemic Inflammation Indices in Patients with and without Carotid Artery Atherosclerosis, Me [Q1; Q3]
Index Patients with the presence of AP in the carotid arteries (n = 32) Patients without AP in the carotid arteries (n = 20) p

NLR 2.31 [1.72; 3.59] 1.48 [1.21; 2.21] 0.01
LMR 4.78 [2.9; 6.1] 4.01 [2.76; 5.8] 0.17
PLR 178.9 [129.7; 213.24] 159 [109.3; 179.9] 0.29
Reis index 1.64 [1.21; 2.11] 1.26 [1.11; 1.43] 0.002
SII 794.2 [440.5; 1,090.8] 411.11 [360.06; 582.93] 0.004
SIRI 1.35 [0.77; 1.57] 0.74 [0.53; 0.89] 0.01
AISI 255.3 [199.1; 279.2] 219.8 [165; 231.5] 0.059

____________
Note .  AP – atherosclerotic plaque; LMR – lymphocyte-monocyte ratio; PLR – platelet-lymphocyte ratio; NLR – neutrophil-lymphocyte ratio; 
SII – systemic immune-inflammation index; SIRI – systemic inflammatory response index; AISI – aggregate inflammation systemic index; p – level 
of statistical significance of differences.

higher in the presence of CA AP, while NLR, SII, 
SIRI, and Reis index values ​​also differed statistically 
significantly (Table 2).

As a result of the ROC analysis conducted to 
assess the risk of the formation of AP in the CA, 
the threshold values ​​of the studied indices of 
systemic inflammation were determined (Table 3,  
Figure).
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As a result of the analysis conducted using 
binary logistic regression, a prognostic model was 
developed for assessing the risk of AP formation in 
the CA in patients with RA. The model includes a set 
of independent predictors statistically significantly 

associated with the outcome under study (the 
presence of AP in the CA in patients with RA) and 
allows for calculating the personalized probability of 
this complication. 

The observed dependence was described by the 
equation: P = 1 / (1 + e-z); z = –4.710 + 1.374 ×  
(Reis index) + 0.745 × (SIRI) – 0.331 × (LDL) + 
0.057 × (age), where P is the risk assessment of AP 
formation in the CA in patients with RA, and z is 
the value of the logistic function. The discriminatory 
ability of the regression model was assessed using 
ROC analysis, during which the threshold P value 
was defined as 0.615. The probability of the presence 
of AP in the CA in patients with RA was predicted 
by a P value greater than or equal to this value. The 
sensitivity and specificity of the developed model 
were 78.9% and 81.8%, respectively.

T a b l e  3

Results of ROC Analysis for Determining Threshold Values 
of Systemic Inflammatory Indices Associated with the Presence 

of AP in the CA

Index Threshold 
value AUC 95% CI for AUC p

NLR >1.756 0.754 0.583–0.926 0.029
SII >585.29 0.751 0.577–0.926 0.021
SIRI >1.04 0.768 0.599–0.937 0.022
AISI >247.4 0.699 0.577–0.874 0.032
Reys index >1.57 0.791 0.698–0.897 0.007

____________
Note .  AUC – area under the curve.

Value: >1.756

Sensitivity: 78.9%

Specificity: 72.7%

Value: >1.04

Sensitivity: 73.7%

Specificity: 90.9%

Value: >585.29

Sensitivity: 68.4%

Specificity: 81.8%

Figure. ROC curve characteristics of the threshold values ​​of systemic inflammatory indices (NLR, SIRI, and SII) for optimal binary 
classification of the presence or absence of carotid artery atherosclerosis in patients with rheumatoid arthritis. ROC analysis: NLR 
– neutrophil-to-lymphocyte ratio, SIRI – systemic inflammatory response index, SII – systemic immune-inflammation index. The 
ordinate axis shows sensitivity (%), the abscissa axis – 1 minus specificity (%). The rectangles show sensitivity and specificity 

estimates, as well as the threshold values ​​of the systemic inflammatory indices

DISCUSSION
Data from cohort studies indicate an association 

between peripheral blood leukocyte levels and their 
major subpopulations (neutrophils, lymphocytes, 
and monocytes) and an increased risk of stroke, 
CAD, and all-cause mortality. The simplicity 
and accessibility of this analysis have facilitated 
the active study of calculated leukocyte indices 
(LMR, NLR, and PLR) as markers of systemic 
inflammation. Numerous studies confirm that these 
indices have a higher predictive power for overall 
and cardiovascular mortality compared to the use of 
absolute leukocyte count alone [23]. 

Systemic inflammatory indices (SII, SIRI, and 
AISI) are expanded versions of indices calculated 
based on leukocyte differential parameters. Although 

the importance of systemic inflammatory indices 
for predicting the course and outcome of various 
diseases has only recently been studied, and the 
accumulated scientific data are still insufficient, 
a number of publications indicate their potential 
clinical significance in oncological, infectious, 
autoimmune, and cardiovascular pathologies [24].

Y. Xia et al. found that patients with SII >655.56 
had significantly higher rates of overall mortality 
(OR = 1.29; 95% CI): 1.18–1.41) and CVD mortality 
(OR = 1.33; 95% CI: 1.11–1.59) compared to the 
SII group (<335.36). Similarly, the risk of all-cause 
(OR = 1.39; 95% CI: 1.26–1.52) and CVD mortality 
(OR = 1.39; 95% CI: 1.14–1.68) was increased in 
the group with SIRI >1.43 relative to the group with 
SIRI <0.68 [25]. 

Kononykhin A.A., Zhdanova E.V. The Role of Systemic Inflammatory Indices in Predicting Carotid Atherosclerosis in Patients
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Of particular interest are the data of V.A. Schwartz 
et al., who found that in patients without RA, the 
threshold levels of systemic inflammatory indices 
associated with atherosclerosis were equal for 
NLR >2.05, for SIRI >1.05, and for SII >368 [26].  
E. Zhou et al. found that in patients with RA with an 
NLR value >3.28, the risk of death from all causes 
(relative risk (RR) = 2.02, 95% CI: 1.53–2.66) and 
from cardiovascular pathology (RR = 2.48, 95% CI: 
1.34–4.57) was higher than in patients with a lower 
value of this index [27]. According to X. Yin et al., 
in RA, a higher SII level was associated with a 1.48-
fold increase in the risk of all-cause mortality (RR = 
1.48, 95% CI: 1.21–1.81) and a 1.51-fold increase in 
the risk of cardiovascular mortality (RR = 1.51, 95% 
CI: 1.04–2.18) compared to lower SII [28]. The SIRI 
inflammatory index also demonstrated a positive 
correlation with all-cause and CVD mortality in 
patients with RA [29]. According to M. González-
Sierra et al., in patients with RA, the values ​​of the 
SIRI, NLR, and PLR indices were not associated 
with CA atherosclerosis, but they had a positive 
correlation with the CVR assessed by the SCORE2 
scale [30].

According to our data, the threshold values ​​
that were statistically significantly associated with 
the presence of AP in the CA in patients with RA 
were: for SII >585.29; for SIRI >1.04; for NLR 
>1.756; and for AISI >247.4. The increase in the 
values ​​of systemic inflammation indices is due to 
characteristic changes in the leukocyte formula 
and platelet component: an increase in the absolute 
number of neutrophils, monocytes and platelets 
against the background of a decrease in the number 
of lymphocytes. In RA, high levels of TNFα, IL-1, 
and IL-6 stimulate the production of neutrophils, 
and increased concentrations of chemokines 
(CXCL1, CXCL2, CXCL5, etc.) secreted by 
synovial fibroblasts, macrophages, and other cells 
at the site of inflammation cause the migration of 
neutrophils from the bloodstream into the synovial 
membrane and other tissues, which is accompanied 
by a compensatory increase in the production of 
neutrophils by the bone marrow [31].

IL-6 plays a central role in the pathogenesis of 
reactive thrombocytosis in RA: it induces increased 
synthesis of thrombopoietin, a key hormonal regulator 
of thrombopoiesis in hepatocytes, and simultaneously 
has a direct stimulating effect on megakaryocytic 

progenitor cells and mature megakaryocytes in the 
bone marrow, activating the JAK/STAT (janus 
kinase/signal transducer and activator of transcription 
proteins) and MAPK (mitogen-activated protein 
kinase) signaling pathways, which leads to increased 
proliferation, accelerated differentiation, increased 
ploidy of megakaryocytes, and, as a consequence, 
increased platelet release [32]. Increased platelet 
counts and activation are considered as factors 
potentially contributing to increased CVR and 
persistent inflammation in the vascular bed, as well 
as in the synovial lining of joints in RA.

Lymphocytopenia in patients with RA is a common 
hematological manifestation reflecting profound 
immune dysregulation and having a multifactorial 
nature. Key proinflammatory cytokines (TNFα,  
IL-6, etc.) enhance the expression of the Fas receptor 
(CD95) on lymphocytes and increase the level of 
soluble Fas ligand (sFasL), triggering the caspase 
cascade and activation-induced cell death [33]. 
Hypoxia and the Warburg effect in the synovium 
cause competition for glucose and the accumulation 
of lactate, which suppresses lymphocyte function 
and induces their apoptosis by disrupting the PI3K/
Akt/mTOR (Phosphoinositide 3-kinases/Protein 
kinase B/mammalian target of rapamycin) survival 
signaling pathways. 

In addition, the presence of antilymphocyte 
autoantibodies and increased expression of inhibitory 
receptors (PD-1, programmed cell death protein 1; 
CTLA-4, cytotoxic T-lymphocyte associated protein 
4) on chronically activated T cells lead to their lysis, 
opsonization, or a state of functional exhaustion with 
an increased tendency to apoptosis [33]. Limitations 
of the present study included its single-center and 
cross-sectional nature, as well as a small sample size 
of patients.

CONCLUSION
This study demonstrates that in patients with 

RA, elevated systemic inflammatory indices are 
significantly associated with the presence and 
severity of atherosclerosis. These indices, easily 
calculated using routine clinical blood tests, 
reflect the intensity and imbalance of the systemic 
immune inflammatory process underlying RA, 
making them accessible, noninvasive, and cost-
effective biomarkers of elevated CVR in patients  
with RA. 
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Monitoring systemic inflammatory indices can 
complement traditional CVR assessment scales 
(SCORE, SCORE2, etc.) and facilitate the early 
identification of patients requiring more intensive 
preventive strategies. Persistently elevated values ​​
of these indices may indirectly indicate a more 
aggressive course of RA with a pronounced systemic 
inflammatory component directly damaging the 
vascular wall.

Determining optimal cutoff values ​​for each index 
in patients with RA and assessing their additional 
diagnostic and prognostic value compared to 
existing markers (CRP, ESR) and assessment tools 
(carotid duplex ultrasound and coronary artery 
calcium levels) are a pressing scientific challenge. 
Randomized controlled trials are needed to establish 
a causal relationship and determine the prognostic 
value of changes in systemic inflammatory indices 
in relation to atherosclerosis progression and the 
occurrence of cardiovascular events (myocardial 
infarction, stroke) in patients with RA. 

Of equal importance is the study of how 
various RA treatment strategies (especially therapy 
with biological disease-modifying antirheumatic 
drugs and targeted synthetic disease-modifying 
antirheumatic drugs) influence the changes in 
systemic inflammatory indices and, consequently, the 
risk of atherosclerosis and cardiovascular events. The 
development and validation of clinically applicable 
algorithms integrating these indices into routine CVR 
assessment and preventive therapy decision-making 
in patients with RA is of significant scientific interest.
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ABSTRACT

Aim. To study the relationship of constitutional and morphological features of patients with schizophrenia with 
suicidal behavior.

Materials and methods.  We examined 215 patients with schizophrenia. Information about the age of the patients, 
the age of manifestation and duration of the disease, and the history of suicide attempts was acquired through 
structured clinical interviews and examination of medical records. Additionally, the Beck Hopelessness Inventory 
was used. The anthropometric examination was carried out according to V.V. Bunak’s method, modified by V.P. 
Chitetsov. Constitutional and morphological body types and somatic sexual differentiation were determined based 
on the calculation of the Rees – Eysenck index and the Tanner index.

Results. The χ2 test revealed significant differences in the distribution frequencies of the main constitutional and 
morphological types between the groups of patients with and without suicide attempts (p = 0.033). Following 
a pairwise comparison, significant differences were found only in the frequency of asthenic constitutional and 
morphological type (p = 0.018). Also, when comparing the frequencies of the distribution of constitutional and 
morphological types between patients with and without hopelessness, significant differences were found (p = 
0.035). In the group of patients with hopelessness, the asthenic constitutional and morphological type prevailed (p 
= 0.045). The network analysis made it possible to identify two independent suicide risk factors in patients with 
schizophrenia: clinical and anthropometric.

Conclusion. The results of the study clearly confirm the importance of the constitution as an independent risk factor 
for suicidal behavior in patients with schizophrenia. The data obtained open up prospects for early detection of 
predisposition to suicidal thoughts and actions in this group of patients.

Keywords: schizophrenia, suicidal risk, parasuicide, hopelessness, constitution, anthropometry, Rees – Eysenck 
index, Tanner index
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Конституционально-морфологическая предиспозиция суицидального 
поведения при шизофрении

Корнетов А.Н., Галкин С.А., Меднова И.А., Петкун Д.А., Корнетова Е.Г.

Научно-исследовательский институт (НИИ) психического здоровья 
Томского национального исследовательского медицинского центра (НИМЦ) Российской академии наук 
Россия, 634014, г. Томск, ул. Алеутская, 4

РЕЗЮМЕ

Цель. Изучить связь конституционально-морфологических особенностей больных шизофренией с суици-
дальным поведением.

Материалы и методы. Обследовано 215 пациентов с диагнозом шизофрении. Возраст пациентов, возраст 
манифестации и продолжительность заболевания, история суицидальных попыток были получены путем 
структурированного клинического интервью и изучения медицинских карт. Дополнительно использова-
лась Шкала безнадежности Бека (Beck Hopelessness Inventory). Антропометрическое обследование прово-
дилось по методике В.В. Бунака в модификации В.П. Чтецова. Конституционно-морфологические типы 
телосложения и соматическая половая дифференциация определялись на основании расчета индекса Rees-
Eysenk и индекса Tanner. 

Результаты. По критерию χ2 были обнаружены статистически значимые различия частот распределения 
основных конституционально-морфологических типов между группами пациентов с суицидальными по-
пытками и без (p = 0,033). При попарном сравнении значимые различия были выявлены только по частоте 
встречаемости астенического конституционально-морфологического типа (p = 0,018). Также при сравне-
нии частот распределения конституционально-морфологических типов между пациентами с наличием и 
отсутствием безнадежности обнаружены статистически значимые различия (p = 0,035), в группе пациентов 
с безнадежностью преобладал астенический конституционально-морфологических тип (p = 0,045). Прове-
денный сетевой анализ позволил выделить два независимых друг от друга фактора суицидального риска у 
пациентов с шизофренией: клинический и антропометрический.

Заключение. Результаты исследования наглядно подтверждают значимость конституции в качестве неза-
висимого фактора риска суицидального поведения у пациентов с шизофренией. Полученные данные от-
крывают перспективы для раннего выявления предрасположенности к суицидальным мыслям и действиям 
у данной группы больных.

Ключевые слова: шизофрения, суицидальный риск, парасуицид, безнадежность, конституция, антропом-
етрия, индекс Rees-Eysenk, индекс Tanner
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INTRODUCTION

According to the World Health Organization 
(WHO), approximately 800,000 people die by 
suicide each year globally, with suicide attempts 
estimated to be 20 times more frequent [1, 2]. Mental 

disorders are a leading cause of suicidal behavior 
[3, 4]. Among individuals with schizophrenia, the 
lifetime risk of suicide death is approximately 5%, 
while the likelihood of a suicide attempt ranges from 
25 to 50% [5, 6]. A literature search in the PubMed 
database using the keywords “schizophrenia” and 
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“suicide” indicates that scholarly publications on 
this topic have increased 3.5-fold over the past 
two decades. This growing attention is warranted, 
as suicide remains a leading cause of premature 
mortality in patients with mental disorders [7].

Retrospective studies reveal that schizophrenia 
is diagnosed in 8.8 to 15.4% of psychiatric patients 
hospitalized following a suicide attempt [8, 9]. 
In outpatient settings, however, the proportion of 
individuals with schizophrenia who have attempted 
suicide is significantly higher, reaching 55.6% [10, 
11]. Key risk factors for this population include 
a family history of mental illness, suicide among 
relatives, feelings of loneliness, and alcohol  
abuse [11].

Currently, the primary focus of research lies in 
identifying various biological markers of suicide 
risk in schizophrenia [12–15]. However, despite 
significant progress in studying the genetic and 
neurobiological foundations of schizophrenia 
and suicidal behavior, as well as in investigating 
the clinical aspects of these conditions, a 
notable gap remains in the analysis of a patient 
biotype. The biotype encompasses parameters 
such as phenotypic traits, morphophenotypic 
characteristics, and constitutional type, which 
serves as a structural biomarker of body reactivity 
that remains largely stable throughout adulthood. 
In healthy individuals, it is linked to the functional 
state of organs and systems [16]. In individuals with 
various pathologies, reactivity influences the nature  
of the illness.

The most detailed and comprehensive research in 
this area has been conducted on schizophrenia. Based 
on the obtained data, N.A. Kornetov, in his works 
from 1989 and 2008, formulated an anthropological 
paradigm that revised previous notions about the 
role of constitutional predisposition to certain 
diseases [17, 18]. This paradigm demonstrated that 
constitutional features influence not so much the 
likelihood of developing a particular pathology, 
but rather its course and outcome. This approach 
has opened new prospects for forecasting the 
pathokinesis of diseases and developing more 
personalized treatment methods.

The aim of the study was to establish the 
relationship between the constitutional and 
morphological status of patients with schizophrenia 
and suicidal behavior.

MATERIALS AND METHODS
The study was carried out at two clinical sites: the 

Department of Endogenous Disorders at the Clinic 
of Mental Health Research Institute, Tomsk NRMC 
and Tomsk Clinical Psychiatric Hospital. The study 
sample comprised 215 patients (121 men (56.3%) 
and 94 women (43.7%)) with a verified diagnosis 
of schizophrenia (F20 in the ICD-10), confirmed 
through a clinical interview by an expert psychiatrist 
from the research team.

Inclusion criteria:
– diagnosis of schizophrenia according to ICD-10 

criteria (F20);
– age between 18 and 50 years (inclusive);
– absence of congenital or acquired skeletal 

disorders;
– absence of organic disorders, including 

symptomatic mental disorders;
– absence of neurological diseases;
– absence of severe somatic-symptom disorders 

leading to organ or system failure (including 
conditions directly related to prior suicide attempts).

Exclusion criteria:
– dependence on psychoactive substances (with 

the exception of tobacco dependence, which is 
highly prevalent in this population in Russia [19]);

– use of clozapine within the six months prior 
to enrollment in the study, due to its demonstrated 
effect on reducing suicidal behavior [20].

Data on patient age, age of onset, duration of 
the mental disorder, and history of suicide attempts 
were collected from medical records and a structured 
clinical interview.

The severity of symptoms was assessed using the 
Positive and Negative Syndrome Scale (PANSS) [21]. 
As all participants were native Russian speakers, the 
Russian version of the Structured Clinical Interview 
for PANSS (SCI-PANSS), adapted for use in Russia 
by S.N. Mosolov [22], was applied. Suicide risk was 
evaluated using the Beck Hopelessness Inventory 
(BHI) [23], which demonstrates high sensitivity and 
specificity in assessing suicide risk in patients with 
schizophrenia [24, 25]. Consequently, we employed 
the original 20-item version of the scale [23]. Its 
Russian adaptation, originally developed by A.A. 
Gorbatkov [26], was derived from an earlier version 
[27] and was used in this study.

An anthropometric examination was performed 
by measuring height as well as transverse, biacromial, 
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and bicristal chest diameters using the modified V.P. 
Chtetsov method [28]. Measurements were taken 
using a medical stadiometer and a large sliding 
caliper. Constitutional and morphological types 
and somatic sexual differentiation were determined 
using the Rees – Eysenck index and Tanner index, 
respectively. Reference ranges for these indices 
were established based on data from a comparison 
group of 100 healthy volunteers, matched to the 
study group by sex and age. The cutoff values were 
defined as follows. The hypersthenic constitutional 
and morphological type had values < 95.1 in men 
and < 96.8 in women, mesosthenic – 95.1–105.7 in 
men and 96.8–110.8 in women, asthenic – > 105.7 
in men and > 110.8 in women. For gynecomorphic 
somatic sexual differentiation, the values were  
< 87 in men and < 75 in women, for mesomorphic – 
87–93.5 in men and 75–81 in women, for 
andromorphic – > 93.5 in men and > 81 in women.

Statistical data processing was performed using 
Statistica 12 (Copyright© StatSoft, Inc. 1984-2014) 
and the R 4.5.2 software packages. All obtained 
variables were presented in absolute (n) and relative 
(%) units. Frequency analysis was performed using 
the χ2 test. The Statnet R package was used for 
network analysis.

RESULTS

Of the entire patient sample, 70 individuals had 
suicide attempts (parasuicides), which constituted 
32.6%. A comparative analysis of the frequencies 
of distribution of constitutional and morphological 
types between patients with and without a history of 
suicidal behavior is presented in Table 1.

T a b l e  1

Comparison of the Distribution Frequencies of Constitutional 
and Morphological Types in Patient Subgroups, n (%)

Constitutional and 
morphological type

Patients with 
parasuicides

Patients without 
parasuicides p

Asthenic 34 (48.6) 45 (31) 0.018**
Mesosthenic 29 (41.4) 74 (51) 0.239**
Hypersthenic 7 (10) 26 (18) 0.190**
Total 70 (100) 145 (100) 0.033*

____________
Here and in Tables 2–4: * results of the χ2 test; ** results of the 
pairwise comparison.

The χ2 test revealed significant differences in the 
distribution frequencies of the main constitutional 
and morphological types between the patient groups 

(p = 0.033). The pairwise comparison revealed 
significant differences only in the frequency of the 
asthenic body type (p = 0.018).

Comparison of the di stribution of somatic sexual 
differentiation types between the subgroups (Table 2) 
did not reveal any significant differences (p = 0.581), 
nor did pairwise comparison of these parameters  
(p > 0.05).

T a b l e  2

Comparison of the Distribution Frequencies of Different Types  
of Somatic Sexual Differentiation in Patient Subgroups, n (%)

Type of somatic sexu-
al differentiation

Patients with 
parasuicides

Patients without 
parasuicides p

Andromorphic 24 (34.3) 53 (36.6) 0.862**
Mesomorphic 25 (35.7) 58 (40) 0.648**
Gynecomorphic 21 (30) 34 (23.4) 0.387**
Total 70 (100) 145 (100) 0.581*

Hopelessness, i.e., the degree of a person’s 
negative attitude toward their own future, is used as 
an indirect marker of a suicide risk. Therefore, the 
level of hopelessness in the study group of patients 
with schizophrenia was analyzed. Most patients 
reported mild (41.4%) or no (35.8%) hopelessness, 
while moderate (16.2%) and severe (6.6%) conditions 
were significantly less common. When comparing 
the frequencies of body type distribution among 
the patients depending on the presence and absence 
of hopelessness (Table 3), statistically significant 
differences were revealed (p = 0.035).

T a b l e  3

Comparison of the Distribution Frequencies of Constitutional 
and Morphological Types between Patient Subgroups with  

and without Hopelessness, n (%)

Constitutional and  
morphological type

Hopelessness
p

Presence Absence
Asthenic 58 (42) 21 (27,3) 0.045**
Mesosthenic 64 (46.4) 39 (50.6) 0.646**
Hypersthenic 16 (11.6) 17 (22.1) 0.064**
Total 138 (100) 77 (100) 0.035*

The pairwise comparison of the resulting 
groups revealed significant differences for the 
asthenic constitutional and morphological type (p =  
0.045).

Similarly, the frequencies of the distribution 
of somatic sexual differentiation types in patients 
were compared based on the presence or absence 
of hopelessness. The comparison revealed no 
significant differences (p > 0.05) (Table 4).
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T a b l e  4 

Comparison of the Distribution Frequencies of Somatic Sexual 
Differentiation Types Depending on the Presence and Absence 

of Hopelessness, n (%)

Type of somatic sexual 
differentiation

Hopelessness
p

Presence Absence
Andromorphic 54 (39.1) 23 (29.9) 0.226**
Mesomorphic 48 (34.8) 35 (45.4) 0.163**
Gynecomorphic 36 (26.1) 19 (24.7) 0.948**
Total 138 (100) 77 (100) 0.261*

Next, a graph (network model) of suicide risk was 
constructed for the patients included in the study. Two 
groups of parameters (clinical and anthropometric) 
served as nodes in the network model. Statistically 
significant (p > 0.05) correlations identified served 
as edges (Figure).

The resulting network model contained 8 nodes 
and 11 undirected edges. The network analysis also 
allowed to identify two independent factors (clusters) 
of suicide risk in schizophrenia.

6

Total 138 (100) 77 (100) 0.035*

 The pairwise comparison of  the resulting groups revealed significant  differences for  the 

asthenic constitutional and morphological type (p = 0.045).

 Similarly, the frequencies of the distribution of somatic sexual differentiation types in patients 

were compared based on the presence or absence of hopelessness. The comparison revealed no 

significant differences (p > 0.05) (Table 4).

Table 4 

Comparison  of  the  Distribution  Frequencies  of  Somatic  Sexual  Differentiation  Types 

Depending on the Presence and Absence of Hopelessness, n (%)

Type of somatic sexual differentiation Hopelessness p

Presence Absence

Andromorphic 54 (39.1) 23 (29.9) 0.226**

Mesomorphic 48 (34.8) 35 (45.4) 0.163**

Gynecomorphic 36 (26.1) 19 (24.7) 0.948**

Total 138 (100) 77 (100) 0.261*

Next, a graph (network model) of suicide risk was constructed for the patients included in the 

study. Two groups of parameters (clinical and anthropometric) served as nodes in the network model. 

Statistically significant (p > 0.05) correlations identified served as edges (Figure).

Figure. Network model of a suicide 
risk in schizophrenia. CМТ – 
constitutional and morphological 
type; ТoSSD – type of somatic 
sexual differentiation.

DISCUSSION
The incidence of documented suicide attempts 

in the studied sample of patients with schizophrenia 
was 32.6%. This rate aligns with findings from 
a number of other studies [3–6] and reflects the 
average trend observed in this patient population. 
The high frequency of suicide attempts among 
individuals with schizophrenia represents a serious 
challenge, necessitating a comprehensive approach 
to treatment and rehabilitation. It is crucial to address 
not only the management of psychotic symptoms but 
also the treatment of comorbid conditions, such as 
depression, anxiety, and substance use disorders, as 
these can significantly elevate suicide risk [11].

In addition to retrospective data, the study 
included an observational component in a cross-
sectional design. Hopelessness was analyzed 
as a potential risk factor for suicidal behavior, 
revealing relatively high prevalence among patients 
with schizophrenia: 64.2% of patients exhibited 
varying degrees of hopelessness. Hopelessness, 
as a hallmark of depressive symptom severity, 

significantly impacts a patient’s understanding of 
mental illness, its consequences, and recognition 
of a need for treatment and adherence to medical 
recommendations [26, 29].

Previously, our research group has presented 
data on somatomorphological predictors of negative 
symptom development in schizophrenia [30, 31], 
as well as on the adverse effects of antipsychotic 
therapy [32, 33]. However, the role of anthropometric 
characteristics in suicidal behavior has remained 
unclear. The significant overrepresentation of the 
asthenic constitutional and morphological type 
identified in the present study (both among patients 
with parasuicide and those with high hopelessness 
values) raises the question of whether constitutional 
and morphological predisposition to suicidal 
behavior in schizophrenia should be delineated.

Given two key dimensions of suicidal behavior (a 
history of parasuicide and current hopelessness), we 
performed a network analysis to model suicide risk in 
schizophrenia. The resulting network delineated two 
distinct and independent clusters central to shaping 

Kornetov A.N., Galkin S.A., Mednova I.A. et al. Constitutional and Morphological Predisposition to Suicidal Behavior in Schizophrenia
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this risk. The first cluster encompasses clinical 
characteristics related to disease development, 
progression, and the severity of psychopathological 
symptoms. The second, anthropometric cluster is 
defined by constitutional physical parameters that 
may predispose individuals to suicidal ideations. 
This integrative approach allows for a comprehensive 
assessment of inter-variable relationships and 
facilitates the development of more targeted 
strategies for suicide risk prevention at early stages 
of schizophrenia.

CONCLUSION
The study results confirm the significance of the 

constitutional status as an independent risk factor 
for suicidal behavior in patients with schizophrenia. 
These findings offer potential for early identification 
of suicidal ideations in this patient group, which 
could, in turn, significantly reduce the adverse 
outcomes of schizophrenia and facilitate the 
development of tailored approaches to psychological 
counseling, psychotherapy, and rehabilitation.
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Content of Bone Morphogenetic Proteins in Blood Plasma of Rats  
with Metabolic Syndrome during Mandibular Defect Restoration
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ABSTRACT

The aim was to study the concentration of bone morphogenetic proteins-2 (BMP) and -7 in the blood plasma of rats 
with metabolic syndrome during reparative osteogenesis in mandibular defect.

Materials and methods. The experiments were carried out on male Wistar rats, which were divided into 4 groups: 
1) native; 2) control (with mandibular defect); 3) metabolic syndrome; 4) experimental (with metabolic syndrome 
and mandibular defect). Metabolic syndrome was simulated by replacing standard feed with a high-fat and high-
carbohydrate diet. The development of metabolic syndrome was confirmed by changes in body weight, glucose 
and triacylglycerides concentrations in blood plasma. The mandibular defect was formed in rats according to the 
method proposed by Grigoryan et al. The content of BMP-2 and BMP-7 in blood plasma was determined by 
the enzyme-linked immunoassay on days 7, 14, 21, and 28 after the surgery. We calculated the median and the 
interquartile range Me [Q1; Q3] and applied the Mann – Whitney U-test and the Bonferroni correction. Differences 
in indicators were considered to be significant at p < 0.025.

Results. A significant increase in the content of the studied proteins in the blood plasma was determined in the 
group metabolic syndrome compared to the naïve group. BMP-2 and BMP-7 concentration in rats of the control 
group was higher throughout the experiment compared to the naïve group (p < 0.025). In the experimental group, 
a decrease in the concentration of BMP-2 (on days 7, 14, and 28) and BMP-7 (on days 7–28) was found compared 
to the control group (p < 0.025). An increase in the concentration of BMP-2 and BMP-7 was detected in the 
experimental group compared to the metabolic syndrome group (p < 0.025) on day 7 and on days 7–14, respectively.

Conclusion. A significant decrease in BMP-2 and BMP-7 concentration in the blood plasma was found in rats with 
metabolic syndrome during mandibular reparative osteogenesis compared to animals without metabolic disorders.
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РЕЗЮМЕ

Цель – изучение концентрации костных морфогенетических белков (КМБ) 2 и 7 в плазме крови крыс с 
метаболическим синдромом в процессе репаративного остеогенеза при дефекте нижней челюсти.

Материалы и методы. Работа выполнена на самцах крыс линии Вистар, из которых сформировали четыре 
группы: 1) интактная; 2) контрольная – дефект нижней челюсти; 3) метаболический синдром; 4) опытная –  
метаболический синдром и дефект нижней челюсти. Метаболический синдром моделировали заменой 
стандартного корма высокожировой и высокоуглеводной диетой. О наличии метаболического синдрома 
судили по изменениям массы тела, концентрации глюкозы и триацилглицеридов в плазме крови. Дефект 
нижней челюсти формировали по методу А.С. Григорьяна и соавт. На 7-, 14-, 21- и 28-е сут после операции 
в плазме крови определяли содержание КМБ-2 и -7 методом иммуноферментного анализа. Рассчитывали 
медиану и интерквартильный размах Me [Q1; Q3], использовали U-критерий Манна – Уитни и поправку 
Бонферрони. Различия показателей считали значимыми при p < 0,025.

Результаты. В группе «метаболический синдром» установлено увеличение в плазме содержания иссле-
дуемых белков по сравнению с интактной группой. Концентрация КМБ-2 и КМБ-7 у крыс контрольной 
группы был выше на всем протяжении эксперимента по сравнению с интактной группой (p < 0,025).  В 
опытной группе установлено снижение концентрации КМБ-2 (на 7-, 14- и 28-е сут) и КМБ-7 (на 7–28 сут) 
по сравнению с контрольной группой (р < 0,025). Показано увеличение содержания КМБ-2 на 7-е сут, а 
КМБ-7 на 7–14 сут  в опытной группе по сравнению с группой «метаболический синдром» (p < 0,025).

Заключение. У крыс с метаболическим синдромом установлено значимое снижение концентрации в плаз-
ме крови КМБ-2 и КМБ -7 при заживлении дефекта нижней челюсти по сравнению с животными без мета-
болических нарушений.

Ключевые слова: метаболический синдром, дефект нижней челюсти, репаративный остеогенез, костные 
морфогенетические белки
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INTRODUCTION
Bone morphogenetic proteins (BMPs) belong to 

the transforming growth factor β superfamily, with 
BMP-1 being the exception [1]. Currently, more than 
20 types of BMPs have been identified, which play 
a key role in the processes of morphogenesis, cell 
differentiation, apoptosis, and tissue repair [2]. BMPs 
are synthesized by osteopregenitor cells, osteoblasts, 
chondrocytes, platelets, and endothelial cells in 
various tissues [3]. BMPs stimulate different stages 
of bone tissue development and the restoration of its 
integrity after damage [3]. BMPs-2, -4, -5, -6, -7, and 
-9 exhibit high osteogenic activity, interacting with 
two types of receptors [2]. The main pathways for the 
implementation of BMP regulatory effects are Smad-
dependent, RUNX2, MKK-ERK1/2, and MKK-
ERK1/2 [2]. It is generally accepted that BMP-2 and 
BMP-7 are the most active stimulators of osteogenic 
differentiation of mesenchymal stem cells in in vitro 
and in vivo models [4]. The transcription factors 
Runx2 and Dlx5 control the enhancement of osteoblast 
formation from mesenchymal stem cells [3].

Metabolic disorders alter the production of 
osteogenesis inducers, which stimulate the restoration 
of bone integrity following damage [5]. Studies have 
demonstrated increased activity of the osteopontin 
and osteoprotegerin genes in experimental type 
2 diabetes mellitus in rats [6] and resistance to 
erythropoietin, which activates osteogenesis [7] 
in patients with metabolic syndrome (MS) on 
hemodialysis [8]. Decreased production of BMP-6 
by bone callus cells has been observed in rats with 
streptozotocin-induced type 1 diabetes mellitus [9].

Recently, an alteration of the reparative 
osteogenesis process in the mandibular defects in 
MS rats has been demonstrated, manifested by a 
slowdown in the formation of new bone tissue and 
its remodeling [10]. However, there are no literature 
data on the MS effect on BMP production. Therefore, 
an analysis of BMP levels in MS rats during bone 
integrity restoration is of interest.

The aim was to study BMP-2 and BMP-7 
concentration in the blood plasma of MS rats during 
reparative osteogenesis in the mandibular defects.

MATERIALS AND METHODS
The experiments were performed on 81 male 

Wistar rats weighing 200–230 g from the Stolbovaya 
branch of the Scientific Center for Biomedical 

Technologies of the Federal Medical and Biological 
Agency. The experiments were conducted in the 
preclinical drug research laboratory of the Research 
Institute of Experimental Medicine of Kursk State 
Medical University (KSMU), adhering to ethical 
principles for the handling of laboratory animals 
[11, 12]. The study was conducted in compliance 
with the European Convention for the Protection of 
Vertebrate Animals used for Experimental and Other 
Scientific Purposes (CETS No. 123, as amended by 
ETS No. 170), GOST R 33647-2015 “Principles 
of Good Laboratory Practice (GLP), Terms and 
Definitions (as amended)” (Order of the Ministry of 
Health of the Russian Federation No. 199n of April 
1, 2016), and GOST R 33216-2014 “Guidelines for 
the Care and Housing of Laboratory Animals. Rules 
for the Care and Housing of Laboratory Rodents and 
Rabbits (Reissue)”.

The experimental protocol for this dissertation 
research was approved by the Regional Ethics 
Committee of KSMU (Minutes No. 4 of the Preclinical 
Research Section meeting of December 15, 2022).

Four groups of experimental animals were 
formed: 1) naïve – without the mandibular defect and 
metabolic syndrome (n = 6); 2) control – the simulation 
of the mandibular defect (n = 33); 3) metabolic 
syndrome – metabolic syndrome simulation (n = 5);  
4) experimental – the simulation of metabolic 
syndrome and the mandibular defect (n = 37).

MS was simulated in the rats of groups 3 and 4 
by replacing the standard feed with a high-fat, high-
carbohydrate diet (HFHCD) consisting of a mixture 
of standard feed (65.75%) with the addition of 
animal fat (lard 17%), fructose (17%), cholesterol 
(0.25%) and drinking water with a 20% fructose 
solution (total caloric content 4,400 kcal/kg, 54% 
of energy from fat) for 12 weeks ad libitum at the 
first stage of the experiment (weeks 1–12) [13, 14]. 
Rats of the naïve and control groups (groups 1 and 
2) received standard dry granulated feed complying 
with GOST 34566-2019 “Complete Compound 
Feeds for Laboratory Animals”, as well as water ad 
libitum for 12 weeks. MS development was assessed 
by changes in body weight, concentration of glucose 
and triacylglycerides (TAG) in blood plasma, which 
were measured using standard kits (Vector-Best, 
Russia) “Glucose GOD” (cat. No. B-8056) and 
“Triglycerides” (cat. No. B-8322) on a BA-400 
biochemical automatic analyzer (BioSystems, Spain) 
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in animals consuming HFHCD (groups 3 and 4), and 
compared to the rats of groups 1 and 2.

The mandibular defect was simulated in 37 
rats of the experimental group (after 12 weeks of 
HFHCD administration) and 33 animals of the 
control group using the method developed by A.S. 
Grigoryan et al. at the second stage of experiment 
(13–16 weeks) [15]. A 3-mm-diameter perforation 
hole was formed with a portable drill in the body of 
the right lower jaw in the molar area (with cooling 
with normal saline) using chloralhydrate narcosis 
(at a dose of 400 mg/kg). Rats of groups 2 and 4 
were administered ceftriaxone intramuscularly at a 
dose of 100 mg/kg of body weight once a day for 
2 days to prevent complications. The operated rats 
of the fourth group consumed HFHCD until the 
withdrawal from the experiment. Three rats from the 
experimental group and one animal from the control 
group died after the surgery. Animals of groups 2 
and 4 with the mandibular defects were sacrificed on 
day 7, 14, 21, and 28 after surgery by chloral hydrate 
overdose. Two rats of group 4 (experimental group) 
were revealed to have muscle tissue interposition in 
the area of ​​the mandibular defect and were excluded 
from further experiment. Animals of groups 1 and  
3 were sacrificed by chloral hydrate overdose on 
day 85 (12 weeks + 1 day) after the experiment 
beginning.

The levels of BMP-2 (catalog number SEA013Ra) 
and BMP-7 (catalog number SEA799Ra) in the 

blood plasma were determined by enzyme-linked 
immunosorbent assay (ELISA) using standard 
kits from Cloud-Clone Corp. (China) on a Lazurit 
automated ELISA analyzer (Dynex Technologies, 
USA) according to the included instructions in the 
animals of all groups.

Distribution normality was assessed using the 
Shapiro – Wilk test, and variance homogeneity was 
assessed using Levene’s test for statistical analysis 
of the results. The data are presented as the median 
and interquartile range Me [Q1; Q3]. Statistical 
hypotheses were tested by pairwise comparison using 
the nonparametric Mann – Whitney U-test to detect 
statistically significant differences between groups 
and the Bonferroni correction to address the problem 
of multiple comparisons. Parameter differences were 
considered to be significant  at p < 0.025. The use of 
nonparametric statistics was due to the small sample 
size, different distribution patterns in the variation 
series, and unequal variances in comparing groups. 
Statistical processing was performed using Statistica 
version 13 software.

RESULTS
Increased body weight, plasma glucose, and 

TAG levels were detected in Wistar rats of the 
experimental and MS groups compared to animals 
of the naïve and control groups (p < 0.025), which 
confirms MS development in the rats that received 
HFHCD for 12 weeks (Table 1).

T a b l e  1

Dynamics of Body Weight, Glucose and Triacylglycerides Concentrations in Blood Plasma of Rats with and without Metabolic 
Syndrome, Me [Q1; Q3]

Group

Body weight, g Glucose concentration, mmol/l Triacylglyceride concentration, 
mmol/l

At the beginning  
of the experiment 

At the end of the 
experiment  

(12 weeks after)

At the beginning 
of the  

experiment 

At the end  
of the experiment 
(12 weeks after)

At the 
beginning of the 

experiment 

At the end  
of the experiment 
(12 weeks after)

Naïve (n = 6) 215.0 [210.0; 225.0] 400.0 [385.0; 415.0] 3.7 [3.6; 3.8] 3.8 [3.6; 3.9 1.8 [1.8; 1.9] 1.9 [1.8; 1.9]
Control (n = 33) 220.0 [210.0; 225.0], 

xp = 0.3698
420.0 [390.0; 435.0], 

xp = 0.3115
3.8 [3.7; 3.9],  

xp = 0.3023
3.8 [3.7; 3.9], 

xp = 0.2844
1.7 [1.6; 1.8], 

xp = 0.2540
1.8 [1.7; 1.9],  

xp = 0.3023
Metabolic  
syndrome (n = 5)

215.0 [210.0; 220.0], 
xp = 1.00,  

*p = 0.6502

470.0 [460.0; 480.0]
x*, xp = 0.0081,  

*p = 0.0004

3.8 [3.7; 3.9],  
xp = 0.6481, 
*p = 0.6043

5.8 [5.6; 5.9]x*, 
xp = 0.0081,  
*p = 0.0004

1.8 [1.7; 1.8],  
xp = 0.3613 
*p = 0.2900

3.9 [3.9; 4.1]x*, 
xp = 0.0081, 
*p = 0.0004

Experimental  
(n = 37)

215.0 [210.0; 220.0], 
xp = 0.9163,
yp = 0.8007,  
*p = 0.4791

485.0 [460.0; 510.0]
x*, xp = 0.0002,  

yp = 0.3822,  
*p = 0.0001

3.8 [3.7; 3.9],  
xp = 0.2620  

yp = 0.7413,
*p = 0.8612

5.8 [5.6; 5.9]x*, 
xp = 0.0001  

yp = 0.7267, 
*p = 0.0001

1.8 [1.7; 1.8],  
xp = 0.1458,  

yp = 0.7857,  
*p = 0.4240

3.8 [3.7; 3.9]x*,  
xp = 0.0001,  

yp = 0.1620,  
*p = 0.0001

____________
х p < 0.025 compared to the naïve group; y p < 0.025 compared to the metabolic syndrome group; * p < 0.025 compared to control group.
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MS simulation was accompanied by a significant 
increase in plasma BMP-2 and BMP-7 levels 
compared to the naïve group (p = 0.0081) (Table 2).

An increase in BMP-2 concentrations was 
detected in the rats of the control group compared 
to the naïve animals on day 7 of the experiment  
(p = 0.0024). The levels of both BMPs in this group 
decreased compared to day 7 (p = 0.0009) fourteen 
days after the simulation of the mandibular defect; 
however, both values ​​were higher than in the rats of 
the naïve group (p = 0.0024).

A decrease in the concentration of the studied 
BMPs in rats of the control group was also observed 
on day 21 compared to the previous period of the 
experiment, but the content of BMP-2 and BMP-7 
three weeks after the simulation of the mandibular 
defect was significantly higher than in the naïve 
group (p = 0.0024). The content of both BMPs in rats 
of the control group remained virtually unchanged 
on day 28 after the mandibular surgery compared to 
that on day 21, and it was significantly higher than in 
rats of the naïve group (p = 0.0024).

T a b l e  2

Results of Measuring BMP-2 and BMP-7 Concentration in the Blood Plasma of the Rats of the Naïve Group, the Metabolic  
Syndrome Group, the Control Group (Mandibular Surgery), and the Experimental Group (Metabolic Syndrome + Mandibular 

Surgery), Me [Q1; Q3]

Group Experiment period BMP-2 concentration in blood plasma, pg/ml BMP-7 concentration in blood plasma, pg/ml 
Naïve (n = 6) 46.0 [45.0; 48.0] 43.5 [43.0; 45.0]

Metabolic syndrome (n = 5) 50.0 [49.0; 50.0]х, р = 0.0081 49.0 [47.0; 49.0]х, р = 0.0081

Control (n = 8)

day 7 182.0 [125.5; 257.5]х, р = 0.0024 88.5 [76.5; 107.0]х, р = 0.0024
day 14 64.0 [62.0; 68.5]хz, xр = 0.0024, zр = 0.0009 68.5 [65.5; 72.0]хz, xр = 0.0024, zр = 0.0009
day 21 51.5 [50.0; 57.0]хz, xр = 0.0024, zр = 0.0009 57.0 [53.0; 60.5]хz, xр = 0.0024, zр = 0.0016
day 28 52.0 [51.5; 52.0]х, р = 0.0024 55.0 [51.0; 56.5]х, р = 0.0024

Experimental (n = 8)

day 7 84.0 [82.0; 92.0]y*, yр = 0.0043, *p = 0.0009 66.5 [61.0; 67.5]y*, yр = 0.0043, *p = 0.0009
day 14 50.5 [50.0; 55.5]*, *p = 0.0009 54.0 [51.0; 55,5]y*, yр = 0.0068, *p = 0.0009
day 21 51.5 [50.5; 53.5] 49.0 [49.0; 51.0]*, *p = 0.0039
day 28 48.0 [47.0; 48.5]*, *p = 0.0019 49.5 [49.0; 51.0]*, *p = 0.0209

____________
х p < 0.025 compared to the naïve group; y p < 0.025 compared to the metabolic syndrome group; * p < 0.025 compared to the control group; z p < 
0.025 compared to the previous experiment period in the group

The content of both BMPs on day 7 of the 
experiment was significantly higher in rats of the 
experimental group (MS + mandibular surgery) 
than in animals of the metabolic syndrome group (p 
= 0.0043). BMP-7 concentration alone was higher 
compared to the MS group (p = 0.0068) on day 14 
after the mandibular defect simulation. BMP-2 and 
BMP-7 concentrations did not differ significantly 
from the same indices in the MS group on days 21–
28 (p > 0.05).

It was established that the BMP-2 content was 
significantly lower in the rats of the experimental 
group on day 7 (p = 0.0009), day 14 (p = 0.0009), 
and day 28 of the experiment (p = 0.0019) compared 
to the control groups. A decrease in the BMP-7 
concentration in animals of the experimental group 
was revealed at all stages of the experiment (p = 
0.0009–0.0029) compared to the control group. 

Thus, the study allowed to establish an increase 
in the concentration of BMP-2 and BMP-7 in the MS 
simulation in rats, as well as a decrease in the BMP 

content in the process of reparative osteogenesis in 
the case of the mandibular defect in animals with MS 
compared to the group without metabolic disorders.

DISCUSSION
The study demonstrated that the MS development 

is accompanied by increased BMP-2 and -7 plasma 
levels. This was likely due to the development 
of metainflammation in MS – a chronic, low-
grade inflammation of adipose tissue manifested 
by increased plasma levels of proinflammatory 
interleukins (ILs): IL-1, IL-6, and TNFα – in both 
patients and rats with experimental MS [16, 17]. 
Proinflammatory ILs stimulate the BMP-producing 
cells activity, particularly platelets and endothelial 
cells [18].

An increase in the BMP-2 and BMP-7 content in 
the blood plasma during reparative osteogenesis in 
the rats of the control (throughout the experiment) 
and experimental (BMP-2 alone on day 7, BMP-7 on 
days 7–14) groups. However, this increase was less 
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pronounced at almost all stages of the experiment in 
MS animals. In our opinion, this is explained by the 
depletion of BMP reserves due to the metainflammation 
development in the osteopregenitor cells, platelets, 
and endothelial cells during reparative osteogenesis, 
as well as a decrease in the osteoblast number in the 
area of ​​the mandibular defect in MS rats, as shown in 
our previous study [10].

Literature data on the effect of carbohydrate 
metabolism disorders on the BMP-2 content are 
contradictory. Simulation of streptozotocin-induced 
type 1 diabetes mellitus in Sprague-Dawley rats 
was accompanied by a decrease in the expression of 
BMP-2 mRNA in the tissue of the upper jaw [19]. 
In contrast, an increase in the expression of BMP-2 
mRNA, BMP-7, and the type II BMP receptor in the 
aorta was revealed in mice with experimental type 1 
diabetes mellitus [20]. The authors explain this effect 
by an increase in endothelin activity, which has a 
regulatory effect on BMP production. Enhanced BMP 
production by endothelial cells, which was previously 
shown in a study of BMP-4 secretion [21], may be 
one of the mechanisms explaining the increase in 
the blood plasma levels of BMP-2 and BMP-7 in 
experimental animals, as established in our study.

BMP-2 and BMP-7 play a key role in the 
osteoinductive process and have a stimulating effect 
on the osteogenic differentiation of mesenchymal 
stem cells (MSCs) [22]. It has been established that one 
of the biologically active substances stimulating the 
production of BMP-2 during reparative osteogenesis 
is fibroblast growth factor-21 (FGF-21). The study 
has shown an increase in BMP-dependent protein 
transcription, alkaline phosphatase activity, and bone 
matrix mineralization under the influence of FGF-
21, which is associated with the Smad activation, 
but not with that of p44/42MAPK proteins [23]. The 
combined administration of FGF-21 and BMP-2 in a 
hydrogel has a stimulating effect on the osteogenic 
differentiation of mesenchymal stromal cells and 
vascular growth in newly formed bone [24].

It has previously been shown that high BMP 
concentrations promote the differentiation of MSCs 
into osteogenic cells, while low concentrations 
activate the formation of adipocytes from MSCs [3]. 
A significant increase in  BMP-2 and -7 levels increase 
in the control group was observed on day 7 after the 
mandibular defect simulation, while these values ​​
were significantly lower in the rats of the experimental 

group. These data suggest that the slowdown in the 
development of newly formed bone tissue in MS rats, 
which we demonstrated previously [10], is explained 
by the insufficient effect of low BMP-2 and BMP-
7 concentrations on osteogenic differentiation and 
the conversion of a certain proportion of MSCs into 
adipocytes, among other things.

It is known that BMP-2 interaction with specific 
type I receptors activates the MSCs conversion into 
adipocytes, and the activation of specific type II 
receptors stimulates the osteogenic MSC differentiation 
[3]. It is possible that the MS development is 
accompanied by an increase in type I receptors specific 
to BMP and a decrease in type II receptors, which 
disrupts the osteoblasts formation and slows down the 
formation of newly formed bone tissue in MS rats.

A stimulating effect of BMP-2 on angiogenesis 
during periodontal bone tissue regeneration has 
been established [25], which promotes the bone 
remodeling process in the control group of rats 
and explains low intensity of this process in the 
experimental group. BMP-2 and FGF-21 enhance the 
polarization of M2-phenotype macrophages, which 
immunomodulatory effect enhances osteogenic 
differentiation of stem cells during periodontal bone 
defect restoration [25].

CONCLUSION
This study demonstrated a statistically significant 

increase in BMP-2 and BMP-7 plasma levels in 
male Wistar MS rats. The analysis of the mandibular 
integrity restoration revealed a decrease in BMP-
7 concentrations in the experimental group of rats 
throughout the experiment, and a decrease in BMP-
2 concentrations on days 7, 14, and 28, compared 
to the control group. These data suggest that the 
decreased BMP-2 and BMP-7 plasma levels may be 
some of the mechanisms explaining the slowdown 
in reparative osteogenesis in MS rats. The results 
presented in this study support the administration 
of BMP-2 and BMP-7 analogs to stimulate the 
mandibular integrity restoration in MS.
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Efficacy and Safety of Amino Acid-based Formulas in the Management 
of Infants with Cow’s Milk Protein Allergy: an Open-label Prospective 
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ABSTRACT

Aim. To determine the efficacy and safety of long-term use of an amino acid-based formula in children with cow›s 
milk protein allergy (CMPA) and moderate to severe atopic dermatitis (AD).

Materials and methods. The study included 60 children under 12 months of age with CMPA presenting with 
cutaneous symptoms (moderate or severe AD according to the oSCORAD) and/or gastrointestinal symptoms. Prior 
to the study, all patients were prescribed an extensively hydrolyzed formula (EHF) for 4 weeks. Patients with no or 
incomplete response to EHF (n = 30) were assigned to Group 1, receiving an amino acid-based formula (AAF) for 
12 months. The 30 patients who showed a positive response to EHF were assigned to Group 2.

Results. Children in Group 1 showed greater gains in weight and height during the first 6 months compared to 
children in Group 2 (p < 0.001). The resolution of gastrointestinal symptoms in children receiving AAF was ob-
served within 14 days along with an improvement in the clinical picture of AD within 3–5 days. Also, both groups 
showed a decrease in oSCORAD and EASI scores; however, children receiving AAF had a significantly smaller 
number of exacerbations (p = 0.041) and a lower impact of dermatosis on daily activities (p = 0.002). After 6 
months of therapy, 53.3% of children in Group 1 developed tolerance to cow’s milk proteins, compared to only 
23.3% in Group 2 (p = 0.017). After 2 years of follow-up, tolerance was noted in all children who received AAF 
versus 87.7% of those fed with EHF.

Conclusion. The use of AAF in children with CMPA is an effective dietary management method that leads to 
faster resolution of gastrointestinal symptoms, improvement in the course of atopic dermatitis, and prolongation 
of its remission. It shortens the period for tolerance development, has a positive effect on the child›s physical 
development, and contributes to a significant improvement in the quality of life of both patients and their parents.

Keywords:  CMPA, food allergy, casein, atopic dermatitis, extensively hydrolyzed formula, amino acid-based 
formula
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РЕЗЮМЕ

Цель: определить эффективность и безопасность длительного применения аминокислотной смеси у детей 
с аллергией на белок коровьего молока (АБКМ) и атопическим дерматитом (АтД) умеренной или тяжелой 
степени тяжести.

Материалы и методы. Дети (n = 60) в возрасте до 12 мес с АБКМ с кожными (АтД умеренной или тяжелой 
степенью тяжести по шкале oSCORAD) и (или) гастроинтестинальными симптомами. Всем пациентам до 
начала исследования была назначена высокогидролизная смесь (ВГС) в течение 4 нед. Пациенты с отсут-
ствием или неполным ответом на ВГС (n = 30) были определены в группу 1, получающую аминокислотную 
смесь (АКС) в течение 12 мес, 30 пациентов с положительным эффектом на ВГС вошли в группу 2. 

Результаты. У детей из группы 1 отмечались более высокие прибавки в показателях массы и роста в те-
чение первых 6 мес по сравнению с детьми из группы 2 (p < 0,001). Исчезновение гастроинтестинальных 
симптомов у детей, получавших АКС, наблюдалось в течение 14 сут, а улучшение клинической картины 
АтД – в течение 3–5 сут. Также в обоих группах отмечалось снижение индексов oSCORAD и EASI, однако 
у детей, получавших АКС, наблюдалось значительно более низкое число обострений (p = 0,041) и влияние 
дерматоза на повседневную деятельность (p = 0,002). Через 6 мес терапии 53,3% детей из группы 1 сформи-
ровали толерантность к белкам коровьего молока, в то время как в группе 2 лишь 23,3% (p = 0,017). Через 2 
года наблюдения толерантность отмечалась у всех детей, получавших АКС, против 87,7% – на ВГС. 

Заключение. Использование АКС у детей с АБКМ является эффективным методом диетотерапии, кото-
рый в более короткие сроки приводит к разрешению гастроинтестинальных явлений, улучшению течения 
атопического дерматита и продлению его ремиссии, сокращает период формирования толерантности, ока-
зывает положительное влияние на физическое развитие ребенка и способствует значительному улучшению 
качества жизни пациентов и их родителей.

Ключевые слова: АБКМ, пищевая аллергия, казеин, атопический дерматит, высокогидролизная смесь, 
аминокислотная смесь
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INTRODUCTION
Cow’s milk protein allergy (CMPA) is an adverse 

immune-mediated reaction to one or more cow’s 
milk proteins (CMP), the most common of which are 
casein (α1, α2, β, and κ-casein) and whey proteins 
(α-lactalbumin and β-lactoglobulin) [1].

Currently, there is an increase in the incidence 
of food allergies, including CMPA among 
children under 3 years of age [2]. The incidence 
of CMPA during the first year of life, according 
to epidemiological studies, ranges from 2 to 7.5%, 
which decreases to less than 1% after 6 years of 
age [3]. Sensitization can occur in children who are 
exclusively breastfed, or in children who received 
a mixed diet (with the introduction of cow’s milk 
protein). The peak incidence occurs at the age of 5–6 
months, which may coincide with the introduction of 
complementary foods into the diet [1, 4]. 

It is believed that breastfeeding during the first 
4–6 months of life is one of the main methods for 
preventing the development of CMPA, however, 
even in such children, allergy symptoms are 
observed in 0.5% of cases, which is associated 
with the penetration of CMPs into breast milk 4–6 
hours after consuming dairy products [5]. Moreover, 
modern studies indicate that proteins transmitted 
through the placenta can form neonatal tolerance 
or lead to sensitization (for example, if there is a 
genetic predisposition to the development of allergic 
diseases) [6]. 

The clinical manifestations of CMPA presented 
in Table 1 are multifaceted and depend both on the 
type of immune mechanisms (IgE-dependent allergic 
reaction, non-IgE-dependent reaction, or mixed type) 
and on the patient’s age [7]. Thus, infants are more 
likely to have disorders of the gastrointestinal tract, 
while older children more commonly  have skin or 
gastrointestinal symptoms [8]. 

Diagnosis of CMPA is primarily based on 
medical history, clinical manifestations, and the 
elimination effect. The methods of laboratory 
diagnosis of sensitization include determination 
of specific antibodies of the IgE class (sIgE), 

including component-resolved diagnosis of allergy, 
determination of the basophil activation rate, as well 
as mast cell degranulation (MCD) reaction. Skin 
tests (skin prick test, scarification tests) can also be 
used in the diagnosis. The combination of an oral 
provocation test and an elimination diet remains 
the gold standard for the diagnosis of CMPA [9]. 
The disadvantages of these methods are the risks 
of adverse reactions, as well as dependence on 
parental compliance, which creates prerequisites for 
the search for new diagnostic methods to improve 
the accuracy and reliability of allergen detection in 
children under the age of 2 years [10].

T a b l e  1

Clinical Manifestations of IgE- and Non-IgE-associated  
Allergy to Cow’s Milk. Adapted from [7]

IgE-dependent 
manifestations

Skin and mucous membranes: urticaria, 
angioedema, erythema

Cardiovascular system: tachycardia, dizziness, 
hypotension, loss of consciousness

Anaphylaxis: severe, life-threatening, rapidly 
developing hypersensitivity reaction

Respiratory organs: asthma and rhinitis caused by 
ingestion or inhalation of MG, itching, sneezing, 

nasal congestion, hoarseness of voice
Organs of the gastrointestinal tract: oral allergy 
syndrome, cramping abdominal pain, nausea, 

vomiting, diarrhea

Non-IgE-
dependent 
manifestations

Food protein-induced enterocolitis syndrome: 
recurrent vomiting and diarrhea, severe course

Food protein-induced enteropathy: growth 
retardation, diarrhea, mucus in the stool

Food protein-induced colitis/proctocolitis: 
diarrhea with blood in the stool, sometimes the 

presence of mucus
Heiner syndrome (a rare form of pulmonary 

hemosiderosis induced by CMPs): infiltrates in 
the lungs, chronic cough, shortness of breath, 

obstruction, fever, anemia, eosinophilia, failure 
to thrive

Mixed  (IgE + 
non-IgE)

Eosinophilic gastroenteritis: obstruction, ascites, 
weight loss

Atopic dermatitis: moderate or severe
Esophagitis: reflux, dysphagia, vomiting, eating 

disorders/obstruction

The basis of the disease-modifying treatment 
is exclusion of foods containing CMPs from the 
diet (Clinical recommendations: Food Allergy. 
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Developer: The Union of Pediatricians of Russia, the 
Russian Association of Allergologists and Clinical 
Immunologists. 2025). The duration of the elimination 
diet depends on the severity of the course of food 
allergies, on the need to exclude products with cross-
reactivity, as well as on individual characteristics and 
ranges from 6 to 18 months [11, 12]. The introduction 
of soy, goat, or other animal milk into the diet is not 
recommended, which is either due to a lower content 
of nutritional components or a trend toward cross-
sensitization with cow’s milk [13]. 

According to domestic and foreign regulatory 
documents for young children with manifestations 
of CMPA, in order to relieve allergic symptoms 
and maintain normal physical development, it is 
recommended to replace cow’s milk and dairy 
products with an extensively hydrolyzed formula 
(EHF) or an amino acid-based formula (AAF) [11]. 
The EHF uses enzymatic processing to break down 
cow’s milk powder proteins into smaller peptide 
chains and free amino acids, the former retaining 
allergenicity, which limits its effectiveness in a 
number of patients [14]. The AAF is created by 
artificial splitting of proteins into amino acids to 
eliminate peptide chains and consists exclusively of 
amino acids, which makes it the most effective in 
CMPA therapy [14].

The aim of the study was to determine the efficacy 
and safety of AAFs in children with CMPA and 
moderate or severe AD using clinical and laboratory 
parameters, as well as the quality of life.

MATERIALS AND METHODS 
This study was single-center, prospective, 

parallel, controlled, and open. The study duration 
was 24 months and included 60 patients (37 boys 
and 23 girls) aged 3 to 12 months with moderate or 
severe AD and cooccurring CMPA, accompanied by 
gastrointestinal symptoms and positive elimination 
and provocation tests. The severity of AD, given 
the very young age of patients and their inability to 
independently assess itching and sleep disorders, 
was determined using the оSCORAD (Objective 
SCORing Atopic Dermatitis) score, a modification 
of the SCORAD score which excludes subjective 
symptoms.

At the selection stage, all patients underwent 
elimination therapy using the EHF for 4 weeks to 
confirm CMPA. The study included patients with 
moderate and severe AD, according to the oSCORAD 

index, and confirmed CMPA, accompanied by 
gastrointestinal symptoms. On day 1 of the study, 
all patients underwent laboratory testing: complete 
blood count, fecal occult blood test, determination of 
sIgE to CMPs, MCD test, and the basophil activation 
rate to CMPs. The children were examined and their 
anthropometric parameters were recorded. The 
oSCORAD and EASI (Eczema Area and Severity 
Index) indices were determined, and the IDQoL 
(Infants’ Dermatitis Quality of Life) index was 
calculated (via a specialized questionnaire to assess 
the quality of life of children with AD under 4 years 
of age).  The following treatment was prescribed: 
Group 1 (n = 30) was prescribed the EHF, Group 2 
(n = 30) – the AAF. 

During subsequent visits, laboratory tests were 
also performed, anthropometric parameters were 
recorded, the severity of AD was determined 
according to the oSCORAD and EASI indices, and 
the IDQoL questionnaire was filled out by legal 
representatives. 

The hypothesis of the study (the use of the 
AAF in children with AD and CMPA leads to a 
significant reduction in the number of exacerbations, 
improvement of the clinical presentation and quality 
of life of patients and their parents) was tested by the 
statistical analysis of the results obtained.

Inclusion criteria:
– full-term infants under the age of 12 months;
– moderate or severe AD according to the 

oSCORAD (Objective Scoring Atopic Dermatitis) 
index;

– presence of gastrointestinal symptoms: 
food protein-induced proctocolitis, enterocolitis, 
enteropathy;

– patients with CMPA confirmed by anamnestic 
data, elimination diet, and oral food allergy challenge;

an informed consent signed by a legal representative 
to participate in the study and to subsequently publish 
the data following confidentiality rules;

– for the AAF group: persistent symptoms or 
incomplete effect in the context of EHF use for 
4 weeks, severe manifestations of food allergies 
and CMPA, sensitization to multiple allergens, 
malabsorption.

Criteria for non-inclusion:
– the presence of concomitant pathologies 

that limit the possibility of participating in the 
study (severe infectious diseases, cancer, somatic-
symptom disorders);
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– mild AD (oSCORAD index < 15);
– use of systemic anti-inflammatory or gene 

therapy during the study and one month before 
inclusion;

– refusal of legal representatives to participate in 
the study.

Exclusion criteria:
– non-compliance with the therapies prescribed 

by the study design, violation of the elimination diet;
– voluntary desire of legal representatives to 

complete the study ahead of schedule;
– detection of adverse reactions or appearance of 

severe concomitant somatic-symptom disorders or 
infectious diseases that require discontinuation of 
the study.

The examination of the patients corresponded to 
the ethical standards of the Declaration of Helsinki 
(2008). All legal representatives of the patients signed 
an informed consent. The study was conducted at 
the Department of Pediatric Diseases named after 
Professor I. M. Vorontsov of Saint-Petersburg State 
Pediatric University from September 2023 to January 
2026 and consisted of four control time points: on 
day 1 of the study (before treatment), after 6 months, 
after 12 months, and after 24 months and included 
six visits every two months. In addition to the visits, 
telephone communication was conducted with legal 
representatives to register skin, gastrointestinal, and 
other symptoms. The study was approved by the 
Ethics Committee at 

Group 1 received Nutrilak Premium ProAllergy 
AMINO AAF for 12 months. During the study, 
Group 2 received the EHF for 12 months. Prescribing 
complementary foods to patients suffering from 
food allergies adhered to current clinical guidelines 
(Methodological recommendations “Program for 
optimizing the feeding of infants in the first year 
of life in the Russian Federation, Moscow, 2019). 
Also, regular use of emollients (at least 2 times a 
day, starting from 200 g/week) was prescribed to all 
patients as a baseline therapy for AD and to reduce 
the number of exacerbations caused by skin xerosis. 
When exacerbations of AD happened during the 
study, it was recommended by a dermatovenerologist 
to use topical glucocorticoids, topical calcineurin 
inhibitors, and antihistamines, depending on the 
intensity and clinical form of AD manifestations.

The required sample size was not calculated. 
The statistical analysis was performed using the 

StatTech v. 4.11.2 software (Stattech LLC, Russia). 
Descriptive statistics for quantitative variables were 
presented as the median and interquartile interval 
(Me [Q1–Q3]) or as the mean and the standard 
deviation (M ± SD), depending on the type of 
data distribution. For intergroup comparisons of 
quantitative variables, nonparametric methods were 
used: the Mann – Whitney U-test (independent 
samples), the Wilcoxon test (two related groups), 
and the Friedman test (three or more dependent 
populations). The percentages in the analysis of four-
field contingency tables were compared using the 
Pearson’s chi-square test and the Fisher’s exact test. 
The comparison of binary parameters characterizing 
two related populations was performed using the 
McNemar test, and those characterizing more than 
two populations were compared using the Cochran’s 
Q-test. The differences were considered statistically 
significant at p < 0.05.

RESULTS
The study included 37 boys, the average age was 6 

[6–8] months, the average weight was 8,123 [7,685–
8,543] g, the average height was 68 [66–69.4] cm, 
and 23 girls aged 6 [4.55–8] months, weighing 7,254 
[5,914.5–7,920.5] g with the height of 65 [61–69] 
cm. All children included in the study were full-term 
and had normal birth weight and height: height 49.06 
± 2.27 (48.07–50.04) cm for girls and 51.28 ± 1.36 
(50.82–51.73) cm for boys and weight 3,212 [3,022–
3,340] and 3,487 [3,421–3,689] g for girls and boys, 
respectively. Anamnestic data: sensitization to 
food, medication, household or seasonal allergens 
in both parents was noted in 21.7% of cases and at 
least in one parent – in 68.3%. Seventeen (28.3%) 
patients had moderate AD (the oSCORAD index 
15–40), whereas 43 (71.7%) patients had severe 
AD (oSCORAD index > 40). Gastrointestinal 
symptoms (constipation, diarrhea, mucus in the 
stool, hemocolitis, regurgitation, colic in children) 
were observed in 55% (n = 33) of patients. 

Despite the fact that the elimination and 
provocation test was positive in all (100%) of the 
study participants, the determination of sIgE, MCD 
reaction, and basophil activation index to CMP 
yielded positive results only in 28.3, 51.6, and 58.3% 
of cases, respectively, indicating limited capabilities 
of laboratory methods in the diagnosis of CMPA 
(Fig.1).



78 Бюллетень сибирской медицины. Бюллетень сибирской медицины. 2026; 25 (2)2026; 25 (2): : 73–8373–83

The patients were divided into groups of 30 
people: Group 1 included children with symptoms of 
CMPA / incomplete clinical effect during 4 weeks of 

Fig. 1. Results of diagnostic tests in the patients included in the study

T a b l e  2
Characteristics of the Study Participants

Parameters Group 1 Group 2 p

Gender, abs. (%)
Girls 9 (30.0%) 14 (46.7%)

0.184
Boys 21 (70.0%) 16 (53.3%)

Age, months, Me [Q1–Q3] 6.00 [4.70–8.75] 6.50 [6.00–8.00] 0.691

Weight, g, Me [Q1–Q3] 7,312.5[5,808.25–7,672.25] 7,893[7,098–8,220.25] 0.049*
Height, cm,Me [Q1–Q3] 64 [60.1–66.82] 66.85 [64.17–69] 0.041*

Parental sensitization in the medical histo-
ry, abs. (%)

No 6 (20.0%) 13 (43.3%)

0.254
Mother 4 (13.3%) 4 (13.3%)
Father 12 (40.0%) 8 (26.7%)

Both parents 8 (26.7%) 5 (16.7%)

Parents have a history of CMPA, abs. (%)

No 6 (20.0%) 13 (43.3%)

0.274
Mother 6 (20.0%) 4 (13.3%)
Father 16 (53.3%) 12 (40.0%)

Both parents 2 (6.7%) 1 (3.3%)

Complementary foods, abs. (%)
No 17 (56.7%) 13 (43.3%)

0.302
Yes 13 (43.3%) 17 (56.7%)

History of gastrointestinal symptoms, abs 
(%)

No 12 (40.0%) 15 (50.0%)
0.436

Yes 18 (60.0%) 15 (50.0%)

Milk sIgE, abs. (%)
Normal/Questionable result 21 (70.0%) 22 (73.3%)

1.000
Elevated 9 (30.0%) 8 (26.7%)

MCDR, milk, abs. (%)
Normal/Questionable result 12 (40.0%) 17 (56.7%)

0.196
Elevated 18 (60.0%) 13 (43.3%)

Basophil activation index, milk, abs. (%)
Normal/Questionable result 12 (40.0%) 13 (43.3%)

0.793
Elevated 18 (60.0%) 17 (56.7%)

EHF application, and Group 2 included children with 
a positive response to EHF. The full characteristics 
of the study participants are presented in Table 2.
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During the therapy, all children showed a 
significant increase in height and weight after both 
6 and 12 months (p < 0.001). After 6 months, body 
weight gain in Group 1 was estimated at 2,772 
[2,233.75–2,972.00] g, and in Group 2 – at 1,571.00 
[851.25–1,787] g (p < 0.001), which is primarily due 
to lower baseline weight values in children who were 
prescribed AAF (Fig.2). 

However, despite the fact that the baseline weight 
values in children from Group 1 were significantly 
lower (p = 0.049), the use of AAF allowed them 
to gain weight comparable to Group 2 (p = 0.130) 
by month 6 of therapy. Similarly to body weight, 
the patients’ height had the same dynamics  
(Fig. 3). By the end of the study, the anthropometric 
parameters of all children were within the normal 
range according to the WHO standards, however, 
there were no significant differences between the 

Parameters Group 1 Group 2 p
oSCORAD score, Me [Q1–Q3] 29 [20.50–48.75] 22 [18–34.5] 0.143

EASI score, Me [Q1–Q3] 14 [10.25–24] 11 [9–17.75] 0.285
IDQoL score, M ± SD (95% CI) 10 [8–15] 10 (8.25–14.75) 0.994

____________
* differences in parameters are statistically significant (p < 0.05)

E n d   o f   t a b l e 2

Fig. 2. Body weight dynamics in children of both groups at the beginning of the study, after 6 and 12 months

two groups in either weight (p = 0.554) or height  
(p = 0.734).

Twelve months after the start of the study, 90% 
of children fed with AAF had a basophil activation 
rate within the normal range, while only 63.3% of 
children receiving EHF exhibited normalization 
of this parameter (p = 0.030) (Fig.4). The median 
basophil activation index in Group 1 after one year 
of the study changed from 1.18 [0.80–1.96] to 0.76 
[0.65–0.98], in Group 2 – from 1.18 [0.68–2.04] 
to 0.90 [0.80–1.23], thereby demonstrating a more 
significant decrease (p = 0.009).

By the end of therapy, 76.7% (n = 23) of patients 
from Group 1 had normalized results of the MCD 
reaction, which is almost twice as many as before the 
start of the study (p < 0.001). There were no significant 
changes in Group 2: normalization in the parameter 
values occurred in only three patients (p = 0.083).
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Fig. 3. Growth dynamics in children of both groups at the beginning of the study, after 6 and 12 months

Fig. 4. Dynamics of the basophil activation index after 12 months of therapy

Fig. 3. Growth dynamics in children of both groups at the beginning of the study, after 6 and 12 

months.

Twelve months after the start of the study, 90% of children fed with AAF had a basophil 

activation rate within the normal range,  while only 63.3% of children receiving EHF exhibited 

normalization of this parameter (p = 0.030) (Fig.4). The median basophil activation index in Group 1 

after one year of the study changed from 1.18 [0.80–1.96] to 0.76 [0.65–0.98], in Group 2 – from 1.18 

[0.68–2.04] to 0.90 [0.80–1.23], thereby demonstrating a more significant decrease (p = 0.009).

Fig. 4. Dynamics of the basophil activation index after 12 months of therapy.

By the end of therapy, 76.7% (n = 23) of patients from Group 1 had normalized results of the 

MCD reaction, which is almost twice as many as before the start of the study (p < 0.001). There were 

no significant changes in Group 2: normalization in the parameter values occurred in only three 

patients (p = 0.083).

In  Group  1,  the  use  of  AAF  led  to  a  relief  of  gastrointestinal  symptoms  (colic, 

vomiting/regurgitation,  hemocolitis)  within 3–4 days.  Complete  normalization of  stool  with the 

disappearance  of  mucous  impurities  was  achieved  after  an  average  of  2  weeks  of  therapy.  A 

comparison between the groups was not carried out in this case, since in children from Group 2, these 

symptoms were stopped at the preclinical stage of the study following the diagnostic use of EHF for a 

month. According to retrospective data, the disappearance of gastrointestinal symptoms in Group 2 

patients occurred within 7–10 days. 

The clinical manifestations of AD had similar dynamics. In Group 1, an improvement in 

symptoms was observed on day 3–5 after the initiation of AAF therapy, while in Group 2 – on day 7–9 

after the start of EHF administration with the use of adequate external and systemic therapy for 

dermatosis. The complete disappearance of AD symptoms varied in both groups, which is associated 

with the multifactorial pathogenesis of the disease, the role of food allergies in which has not been 

fully established.

The number of AD exacerbations in Group 1 within 12 months of follow-up was significantly 

smaller than in Group 2: 4 [3–5] versus 5.5 [3–6.75], respectively (p = 0.041). By the end of the study, 

there was a positive trend in the course of AD in both groups, but there were no significant differences 
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in the severity of the clinical presentation of dermatosis for either the oSCORAD index (p = 0.328) or 

the EASI index (p = 0.223) after 12 months (Fig.5). The absence of differences may be due to the 

length of follow-up and the small number of control points for recording clinical manifestations at the 

time of exacerbation.

Fig. 5. Dynamics of the oSCORAD and EASI indices depending on the group.

*The box-and-whisker plot displays five key statistical parameters: the minimum value is the end of 

the lower whisker, the first quartile is the bottom edge of the central box, the median is the line 

dividing the box into two parts, the third quartile is the top edge of the central box, the maximum value 

is the end of the upper whisker; the individual points in the figure indicate outliers – data that are very 

different from the total sample.

When assessing  the  quality  of  life  using  the  IDQoL questionnaire,  a  decrease  in  the  effect  of 

dermatosis on daily activities was revealed (p < 0.001). However, in the group of patients receiving 

AAF, thE value of this parameter was lower than in the group receiving EHF: 4 [2–5] and 5 [3–6], 

respectively (p = 0.002) (Fig. 6).

 

Fig. 6. Dynamics of the IDQoL index before and after treatment in both groups.

* The box-and-whisker plot displays five key statistical parameters: the minimum value is the end of 

the lower whisker, the first quartile is the bottom edge of the central box, the median is the line 

dividing the box into two parts, the third quartile is the top edge of the central box, the maximum value 

is the end of the upper whisker; the individual points in the figure indicate outliers – data that are very 

different from the total sample.

After six months of therapy, 53.3% (n = 16) of children from Group 1 developed tolerance to CMPs, 

compared  to  only  23.3%  (n  =  7)  in  Group  2  (p  =  0.017),  which  indicates  more  pronounced 

effectiveness of AAF in reducing sensitization to CMPs compared to EHF (Fig.7). When assessing 

the long-term results of therapy, 24 months after the start of follow-up, all children from Group 1 had 

no sensitization to CMPs compared to 87.7% (n = 26) in Group 2. 

Fig. 7. Formation of tolerance to cow's milk proteins in the groups after 6, 12, and 24 months.

During the study, there were no adverse events (allergic reactions, diarrhea, vomiting, regurgitation, 

intestinal colic) that led to the discontinuation of AAF. The adaptation to the new formula took place 

within 1–2 weeks and did not require discontinuation of its use. Special attention should be paid to the 

organoleptic properties of the formula, as 83.3% of parents (n = 25) of children who received AAF 

reported satisfactory taste.

Conclusion

The results of this study confirm compliance of AAF with current criteria of efficacy and safety in 

patients with moderate or severe AD and gastrointestinal forms of CMPA. The use of AAF promotes 

faster resolution of skin and gastrointestinal symptoms, reduces the number of AD exacerbations, and 

improves the quality of life of patients and their parents.  In the context of AAF use, normalization of 

laboratory parameters (basophil activation index and MCD reaction) is noted, which contributes to the 

formation of tolerance in most patients after six months of therapy.
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Fig. 6. Dynamics of the IDQoL index before and after 
treatment in both groups

Fig. 7. Formation of tolerance to cow’s milk 
proteins in the groups after 6, 12, and 24 months
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In Group 1, the use of AAF led to a relief 
of gastrointestinal symptoms (colic, vomiting/
regurgitation, hemocolitis) within 3–4 days. Complete 
normalization of stool with the disappearance of 
mucous impurities was achieved after an average of 2 
weeks of therapy. A comparison between the groups 
was not carried out in this case, since in children 
from Group 2, these symptoms were stopped at the 
preclinical stage of the study following the diagnostic 
use of EHF for a month. According to retrospective 
data, the disappearance of gastrointestinal symptoms 
in Group 2 patients occurred within 7–10 days. 

The clinical manifestations of AD had similar 
dynamics. In Group 1, an improvement in symptoms 
was observed on day 3–5 after the initiation of AAF 
therapy, while in Group 2 – on day 7–9 after the 
start of EHF administration with the use of adequate 
external and systemic therapy for dermatosis. 
The complete disappearance of AD symptoms 
varied in both groups, which is associated with the 
multifactorial pathogenesis of the disease, the role of 
food allergies in which has not been fully established.

The number of AD exacerbations in Group 1 
within 12 months of follow-up was significantly 
smaller than in Group 2: 4 [3–5] versus 5.5 [3–6.75], 
respectively (p = 0.041). By the end of the study, 
there was a positive trend in the course of AD in both 
groups, but there were no significant differences in 
the severity of the clinical presentation of dermatosis 
for either the oSCORAD index (p = 0.328) or the 
EASI index (p = 0.223) after 12 months (Fig.5). The 
absence of differences may be due to the length of 
follow-up and the small number of control points 
for recording clinical manifestations at the time of 
exacerbation.

*The box-and-whisker plot displays five key 
statistical parameters: the minimum value is the 
end of the lower whisker, the first quartile is the 
bottom edge of the central box, the median is the line 
dividing the box into two parts, the third quartile is 
the top edge of the central box, the maximum value 
is the end of the upper whisker; the individual points 
in the figure indicate outliers – data that are very 
different from the total sample.

When assessing the quality of life using the 
IDQoL questionnaire, a decrease in the effect of 
dermatosis on daily activities was revealed (p < 
0.001). However, in the group of patients receiving 
AAF, thE value of this parameter was lower than 

in the group receiving EHF: 4 [2–5] and 5 [3–6], 
respectively (p = 0.002) (Fig. 6).

* The box-and-whisker plot displays five key 
statistical parameters: the minimum value is the 
end of the lower whisker, the first quartile is the 
bottom edge of the central box, the median is the line 
dividing the box into two parts, the third quartile is 
the top edge of the central box, the maximum value 
is the end of the upper whisker; the individual points 
in the figure indicate outliers – data that are very 
different from the total sample.

After six months of therapy, 53.3% (n = 16) 
of children from Group 1 developed tolerance to 
CMPs, compared to only 23.3% (n = 7) in Group 
2 (p = 0.017), which indicates more pronounced 
effectiveness of AAF in reducing sensitization to 
CMPs compared to EHF (Fig.7). When assessing 
the long-term results of therapy, 24 months after the 
start of follow-up, all children from Group 1 had no 
sensitization to CMPs compared to 87.7% (n = 26) 
in Group 2. 

During the study, there were no adverse events 
(allergic reactions, diarrhea, vomiting, regurgitation, 
intestinal colic) that led to the discontinuation of 
AAF. The adaptation to the new formula took place 
within 1–2 weeks and did not require discontinuation 
of its use. Special attention should be paid to the 
organoleptic properties of the formula, as 83.3% 
of parents (n = 25) of children who received AAF 
reported satisfactory taste.

CONCLUSION
The results of this study confirm compliance 

of AAF with current criteria of efficacy and 
safety in patients with moderate or severe AD and 
gastrointestinal forms of CMPA. The use of AAF 
promotes faster resolution of skin and gastrointestinal 
symptoms, reduces the number of AD exacerbations, 
and improves the quality of life of patients and their 
parents.  In the context of AAF use, normalization 
of laboratory parameters (basophil activation index 
and MCD reaction) is noted, which contributes to 
the formation of tolerance in most patients after six 
months of therapy.
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ABSTRACT

Aim. To evaluate the effect of preanalytical processing of placental samples on the results of Raman spectroscopy.

Materials and methods. Thirty placental samples were prospectively studied. The samples were examined using 
the InSpectr M spectrometer at three stages of preanalytical processing of the material: native tissue, after fixation 
in formalin, after deparaffinization of the section. Statistical analysis included descriptive statistics, the Shapiro – 
Wilk test, the Friedman test with the post-hoc analysis, and the Spearman’s rank correlation.

Results. The analysis of the samples revealed 33 Raman peaks (415–2,915 cm–1), most of which were distributed 
abnormally (Shapiro – Wilk test, p < 0.05). The Friedman test with the Durbin – Conover post-hoc analysis revealed 
a group of stable analytes: 19 analytes retained intensity after fixation, 6 – after deparaffinization, and 10 – at all 
processing stages. The Spearman’s rank correlation revealed selective relationships between processing stages for 
individual analytes (890; 1,117; 1,204; 753, 830, and 2,225 cm–1).

Conclusion. The study revealed a significant effect of preanalytical sample processing on the spectral characteristics 
of placental tissue, the prospects for the clinical use of Raman spectroscopy, and the need to develop standardized 
protocols.

Keywords: Raman spectroscopy, placenta, limiting factors, preanalytical material processing, spectral profile
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РЕЗЮМЕ

Цель. Оценка влияния преаналитической подготовки плаценты на результаты рамановской спектроскопии.

Материалы и методы. Проспективно исследованы 30 образцов плаценты. Образцы исследовались при по-
мощи спектрометра «ИнСпектр М» (ООО «РамМикс», Россия) на трех этапах преаналитической обработки 
материала: нативная ткань, после фиксации в формалине, после депарафинирования среза. Статистический 
анализ включал описательную статистику, тест Шапиро – Уилка, тест Фридмана с пост-хок тестом и кор-
реляцию Спирмена.

Результаты. Исследование образцов выявило 33 рамановских пика (415–2915 см–1), большинство из ко-
торых распределялись ненормально (критерий Шапиро – Уилка, p < 0,05). Тест Фридмана с пост-хок те-
стом Дурбина – Коновера выявил группу стабильных аналитов: 19 аналитов сохранили интенсивность 
после фиксации, 6 – после депарафинирования, а 10 – на всех этапах обработки. Тест Спирмена выявил 
избирательные взаимосвязи между этапами обработки для отдельных аналитов (890, 1117, 1204, 753, 830  
и 2225 см–1).

Заключение. Исследование выявило значительное влияние преаналитической подготовки образцов на 
спектральные характеристики плацентарной ткани, перспективность клинического использования рама-
новской спектроскопии и необходимость разработки стандартизированных протоколов.

Ключевые слова: рамановская спектроскопия, плацента, ограничивающие факторы, преаналитическая 
обработка материала, спектральный профиль
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INTRODUCTION

The placenta is a unique, temporary, multifunctional 
organ that plays a critical role in ensuring normal 
fetal development. In recent years, researchers have 
increasingly focused on the potential of using data 
from physicochemical metabolic processes occurring 
in the placenta, which constitute the essence of 
its metabolome, as informative biomarkers and 
predictors of pathological conditions during 
pregnancy and its consequences [1, 2]. However, 
traditional histopathological examination methods 
have several limitations, including the subjectivity 
of visual assessment, the lack of data on metabolic 
pathologies, and significant time requirements.

Raman spectroscopy (RS) represents a promising 
alternative to classical morphological methods, 
providing detailed information on the conformation 
of macro- and micromolecules, making it a suitable 
tool for identifying analytes of pathological 
conditions in real time. Despite the widespread use 
of RS in oncology and other areas of medicine, its 
use in placental medicine [3–6] is limited to only 
a few pathological conditions [7–9]. Of particular 
interest is the potential use of RS for diagnosing 
inflammatory processes in placental tissue.

A key issue limiting the widespread adoption of 
this method in clinical practice, despite the obtained 
approval of the device for clinical use, is the presence 
of factors that can influence the outcome. These 
include the purity of the sample material, the presence 
of non-biological contaminants in the samples, 
background fluorescence, Gaussian noise, and 
preanalytical processing, which creates significant 
difficulties in interpreting results, especially when 
working with archival histological samples [10-12]. 
A particular methodological challenge is the need for 
prospective collection and analysis of a large number 
of samples followed by histological verification, 
which is associated with significant time and material 
costs. The influence of these limiting factors makes it 
impossible to extrapolate the results of a retrospective 
study to the data obtained in real time.

The aim of this study was to evaluate the effect 
of the stages of preanalytical processing of placental 
tissue on the RS results.

MATERIALS AND METHODS

The protocol for the study was reviewed and 
approved by the Ethics Committee at Moscow 

Multidisciplinary Clinical Center “Kommunarka” 
(Minutes No. 6 dated August 8, 2023).

Thirty placental tissue samples were prospectively 
randomized for the study. The mothers ranged in 
age from 19 to 43 years (median (Me) – 30.5 years); 
gestational age was 36 to 41 weeks (Me 39 weeks); 
birth order was 1 to 5 (Me 2); the fetal health status 
according to the Apgar scale at the first and fifth minutes 
of life, respectively, ranged from 1/3 to 9/10 (Me 8/9), 
the newborns’ weight was 2,580 to 4,400 g (Me 3,510 
g), and the placenta weight was 269 to 650 g (Me 437.5 
g). Eighteen mothers delivered spontaneously through 
the birth canal, three had medically induced vaginal 
deliveries, and nine had cesarean deliveries.

The spectroscopic examination of each placental 
tissue sample was performed at three preanalytical 
stages: without fixation in media (native material) 
(stage 1); after fixation in 10% neutral buffered formalin 
for 24 hours (stage 2); and after deparaffinization of a 
20-μm-thick section (standard histological processing) 
(stage 3). We used the InSpektr M spectrometer, 
version M-532 (RU No. RZN 2015/2419 dated June 
18, 2021, manufacturer: RamMix LLC, Russia), 
consisting of an Olympus CX41 optical microscope 
and a spectrometer unit with the excitation wavelength 
of 532 nm. The laser spot diameter at the focal point 
was 10 μm, and the laser power was 10 mW. Instrument 
control, spectral recording, and data acquisition were 
performed using the specialized InSpektr software 
(RamMix LLC, Russia).

Data processing was performed using the Jamovi 
software (version 2.6.26, The jamovi project (2024)) 
– a freely distributed, open-source program for 
statistical analysis. Statistical analysis methods 
included descriptive statistics, testing for normality 
using the Shapiro – Wilk test, the nonparametric 
Friedman test (presumably rejecting the hypothesis 
of normal data distribution for most analytes) for 
comparing related samples followed by the post-hoc 
analysis (Durbin – Conover pairwise comparisons), 
and Spearman’s rank correlation to assess the 
monotonic relationship between pairs of processing 
steps for each analyte. Data visualization was also 
performed using the Jamovi software.

RESULTS 
The spectroscopic studies revealed that the 

spectra of placental samples were characterized by 
the presence of Raman peaks in the spectral range of 
415–2,915 cm-1 and contained fluorescence intensity 
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values ​​for 33 vibrational modes (components/
analytes) (Table 1).

T a b l e  1

Grouping of Placental Raman Peaks by Functional Classes 
with Shifts Indicated (cm⁻¹)

Raman shift (cm⁻¹) Components/analytes*
1. Lipids and lipid components

415; 533; 628; 1,300; 
1,304; 1,445; 1,463; 

2,915

Phosphatidylinositol, cholesterol ester, 
glycerol, (CH₂)-lipids, fatty acids, CH₂ de-
formation (lipids), phospholipids, collagen, 

CH₃, CH stretching of lipids
2. Proteins and amino acids

641; 753; 830; 890; 
933; 1,002; 1,174; 

1,204; 1,365; 1,445; 
1,554; 1,627; 2,554

Tyrosine, tryptophan, proline, hydroxypro-
line, tumor structural proteins, collagen, 

phenylalanine, amide III, glycine, amide II, 
amide I (β-form), methionine (S–H)

3. Nucleic acids (DNA/RNA)

720; 810; 830; 1,230; 
1,287; 1,304; 1,361; 

1,609

DNA, phosphodiester (Z-marker), PO₂⁻ 
(nucleic acids), antisymmetric phosphate 
stretch, cytosine, adenine, guanine (N7, 

B/Z-marker)
4. Carbohydrates and glycans

1,048; 1,117; 1,370 Glycogen, glucose, saccharides
5. Pigments and specialized metabolites

957; 1,157; 1,528 Carotenoid, cholesterol, β-carotene (C=C)
6. Mineral components

957 Hydroxyapatite
7. Combined/Overlapping Modes

1,445–1,463; 2,225 CH₂/CH₃ deformations, C≡N
____________
* the complete list of 33 components/analytes is provided in [13]. 

Analysis of the fluorescence intensity distribution 
for 33 analytes revealed that some shifts did not follow 
a normal distribution (Shapiro – Wilk test, p < 0.05). 
The greatest number of deviations from a normal 
distribution was observed for the native material (30 
Raman shifts). After fixation in formalin, the number 
of anomalously distributed shifts decreased to 13. A 
limited number of deviations (19 Raman shifts) were 
also observed for the deparaffinized samples.

Due to the rejection of the hypothesis on a normal 
data distribution for a larger number of analytes, 
nonparametric methods were used for further 
statistical analysis.

Given the exploratory nature of the analysis of 
33 analytes to identify potentially stable markers, 
rather than to confirm strict hypotheses, and the high 
risk of false-negative results when adjusting for 99 
comparisons (33 analytes, 3 stages of preanalytical 
material processing), the Bonferroni correction was not 
applied. Unadjusted p-values ​​are provided below, with 
an explicit indication that further validation is needed.

The analysis of differences in fluorescence 
intensity between the stages (Friedman test with the 

Durbin – Conover post-hoc analysis) showed that 
the group of analytes (Raman shifts at 753; 830; 890; 
957; 1,002; 1,117; 1,174; 1,204; 1.230; 1,300; 1,304; 
1,361; 1,365; 1,370; 1,445; 1,463; 1,528; 1,609; 
1,627 cm-1) did not show statistically significant 
differences in fluorescence intensity between stages 
1 and 2. Analytes corresponding to Raman shifts of 
1,048; 1,361; 1,370; 1,528; 2,225; 2,554 cm-1 did not 
have differences in fluorescence intensity between 
stages 2 and 3. A group of analytes (Raman shifts 
of 933; 1,157; 1,230; 1,304; 1,365; 1,370; 1,528; 
1,554; 1,609; 1,627 cm-1) maintained the stability 
of fluorescence intensity between stages 1 and 3. 
The most stable were analytes with Raman shifts of 
1,230; 1,361; 1,365; 1,370; 1,528; 1,609; 1,627 cm-

1, which did not exhibit significant changes between 
at least two pairs of stages (p > 0.05), among which 
2 analytes (1,370 and 1,528 cm-1) did not have 
significant changes at all three stages (Tables 2, 3).

T a b l e  2

Repeated Measures ANOVA for the 1,370 cm-1 Analyte
Pairwise comparisons (Durbin – Conover 

post-hoc analysis) Statistics p

1,370 (stage 1) – 1,370 (stage 2) 1.913 0.061
1,370 (stage 1) – 1,370 (stage 3) 0.137 0.892
1,370 (stage 2) – 1,370 (stage 3) 1.776 0.081

____________
Note. χ² = 4.36; df = 2; р = 0.113 (Friedman test). 

T a b l e  3

Repeated Measures ANOVA for the 1,528 cm–1 Analyte
Pairwise comparisons (Durbin – Conover 

post-hoc analysis) Statistics p

1,528 (stage 1) – 1,528 (stage 2) 0.136 0.892
1,528 (stage 1) – 1,528 (stage 3) 1.701 0.095
1,528 (stage 2) – 1,528 (stage 3) 1.565 0.123

____________
Note. χ² = 3.48; df = 2; р = 0.176 (Friedman test).

The Spearman’s correlation demonstrated that 
correlation between the stages was observed only 
for a limited number of analytes. The 890- (Table 
4) and 1,117 cm–1 analytes demonstrated significant 
correlation between stages 1 and 2, the 1,204 cm–1 

analyte – between stages 2 and 3, and the 753, 830, 
1,204 (Table 5), and 2,225 cm–1 analytes – between 
stages 1 and 3.

T a b l e  4
Spearman’s Rank Correlation Matrix for the 890 cm-1 Analyte

Parameter 890  
(stage 1)

890 
(stage 2)

890 
(stage 3)

890 (stage 1) Spearman’s ρ (rho) – – –
df (degrees of freedom) – – –
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Parameter 890  
(stage 1)

890 
(stage 2)

890 
(stage 3)

р – – –
890 (stage 2) Spearman’s ρ (rho) 0.570** – –
df (degrees of freedom) 26 – –
р 0.002 – –
890 (stage 3) Spearman’s ρ (rho) 0.007 0.072 –
df (degrees of freedom) 26 26 –
р 0.972 0.717 –

T a b l e  5

Spearman’s Rank Correlation Matrix for the 1,204 cm-1 
Analyte

Parameter 1,204 
(stage 1)

1,204 
(stage 2)

1,204 
(stage 3)

1,204 (stage 1) Spearman’s ρ (rho) – – –
df (degrees of freedom) – – –
р – – –
1,204 (stage 2) Spearman’s ρ (rho) –0.051 – –
df (degrees of freedom) 26 – –
р 0.797 – –
1,204 (stage 3) Spearman’s ρ (rho) –0.386* 0.430* –
df (degrees of freedom) 26 26 –
р 0.042 0.023 –

DISCUSSION
RS of 30 placental samples (native material, 

samples fixed in 10% neutral buffered formalin for 24 
hours, and deparaffinized sections from paraffin blocks) 
revealed significant changes in spectral characteristics 
reflecting changes in the biochemical composition of 
the placental tissue. The data obtained demonstrated 
that each sample preparation method had a significant 
effect on the placental spectral profile.

The greatest variability in spectral characteristics 
was observed in native samples, where 30 of 33 
analytes did not follow a normal distribution. This 
could be due to either the natural heterogeneity 
of placental tissue or the initial degradation of 
biomolecules (lipids, proteins) after cessation of 
blood supply [13]. Moreover, the high coefficient 
of variation in labile analytes, including lipid and 
protein components, confirmed their sensitivity to 
post-extraction changes.

Fixation in formalin resulted in significant 
stabilization of the spectral profile, manifested by a 
decrease in the number of anomalously distributed 
shifts to 13. This is apparently due to formalin ability 
to form cross-links between proteins, which reduces 
macromolecular degradation. At the same time, a 
significant decrease in the correlation between native 
and fixed samples indicated profound biochemical 

E n d   o f   t a b l e 4 changes caused by protein denaturation and 
modification of lipid structures [14].

The deparaffinization process caused a repeated 
increase in the number of deviations from the 
normal distribution (19 anomalously distributed 
shifts) and, as a result, a discrepancy between these 
spectral profiles and those of the fixed samples. The 
correlation between fixed and deparaffinized samples 
was maintained for only one analyte (1,204 cm-1) and 
indicated both a change in formalin-induced shifts 
and a pronounced effect of paraffin on the lipid and 
alcohol content and on hydrophobic components [15].

The Friedman test with post-hoc analysis allowed 
us to divide all analytes into three groups: labile, 
partially stable (showing stability of fluorescence 
intensity between one or two pairs of stages), and 
absolutely stable (analytes at 1.370 and 1,528 cm-1), 
whose fluorescence intensity was stable across all 
three stages. Based on this, these vibrational modes 
can be further considered as potential reference 
markers for the analysis of materials with different 
preanalytical histories.

A limitation of the study was a relatively small 
sample size (n = 30) and the exploratory nature of 
the multiple comparison analysis without strict 
adjustments. However, the identified patterns provide 
a basis for targeted research with pre-formulated 
hypotheses.

CONCLUSION
This study demonstrates that preanalytical 

processing of placental tissue significantly affects its 
biochemical composition and spectral characteristics. 
Native tissue differs radically from processed 
tissue; its spectra cannot be directly compared with 
fixed/deparaffinized samples without adjustments. 
Machine learning methods are necessary to compare 
spectral data from native and processed tissue due 
to the nonlinear nature of changes. Thus, Raman 
spectroscopy can be used to monitor changes 
in placental tissue, but it requires consideration 
of the influence of preanalytical factors on data 
interpretation and the development of standardized 
protocols, with the potential for retrospective 
studies and implementation of the method in clinical 
practice.
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ABSTRACT

Aim. Exploring the potential of using a random forest method (RFM) to identify associations between serum levels 
of microRNAs miR-181a and miR-25 and the expression of the following markers: E-cadherin (CDH1), type II 
collagen (CII), integrin beta-1 (ITGB1), cyclin D1 (CCND1), and T-lymphocyte costimulator (CD86), as well as 
their relationship with clinically relevant molecular genetic markers (ER, PR, HER2, Ki-67) in patients with breast 
cancer (BC).

Materials and methods. We recruited 44 BC patients with invasive ductal carcinoma who had not received 
neoadjuvant treatment. Serum levels of miR-181a and miR-25 were measured using digital droplet PCR, and the 
expression of CDH1, CII, ITGB1, CCND1, CD86, ER, PR, HER2, and Ki-67 in tumor tissue samples was assessed 
via immunohistochemistry. Spearman’s correlation analysis and the RFM were applied to assess associations 
between variables.

Results. Spearman’s correlation analysis did not reveal any significant linear relationships between the studied 
parameters (p > 0.05). However, the RFM identified nonlinear associations: for miR-181a, the optimal predictive 
model included CDH1 and CCND1 (MAE = 4.267); for miR-25, ITGB1 and CCND1 (MAE = 16.255). Among 
clinical and pathological characteristics, statistically significant positive correlations were found between CII and 
ER (r = 0.498; p = 0.001) and PR (r = 0.354; p = 0.018). The RFM models demonstrated the highest accuracy in 
predicting the HER2 status (82.6%) when using a combination of ITGB1, miR-181a, and CDH1.

Conclusion. The RFM revealed complex nonlinear associations between microRNAs and tissue markers of tumor 
progression that were not detected by conventional statistical methods. These findings are exploratory in nature 
and provide a foundation for further research aimed at validating these biomarkers and elucidating their role in the 
pathogenesis of various breast cancer subtypes.

Keywords: breast cancer, HER2, microRNA, machine learning, random forest, molecular markers, epithelial – 
mesenchymal transition
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РЕЗЮМЕ 

Цель. Поиск возможности выявления с помощью  метода «случайного леса» (МСЛ) взаимосвязи между уровнем 
микроРНК miR-181a, miR-25 и экспрессией маркеров: E-кадгерина (CDH1), коллагена II (CII), интегрина  бета-1 
(ITGB1), циклина D1 (CCND1) и  белка-костимулятора Т-лимфоцитов (CD86), а также их ассоциации с клини-
чески значимыми молекулярно-генетическими маркерами (ER, PR, HER2, Ki-67) у пациенток с раком молочной 
железы (РМЖ).

Материалы и методы. У 44 пациенток с инвазивной протоковой карциномой молочной железы (без нео-
адъювантной терапии) определяли экспрессию микроРНК miR-181a и miR-25 в сыворотке крови, исполь-
зуя цифровую капельную полимеразную цепную реакцию (ПЦР).  Экспрессию CDH1, CII, ITGB1, CCND1, 
CD86, ER, PR, HER2 и Ki-67 анализировали с помощью иммуногистохимии в образцах опухолевой ткани. 
Для анализа взаимосвязей использовали корреляционный анализ Спирмена и алгоритм МСЛ.

Результаты. Корреляционный анализ не выявил статистически значимых линейных взаимосвязей между 
исследуемыми параметрами (p > 0,05). Метода «случайного леса» показал наличие нелинейных ассоциаций: 
для miR-181a оптимальная прогностическая модель включала CDH1 и CCND1 (MAE = 4,267), для miR-25 –  
ITGB1 и CCND1 (MAE = 16,255). Из клинико-патологических характеристик статистически значимые по-
ложительные корреляции выявлены для CII с ER (r = 0,498; p = 0,001) и PR (r = 0,354; p = 0,018). Модели 
МСЛ продемонстрировали наибольшую точность предсказания HER2-статуса (82,6%) при использовании 
комбинации ITGB1, miR-181a и CDH1.

Заключение. Алгоритм МСЛ выявил сложные нелинейные взаимосвязи между miR-181a, miR-25 и ткане-
выми маркерами опухолевой прогрессии, которые ранее не обнаружены стандартными статистическими 
методами. Полученные результаты носят поисковый характер и формируют основу для дальнейших иссле-
дований по валидации данных биомаркеров и их роли в патогенезе различных подтипов РМЖ.

Ключевые слова: рак молочной железы, HER2, микроРНК, машинное обучение, метод «случайного леса», 
молекулярные маркеры, эпителиально-мезенхимальный переход
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INTRODUCTION

Breast cancer (BC) annually claims the lives of 
thousands of women, underscoring the need for an 
in-depth study of the molecular mechanisms of its 
pathogenesis. Particular attention should be paid to 
analyzing the association of potential markers with 
classical molecular genetic indicators: estrogen 
receptors (ER), progesterone receptors (PR), human 
epidermal growth factor receptor 2 (HER2), and the 
Ki-67 proliferation index.

MicroRNAs (miRs) are small non-coding 
RNAs that regulate gene expression at the post-
transcriptional level [1]. They function as both 
oncogenes and tumor suppressors, affecting 
mRNA stability and translation. Dysregulation of 
microRNAs is associated with various types of 
cancer [2]. Specifically, miR-181a and miR-25 are 
involved in proliferation, invasion, and modulation 
of the immune response [3, 4]. It is known that miR-
181a can reduce ER expression in BC cell culture, 
and its high level correlates with low PR expression, 
HER2 overexpression, and a high Ki-67 index [5–7]. 
MiR-25, in turn, is involved in modulating ER and 
PR signaling pathways [5]. 

The study by J. Feng et al. confirms that abnormal 
microRNA expression is accompanied by the 
development of cellular transformation towards 
carcinogenesis, which is also associated with the 
ability of microRNAs to promote epithelial – 
mesenchymal transition (EMT) [8]. This process 
is characterized by a decrease in the expression of 
epithelial markers, such as E-cadherin (CDH1), and 
the activation of mesenchymal markers, including 
integrin beta-1 (ITGB1) [9]. During this process, 
tumor cells lose intercellular connections and 

acquire increased mobility and invasiveness, which 
is associated with a higher degree of malignancy and 
metastasis to lymph nodes [10]. According to A.H. 
Ali et al., low CDH1 expression was characteristic 
of patients with negative ER and HER2 status [11].

We previously showed that BC patients had 
elevated levels of miR-181a, miR-25, CD86, ITGB1, 
and cyclin D1 (CCND1) along with reduced CDH1 
expression compared to patients with benign breast 
diseases [12–14]. However, no statistically significant 
relationships were found between these biomarkers, 
indicating the need for more sophisticated analytical 
tools. It should be emphasized that each of these 
biomarkers plays an important role in BC pathogenesis. 
CCND1 is a key regulator of the cell cycle and can 
increase the transcriptional activity of ER, contributing 
to the formation of resistance to endocrine therapy 
[15]. CD86 is a co-stimulatory molecule involved in 
T-lymphocyte activation and the formation of an anti-
tumor immune response [16]. Type II collagen (CII), 
as a major component of the cartilage matrix, may 
be involved in extracellular matrix remodeling and 
the creation of metastatic niches in BC [17]. Despite 
the fact that CCND1, CD86, and CII are not classic 
inducers of EMT, their influence on key signaling 
pathways, such as TGF-β, Wnt/β-catenin, and integrin-
dependent signaling, suggests their indirect role in 
EMT progression [17, 18].

Machine learning algorithms offer objective and 
reproducible tools for identifying hidden patterns 
and relationships between biomarkers that may 
be overlooked by traditional analysis, which is a 
promising direction for studying the molecular 
mechanisms of the development and progression 
of oncological diseases [19]. The Random Forest 
Method (RFM) is a machine learning algorithm based 
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on constructing an ensemble of decision trees, each 
of which is built on its own unique subset of data and 
features (bootstrap sample), and then averaging their 
predictions. This significantly reduces prediction 
variance and the tendency to overfit compared to 
single trees [20].

The first step is to form the training sample  
D = {(Xi, yi)}

N
t =1, where N is the number of objects, 

Xi is a set of k features for the i-th observation, and 
yi is the value of the target variable. Then, a function 
that calculates the final prediction of the values of 
the variable of interest is sought. An ensemble of T 
regression trees, {ht}

T
t =1, is formed, where ht is an 

individual decision tree. Next, a bootstrap sample 
is formed for each tree ht: from the training sample 
D , a training set Dt is created by random sampling 
of N observations; some observations will appear 
in Dt several times, and some will not appear at all. 
The construction of a regression decision tree on Dt 
begins with the root node, which contains the entire 
sample Dt . Then, for each node, a subset of features 
is randomly selected from all features, and among the 
selected features, the best feature and the best split 
value (point) are found to maximize the reduction of 
the variance of the target variable y in the two child 
nodes. The criterion is the minimization of the Mean 
Squared Error (MSE): 

MSE =  Σ (yi – i  )
2,

n

i = 1

where i is the obtained prediction of the target 
variable, and n is the number of observations. The 
sample is then split into two based on the found point 
and features. The splitting procedure is recursively 
repeated for each child node until one of the stopping 
criteria is met (maximum tree depth reached, split 
does not reduce MSE sufficiently, etc.). When the 
stopping criterion is reached, the prediction in 
that node becomes the average value of the target 
variable y of all training observations that fell into 
that node. The prediction of the trained model for 
a new observation x is obtained by finding the 
terminal node for x in each tree ht of the ensemble. 
The terminal node is found by following the splitting 
rules compiled during the training of the decision tree. 
The prediction of the terminal node is considered as 
the model’s prediction. The final RFM prediction is 
found by averaging the predictions of all trees: 

 =    ΣT
     ht.

RFM has shown promising results in predicting 
the risk of BC development, early detection 
of recurrences, and predicting a response to 
chemotherapy [21–23]. 

The present study is exploratory in nature and 
aims at determining the possibility of effectively 
using machine learning algorithms to analyze the 
relationships between microRNAs and molecular 
tumor markers in the context of a limited sample size.

The aim of the study was to explore the 
potential of using the RFM algorithm to identify the 
association between the levels of miR-181a, miR-
25 and the expression of the molecular markers 
CDH1, CII, ITGB1, CCND1, and CD86, as well 
as their association with key clinicopathological 
characteristics (ER, PR, HER2, Ki-67) in BC 
patients.

MATERIALS AND METHODS
The study involved 44 female patients with the 

diagnosis of ductal breast carcinoma of no special 
type, aged 23 to 72 years (mean age 55 years), who 
received treatment at the Breast Tumor Department 
of City Clinical Hospital (CCH) No. 1 (Novosibirsk). 
Inclusion criteria: primary BC without neoadjuvant 
therapy; histologically confirmed diagnosis of ductal 
breast carcinoma of no special type; histological 
tumor grade G2. Exclusion criteria: concomitant 
malignant neoplasms; acute infectious diseases 
or exacerbation of chronic infections; distant 
metastases. The expression of ER, PR, HER2, and 
Ki-67 was determined according to standard clinical 
protocols of CCH No. 1 and provided in patient 
charts. A detailed description of the patients is 
presented in Table 1. 

T a b l e  1

Clinical and Pathological Characteristics of BC Patient Tumors

Parameter Category Abs. 
Number (n)

Share 
(%)

Tumor Size (T)
T1 (<2 cm) 13 29.5
T2 (2–5 cm) 31 70.5

Lymph Node Involvement 
(N)

N0 28 63.6
N1 12 27.3
N2 4 9.1

Estrogen Receptors (ER)
ER+ (≥1%) 25 56.8
ER– (<1%) 19 43.2

Progesterone Receptors 
(PR)

PR+ (≥1%) 22 50.0
PR– (<1%) 22 50.0

Human Epidermal Growth 
Factor Receptor 2 (HER2)

3+ 9 20.5
0 or 1+ 35 79.5

Ki-67 Proliferative Index
<20% 18 40.9
≥20% 26 59.1
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MicroRNAs were isolated from 300 µl of blood 
serum using the NucleoSpin miRNA Plasma Kit 
(Macherey–Nagel, Germany). M–MuLV–RH 
(Biolabmix, Russia) and miR-specific primers were 
used for reverse transcription. Detailed primer 
characteristics were presented in a previously 
published work [16]. Quantitative expression was 
assessed by digital droplet PCR on the QX200 
AutoDG system (Bio–Rad, USA) with TaqMan 
detection. U6 small nuclear RNA served as an 
internal control sample.

Immunohistochemistry. The expression of the 
studied markers was determined on deparaffinized 
tumor tissue sections using monoclonal antibodies: 
Anti-E-Cadherin (Cat. No. 610181, BD Biosciences, 
USA), Anti-CD29/Clone 18 (Cat. No. 610467, 
BD Transduction Laboratories, USA), Anti-CII 
(COL2A1/M2139, Cat. No. sc-52658, Santa Cruz 
Biotechnology, Inc., USA), Anti-Cyclin D1 and 
Anti-B7–2 (PAA585Hu01, Cloud–Clone Corp., 
China). Visualization was performed using the 
VECTASTAIN ABC Kit (Vector Laboratories, 
USA) and analyzed with the ImageJ software 
(National Instruments Corporation, USA). Marker 
expression levels were calculated as the percentage 
of positively stained cells, using at least 10 fields of 
view at ×400 magnification for each patient.

The expression levels of Her2/neu, estrogen (ER) 
and progesterone (PR) receptors, as well as the Ki-
67 proliferation marker were assessed in BC samples 
according to the methods [24] recommended for 
determining molecular genetic subtypes of BC 
(Gallen International Expert Consensus, 2011). The 
receptor status for ER and PR was determined using 
the ER/PR pharmDx Kit (K4071, Dako). The Ultra 
View Universal DAB Detection Kit (4B5 antibodies) 
was used to determine the HER2/neu status. The Ki-
67 protein (MIB-1 clone) was detected using a set of 
diagnostic antibodies from Dako. All antibodies were 
used at a dilution of 1:100. ER and PR expression 
levels were assessed using the Allred scoring system 
[25]. Her2/neu expression levels were assessed using 
the generally accepted scoring system (from 0 to 3+).

Data processing was carried out using the Python 
programming language (version 3.12). The Scikit – 
learn package (version 1.4.0) for Data Science and 
Machine Learning was used to calculate Spearman’s 
rank correlation coefficients (r) and develop the RFM 
model. Normality of distribution was checked using 

the Shapiro – Wilk test. The non-parametric Mann 
– Whitney U-test was used to assess differences in 
marker expression levels between the patient groups. 
Data were presented as the median, the 25th and the 
75th percentiles Ме (Q25; Q75). Differences were 
considered to be statistically significant at p < 0.05.

The quality of RFM regression models was 
assessed using the Mean Absolute Error (MAE), 
which indicates the average deviation of predicted 
values from actual values. The smaller the MAE, the 
more accurately the model describes the data [26]. 
MAE is expressed in the same units as the target 
variable. The MAE formula is:

MAE =  Σi=1 ׀yi – i  ׀,

where yi is the true value, i  is the predicted value, 
and n is the number of observations. For RFM 
classification tasks, the precision metric was used, 
calculated as the ratio of correctly predicted positive 
cases to the total number of predicted positive cases.

Given the limited sample size (n = 44), which did 
not allow for splitting the data into training and test 
subsets without losing statistical representativeness, 
RFM model training and validation were performed 
on the entire dataset. The relatively small number of 
predictors (molecular markers) allowed for finding 
the most suitable model to describe the existing 
relationships through complete enumeration of 
all predictor combinations. For each possible 
combination of predictors, 500 models with 
different randomness parameters were built, and the 
quality was assessed by averaging the MAE across 
all models.

RESULTS 
Initial analysis using the Spearman’s rank 

correlation coefficient did not reveal significant 
relationships between the levels of miR-181a, 
miR-25, and markers of adhesion, proliferation, 
and immune response (Table 2, p > 0.05 for all 
comparisons). This indicated the absence of simple 
linear dependencies and the need for more complex 
analytical approaches.

T a b l e  2

Correlations between MicroRNA Levels and Molecular Markers

Marker miR-181a miR-25
r p r p

CDH1 – 0.049 0.753 – 0.018 0.910
ITGB1 0.036 0.815 – 0.071 0.648



96 Бюллетень сибирской медицины. Бюллетень сибирской медицины. 2026; 25 (2)2026; 25 (2): : 91–10091–100

Marker miR-181a miR-25
r p r p

CCND1 0.006 0.970 – 0.124 0.421
CII 0.069 0.657 – 0.091 0.557
CD86 – 0.081 0.600 0.053 0.731

The RFM was used to identify more complex 
nonlinear associations. The optimal model 
corresponded to the combination of predictors 

yielding the smallest MAE. For miR-181a, the 
best predictive model included the combination of 
markers CDH1 and CCND1 (MAE = 4.267). For 
miR-25, the optimal set of predictors was ITGB1 
and CCND1 (MAE = 16.255). Figure presents a 
comparison of predicted and actual values for both 
models, demonstrating their ability to detect hidden 
patterns in the data.

E n d   o f   t a b l e 2

7

Marker
miR-181a miR-25

r p r p

CDH1
– 

0.049
0.753

– 

0.018
0.910

ITGB1 0.036 0.815
– 

0.071
0.648

CCND1 0.006 0.970
– 

0.124
0.421

CII 0.069 0.657
– 

0.091
0.557

CD86
– 

0.081
0.600 0.053 0.731

The RFM was used to  identify more complex nonlinear  associations.  The optimal  model 

corresponded to the combination of predictors yielding the smallest MAE. For miR-181a, the best 

predictive model included the combination of markers CDH1 and CCND1 (MAE = 4.267). For 

miR-25, the optimal set of predictors was ITGB1 and CCND1 (MAE = 16.255). Figure presents a 

comparison of predicted and actual values for both models, demonstrating their ability to detect 

hidden patterns in the data.

Figure. Comparison of predicted and actual levels of miR-181a and miR-25: X-axis: patients, 

n = 44; Y-axis: microRNA concentration

The analysis of the relationships between the studied biomarkers and key clinicopathological 

tumor parameters (ER, PR, HER2, Ki-67) showed statistically significant correlations only for CII. 

Figure. Comparison of predicted and actual levels of miR-181a and miR-25: X-axis: patients, n = 44; Y-axis: microRNA concentration

The analysis of the relationships between the 
studied biomarkers and key clinicopathological 
tumor parameters (ER, PR, HER2, Ki-67) showed 
statistically significant correlations only for CII. 
Moderate positive correlations were found between 
CII expression and estrogen receptor status (r = 
0.498; p = 0.001) and progesterone receptor status (r 
= 0.354; p = 0.018, Table 3).

T a b l e  3
Correlation between MicroRNA Levels, Molecular Markers,  

and Molecular Genetic Tumor Parameters

Marker ER PR HER2 Ki-67

miR-181a
r – 0.156 – 0.036 0.150 0.176
p 0.311 0.819 0.330 0.253

miR-25
r – 0.166 – 0.007 0.057 0.300
p 0.282 0.967 0.712 0.048

CDH1
r 0.089 0.047 0.024 – 0.051
p 0.568 0.763 0.879 0.744

ITGB1
r 0.326 0.180 0.168 – 0.121
p 0.031 0.243 0.275 0.433

CII
r 0.498* 0.354* 0.076 – 0.196
p 0.001 0.018 0.623 0.202

CCND1
r – 0.016 0.118 0.076 – 0.164
p 0.917 0.446 0.622 0.288

Marker ER PR HER2 Ki-67

CD86
r 0.030 – 0.058 – 0.277 0.204
p 0.846 0.708 0.069 0.183

____________
*p < 0.05.

Further analysis of marker level differences 
between the patient groups showed that CII 
expression was statistically significantly higher in 
tumors with positive hormone receptor status (Table 
4). In ER-positive samples, the Ме expression 
level was 20.3% compared to 6.9% in ER-negative 
samples (p = 0.010). A similar trend was noted for 
the PR status: 20.2% in PR-positive versus 9.8% in 
PR-negative tumors (p = 0.016). For ITGB1, there 
was a trend toward higher expression in ER-positive 
tumors (Ме 18.8% vs. 11.5%), but the difference did 
not reach statistical significance (p = 0.052).

The application of the RFM for predicting 
the BC receptor status showed varying levels of 
accuracy depending on the marker. The best result 
was achieved for the HER2 status (82.6% accuracy) 
using the combination of ITGB1, miR-181a, and 
CDH1. 

E n d   o f   t a b l e 3

Studenikina A.A., Mihailovsky M.A., Timofeev V.S. et al. The Potential Application of the Random Forest Method to Explore
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T a b l e  4
Analysis of the Expression of the Studied Markers Depending on Molecular Genetic Tumor Parameters, Ме (Q25; Q75)

Para- 
meters

ER–,
n = 19

ER+,
n = 25

PR–,
n = 22

PR+
n = 22

HER2–0 или 
1+, n = 35

HER2+
3+, n = 9

Ki-67 <20%,
n = 18

Ki-67 ≥20%,
n = 26

miR-
181a

2.9 (1.6–14.4) 3.0 (0.8–11.3) 3.0 (1.5–18.0) 2.9 (0.9–10.3) 2.9 (1.0–9.4) 3.1 (1.4–52.8) 2.6 (0.8–18.1) 4.5 (1.6–13.1)
p = 0.414 p = 0.438 p = 0.383 p = 0.557

miR-25
5.0 (3.1–26.7) 3.3 (1.3–25.8) 3.6 (2.2–28.1) 4.5 (1.3–24.2) 3.6 (1.8–25.5) 5.0 (0.8–49.2) 3.3 (1.0–16.6) 5.5 (3.1–38.6)

p = 0.337 p = 0.656 p = 0.977 p = 0.162

CDH1
81.5 (30.8–94.0) 90.3 (59.5–96.4) 84.0  

(36.8–94.5)
89.4  

(67.1–96.3) 88.5 (58.9–94.8) 74.1 (31.4–96.3) 88.5  
(49.3–95.4) 86.4 (38.8–94.8)

p = 0.507 p = 0.664 p = 0.942 p = 0.925

ITGB1
11.5 (5.4–19.1) 18.8 (10.5–80.6) 12.0 (6.1–20.4) 18.5 (8.2–80.1) 13.5 (6.3–46.1) 16.5 (9.8–24.9) 14.3 (5.9–26.4) 16.4 (7.4–46.1)

p = 0.052 p = 0.236 p = 0.827  p = 0.690

CII
6.9 (6.3–15.7) 20.3 (12.7–30.0) 9.8 (6.4–15.9) 20.2 (11.2–27.3) 14.4 (6.4–26.5) 14.4 (9.0–18.5) 15.7 (8.4–27.2) 14.4 (6.5–20.5)

p = 0.010* p = 0.016* p = 0.942 p = 0.259

CCND1
93.9 (77.1–97.2) 93.9 (83.1–97.6) 93.9  

(74.6–96.8)
93.9 

(85.8–97.7) 93.9 (80.7–97.3) 93.9 (87.9–97.4) 93.9 
(83.1–98.0) 93.9 (77.1–96.7)

p = 0.849 p = 0.451 p = 0.759 p = 0.207

CD86
21.1 (10.9–26.4) 19.9 (15.2–29.2) 21.3 (10.9–27.3) 19.0 2.4–29.0) 20.7 (12.8–30.2) 19.0 (8.9–23.6) 20.7 (11.2–29.2)19.9 (16.1–26.4)

p = 0.924 p = 0.673 p = 0.244 p = 0.991
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The accuracy for the ER status was 69.5% using 
miR-25, CDH1, and CII. The accuracy for the PR 
status was 66.3% with predictors miR-181a, ITGB1, 
and CCND1. In contrast, predicting the Ki-67 level 
using miR-25 and CCND1 was the least accurate, 
indicated by high mean absolute error (MAE = 
30.411).

DISCUSSION
The obtained data demonstrate the complex 

nature of the associations between the expression 
of miR-25, miR-181a and molecular markers in 
BC. The ability of the RFM algorithm to detect 
nonlinear associations that were not detectable by 
traditional correlation analysis methods emphasizes 
the potential of machine learning in studying the 
molecular mechanisms of carcinogenesis.

The identified association of miR-181a with 
CDH1 and CCND1 has a biological rationale. MiR-
181a can influence E-cadherin by activating TGF-β/
Smad-dependent mechanisms, promoting EMT 
[27]. Furthermore, miR-181a activates the PI3K-Akt 
signaling pathway, which enhances cell growth and 
proliferation, thereby influencing CDH1 expression 
[28]. The involvement of both CCND1 and CDH1 in 
regulating the Wnt/β-catenin signaling pathway may 
explain their joint inclusion in the predictive model 
for miR-181a [29]. A study on multiple myeloma by 
X. Yan et al. outlined the mechanisms underlying 
the regulation of the cell cycle by miR-181a through 
influencing CCND1 expression [30].

The connection of miR-25 with ITGB1 and 
CCND1 also finds confirmation at the molecular 
level. MiR-25 is involved in activating the Wnt/β-
catenin pathway, promoting the nuclear accumulation 
of β-catenin and enhancing the transcription of target 
genes, including CCND1 [31]. ITGB1 is involved 
in the ILK-Akt signaling pathway, which enhances 
EMT, potentially indicating common regulatory 
mechanisms with miR-25 [32].

The statistically significant associations of 
CII with hormonal receptors (ER and PR) are of 
particular interest, as this marker is not well-studied 
in the context of BC. In breast cancer, different 
types of collagen demonstrate varied expression 
profiles [33]. It has been shown that different types 
of collagen have varying effects on the development 
of malignant growth, particularly BC, by impacting 
crucial cellular processes, including apoptosis, 
proliferation, and metastasis [33, 34]. For example, 
in triple-negative BC, decreased expression of 
COL2A1 (CII) is associated with an increased 
grade of tumor malignancy, metastasis, poor 
prognosis, and decreased survival [33]. Conversely, 
a decrease in COL1A1 expression may be associated 
with a decrease in BC malignancy. It has been 
established that COL1A1 expression is linked to 
ER/PR expression and metastasis status. In patients 
with ER-positive BC, higher COL1A1 expression 
correlates with aggressive cellular behavior and 
poor prognosis [34]. Our findings of increased CII 
expression in hormone-positive tumors may reflect 
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specific characteristics of extracellular matrix 
remodeling in luminal BC subtypes, which requires 
further investigation.

The high accuracy of HER2 status prediction 
(over 80%) using the combination of ITGB1, miR-
181a, and CDH1 points to their potential diagnostic 
significance. This combination likely reflects the 
biological characteristics of the aggressive HER2-
positive BC subtype comprehensively. ITGB1 
enhances tumor aggressiveness through cellular 
remodeling, while miR-181a further amplifies 
proliferation and invasive potential by suppressing 
CDH1 expression. In contrast, the models for ER 
and PR status showed only moderate accuracy. This 
is most likely due to the significant heterogeneity 
of luminal BC subtypes, which vary greatly in both 
molecular characteristics and clinical behavior.

It should be emphasized that this study is 
exploratory in nature and has several significant 
limitations that must be considered when 
interpreting the results. The main limitations are the 
relatively small sample size and its heterogeneity 
in terms of clinical, morphological, and molecular 
genetic parameters. Due to the small number of 
observations, we did not split the data into training 
and test samples, which increases the risk of model 
overfitting and limits the generalizability of the 
results. Therefore, the findings should be considered 
as preliminary, requiring validation in larger and 
independent patient cohorts.

CONCLUSION
The obtained data demonstrate that the 

application of the random forest machine learning 
method is an effective approach for identifying 
complex, nonlinear associations between circulating 
microRNAs and markers in breast tumor tissue. The 
established associations (specifically between miR-
181a, CDH1, and CCND1, as well as between miR-
25, ITGB1, and CCND1) were not detected using 
standard correlation analysis methods. These results 
are of fundamental importance as they allow for the 
hypothesis of coordinated regulation of key processes 
in tumor progression: loss of cell adhesion (CDH1), 
enhanced migration (ITGB1), and disruption of the 
cell cycle (CCND1). Although the resulting models 
are not intended for direct clinical application at 
this stage, they represent an important starting point 
for future research in this direction. The findings 

underscore the potential of biomarker combinations 
for patient stratification and prediction of molecular 
BC subtypes, especially the HER2 status.
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Metabolic Reaction of Cells to Changes in the Physical and Chemical State 
of the Nitinol Surface Induced by Ultraviolet Laser Radiation 
with a Wavelength of 266 nm
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ABSTRACT

Aim. MTT (methylthiazolyldiphenyl-tetrazolium bromide) viability assessment of the in vitro cellular response 
to changes in the physicochemical properties (zeta potential, wettability, topography) of the nitinol surface after 
treatment with ultraviolet (UV) laser radiation (UV-LR) with a wavelength of 266 nm.

Materials and methods. The MCF-7 cell culture was incubated with nitinol-based alloy plates for 24 hours, before 
and after exposure to UV light (wavelength 266 nm, energy density 0.1 J/cm²) with a Q-smart 850 pulsed Nd:YAG 
laser. The samples were then analyzed for roughness (Ra) (GOST 2789-73) and surface contact angle with water. 
Zeta (ζ) potentials were also measured for both nitinol-based alloy substrates (SurPASS 3) and MCF-7 cells 
(Litesizer DLS 500). Metabolic activity of the cells was assessed using the MTT test, as recommended by GOST 
ISO 10993-5-2023 for the in vitro assessment of the cytotoxicity of medical materials and devices. Bioinformatics in 
silico analysis of intracellular signaling and metabolic pathways was conducted using the WikiPathways database.

Results. Surface modification caused by UV-LR significantly reduced the toxic response (decrease in metabolic 
activity) of MCF-7 cells to the nitinol-based alloy substrate. UV-LR did not affect the zeta potential (±10 mV from the 
isoelectric point), but it significantly decreased the water contact angle (from 75 to 8.7°) and increased the Ra index of 
surface roughness (from 71.5 nm to 93.9 nm). In silico mechanotransduction analysis revealed that the roughness and 
hydrophilicity/hydrophobicity of nitinol can independently induce gene expression in MCF-7 cells, as well as through 
cross-talking molecular mechanisms. At the same time, several signaling pathways (WP5504, WP3680, WP5477, 
WP3941, WP5046, and WP2435) were found to be close to those involved in the reduction of the MTT reagent, which 
is used as a marker for the cell death program induced by metabolic imbalance in MCF-7 cells.

Conclusion. UV-LR promotes an increase in hydrophilicity and/or nanoroughness of the nitinol-based alloy 
surface, but it does not affect the zeta potential. This may initiate a cascade of molecular mechanisms regulating 
cellular and tissue responses to implanted materials. These events can include inflammation, hemostasis activation, 
angiospasm, vessel regeneration, and metabolic activity of target cells.

Keywords: MCF-7 cells, МТТ test, in vitro, stent substrates, zeta-potential, wettability, roughness, in silico 
modeling
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Метаболическая реакция клеток на изменение физико-химического 
состояния поверхности никелида титана, индуцированное  
ультрафиолетовым  лазерным излучением с длиной волны 266 нм

Хлусов И.А.1, 2, Кокорев О.В.1, Горохова А.В.1, 2, Насибов Т.Ф.1, 2, Кривощеков С.В.1,  
Чебодаева В.В.2, 3, Бразовский К.С.1, Хлусова М.Ю.1, Саблина Т.Ю.2,  
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РЕЗЮМЕ

Цель: оценка с помощью 3-[4,5-диметилтиазол-2-ил]-2,5-дифенилтетразолия бромида (МТТ) клеточной 
реакции in vitro на изменение физико-химического состояния (дзета-потенциала, смачиваемости, 
топографии) поверхности сплава на основе никелида титана (нитинола) после обработки ультрафиолето-
вым лазерным излучением (УФ-ЛИ) с длиной волны 266 нм.

Материалы и методы. Клеточную культуру MCF-7 инкубировали в течение 24 ч с пластинами из сплава 
на основе никелида титана, до и после обработки УФ-ЛИ (плотность энергии 0,1 Дж/см2). На образцах 
измеряли индекс шероховатости Ra (ГОСТ 2789-73) и контактный угол смачивания поверхности водой. 
Дзета-потенциалы поверхности подложек из нитинола и MCF-7 клеток определяли с использованием ана-
лизаторов для плоских образцов (SurPASS 3) и частиц (Litesizer DLS 500) соответственно. Метаболическую 
активность клеточной культуры определяли с помощью МТТ-теста, рекомендуемого ГОСТ ISO 10993-
5-2023 для оценки in vitro цитотоксичности медицинских материалов и изделий. Биоинформатический  
in silico анализ внутриклеточных сигнальных и метаболических путей осуществляли в базе данных WikiPa-
thways. 

Результаты. Модификация поверхности УФ-ЛИ статистически значимо снижала токсический отклик 
(падение метаболической активности) MCF-7 клеток на контакт с подложкой из нитинола. Обработка УФ-
ЛИ не влияла на величину дзета-потенциала, но существенно уменьшала контактный угол смачивания 
водой (с 75 до 8,7°), а также повышала Ra поверхности образцов (с 71,5 до 93,9 нм). Анализ in silico с 
позиций механотрансдукции показал, что шероховатость и гидрофильность (гидрофобность) нитинола 
могут индуцировать экспрессию генов в MCF-7 клетках независимо друг от друга, а также через перекрест-
ные молекулярные механизмы. При этом некоторые сигнальные пути (WP5504, WP3680, WP5477, WP3941, 
WP5046, WP2435) близки к системам, участвующим в редукции МТТ-реагента как маркера программы 
клеточной смерти, индуцированной метаболическим дисбалансом MCF-7 клеток. 
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Заключение. Обработка УФ-ЛИ способствует увеличению гидрофильности и (или) наношероховатости, 
но не дзета-потенциала поверхности подложек из нитинола. Это может инициировать каскад молекулярных 
механизмов, регулирующих клеточно-тканевые реакции на имплантируемые материалы, включая 
индукцию воспаления, активацию гемостаза, ангиоспазм и регенерацию кровеносного русла, а также 
метаболическую активность клеток-мишеней. 

Ключевые слова: MCF-7 клетки, МТТ-тест, in vitro, подложки для стентов, дзета-потенциал, смачиваемость, 
шероховатость, in silico моделирование

Конфликт интересов. Авторы декларируют отсутствие явных и потенциальных конфликтов интересов, 
связанных с публикацией настоящей статьи. 

Источники финансирования. Исследование выполнено при поддержке гранта Российского научного 
фонда № 25-79-31008. 

Для цитирования: Хлусов И.А., Кокорев О.В., Горохова А.В., Насибов Т.Ф., Кривощеков С.В., Чебодае- 
ва В.В., Бразовский К.С., Хлусова М.Ю., Саблина Т.Ю., Кандаурова М.Ю., Зятиков И.А., Панченко Ю.Н. 
Метаболическая реакция клеток на изменение физико-химического состояния поверхности никелида тита-
на, индуцированное ультрафиолетовым  лазерным излучением с длиной волны 266 нм. Бюллетень сибир-
ской медицины. 2026;25(2):101–114. https://doi.org/10.20538/1682-0363-2026-2-101-114.

__________________________

Bulletin of Siberian Medicine. Bulletin of Siberian Medicine. 2026; 25 (2)2026; 25 (2): : 101–114101–114

INTRODUCTION

Cardiovascular diseases are the leading cause 
of mortality worldwide [1]. The primary method 
of urgent minimally invasive therapy for coronary 
artery disease, one of the most common circulatory 
system pathologies, is stenting of arteries affected by 
atherosclerosis and arterial hypertension. Currently, 
there are more than 400 types of stents, differing in 
material composition, dimensions, design, coating 
for the blood-contacting surface, delivery system 
into the blood vessel, etc.

For some time, it was believed that the main 
challenges of stenting (thrombosis and arterial 
restenosis) would be solved by composite drug-
eluting stents (DES). However, due to the high 
risk of late (occurring 6 months after implantation) 
thromboses associated with DES [2], preference 
is commonly given to metal stents, which hold a 
definitive clinical niche [3]. Nitinol alloy attracts 
the attention of researchers and clinicians due to 
its superelastic behavior, which allows implants to 
deform congruently with blood vessel walls over a 
long period, as well as to withstand the cyclic fatigue 
resistance threshold for cardiovascular devices, 
which is 15 million cycles in mechanical tests [4]. 

However, the high (up to 57 wt.%) concentration 
of nickel (Ni) in nitinol poses a threat of its release 
into the bloodstream and penetration into the vascular 
wall due to stent corrosion. Ni exhibits pronounced 
toxicity (Hazard Class 1–2; GOST 32419-2022), 
allergenicity, and carcinogenicity [5]. To improve 

the corrosion resistance of nitinol, various surface 
modification methods are being proposed, including 
those utilizing ion – plasma technologies [5] and 
concentrated energy flows (electron beam, laser 
radiation).

Recently, laser processing of nitinol-based alloys 
has attracted researchers’ attention as a method 
that allows for the wide-ranging modification of 
the physicochemical properties of the surface layer 
without affecting the beneficial functional properties 
of the medical device [6, 7]. The team from the Gas 
Lasers Laboratory at ISE SB RAS is developing a 
laser surface modification method for nitinol using 
ultraviolet (UV) laser radiation (λ < 400 nm) [8, 9], 
which requires investigation of the biocompatibility 
of the modified devices.

In this regard, the aim of the study was to perform 
the MTT assessment of the in vitro cellular response 
to changes in the physical and chemical state (zeta 
(ζ) potential, wettability, topography) of the nitinol 
surface after treatment with UV laser radiation.

MATERIALS AND METHODS
Plates measuring 10 × 10 × 1 mm3 (length × 

width × thickness) made of a nitinol-based alloy 
were used for the study. The material was developed 
at the Research Institute of Medical Materials and 
Shape Memory Implants (Tomsk, Russia). Pre-
treatment of the sample surface (grinding, polishing, 
and ultrasonic cleaning), measurement of the contact 
wettability angle, and surface topography were 
performed as described in [8]. The average surface 
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roughness index Ra was measured in accordance 
with GOST 2789-73.

UV (wavelength 266 nm) laser modification of 
the nitinol sample surfaces was carried out using a 
Q-smart 850 pulsed Nd:YAG laser (Quantel, France) 

generating pulses with a duration of 5 ns and a 
frequency of 10 Hz (Fig.1). The laser beam diameter 
was d = 5 mm, the step between scanning lines was 
hy = 0.25 cm, the energy density was j = 0.1 J/cm², 
and the scanning speed was Vx = 375 µm/s.

The ζ-potential of the nitinol sample surfaces 
before and after UV laser treatment was determined 
using a SurPASS 3 electrokinetic analyzer for flat 
samples (Anton Paar GmbH, Austria) in accordance 
with the manufacturer’s instructions. The samples 
were mounted pairwise (opposite each other) in an 
adjustable gap cell with a gap width of up to 100 µm 
(98 µm in the current experiment). A 0.001 M KCl 
solution with pH ~7 was used as the background 
electrolyte. The pH of the electrolyte varied within the 
range of 3.0 – 8.5 units at a pressure of 200–600 mbar 
by adding 0.05 M KOH or HCl to the background 
electrolyte. The SurPASS 3 software calculated the 

Fig. 1. Schematic diagram of the UV-laser surface processing of samples and the laser scanning principle

ζ-potentials using the Helmholtz – Smoluchowski 
equation, as described previously [10].

The ζ-potential of MCF-7 cells was determined 
using a Litesizer DLS 500 particle analyzer (Anton 
Paar GmbH, Austria) with its integrated software in 
accordance with the manufacturer’s instructions. A 
cell suspension at a concentration of 50×104 per 1 ml 
of the RPMI-1640 medium with low calcium content 
at pH = 7.0–7.2 was placed into the instrument 
measurement cell. The automated measurement 
cycle relative to a reference electrolyte (phosphate 
buffered saline) comprised 100–1,000 cells to 
achieve a normal distribution of the variable (Fig.2).

Fig. 2. Interface of the particle analyzer software during the measurement of the ζ-potential of MCF-7 cells
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To determine the cellular response upon contact 
with the nitinol samples (plates measuring 10 × 10 × 
1 mm3), which were preliminarily sterilized by dry 
heat at 180 °C for 60 minutes, the MCF-7 cells of 
human invasive ductal adenocarcinoma (Institute 
of Cytology, Russian Academy of Sciences, St. 
Petersburg) were employed.

The cells were co-cultured with the test 
objects for 24 hours in 24-well flat-bottom plates 
(Orange Scientific, Braine-l’Alleud, Belgium) at a 
concentration of 50×104 viable cells per 1 ml of the 
nutrient medium with the following composition: 
90% Dulbecco’s Modified Eagle Medium (DMEM) 
(Servicebio, China), 10% fetal bovine serum 
(Technozero, Russia), antibiotics (100 units/ml 
penicillin and 100 µg/ml streptomycin, Capricon 
Scientific, Germany), and 2 mM L-glutamine 
(PanEco, Russia).

Four hours prior to the end of the cultivation 
period, the cell cultures were detached from the 
plastic surface of the culture plates. The in vitro 
cytotoxicity index (CI) for the control (cell culture 
without nitinol substrates) and the test group (cells 
+ nitinol samples) was determined, as described in 
[11], using a 0.5% solution of 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT) 
(NeoFroxx, Germany), as recommended by GOST 
ISO 10993-5-2023.

The bioinformatics in silico analysis of signaling 
and metabolic pathways, as well as associated genes 
potentially expressed in the MCF-7 cells in response 
to stimuli (keywords: “surface roughness”, “surface 
wettability”) was performed using the open-access 
GeneCards database (https://www.genecards.org/). 
Subsequently, an over-representation analysis 
(ORA) was conducted for each resulting gene list 
according to the algorithm described in [12, 13]. 
Common metabolic pathways relevant to the study 
focus were then identified.

Statistical data analysis was performed using the 
R programming language (version 4.5.1) with the 
MVN [14], PMCMRplus [15], and brunnermunzel 
[16] packages. The compliance of quantitative 
variables with a normal distribution was assessed 
using the Shapiro – Wilk test with the Royston’s 
correction [17]. Quantitative, normally distributed 
variables were described as the mean and the standard 
deviation (M ± SD). Quantitative variables that were 
not normally distributed and ordinal variables were 
described as the median and the interquartile range 

(Me [Q1; Q3]).
For comparing the means of two samples with a 

normal distribution, the Welch’s t-test [21–23] was 
used as a more powerful test that does not require 
equality of variances, unlike the classical Student’s 
t-test [18–20].

For comparing two independent samples that did 
not comply with a normal distribution, the Brunner – 
Munzel test [27, 28] was applied as a more robust and 
versatile method compared to the Mann – Whitney 
U-test, since it does not require assumptions about 
the equality of distributions and/or variances [29, 
30].

For multiple comparisons of groups with a 
normal distribution but unequal variances, the 
Welch’s analysis of variance (Welch’s ANOVA) 
was employed, which does not require preliminary 
testing for homogeneity of variances [31, 32] and 
controls the type I error rate [32–35]. Subsequent 
pairwise comparisons were performed using the 
Games – Howell post-hoc test due to its robustness 
to violations of homoscedasticity and high statistical 
power [36, 37].

RESULTS
MCF-7 cells adhere to plastic, exhibit variable 

sizes (up to 50 μm), and display variable morphology 
(rounded or fibroblast-like) (Fig.3).

Fig. 3. Morphology of adherent MCF-7 cells after 24 hours 
of cultivation. Unstained native preparation, dark-field 

microscopy. Scale bar: 50 µm.   

The MTT test showed (Fig.4) that during short-
term in vitro contact of the cell suspension with the 
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Fig.4. Results of the MTT test after 24-hour 
cultivation of the MCF-7 cells on unmodified 
(control, Cont nitinol) and modified (Mod nitinol) 
with UV laser radiation nitinol substrates. The 
X-axis, – group names; and the Y-axis – CI, %, Me 
[Q1; Q3] (pairwise comparison, Brunner – Munzel 

test, p < 0.001)

Fig. 5. Dependence of the amplitude and sign of the zeta potential on the tested nitinol samples on the pH of the solutions: a – pH 
= 3–8.5 (the X-axis – pH values, the Y-axis – ζ-potential, mV); b – pH = 6–8 (the X-axis – group names, the Y-axis – ζ-potential 

values, mV); Me [Q1; Q3], Brunner – Munzel test, p = 0.61
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studied nitinol substrates, which simulate the surface 
state of vascular stents, a decrease in the metabolic 
activity of the cells was observed. This was recorded 
by reduced (relative to the control culture) formation 
of the colored metabolite (formazan) from the MTT 
reagent. Such a result is interpreted as a marker 
of cell death at a median CI of 33%. This value 
slightly exceeds the threshold (30%) recommended 
by GOST ISO 10993-5-2023 as conditionally safe 
for determining the in vitro cytotoxicity of medical 
materials and devices. The physicochemical 
modification of the surface with UV laser radiation 
statistically significantly (Brunner – Munzel test,  
p < 0.001) reduced the toxic cell response upon 
contact with the test device to the 30% recommended 
by the regulatory document (Fig.4). This indicates 

less significant inhibition of the metabolic activity 
of the MCF-7 cells upon contact with the modified 
metal substrate.

From a fundamental perspective, the probable 
cause-and-effect relationships underlying this 
phenomenon are of interest.

To better understand the physicochemical 
changes in the surface state induced by UV laser 
radiation, the ζ-potential of the samples was 
investigated (Fig.5). The experimental electrokinetic 
curves (Fig.5, a) showed that across a wide pH range 
for both types of nitinol surface (initial and laser-
treated), the measured potential amplitude varied 
mainly within ±10 mV from the isoelectric point. For 
the statistical assessment of the effect of laser surface 
modification, the pH range of 6–8 was selected for 
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the following reasons: 1) in this region of electrolyte 
ionic strength, the maximum overshoots of the 
ζ-potentials with opposite charge signs occurred 
(Fig.5, a); 2) according to GOST R 52770-2016, the 
permissible change in the solvent pH after contact 
with the test device should not exceed ±1 unit from 
the physiological level of pH ~7–7.4.

The median values did not show a statistically 
significant effect of UV laser irradiation on the 
amplitude of the electrokinetic potential of the 
samples (Fig.5, b). In the meantime, the MCF-7 cells 
carried a negative surface charge with a potential 
amplitude of 11.3–11.6 mV (Fig.6).

Based on the obtained result, it was hypothesized 
that the change in the metabolic activity of the MCF-
7 cells (Fig.4) was not associated with the ζ-potential 
of the modified nitinol surface under the selected 
mode of UV laser treatment. Nitinol in both study 
groups maintains an electrically neutral surface 

when exposed to a flow of the model electrolyte. 
The MTT molecule carries a positive charge 
[38] and can therefore penetrate the cytoplasmic 
membrane of MCF-7 cells, which carry a negative 
surface charge, via an electrostatic mechanism 
[39]. The identical charge and amplitude of the 
ζ-potential on the surface of both the initial and 
modified nitinol samples apparently do not affect 
the interaction between the reagent and the cell  
population.

Fig. 7 shows the result of the change in the contact 
wettability angle of the nitinol sample surfaces before 
and after UV-laser processing. Laser modification 
led to a drastic increase in the hydrophilicity of the 
samples; the contact angle decreased to 8.7°, which 
is 8.5 times smaller (Welch’s t-test, p < 0.001) than 
the baseline value (Fig. 7). This corresponds to a 
superhydrophilic surface state, where the water 
contact angle approaches 0° [40].

Fig. 6. Amplitude and sign of the zeta potential of the MCF-7 
cells in the pH range of 6–8; the X-axis – cell line name and 
sample numbers, the Y-axis – ζ-potential values, mV; M ± SD 

(multiple comparison, one-way Welch’s ANOVA, p = 0.91)

Fig. 7. Contact wettability angle and characteristic images of 
water droplets on the surface of nitinol samples before and after 
surface modification: the X-axis – group names, the Y-axis – 
wettability angle, °, M ± SD (5 measurements for each group, 

pairwise comparison, Welch’s t-test, p < 0.001)
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Surface wettability is influenced by its phase and 
elemental composition, as well as its topography 
(texture and roughness) [41–43]. The measured 
average roughness value Ra for the sample in its 
initial state was 71.5 ± 6.3 nm (class 11 of surface 
roughness according to GOST 2789-73) (Fig.8). 

After laser treatment (at an energy density of j = 0.1 
J/cm2), the surface profile did not change (Fig.8, a). 
However, it became more textured, and the average 
Ra value increased to 93.9 ± 9.6 nm (Welch’s t-test, 
p = 0.0041), which corresponds to class 10 surface 
irregularity range (Fig.8, b).

Multiple comparison, Welchʹs ANOVA, p = 0.91

Without treatment After UV treatment

p < 0.001
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DISCUSSION
The MCF-7 cell line is widely used for determining 

the in vitro cytotoxicity of substances, scaffolds, and 
various medical materials and devices [11, 44–48], 
including stents for cardiovascular surgery [49]. 
Furthermore, the metabolism and signaling pathways 
of MCF-7 cells have been studied in considerable 
detail. For instance, a PubMed search for “MCF-
7 cell metabolism” yielded 33,360 results, starting 
from the year 1975.

The MTT test is considered to be the gold standard 
for assessing cytotoxicity [50] based on the metabolic 
activity of the tested cells and is recommended by 
GOST ISO 10993-5-2023 for this purpose. The 
reduction of the MTT reagent into formazan granules 
is visualized in various cellular compartments 
(mitochondria, cytoplasm, nucleus, cytoplasmic 
membrane, microsomes) and is mediated by various 
enzymatic systems, including glycolysis and the 
mitochondrial respiratory chain [38].

A modern mechanotransduction theory postulates 
the translation of diverse stressors ((bio)physical and 

(bio)chemical forces (signals) from the macro- and 
microenvironments) into the cell nucleus via the 
cytoskeleton and intracellular signaling pathways 
[51–53]. Accordingly, diverse physicochemical 
signals from external stimuli are converted into 
variants of a cellular response through feedback 
mechanisms that regulate the expression of specific 
gene groups [53].

The intimate molecular (metabolic) processes 
underlying the functioning of the mechanotransduction 
system (“stressor – pathway – gene expression – 
cellular response”) remain largely unelucidated. 
Nevertheless, certain properties of the natural and 
synthetic (scaffolds) extracellular matrix (ECM) 
that are capable of initiating signal transduction, 
thereby regulating cell behavior, are already known 
to varying degrees. These can be conditionally 
divided into (bio)physical (charge sign and 
ζ-potential amplitude, topography dimensionality), 
(bio)mechanical (elasticity/stiffness, compliance), 
and (bio)chemical (wettability (hydrophilicity or 
hydrophobicity), free energy, chemical composition, 

Fig. 8. Characteristic profiles of the surface of the tested 
nitinol samples (a):the X-axis – profile length, mm, the Y-axis 
– profile height deviation, nm; b – roughness Ra before and 
after surface UV-laser treatment: the X-axis – group names, 
the Y-axis – roughness index, nm; M ± SD (5 measurements 
for each group, pairwise comparison, Welch’s t-test,  

p = 0.0041)

19

Рисунок 8. А – характерная профилограмма поверхности тестируемых образцов нитинола.  
По  оси  абсцисс  указана  длина  профиля  (мм),  по  оси  ординат  –  отклонение  профиля  по 
высоте  (нм).  В  – средние  значения  шероховатости  Ra  до  и  после  УФ-лазерной  обработки 
поверхности. По оси абсцисс указаны названия групп (Cont nitinol – исходные металлические 
подложки;  Mod  nitinol  –  подложки  после  обработки  УФ  лазерным  излучением),  по  оси 
ординат  –  значения  индекса  шероховатости  (нм).  Результаты  (5  измерений  для  каждой 
группы) представлены как M±SD. Парное сравнение, -критерий Уэлча, р = 0,0041.

ОБСУЖДЕНИЕ

Линия  клеток  MCF-7  активно  используется  для  определения  in  vitro  цитотоксичности 

субстанций, скаффолдов, различных медицинских материалов и изделий [11, 44-48], включая 

а

b
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solubility) stimuli [54–56], including in the context 
of the cardiovascular system [57–59].

For ECM and implants contacting blood, the 
sign of the surface charge and the amplitude of the 
electrostatic (in air) and electrokinetic potential are 
of great importance [60], since most cells in the body 
carry a negative surface charge [61], including blood 
cells [62], as well as the vascular endothelium [62, 
63] and MSCs [64].

Thus, the ζ-potential value on human umbilical 
vein endothelial cells (HUVEC) is –17.1 ± 1.7 
mV [65]. The amplitudes we measured for MCF-
7 cells varied from –11.3 to –11.6 mV (Fig.6), 
which, according to the results of [65], is close to 
the values for another tumor cell line (–13.2 ± 1.2 
mV, HeLa cells). In this regard, the MCF-7 cells of 
adenocarcinoma isolated from human breast ducts 
can be an adequate tool for modeling the interaction 
of cells with the surface of materials developed for 
cardiovascular stents.

Furthermore, such studies are beneficial because 
inflammation of the vascular wall, which inevitably 
occurs in the stent area [66], may promote the 
chemotaxis and tissue invasion of tumor cells 
circulating in the blood. Another possible scenario is 
the emigration of malignant cells from a tumor into the 
blood, induced by the implanted device. In this regard, 
studying the mechanisms of tumor cell adhesion to 
vascular implants is significant for the advancement 
of not only cardiovascular surgery but also oncology.

Artificial surfaces with ζ-potential fluctuations 
ranging from –10 mV to +10 mV are considered to be 
electrically neutral. According to [67], such materials 
will be bioinert towards circulating blood provided they 
possess high hydrophilicity. UV laser modification did 
not affect the neutral ζ-potential values (Fig.5).

Based on this fact, a hypothesis was put forward 
that the increased cell survival on nitinol after 
laser treatment (Fig.4) might be associated with 
the resulting superhydrophilic state of the modified 
surface (Fig.7). It is believed that mammalian cells 
prefer to adhere to hydrophilic substrates [68]. 
However, cells (for example, L-929 fibroblasts) can 
exhibit enhanced adhesion to both hydrophilic (after 
exposure to UV laser radiation) [69] and hydrophobic 
surfaces [70] of biomaterials.

The topography of the ECM undoubtedly 
influences the behavior of various cells (endothelial 
cells, smooth muscle cells, platelets) [71]. However, 
in each specific case, research results are ambiguous. 

On the one hand, MCF-7 cells adhere better and 
increase cell mass on rougher, bioinert gold electrode 
surfaces [72]. On the other hand, according to [73], 
an increase in the Ra value of the nano relief on a 
polymer surface (polyethylene terephthalate, PET) 
from 3.5 nm to 19 nm, conversely, stimulates 
apoptosis of MCF-7 cells. The surface chemistry 
and wettability of gold and PET differ significantly. 
Our results on nitinol suggest an improvement in the 
viability (metabolic activity) of MCF-7 cells on the 
rougher, hydrophilic surface induced by UV laser 
radiation (Fig.7, 8).

Next, a bioinformatics approach (Table) was used 
to predict potential intracellular mediators capable of 
transforming the action of physicochemical stimuli 
into gene expression and the corresponding cellular 
response. For MCF-7 cells, the ORA detected 358 
target pathways for the query “surface roughness” and 
39 for the keyword “surface wettability”, which does 
not seem surprising, given greater publication activity 
on the influence of topography on cell behavior.

We conditionally divided the found metabolic 
pathways into groups that may be relevant to the 
cellular and tissue reactions of the blood system 
to implantable materials (Table), including the 
induction of inflammation, activation of hemostasis, 
angiospasm and regeneration of the vascular bed, and 
metabolic activity. On one hand, the roughness and 
wettability of nitinol can induce a response in MCF-7 
cells via their own signaling pathways. On the other 
hand, the search engine predicted several molecular 
mechanisms common to both stressors (WP453, 
WP5088, WP98, WP5036, and WP5158; Table), 
which can be interpreted as potential synergism 
or antagonism between roughness and wettability 
(hydrophilicity/hydrophobicity) regarding the 
ultimate response of MCF-7 cells.

Also of interest in Table is the group of pathways 
“Metabolic Activity and Cell Behavior”, where some 
entries (WP5504, WP3680, WP5477, WP3941, 
WP5046, WP2435) are related to the signaling and 
enzymatic intracellular systems involved in the 
reduction of the MTT reagent [39] as a marker of 
the cell death program [74] caused by a metabolic 
imbalance in MCF-7 cells.

In terms of discussion, it should be emphasized 
that both hydrophilicity and hydrophobicity are 
considered as beneficial biomedical/functional 
properties for medical devices contacting blood  
[75, 76].
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This is not surprising, since blood is a complex 
medium capable of wetting almost any artificial surface. 
Accordingly, ex vivo modification of the wettability 
of cardiovascular devices may not fulfill the useful 
practical role intended by materials scientists. At 
the same time, the technological minimization of 
surface topography is a more straightforward task 
in the manufacture of cardiovascular devices [77]. 
Consequently, it is necessary to determine a UV-
laser treatment regimen that improves or does not 
affect the nanoscale roughness of stent substrates.

CONCLUSION
Metal stents, including those made of nitinol, 

are a modern tool of choice for cardiac surgeons 
in the minimally invasive treatment of arterial 
stenosis in various parts of the vascular bed. In 
turn, laser surface treatment can mitigate negative 

T a b l e 
Target Intracellular Metabolic Pathways of MCF-7 Cells for Extracellular Matrix Mechanotransduction Factors  

(Roughness, Wettability) according to in silico Modeling Using the WikiPathways Database Search Engine

ID Pathway name Number of 
target genes

q-value < 0.05 for stressors Common path-
way for stressorsWettability Roughness

Inflammation
WP453 Inflammatory response 2/3 0.0033 0.0026 +
WP5088 Prostaglandin signaling 8 – <0.001

+WP98 Prostaglandin synthesis and regulation 3 – 0.0072

WP4493 Cells and molecules involved in local acute inflammatory 
response 4 – <0.001 –

WP5473 Cytokine receptor interaction 14 – <0.001 –
WP530 Cytokines and inflammatory response 5 – <0.001 –
WP75 Toll like receptor signaling 7 – <0.001 –
WP4542 Leukocyte – intrinsic Hippo pathway functions 2 – 0.0334 –

Hemostasis
WP2806 Complement system 2 0.0135 – –
WP272 Blood clotting cascade 1 0.018 – –
WP558 Complement and coagulation cascades 1 0.0278 – –
WP4462 Platelet mediated interactions with vascular and circulating cells 4 – <0.001 –

Circulatory system
WP5036 Angiotensin II receptor type 1 pathway 1/2 0.0184 0.023 +
WP5158 Urotensin II mediated signaling 1/7 0.0278 <0.001 +
WP560 TGF beta receptor signaling 5 – <0.001 –
WP3888 VEGFA VEGFR2 signaling 8 – 0.0155 –
WP4331 Neovascularization processes 2 – 0.0361

Metabolic activity and cell behavior (proliferation, differentiation, apoptosis)
WP5156 Glyoxylate metabolism 1 0.0167 – –
WP4172 PI3K Akt signaling 2 0.0206 – –

WP5504 Disorders of mitochondrial homeostasis dynamics, protein 
import and quality control 1 0.0277 – –

WP3680 Physicochemical features and toxicity-associated pathways 1 0.0278 – –

WP4534 Mechanoregulation and pathology of YAP/TAZ via Hippo and 
non-Hippo mechanisms 4 – <0.001 –

WP5477 Molecular pathway for oxidative stress 4 – <0.001 –
WP3941 Oxidative damage response 3 – 0.0051 –

WP5046 NAD metabolism in oncogene-induced senescence and mito-
chondrial dysfunction-associated senescence 3 – 0.0012 –

WP2435 Quercetin and Nf kB AP 1- induced apoptosis 2 – 0.009 –
WP2911 miRNA targets in ECM and membrane receptors 2 – 0.0377 –

physicochemical properties (the corrosive activity of 
nitinol) and improve the bio- and hemocompatibility 
of cardiovascular devices. In this regard, UV laser 
modification of the nitinol surface (at an energy 
density of 0.1 J/cm2) reduces the metabolic imbalance 
of cells adhering to the samples in an in vitro culture, 
which improves their survival rates according to the 
MTT test.

From the perspective of the experimental model 
and the bioinformatics prediction of the cause-and-
effect relationships behind the obtained effect, the 
increased hydrophilicity and nanoscale roughness, 
but not the ζ-potential, of the nitinol substrates 
modified with UV laser radiation may underlie the 
induction of a cascade of intracellular signaling and 
metabolic pathways involved in the expression and 
transcription of genes regulating the cellular and 
tissue reactions of the blood system to implantable 
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materials. These reactions include the induction of 
inflammation, activation of hemostasis, angiospasm 
and regeneration of the vascular bed, as well as the 
metabolic activity of target cells. Further experimental 
verification of the actual expression of target genes 
and the response of target cells (endothelial cells, 
blood cells, mesenchymal stem cells, smooth muscle 
cells) to the physicochemical modification of the 
nitinol substrate surface is necessary.
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Computer Simulation of Xanthotoxin Interaction with Caspase 3
Chasovskikh N.Yu., Shestakova E.E., Novitsky D.E. 
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ABSTRACT

Aim. To perform computer modeling and evaluate the interactions between caspase 3 and xanthotoxin.

Materials and methods. The structures of caspase 3 and xanthotoxin were extracted from the PDB protein 
database (ID 2J31) and the PubChem chemical compounds and mixtures database (ID 4114), respectively. PyMOL 
v. 2.5 was used to prepare the caspase 3 structure for docking, and OpenBabel was used to convert xanthotoxin 
to .pdb format. Molecular docking was performed in AutoDock Vina. Molecular dynamics was performed using 
GROMACS 2023.3. The CHARMM 36 force field was used to generate the protein topology, and the CHARMM 
General Force Field (CGenFF) server was used for the ligand topology. Xmgrace and PyMOL were used to analyze 
the results.
Results. Molecular docking of caspase 3 and xanthotoxin resulted in a stable complex with binding energy of -4.83 
kcal/mol. The amino acid residues of caspase 3 involved in intermolecular interaction were identified: tyrosine 
195 (TYR195), valine 266 (VAL266), lysine 137 (LYS137). The results of the molecular dynamics simulation 
confirmed the stability of the complex obtained as a result of docking.
Conclusion. The data obtained indicate the possible role of the studied furocoumarin in the implementation of 
programmed cell death and can be used for further experimental studies.

Keywords: docking, molecular dynamics, caspase 3, xanthotoxin
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Компьютерное моделирование взаимодействия ксантотоксина  
с каспазой 3
Часовских Н.Ю., Шестакова Е.Е., Новицкий Д.Е.
Сибирский государственный медицинский университет (СибГМУ) 
Россия, 634050, г. Томск, Московский тракт, 2

РЕЗЮМЕ

Цель – провести компьютерное моделирование и оценить взаимодействие каспазы 3 с ксантотоксином.

Материалы и методы. Структуры каспазы 3 и ксантотоксина извлечены из банка данных белков PDB (ID 
2J31) и базы данных химических соединений и смесей PubChem (ID 4114) соответственно. Для подготовки 
структуры каспазы 3 к докингу применяли PyMOL v. 2.5, для конвертации ксантотоксина в формат .pdb 
использовали OpenBabel. Докинг проводили в AutoDock Vina. Молекулярно-динамическое моделирование 
выполняли с использованием GROMACS 2023.3. Для генерации топологии белка использовали силовое 
поле CHARMM 36, для топологии лиганда – сервер CHARMM General Force Field (CGenFF). Для анализа 
результатов применяли Xmgrace и PyMOL.
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Результаты. В результате проведенного молекулярного докинга каспазы 3 и ксантотоксина получен ста-
бильный комплекс с энергией связывания –4,83 ккал/моль. Выявлены аминокислотные остатки каспазы 3,  
участвующие в межмолекулярном взаимодействии: тирозин 195 (TYR195), валин 266 (VAL266), лизин  
137 (LYS137). Результаты проведенной симуляции молекулярной динамики подтвердили устойчивость 
комплекса, полученного в результате докинга.

Заключение. Полученные данные свидетельствуют о возможной роли изучаемого фурокумарина в реали-
зации программируемой гибели клеток и могут быть использованы для дальнейших экспериментальных 
исследований.

Ключевые слова: докинг, молекулярная динамика, каспаза 3, ксантотоксин, апоптоз
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INTRODUCTION
Socially sensitive diseases, particularly cancer, 

are the leading causes of disability and mortality 
in Russia. According to the Rosstat data for 2023, 
malignant tumors account for 16.4% of all deaths in 
Russia [1]. One of the key factors in the development 
of these pathologies is the dysregulation of apoptosis, 
which involves the activation or suppression of the 
cell death program [2].

Apoptosis is a form of cell death that eliminates 
excess or functionally abnormal cells to maintain 
tissue homeostasis in the body [3]. The main 
pathways that initiate apoptosis are the extrinsic 
(death receptor) pathway and the intrinsic 
(mitochondrial) pathway. Additionally, there are 
granzyme B-dependent, endoplasmic reticulum (ER) 
stress, perforin/granzyme, and nuclear apoptosis 
pathways. The induction of apoptosis and the 
activation of pro-apoptotic proteins trigger a cascade 
of caspases [4]. At the first stage of each pathway, 
an initiator caspase is activated (caspase  8 in the 
extrinsic pathway, caspase 9 in the intrinsic pathway, 
and caspase 10 in the perforin – granzyme pathway), 
which subsequently activates effector caspase  3. 
In the extrinsic (receptor) pathway, following the 
binding of a ligand to the corresponding receptor (a 
molecule from of the TNFα receptor superfamily) on 
the cell surface, a cascade of intracellular reactions 
is activated, resulting in the activation of caspases 8 
and 10. These caspases then activate caspases 3, 6, 
and 7, which facilitate cell death [5].

In  the intrinsic (mitochondrial) pathway, in 
response to stressors (such as DNA damage or a lack 
of growth factors), the mitochondrial protein  p53 
is activated. In turn, p53 suppresses Bcl-2 and 
activates Bax, whose dimeric form activates the 
serine protease Ich-1, leading to the induction of 
apoptosis and activation of effector caspases [5]. 
This process ultimately results in the cleavage of 
caspase 3, causing DNA fragmentation, degradation 
of cytoskeletal and nuclear proteins, formation of 
apoptotic bodies, and their subsequent engulfment 
by phagocytic cells [4].

Caspase  3 is one of the main effectors of 
apoptosis, making molecules that can modify its 
activity particularly interesting due to their potential 
therapeutic properties. Currently, furocoumarins, 
especially xanthotoxin (8-methoxypsoralen), are 
actively being studied as such molecules [6–8]. 
Xanthotoxin exhibits photosensitizing properties and 
can induce apoptosis in various tumor cell lines [9, 
10]. It is hypothesized that xanthotoxin can activate 
caspase  3; however, the exact mechanism remains 
unknown [11, 12].

To predict and evaluate interactions between 
proteins and molecules with potential therapeutic 
properties (including those that can be valuable for 
studying apoptosis mechanisms), in silico methods 
are currently being used extensively [13, 14].

Given this context, the aim of this study was 
to conduct computer simulation and evaluate the 
interaction between caspase 3 and xanthotoxin.
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MATERIALS AND METHODS

The experimental three-dimensional (3D) 
structure of caspase  3 (PDB identifier: 2J31) was 
extracted from the Protein Data Bank (PDB) 
[15]. The 3D structure of xanthotoxin (PubChem 
identifier: 4114) was retrieved from the PubChem 
Substance and Compound database [16].

The 3D structure of caspase 3 was cleaned of all 
water molecules and ligands, analyzed, and prepared 
for further simulation using PyMOL v. 2.5 [17].

The 3D structure of xanthotoxin from the 
PubChem database was retrieved in .sdf format and 
converted to .pdb format for molecular docking 
using the OpenBabel converter [18].

AutoDock Vina [19] was used to conduct the 
molecular docking of caspase  3 and xanthotoxin. 
AutoDock Vina employs an empirical and 
knowledge-based function to predict the binding 
affinity of compounds [19]. The dimensions of the 
calculation grid for caspase 3 were set to 25 x 25 x 
25 Å, centered at the coordinates (31.0, 21.0, 55.0). 

Molecular dynamics (MD) simulation of the 
caspase – xanthotoxin complex was performed using 
GROMACS 2023.3 [20]. The protein topology 
was generated using the CHARMM36 force field, 
while the ligand topology was created using the 
CHARMM General Force Field (CGenFF) server 
[21]. The complex was solvated in a cubic box 
with a dimension of 1.0 nanometer (nm) using the 
TIP3P water model, and neutralization was achieved 
with Cl⁻ ions. Energy minimization was conducted 
using the steepest descent method [22]. Equilibrium 
state simulations lasting 100 picoseconds (ps) were 
carried out using NVT (canonical ensemble, where 
N is the number of particles, V is the volume, and T 
is the temperature) and NPT (isothermal – isobaric 
ensemble, where N is the number of particles, P is 
the pressure, and T is the temperature) ensembles. 
The parameters for these ensembles were optimized 
for a temperature of 300 K and a pressure of 1 bar. 
The main phase of MD simulation was conducted 
over 50  nanoseconds (ns) with a time step of 
2  femtoseconds (fs). The Xmgrace software was 
used to generate graphs illustrating the simulation 
results [23]. 

For further analysis of the obtained results, we 
evaluated the root mean square deviation (RMSD), 
root mean square fluctuation (RMSF), and radius of 
gyration (Rg) [24].

RESULTS AND DISCUSSION
Molecular docking of caspase 3 and xanthotoxin 

resulted in the most stable complex with a binding 
energy of –4.83  kcal/mol. The residues involved 
in intermolecular interaction were identified: 
tyrosine 195 (TYR195), valine 266 (VAL266), and 
lysine 137 (LYS137) (Fig. 1).

The obtained complex is stabilized due to several 
types of interactions: π-stacking (or π-π interactions) 
between the ligand and TYR195, π-cation 
interactions between the ligand and VAL266, and 
hydrophobic interactions between the ligand and 
both TYR195 and VAL266. π-stacking refers to the 
non-covalent interaction between aromatic systems 
(benzene rings) that occurs due to the overlap of their 
π-electron clouds. π-cation interactions represent a 
non-covalent bond between an aromatic system and 
a positively charged amino group of the protein. 
Hydrophobic interactions are characterized by the 
tendency of non-polar molecules to cluster together 
in an aqueous environment to minimize the contact 
area of their non-polar surfaces with water. 

Fig.  1. This figure illustrates the amino acids of caspase  3 
that are involved in interactions with xanthotoxin.  Dashed 
lines indicate the following types of interactions: gray dashed 
lines represent hydrophobic interactions, green dashed lines 
indicate π-stacking, and orange dashed lines denote π-cation 

interactions

Subsequently, MD simulations were conducted, 
and their characteristics are described below. 

RMSD is a commonly used metric for assessing 
the stability and conformational changes of a protein 
or protein – ligand complex during MD simulations. 
Constant RMSD values throughout the simulation 
process indicate that the initial conformation and 
structural stability of the system are maintained [25]. 
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In our case, there was a sharp increase in RMSD 
during the first 10 ns, followed by values remaining 
within the range of 0.2–0.3  nm from 10 to 40  ns, 
indicating structural stability (Fig. 2).

Time (ns)

Fig. 2. The root mean square deviation of caspase 3 in complex 
with xanthotoxin

The RMSF metric is used to evaluate the mobility 
of amino acid residues in a protein and specific 
regions of the polypeptide chain. For the caspase 3 
and xanthotoxin complex, the maximum RMSF 
value of 1.0 nm was observed in the first 30 residues, 
indicating high mobility in this region (Fig.  3). 
Beyond this point, RMSF values remained at around 
0.05–0.15  nm, suggesting stability among these 
residues and indicating the presence of secondary 
structural elements of the protein (α-helices and 
β-sheets) in this zone. Peaks of approximately 0.3 nm 
were noted in the regions of amino acid residues 
160–190, 200–220, and 250–270, indicating flexible 
loops. 

Fig. 3. Root mean square fluctuation (RMSF) of caspase 3

The radius of gyration is used to assess the 
compactness of the protein – ligand complex during 
simulation. A loss of compactness can impact 
the stability of the complex by introducing weak 
intermolecular interactions. 

According to the findings, the radius of gyration 
ranged from 1.78 to 1.83 nm, indicating stability and 
compactness of the structure (Fig. 4). During the first 
10 ns, the protein adopted a stable, compact form; 
the radius of gyration fluctuated between 1.74 and 
1.78 nm without significant variations. 

1.86

1.84

1.82

1.8

1.78

1.76

1.74

1.72

1.7

1.68

Fig. 4. Radius of gyration (Rg)

The findings suggest that a stable xanthotoxin – 
caspase 3 complex can form. It can be hypothesized 
that this interaction may alter the activity of caspase 3, 
which is involved in programmed cell death processes.

Experimental data indicate that programmed cell 
death in tumor cells is associated with the activation 
of caspase  3 in the presence of xanthotoxin. 
Caspase  3 is essential for transmitting apoptotic 
signals following exposure to DNA-damaging agents 
[26]. A study by G. Viola et al. shows that caspase 3 
is activated after irradiation in the presence of 
xanthotoxin [12]. Additionally, apoptosis induction 
was noted in HepG2 cell line (a liver cancer cell line) 
after treatment with xanthotoxin [11]. However, the 
molecular mechanisms underlying this phenomenon 
remain unexplored.

CONCLUSION
The computer simulation of the interaction 

between caspase  3 and xanthotoxin, conducted 
through molecular docking followed by verification 

Chasovskikh N.Yu., Shestakova E.E., Novitsky D.E. Computer Simulation of Xanthotoxin Interaction with Caspase 3
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using molecular dynamics demonstrated the 
presence of a stable intermolecular interaction. 
The resulting complex features a binding energy of 
-4.83 kcal/mol and several types of chemical bonds: 
π-stacking and π-π interactions between the ligand 
and TYR195, π-cation interactions between the 
ligand and VAL266, and hydrophobic interactions 
between the ligand and both TYR195 and VAL266. 
The results of molecular dynamics simulation 
confirmed the stability of the complex obtained 
from docking. 

Thus, the findings of this study suggest that 
xanthotoxin has the potential to interact with 
caspase  3, forming a stable complex. These data 
indicate a possible role of the studied furocoumarin 
in the process of programmed cell death. Further 
experimental studies are necessary to validate the 
results of the computer simulation.
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Assessment of Obesity Prevalence and Associated Factors in the Russian 
Federation Based on the 2024 Rosstat Sample Survey Data
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ABSTRACT

Aim. To assess the prevalence of obesity and identify the factors associated with it among the adult population 
in the Russian Federation in order to determine the main directions for the development of measures for obesity 
prevention.

Materials and methods. We carried out a secondary analysis of the data from the selective monitoring of the 
population health status by the Federal State Statistics Service for 2024. The study included data from 95,887 
respondents from all regions of the Russian Federation. Descriptive statistics, χ2 test, Mann – Whitney test,  
Kruskal – Wallis test, and multiple logistic regression analysis were used for statistical analysis.

Results. The prevalence of obesity among the adult population of the Russian Federation was 23.7% (class  
1 – 17.9%, class 2 – 4.7%, and class 3 – 1.6%). Significant regional differences in the prevalence of obesity were 
revealed: from 6.6% in the Chukotka Autonomous Okrug to 34.3% in the Jewish Autonomous Oblast. The proportion 
of obese people was significantly higher among women (27.2% vs. 20.4% among men), rural residents (27.9% 
vs. 22.7% among urban residents), and respondents with low socioeconomic status. Multiple regression analysis 
revealed the most significant risk factors for obesity: lack of accessible sports infrastructure in the respondents’ 
area of residence (odds ratio (OR) = 2.71; 95% confidence interval (95% CI): 1.608–4.471), retirement status  
(OR = 1.63; 95% CI: 1.548–1.707), low income (OR = 1.60; 95% CI: 1.014–2.477), and low awareness of balanced 
nutrition (OR = 1.44; 95% CI: 1.243–1.659).

Conclusion. Based on the results of the study, key areas for the development of measures for the prevention of 
obesity have been formulated: creating an environment that supports a healthy lifestyle; improving public health 
literacy; developing preventive healthcare; as well as developing and implementing measures taking into account 
regional specifics and the needs of various socio-demographic groups.
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РЕЗЮМЕ

Цель. Оценить уровень распространенности ожирения и выявить факторы, ассоциированные с ним, среди 
взрослого населения в Российской Федерации для формирования основных направлений разработки 
мероприятий по профилактике ожирения.

Материалы и методы. Проведен вторичный анализ данных выборочного наблюдения состояния здоровья 
населения  Федеральной служба государственной статистики за 2024 г. В исследование включены 
данные 95 887 респондентов из всех субъектов РФ. Для статистического анализа использовались методы 
описательной статистики, критерии χ², Манна – Уитни, Краскела – Уоллиса, множественный логистиче-
ский регрессионный анализ.

Результаты. Распространенность ожирения среди взрослого населения Российской Федерации составляла 
23,7% (1-1 степени – 17,9%, 2-й степени – 4,7%, 3-й степени – 1,6%). Выявлены значительные региональные 
различия в распространенности ожирения: от 6,6% в Чукотском автономном округе до 34,3% в Еврейской 
автономной области. Доля лиц с ожирением была статистически значимо выше среди женщин (27,2 против 
20,4% среди мужчин), сельских жителей (27,9 против 22,7% среди жителей города) и респондентов с низким 
социально-экономическим статусом. Множественный регрессионный анализ выявил наиболее значимые 
факторы риска наличия ожирения: отсутствие доступной спортивной инфраструктуры в зоне проживания 
респондентов (отношение шансов (ОШ) = 2,71; 95%-й доверительный интервал (95%ДИ): 1,608–4,471), 
пенсионный статус (ОШ = 1,63; 95%ДИ: 1,548–1,707), низкий уровень дохода (ОШ = 1,60; 95%ДИ: 1,014–
2,477) и низкий уровень осведомленности о рациональном питании (ОШ = 1,44; 95%ДИ: 1,243–1,659).

Заключение. На основании результатов проведенного исследования сформулированы ключевые 
направления разработки мероприятий по профилактике ожирения: создание среды, поддерживающей 
здоровый образ жизни; повышение санитарной грамотности населения; развитие профилактического 
звена здравоохранения; а также разработка и реализация мероприятий с учетом региональной специфики и 
потребностей различных социально-демографических групп.

Ключевые слова: ожирение, распространенность, факторы риска, индекс массы тела, взрослое население, 
Российская Федерация 
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INTRODUCTION
Obesity poses a grave challenge to global public 

health [1–4]. The prevalence of overweight and obesity 
is increasing worldwide. Based on the results of a 
meta-analysis conducted by S. Ibrahim et al. (2021), 
over the past three decades, the global prevalence of 
obesity among women has increased by 104.9% (95% 
confidence interval (95% CI): 100.9%–108.8%) from 
10.2% (95% CI: 10.0%–10.3%) in 1990 to 20.8% 
(95% CI: 20.5%–21.1%) in 2021. Among men, it 
increased by 155.1% (95% CI: 149.8%–160.3%) 
from 5.8% (95% CI: 5.7%–5.9%) to 14.8% (95% CI: 
14.6%–15.0%) [5]. According to M. Li et al. (2022), 
in 2017–2018, the prevalence of obesity among adults 
in the United States of America was 42.8% (95% CI: 
39.5%–46.1%), which is more than 10% higher than in 
2003–2004: 32.3% (95% CI: 29.9%–34.6%) [6]. 

Obesity prevention is crucial for combating 
chronic non-communicable diseases (NCDs), 
including type 2 diabetes mellitus, insulin resistance, 
metabolic syndrome with hyperinsulinemia, 
hyperlipidemia, hypertension, metabolic-associated 
fatty liver disease, coronary heart disease, etc. [7]. 
A prospective cohort study conducted by S. Ghosh 
et al. (2023) showed that obese adults had a 7-year 
shorter life expectancy compared to the rest of the 
population [8]. Similarly, according to S.T. Nyberg 
et al. (2018), people with class 2 obesity had a life 
expectancy of 8 years less than their peers with 
normal body weight, and people with class 1 obesity 
had a life expectancy of 4 years less [9].

There are several causes of overweight and 
obesity, including behavioral determinants (type of 
diet and level of physical activity), genetic (presence 
of obesity and related diseases in parents), as well as 
demographic (age, gender, place of residence, and 
levels of education and income) [10]. To develop 
measures aimed at combating obesity, it is necessary 
to have an insight into the prevalence of obesity and 
the factors associated with it.

The aim of the study was to assess the prevalence 
of obesity and identify factors associated with it 
among the adult population in the Russian Federation 
in order to determine the main directions for the 
development of measures for obesity prevention.

MATERIALS AND METHODS

The study used primary data from the sample 
observation of the health status of the population of 

the Federal State Statistics Service (Rosstat) for 2024 
(Order of the Federal State Statistics Service dated 
June 28, 2024 No. 266 “On Approval of Forms of 
Federal Statistical Observation with Guidelines for the 
Completion of Sample Observation of the Population 
Health Status in 2024”. URL: https://normativ.kontur.
ru/document?moduleId=1&documentId=475320). 

The monitoring unit was a private household 
and household members. The observation was 
conducted as personal interviews of household 
members (respondents) at their place of residence, 
as part of the household selected for observation. 
The number of households eligible for selection in 
the observational sample across Russia was 60,000 
households in total. Selection of enumeration areas 
and households was centrally managed by Rosstat 
based on a territorial multi-purpose sampling frame. 
The number of households eligible for selection 
within an enumeration area was 54 households 
(including reserves), both in urban and rural areas. 
The respondents’ body mass index (BMI) was 
calculated as the ratio of the body weight in kilograms 
(kg) to the square of height in meters (m2).

The Statistica for Windows version 10.0, Stata, and 
R-studio software packages were used for statistical 
processing of the research results. Qualitative 
data were represented as absolute or relative (%) 
frequencies, quantitative data were represented as 
X ± x, where X is the arithmetic mean and x is the 
standard deviation. In the case of an abnormal data 
distribution, the median and interquartile range of 
variables were also calculated. When comparing the 
distributions of qualitative features, the Pearson’s 
test was used. When comparing qualitative 
characteristics, the odds ratio (OR) was calculated. 
The Mann – Whitney and Kruska – Wallis U-tests 
were used to evaluate differences in pairwise unrelated 
samples with abnormal distribution; Student’s t-test 
was used for normal distribution. Multiple logistic 
regression analysis was used to determine the 
significant relationships between variables, as well 
as the directions of these relationships.

RESULTS
A total of 95,887 respondents aged 18 and over 

(40.4% of men and 58.2% of women) from all regions 
of the Russian Federation took part in the survey, 
the average age of participants was 51.1 (18–101) 
years. Table 1 provides detailed sociodemographic 
characteristics of the respondents. 
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T a b l e  1
Characteristics

Parameter n %
Sex

Male 38,692 40.4
Female 55,849 58.2
Skipped the question 1,346 1.4

Age, years
18–24 5,516 5.8
25–34 12,778 13.3
35–44 19,508 20.3
45–54 16,380 17.1
55–64 16,044 16.7
65+ 25,661 26.8

Type of Locality
Urban 65,010 67.8
Rural 30,877 32.2

Education Level
Elementary general (elementary) 770 0.80
Basic general (incomplete secondary) 4,074 4.24
Secondary general (complete secondary) 12,061 12.58
Secondary vocational 43,401 45.26
Undergraduate (incomplete higher) 1,929 2.01
Higher 31,592 32.95
Highly qualified personnel (postgraduate, academ-
ic degrees, and doctoral programs) 555 0.58

No education 119 0.12
Refused to respond 40 0.04
Skipped the question 1,346 1.40

Marital Status
Registered marriage 48,209 50.28
Common-law marriage 4,191 4.37
Widower/widow 15,828 16.51
Divorced 13,180 13.75
Separated 1,976 2.06
The respondent has never been in a registered or 
common-law marriage 10,898 11.37

Refused to respond 259 0.27
Skipped the question 1,346 1.40

Employment Type
Employee of the state or public sector 25,274 26.36
Employee of a private enterprise 27,772 28.96
Self-employed/individual entrepreneur 3,863 4.03
The respondent does not have a permanent job, but 
occasionally engages in temporary work 2,789 2.90

Unpaid work (volunteering, subsistence produc-
tion for family needs, and domestic work) 1,520 1.59

Unemployed and able to work 1,304 1.36
Unemployed and unable to work (due to disability) 633 0.66
Student  2,269 2.37
Retiree 28,866 30.10
Refused to respond 251 0.26
Skipped the question 1,346 1.40

According to the results of the analysis, 1.0% 
of the respondents (n = 961) were underweight, 
42.9% (n = 39,912) were overweight and 23.7%  
(n = 22,682) were obese. At the same time, 17.9%  

(n = 16,647) had class 1 obesity, 4.7% (n = 4,408) had 
class 2, and 1.6% (n = 1,483) had class 3 according 
to the Classification of Obesity of the World Health 
Organization (1997) [11]. 

According to a sample study by Rosstat in 2024, 
the average BMI level was 27.34 ± 0.67 kg/m2. 
According to the results of the analysis, less than 
10% of respondents were obese in only two regions 
of the Russian Federation (the Chechen Republic and 
the Chukotka Autonomous Okrug). In two regions 
of the Russian Federation (Moscow and Astrakhan 
regions), the percent of obese respondents varied 
from 10 to 15%, in nine regions – from 15.1 to 20%, 
in 32 subjects – from 20.1 to 25%, and in 30 regions, 
over 25% of the respondents were obese. The largest 
proportion of obese respondents was registered in the 
Jewish Autonomous Oblast (34.3%), the smallest -in 
the Chukotka Autonomous Okrug (6.6%) (Fig. 1).

The proportion of obese people was significantly 
higher among women (27.2% vs. 20.4% among 
men (p < 0.05)), as well as among rural residents 
(27.9% vs. 22.7% among urban residents, p < 0.05). 
In addition, among the respondents who underwent 
medical examinations over the past two years, the 
proportion of obese people was also significantly 
higher compared to the rest (25.9 vs. 22.3%, p < 0.05). 
This may be due to the fact that people who have 
already been diagnosed with diseases or risk factors 
that often accompany obesity are more likely to seek 
medical examination at doctor’s recommendation. 
Therefore, this group initially includes more people 
with health problems.

When analyzing socioeconomic parameters, a 
statistically significantly greater proportion of obese 
people was found among widows and widowers 
(36.0%), the unemployed and unable to work 
(disabled) (26.9%), respondents with basic general 
education (30.2%), the smallest - among the higher 
professional category (15.6%), who have never been 
in a registered marriage (10.6%), engaged in unpaid 
work (volunteering, domestic work, subsistence 
production for the needs of the family, 17.1%), p < 
0.05 for all comparisons (Fig. 2–4).

In addition, among the participants who lived 
alone (widower/widow, divorced, separated, and 
never been in a registered / common-law marriage), 
there were slightly more obese people (24.3%) 
compared to those who lived with a partner (in 
a registered marriage and is in a common-law 
marriage) – 23.8%, p > 0.05.

Chigrina V.P., Tyufilin D.S., Kobyakova O.S. et al. Assessment of Obesity Prevalence and Associated Factors in the Russian Federation 
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Fig. 1. The number of obese respondents in the regions of the Russian Federation, %
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Fig. 2. The proportion of obese people depending on the level of education, %: p < 0.05 when comparing the group of basic general 
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Fig. 3. The proportion of obese people depending on marital status, %: p < 0.05 when comparing groups with each other 
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Fig. 4. The proportion of obese people 
depending on the type of employment, %: 

p < 0.05 when comparing groups with each 
other, except for the group of retirees
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A statistically significantly greater proportion 
of obese people (33.5%) was registered 
among participants with low income, while 
the lowest proportion was registered among 
citizens with high income (20.2%, p < 0.05).  
No statistically significant difference was found 
in other socioeconomic characteristics of the 
respondents, including age (p > 0.05), Fig. 5. 

A statistically significantly bigger proportions 
of obese respondents were registered in the group 
of people who experienced severe anxiety or 
depression (32.9%), loneliness (30.9%), and a sense 
of uncertainty about the future (29.2%). Conversely, 
the smallest proportions were found among those 
not experiencing anxiety or depression (20.6%), 
loneliness (22.9%), and anxiety about the uncertain 
future (20.9%). No statistically significant difference 
was found in the proportion of obese people in terms 
of other personal characteristics of the respondents 
(p > 0.05). 

The level of awareness of respondents about 
balanced nutrition was also associated with the 
presence of obesity. The biggest proportion of 

obese participants was registered among those who 
reported that they did not know anything about a 
balanced diet and eating regime (28.3%), while the 
smallest proportion was well-informed about these 
aspects of nutrition (20.5%, p < 0.05). In addition, 
among the respondents who always consumed foods 
with a high salt content, the greatest proportion of 
obese people (26.3%) was noted compared with 
those who had never done so (p < 0.05). 

When analyzing the parameters characterizing 
the respondents’ physical activity, it was revealed 
that a statistically significantly bigger proportion of 
obese participants was registered among those who 
spent less than one hour a week on physical activity 
(21.9%), and the smallest proportion was observed 
among those who spent more than two hours a week 
on physical activities (9.8%, p < 0.05). 

The method of multiple logistic analysis was used 
to determine the factors associated with the presence 
of obesity. According to the regression results, it was 
revealed that if a respondent assessed their state of 
health as poor, the chance of being obese was almost 
five times higher than for those who considered 
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their health as excellent (p < 0.05). In addition, if a 
respondent assessed their health status worse than 
people of the same age, then the chance of being 
obese was 45.5% higher (p < 0.05). If there were no 
facilities for physical education and sports near the 
respondent’s place of residence, or they did not use 
them, the chance of being obese was almost three 
times higher than for those who engaged in physical 
activity in specially designated public spaces  
(p < 0.05). 

Other factors associated with obesity included 
higher education, belonging to a group of students 
and divorced people, lack of loneliness, and 

considering an interesting job as one of the most 
important values in life (p < 0.05). In addition, if 
a respondent stopped using non-smoking tobacco 
products, the chance of being obese decreased by 
54.0% compared to the rest of the participants. If 
they did not use non-smoking tobacco products every 
day, the chance of being obese compared to those 
who consumed them daily was 85.7% lower. And 
if a respondent felt cheerful and in a good mood, it 
was 37.7% lower, and if a respondent has never been 
married, it would decrease by 43.3% (p < 0.05). All 
the factors associated with the respondent’s obesity 
are listed in Table 2.

T a b l e  2

Factors Associated with the Presence of Obesity in Respondents
Factor Effect OR (95% CI)

Evaluate their state of health as poor ↑ by 4.9 times 4.924 (4.406–5.511)
There are no suitable facilities for physical education and sports at the place of residence ↑ by 2.7 times 2.707 (1.608–4.471)
There are suitable facilities for physical education and sports at the place of residence, but the 
respondent does not use them ↑ by 81.4% 1.814 (1.165–2.798)

Children are the most important value in life (compared to material well-being) ↑ by 65.4% 1.654 (1.387–1.983)
Retiree ↑ by 62.5% 1.626 (1.548–1.707)
Lives in extreme need ↑ by 60.3% 1.603 (1.014–2.477)
The respondent thinks their health status is worse compared to people of the same age. ↑ by 45.5% 1.455 (1.355–1.562)
The respondent does not know anything about what a diet and eating regime are and what they 
should be like ↑ by 43.6% 1.436 (1.243–1.659)

The respondent is not worried about losing their current job ↑ by 40.3% 1.403 (1.263–1.561)
Almost the entire family’s income is usually spent on food ↑ by 36.7% 1.367 (1.098–1.700)
Unemployed and able to work ↑ by 30.8% 1.308 (1.131–1.509)
The respondent is concerned by the feeling of uncertainty about the future ↑ by 29.4% 1.294 (1.232–1.359)
Widower or widow ↑ by 8.4% 1.084 (1.035–1.042)
With an increase in the portions of bread and bakery products consumed in one day ↑ by 4.0% 1.040 (1.018–1.062)
Does not consume non-smoking tobacco products every day (compared to daily consumption)  ↓ by 85.7% 0.149 (0.048–0.418)
Student ↓ by 80.5% 0.195 (0.143–0.260)
Stopped using non-smoking tobacco products ↓ by 54.0% 0.460 (0.219–0.996)
Has never been in a registered marriage ↓ by 43.3% 0.567 (0.525–0.612)
Feels cheerful and in a good mood ↓ by 37.7% 0.623 (0.488–0.798)
No feeling of loneliness ↓ by 35.7% 0.643 (0.426–0.945)
An interesting job is the most important value in life (compared to material well-being) ↓ by 35.2% 0.648 (0.581–0.723)
Higher education ↓ by 32.0% 0.680 (0.651–0.710)
Never adds salt, salty seasonings, or salty sauce to prepared food immediately before eating it ↓ by 31.2% 0.688 (0.578–0.820)
A high level of education is the most important value in life (compared to material well-being) ↓ by 20.8% 0.792 (0.721–0.870)
Employee of a private enterprise (compared to a state-owned organization) ↓ by 16.7% 0.833 (0.794–0.874)
Separated ↓ by 16.2% 0.838 (0.735–0.952)
The respondent does not have a permanent job, but occasionally engages in temporary work ↓ by 12.6% 0.874 (0.769–0.991)
Never underwent a medical check-up in the last two years ↓ by 7.3% 0.927 (0.896–0.960)

____________
Note . ↑– increase, ↓– decrease.

DISCUSSION

The results of the study revealed a high prevalence 
of obesity among the adult population of the Russian 
Federation, including in the context of its federal 

subjects. It is important to note that the morbidity 
index used in the framework of the federal project 
“Health for Everyone” and formed on the basis of 
data from citizens’ visits to medical organizations 
was used to collect official statistics. Morbidity is 
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not similar to prevalence. Prevalence is a broader 
epidemiological indicator that makes it possible to 
identify cases of “hidden” obesity, when patients 
live with the disease but do not seek medical care 
and are not included in official reports.

We revealed some differences when comparing 
the results obtained with similar foreign studies. So, 
according to the results of an American study by  
D. Kim et al. (2019, n = 4,118), 44% of men and 66% 
of women had abdominal obesity, which is higher 
than in the Russian Federation [12]. In a nationwide 
survey conducted in South Korea in 2020, 48.0% of 
men and 27.3% of women aged 19 and over were 
obese [13].

According to S. Kaboré et al. (2020, n = 4,800), 
the prevalence of overweight and obesity in 
Burkina Faso (West Africa) was 13.8% and 4.8%, 
respectively, which is lower than in Russia. Among 
men, the chances of being overweight (obese)  
increased with living in a city (p < 0.001), older age 
(p < 0.002), and marital status other than single (p 
< 0.007), and decreased with smoking (p = 0.009). 
Among women, the chances of being overweight 
(obese) increased with living in a city (p < 0.001) 
and having elementary education (p = 0.01), and 
decreased with smoking (p < 0.001) [14].

According to the study, the main socioeconomic 
factors associated with obesity include female gender, 
living in rural areas, marital status other than single, 
and lack of higher education. Marital status other than 
single is a risk factor due to changes in the profile of 
consumption, the regularity of meals, as well as due 
to a reduction in time devoted to personal health and 
physical activity, especially after the birth of children, 
when priorities shift towards caring for the family. 

The lack of higher education as a factor associated 
with obesity is explained by lower awareness of 
proper nutrition and professional employment in 
areas that are usually characterized by either high 
physical but monotonous work, or, conversely, low 
mobility. Low income was also associated with 
obesity, which can be explained by the fact that 
the diet of this group of respondents is based on 
cheaper but high-calorie foods, which include fast 
carbohydrates.

The personal and behavioral factors identified 
include the habit of salting food, eating baked goods, 
smoking, anxiety about job loss and uncertainty of 
the future, low awareness of the regime and diet, 

and low self-assessment of health status. The above 
factors are consistent with the data obtained in 
foreign studies. 

So, in the Korean study conducted by G. Kim 
et al. (2024; n = 5,262), 38.3% of the respondents 
were obese. At the same time, the factors associated 
with obesity were as follows: male gender (OR = 
2.318; 95% CI: 2.311–2.326), marital status (OR = 
1.273; 95% CI: 1.269–1.277), rural residence (OR = 
1.830; 95% CI: 1.813–1.847), sleep problems (OR = 
1.310; 95% CI: 1.305–1.314), anxiety (OR = 1.217; 
95% CI: 1.211–1.223), alcohol consumption (OR = 
1.445; 95% CI: 1.433–1.458), and smoking (1.194; 
95% CI: 1.192–1.197) [15].

Similar data was obtained by S. Shabu et al. 
(2019; n = 1,480) who revealed using a multifactorial 
analysis that age (OR = 2.36; 95% CI: 1.60–3.49), 
female gender (OR = 2.17; 95% CI: 1.53–3.08), 
and marital status (OR = 1.87; 95% CI: 1.20-2.90) 
were statistically significant factors associated with 
overweight and obesity [16].

CONCLUSION
Thus, the data obtained during the study not only 

confirm the high prevalence of obesity among the 
adult population of the Russian Federation, but also 
reveal a complex set of interrelated factors associated 
with it. The development of targeted prevention 
programs should take into account regional specifics 
and be aimed at the most vulnerable groups of the 
population (rural residents, people with low incomes 
and lack of higher education, and retirees). 

Strategic directions for the development of 
preventive measures should include creating an 
environment that supports a healthy lifestyle, 
including the development of accessible 
infrastructure for physical activity and providing 
conditions for rational nutrition; improving public 
health literacy, including the implementation of 
information and communication campaigns on the 
principles of healthy eating and the importance of 
regular physical activity; development of preventive 
health care (strengthening the role of primary health 
care in the early detection, counseling and support of 
patients with risk factors, including the integration of 
psychological support); implementation of targeted 
programs (development and implementation of 
measures taking into account regional specifics and 
the needs of various socio-demographic groups).

Chigrina V.P., Tyufilin D.S., Kobyakova O.S. et al. Assessment of Obesity Prevalence and Associated Factors in the Russian Federation 
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Cytomegalovirus Infection Activity as a Predictor  
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ABSTRACT

Aim. To evaluate the impact of cytomegalovirus (CMV) infection on the course of chronic heart failure (CHF) over 
a 24-month prospective follow-up. 

Material and methods. The study included patients (n = 151) hospitalized due to CHF decompensation. Based 
on a follow-up, they were divided into groups with favorable and adverse CHF course, underlying pathology, and 
their complications. The adverse CHF course group included patients who experienced at least one of the following 
events during the 24-month follow-up period: 1) hospitalization for CHF decompensation; 2) adverse clinical 
events (cardiovascular death, nonfatal myocardial infarction or acute cerebrovascular accident, and pulmonary 
embolism); 3) any deterioration in CHF class; 4) a decrease in left ventricular ejection fraction (LVEF) by more 
than 10% from baseline. Plasma CMV DNA levels were assessed at baseline and after 12 and 24 months of follow-
up. To identify predictors of the development of adverse cardiovascular events, ROC analysis was used with the 
construction of characteristic curves and the calculation of the area under the curve (AUC).

Results. In patients with an adverse CHF course, CMV DNA levels at study inclusion were significantly higher (p 
< 0.001) compared to those with a favorable CHF course 2,232.0 copies/ml [1,687.0; 2,765.0] and 1,245 copies/
ml [991.3; 1,592.0], respectively. The CMV DNA blood plasma level showed a direct correlation with CHF FC 
(r = 0.66; p = 0.001) and left ventricular end-diastolic dimension (r = 0.53; p = 0.01), while showing a inverse 
correlation with LVEF (r =  –0.49; p = 0.001). The CMV DNA level greater than 1,687 copies/ml predicts adverse 
cardiovascular events (sensitivity 67%, specificity 81%, AUC = 0.763; p < 0.001) and death (sensitivity 68% and 
specificity 92%, AUC = 0.844, p < 0.001) in CHF patients over 24 months.  

Conclusion. To stratify the risk of developing adverse cardiovascular events during a 24-month follow-up period 
after CHF decompensation, it is advisable to determine the concentration of cytomegalovirus DNA in the blood of 
patients with coronary heart disease. 

Keywords: cytomegalovirus, herpes virus, heart failure, prognosis, biomarkers
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РЕЗЮМЕ

Цель. Оценить в ходе 24-месячного проспективного исследования влияние цитомегаловирусной (ЦМВ) 
инфекции на течение хронической сердечной недостаточности (ХСН) у пациентов с ишемической болезнью 
сердца (ИБС).

Материал и методы. В исследование включены пациенты (n = 151), госпитализированные в связи 
с ухудшением течения ХСН, которые по результатам наблюдения были разделены на группы с 
благоприятным и неблагоприятным течением основного заболевания, фоновой патологии и их осложнений. 
В группу неблагоприятного течения вошли пациенты, у которых в течение 24 мес было зарегистрировано 
хотя бы одно из указанных событий: 1) госпитализация по поводу декомпенсации ХСН; 2) наступление 
неблагоприятных клинических событий (сердечно-сосудистая смерть, нефатальный инфаркт миокарда или 
острое нарушение мозгового кровообращения, тромбоэмболия легочной артерии); 3) любое нарастание 
функционального класса (ФК) ХСН; 4) уменьшение фракции выброса левого желудочка (ФВ ЛЖ) на 10% 
и более от исходного значения. Уровень ДНК ЦМВ инфекции в плазме крови оценивали исходно, через 
12 и 24 мес наблюдения. Для выявления предикторов развития неблагоприятных сердечно-сосудистых 
событий использовали ROC-анализ с построением характеристических кривых и расчетом площади под 
кривой (AUC).

Результаты. У пациентов с неблагоприятным течением ХСН содержание ДНК ЦМВ инфекции в плазме 
крови на момент включения в исследование было существенно выше (р < 0,001) по сравнению с лицами 
с благоприятным течением ХСН: 2232,0 [1687,0; 2765,0] и 1245 [991,3; 1592,0] копий/мл соответственно. 
Уровень ДНК ЦМВ инфекции в плазме крови демонстрировал прямую взаимосвязь со значением ФК ХСН 
(r = 0,66; р = 0,001), а также  с конечно-диастолическим размером левого желудочка (r = 0,53; р = 0,01) 
и обратную − с ФВ ЛЖ (r = −0,49; р = 0,001). Содержание ДНК ЦМВ инфекции в плазме крови более 
1687 копий/мл позволило прогнозировать неблагоприятные сердечно-сосудистые события (чувствитель-
ность 67%, специфичность 81%, AUC = 0,763; р < 0,001) и летального исхода (чувствительность 68%, 
специфичность 92%, AUC = 0,844; р < 0,001) у пациентов с ХСН в течение 24 мес. 
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Заключение.  Для стратификации риска развития неблагоприятных сердечно-сосудистых событий в 
течение 2 лет после декомпенсации ХСН в крови больных ИБС целесообразно определять концентрацию 
ДНК ЦМВ инфекции.

Ключевые слова: цитомегаловирус, вирус герпеса, сердечная недостаточность, прогноз, биомаркеры
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INTRODUCTION

Despite advances in the fight against coronary 
heart disease (CHD) thanks to active preventive and 
therapeutic measures that have led to a reduction 
in mortality, an alarming trend is observed as 
an increasing number of patients with CHD are 
experiencing the development of chronic heart failure 
(CHF) over time. This, in turn, significantly increases 
the risk of premature death [1, 2]. This situation 
makes it extremely important to conduct research 
aimed at thoroughly understanding the mechanisms 
of the onset and development of CHF in order to 
develop innovative and personalized strategies for 
the prevention of cardiovascular diseases in general, 
and CHF in particular.

Current concepts regarding the progression of 
CHF emphasize the role of immune activation and 
systemic inflammation as key markers of an adverse 
disease course and high cardiovascular risk [3, 4]. 
According to this concept, severe microcirculation 
disorders trigger nonspecific activation of 
mononuclear cells and monocytes, which triggers 
the synthesis of proinflammatory cytokines. These 
cytokines play a crucial role in the evolution of left 
ventricular dysfunction [5, 6]. It is believed that 
chronic inflammation can lead to structural changes 
in cardiomyocytes, including their apoptosis, which 
ultimately leads to the development of heart failure.

Thus, subclinical cytomegalovirus infection 
and the accompanying immune response may 
act as important triggers for the development 
and decompensation of CHF. This is likely due 
to the ability of CMV to induce the synthesis of 
inflammatory markers, such as interleukin (IL) 1β 
and tumor necrosis factor α (TNFα) [7]. Numerous 
scientific data obtained from animal experiments, 
epidemiological and molecular biological studies 
demonstrate a close association between CMV 
infection and the aggravation of the atherosclerotic 

process and the development of acute coronary 
syndrome (ACS) [8, 9]. Since atherosclerosis and 
CHD are integral components of the cardiovascular 
continuum leading to the development of CHF, the 
need for a detailed study of the influence of CMV on 
the mechanisms of formation and clinical course of 
heart failure becomes obvious.

The aim of the study was to analyze the impact of 
CMV infection on the development and course of CHF 
in patients with CHD in a 24-month prospective study. 

MATERIALS AND METHODS
The study included 151 patients with chronic heart 

failure (CHF) of ischemic etiology admitted to the 
Cardiology Unit due to decompensated heart failure. 
Patients signed an informed consent to participate 
in the study after resolution of symptoms and signs 
of CHF decompensation prior to hospital discharge. 
Patients were then prospectively followed for 24 
months. The study was conducted in accordance with 
the Declaration of Helsinki and received approval 
from the Ethics Committee of the State Budgetary 
Healthcare Institution of the Novosibirsk Region 
City Clinical Hospital No. 1 (Minutes No. 200 of 
January 31, 2019).

Exclusion criteria were as follows: acute 
cardiovascular events in the last six months 
(cerebrovascular accident, pulmonary embolism, 
stroke, myocarditis) or the presence of acute 
myocarditis at onset; heart valve pathology affecting 
hemodynamics: grade II mitral regurgitation (or 
higher), aortic stenosis with a pressure gradient > 
25 mmHg, grade I aortic insufficiency (or higher), 
grade II tricuspid regurgitation (or higher); age over 
70 years; confirmed COVID-19 (positive PCR test 
or the presence of IgG to SARS-CoV-2); severe 
comorbidity: liver disease, end-stage renal failure 
(glomerular filtration rate (GFR) <30 ml/min/1.73 
m²), bronchial asthma or exacerbation of chronic 
obstructive pulmonary disease; the presence of 
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autoimmune pathology and malignant neoplasms; 
lack of informed consent.

Acute coronary syndrome as a reason for 
hospitalization of patients was excluded based on the 
absence of clinical, laboratory, and instrumental data 
(absence of pain syndrome, significant laboratory 
activity of necrosis markers, characteristic 
electrocardiographic signs, and the appearance of 
new zones of impaired local contractility according 
to echocardiography (EchoCG)) within six months 
prior to inclusion of patients in the study. 

The combined endpoint for the 24-month 
follow-up period after the first episode of CHF 
decompensation was the total number of subsequent 
CHF decompensations requiring hospitalization, 
as well as major serious adverse events, such as 
cardiovascular death, nonfatal myocardial infarction, 
stroke, or pulmonary embolism.

The level of CMV deoxyribonucleic acid (DNA) 
in blood plasma was determined by the polymerase 
chain reaction with fluorescence in situ hybridization 
detection of amplification products in real-time mode 
during hospitalization of patients in the Сardiology 
Unit due to decompensation of CHF, as well as after 
12 and 24 months.

Statistical analysis was performed using R 
software (version 4.4.3; R Foundation for Statistical 
Computing, Vienna, Austria). Quantitative variables 
were presented as minimum (min) and maximum 
(max) values, median and interquartile range Me 
[Q25; Q75], and qualitative variables - as absolute 
and relative n (%) frequencies. The prognostic value 
of parameters was assessed using ROC analysis: 
models were considered to be adequate if the area 
under the curve (AUC) was > 0.70. Relationships 
between features were identified using Spearman’s 
rank correlation. Differences were considered as 
statistically significant at p < 0.05.

RESULTS
After 24 months of follow-up, patients were 

divided into two cohorts. The first group (n = 84) 
was characterized by an adverse course of the 
disease. The second group (n = 67) included patients 
with a favorable prognosis. The inclusion criteria 
in the first group (with an adverse course) were at 
least one of the following events within 24 months: 
hospitalization due to decompensated CHF, the 
development of cardiovascular events (death from 
cardiovascular causes, nonfatal MI, stroke, and 

pulmonary embolism), progression of CHF class, 
or a decrease in left ventricular ejection fraction 
(LVEF) by 10% or more compared to baseline.

The patient groups were comparable by most of 
the recorded parameters: gender, age, body mass 
index, time since the last MI, presence of post-
infarction cardiosclerosis, and CHF class (Table 
1). However, patients in group 2 were statistically 
significantly (p = 0.038) more likely to have stage 
2 CHF compared to patients in group 1 (44.8% vs. 
25%, respectively).

The distance measured during the 6-minute 
walk test at the time of inclusion in the study was 
significantly lower in group 1 patients compared to 
group 2 patients (p = 0.041), which is consistent with 
the fact that the number of patients with class 3 CHF 
was higher among patients with an adverse course 
of the pathology (68.7% vs. 53.6%). The number 
of patients seropositive for CMV in group 2 was 
significantly greater than in group 1 (p = 0.024).

T a b l e  1

Clinical and Demographic Characteristics of Patients 

Characteristic Group 1,
n = 84

Group 2,
n = 67 p

Gender, male, n (%) 55 (65.5) 39 (58.2) 0.455
BMI, kg/m2,  
Me [Q25; Q75]

30.1 [25.1; 33] 27.7 [24.5; 
32.4] 0.146

Age, years,  
Me [Q25; Q75]

57 [52; 63] 59 [55; 63] 0.187

Prior myocardial 
infarction, n (%) 52 (61.9) 44 (65.7) 0.758

Duration of MI, years, 
Me [Q25; Q75]

3.0 [1.5; 4.0] 2.5 [2.0; 4.0] 0.363

CHF stage, n (%)
Stage 1
Stage 2

63 (75)
21 (25)

37 (55.2)
30 (44.8)

0.038

CHF class, n (%)
Class 2
Class 3

39 (46.4)
45 (53.6)

21 (31.3)
46 (68.7)

0.146

6-minute walk test, m, 
Me [Q25; Q75]

289.5 [188.0; 
362.0]

233.0 [139.0; 
331.5] 0.041

NT-proBNP, pg/ml, 
Me [Q25; Q75]

350.0 [284.0; 
526.0]

607.0 [378.5; 
920.5] 0.001

LVEF, %,  
Me [Q25; Q75]

44.5 [39.0; 54.8] 41.0 [36.0; 
45.5] 0.116

EDD, mm,  
Me [Q25; Q75]

52.0 [49.0; 59.0] 57.0 [54.0; 
61.6] 0.042

ESD, mm,  
Me [Q25; Q75]

41.0 [35.8; 47,0] 45.0 [40.0; 
49.0] 0.059

Seropositive CMV 
patients, n (%) 34 (40.5) 45 (67.2) 0.024

____________
Note . NT-proBNP – N-terminal pro-brain natriuretic peptide, EDD –  
end-diastolic dimension, ESD – end-systolic dimension (here and in 
Table 2).
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When comparing CMV-seropositive and 
-seronegative patients, significant differences in 
CHF class and stage were revealed (Table 2). 
Thus, seropositive patients more often had class 
3 CHF (70.9% vs. 48.6%, p = 0.042) and stage  
2 CHF (41.8% vs. 25.0%, p = 0.043). The results 
of the 6-minute walk test also demonstrated 
significant differences: CMV-seropositive patients 
walked a shorter distance (p = 0.031). Also, CMV-
seropositive patients had a significantly higher level 
of NT-proBNP (p = 0.001). 

T a b l e  2

Clinical and Demographic Characteristics of Patient Groups 
Formed Depending on CMV 

Characteristic CMV –,
n = 72

CMV +, 
n = 79 p

Gender, male, n (%) 43 (59.7) 51 (64.6) 0.395
BMI, kg/m2,  
Me [Q25; Q75]

30.3  
[25.6; 34.4]

27.7  
[24.5; 31.9] 0.132

Age, years, Me [Q25; Q75] 57.5 [53; 63] 59 [53; 63] 0.262
Prior myocardial 
infarction, n (%) 45 (62.5) 51 (64.6) 0.911

Duration of MI, years,  
Me [Q25; Q75]

2.5 [2.0; 4.0] 3.0 [2.0; 4.0] 0.489

CHF stage, n (%)
Stage 1
Stage 2

54 (75)
18 (25)

46 (58.2)
33 (41.8)

0.043

CHF class, n (%)
Class 2
Class 3

37 (51.4)
35 (48.6)

23 (29.1)
56 (70.9)

0.042

6-minute walk test, m,  
Me [Q25; Q75]

325.5  
[208.5; 364.0]

230.0  
[136.5; 324.0] 0.031

NT-proBNP, pg/ml,  
Me [Q25; Q75]

350.0  
[281.0; 449.0]

580.0  
[378.0; 735.5] 0.001

LVEF, %, Me [Q25; Q75]
44.0  

[38.8; 57.0]
41.0  

[37.0; 46.0] 0.095

EDD, mm, Me [Q25; Q75]
54.0  

[50.0; 59.0]
56.0  

[50.5; 61.5] 0.365

ESD, mm, Me [Q25; Q75]
41.0  

[36.8; 47.0]
45.0  

[38.5; 49.0] 0.07

____________
Note .  “+” stands for presence; “–” stands for absence

In patients with an adverse course of CHF during 
24-month follow-up, the CMV DNA content at the 
time of inclusion in the study was significantly higher 
compared to patients who had positive dynamics  
of the clinical and instrumental characteristics of 
CHF –  2,232.0 [1,687.0; 2,765.0] copies/ml and 
1,245 [991.3; 1,592.0] copies/ml, respectively  
(p < 0.001) (Fig. 1). 

In adverse CHF course, the CMV DNA content 
did not change significantly, amounting to 2,438.0 

copies/ml [1,902.8; 2,847.5] after one year of follow-
up (p = 0.115) and 2,218.0 copies/ml [1,845.0; 
2,578.5] after two years of follow-up (p = 0.811). In 
patients with a favorable course of pathology, there 
was an insignificant decrease in CMV DNA after 
one year of observation to 1,011.0 copies/ml [697.0; 
1,275.5] (p = 0.137), which actually remained at the 
same level after the next year of observation 1,019.0 
copies/ml [799.5; 1,319.0].

Fig. 1. Dynamics of the CMV DNA content in the blood plasma 
of patients with favorable and adverse course of CHF, copies/
ml: min (lower vertical line), Q25 (bottom side of the rectangle), 
Me (horizontal line inside the rectangle), Q75 (top side of the 

rectangle), max (top vertical line)

Using ROC analysis, it was found that in 
seropositive patients, the CMV DNA content in blood 
plasma of more than 1,687 copies/ml allowed for the 
prediction of adverse cardiovascular events within  
2 years after hospitalization for decompensated CHF 
with sensitivity of 67% and specificity of 81% (AUC 
= 0.763, p < 0.001) (Fig. 2, a). It was also found 
that the CMV DNA content in blood plasma of more 
than 1,687 copies/ml allowed for the prediction of 
death within the next 24 months with a sensitivity 
of 68% and a specificity of 92% (AUC = 0.844,  
p < 0.001) (Fig. 2, b).

The amount of CMV DNA in blood plasma 
directly correlated with CHF class (r = 0.66,  
p = 0.001) and with the EDD (r = 0.53, p = 0.01), 
and, on the contrary, showed a moderate inverse 
relationship with the distance covered in the six-
minute walk test (r = –0.63, p = 0.001) and LVEF  
(r = –0.49, p = 0.001) (Table 3).
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Table 2
Clinical and Demographic Characteristics of Patient Groups Formed Depending on CMV 

Characteristic CMV –,
n = 72

CMV +, 
n = 79

p

Gender, male, n (%) 43 (59.7) 51 (64.6) 0.395
BMI, kg/m2, Me [Q25; Q75] 30.3 [25.6; 34.4] 27.7 [24.5; 31.9] 0.132
Age, years, Me [Q25; Q75] 57.5 [53; 63] 59 [53; 63] 0.262
Prior myocardial infarction, n (%) 45 (62.5) 51 (64.6) 0.911
Duration of MI, years, Me [Q25; Q75] 2.5 [2.0; 4.0] 3.0 [2.0; 4.0] 0.489
CHF stage, n (%)
Stage 1
Stage 2

54 (75)
18 (25)

46 (58.2)
33 (41.8)

0.043

CHF class, n (%)
Class 2
Class 3

37 (51.4)
35 (48.6)

23 (29.1)
56 (70.9)

0.042

6-minute walk test, m, Me [Q25; Q75] 325.5 [208.5; 364.0] 230.0 [136.5; 324.0] 0.031
NT-proBNP, pg/mL, Me [Q25; Q75] 350.0 [281.0; 449.0] 580.0 [378.0; 735.5] 0.001
LVEF, %, Me [Q25; Q75] 44.0 [38.8; 57.0] 41.0 [37.0; 46.0] 0.095
EDD, mm, Me [Q25; Q75] 54.0 [50.0; 59.0] 56.0 [50.5; 61.5] 0.365
ESD, mm, Me [Q25; Q75] 41.0 [36.8; 47.0] 45.0 [38.5; 49.0] 0.07

Note. “+” stands for presence; “–” stands for absence.
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copies/ml and 1,245 [991.3; 1,592.0] copies/ml, respectively (p < 0.001) (Fig. 1). 
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T a b l e  3

Correlation Analysis of the Relationship between CMV 
DNA Content and Clinical, Instrumental, and Laboratory 

Parameters
Parameter r р

CHF class 0.66 0.001
6-minute walk test –0.63 0.001
LVEF –0.49 0.01
EDD 0.53 0.01
GFR 0.08 0.73
Total cholesterol –0.15 0.62
LDL –0.18 0.6

____________
Note .  LDL – low-density lipoprotein, p – statistical significance of 
the correlation coefficient. 

DISCUSSION
The data obtained in this study confirm 

the pathogenetic role of CMV infection in the 
destabilization of patients with CHF secondary to 
CHD. The identified correlations between viral load 
and myocardial structural and functional remodeling 
indicate a direct link between CMV DNA levels 
and the risk of adverse cardiovascular events. These 
results suggest that viral concentration in the blood is 
a significant factor modulating the severity of heart 
failure.

Cytomegalovirus establishes deep and complex 
relationships with the host immune system, resulting 
in a variety of changes in the functional characteristics 
of lymphocytes. In immunocompetent individuals, 
CMV typically manifests as an asymptomatic latent 
infection with episodic reactivations. In contrast, in 
immunocompromised patients, it typically causes 
acute pathology. The host inflammatory response is 
essential for CMV reactivation and stimulation of 
its gene expression [10]. Some viral gene products, 
in turn, induce the host to produce a wide range of 
proinflammatory cytokines, including tumor necrosis 
factorα, interleukin-1β, and interleukin-6 [11]. 
Although CMV reactivation in immunocompromised 
individuals is associated with severe consequences, 
it has been established that in elderly patients with 
CHF, viral reactivation is often subclinical, which 
complicates timely diagnosis, despite its potential 
contribution to disease progression [12].

In vivo studies indicate a significant impact 
of CMV infection on the vascular wall, affecting 
various cell types. Among the most susceptible cells 
are monocytes/macrophages, smooth muscle cells, 
and, most importantly, endothelial cells [13]. The 
latter play a critical role in maintaining the health 
of the vascular system. Endothelial cells form the 

Fig. 2. ROC curves of sensitivity and specificity of CMV DNA level in blood plasma in predicting the development of adverse 
cardiovascular events (a) and mortality (b) in CHF patients over 24 months: the area under the curve (AUC) value is presented 

together with the significance level estimate (p)

a							       b
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inner layer of blood vessels, acting as a barrier that 
regulates vascular wall permeability and controls 
blood – tissue interactions. They not only passively 
separate blood from surrounding tissues but also 
actively participate in the regulation of vascular 
tone, as if orchestrating vascular processes. 

Endothelial cells like a highly organized 
communication network receive and transmit 
signals, ensuring the integrity of the vascular 
system and maintaining normal blood flow. Various 
biologically active substances synthesized by the 
endothelium play a key role in this process. Among 
them are prostacyclin (a potent inhibitor of platelet 
aggregation), thromboxane A2, which has the opposite 
effect of stimulating platelet aggregation, endothelin 
(a regulator of vascular tone), and thrombomodulin, 
which modulates the blood coagulation system [14]. 
Thus, endothelial cells maintain a delicate balance 
between coagulation and fibrinolysis processes, 
preventing unwanted thrombus formation and 
maintaining the free flow of blood. In particular, 
the enzyme adenosine diphosphate (ADP) secreted 
by platelets plays a significant role in thrombus 
formation and cellular adhesion, while endothelial 
cells are actively involved in the regulation of its 
action [15]. They provide an antithrombotic surface, 
preventing uncontrolled activation of coagulation 
factors and platelets. Endothelial dysfunction leads to 
a chain reaction of pathological processes, triggering 
an inflammatory process, stimulating the production 
of cytokines and other inflammatory mediators. 
This leads to the expression of adhesion molecules 
on the surface of endothelial cells, which promotes 
the adhesion of leukocytes to the vessel wall and the 
further development of inflammation [15].

Studies by Y.J. Tang-Feldman et al. have shed 
light on the mechanism by which CMV provokes 
inflammatory processes that can lead to endothelial 
dysfunction [16]. A key link in this process is the 
release of arachidonic acid after infection of cells 
with CMV. This acid, in turn, triggers a cascade 
of reactions catalyzed by cyclooxygenase (COX). 
COX activated by early viral proteins IE-72/IE-86 
leads to an increase in the production of reactive 
oxygen species (ROS). An increased concentration 
of ROS plays a crucial role in the activation of the 
transcription factor NF-κB, which is located in the 
cell cytoplasm in an inactive state. 

Activation of NF-κB triggers the expression of 
proinflammatory cytokines, such as IL-6 and IL-

8. Further studies by D. Prochnau et al. confirmed 
a significant increase in the levels of a number of 
inflammatory factors, including interleukins 6 and 8 
and platelet-derived growth factor, in vascular smooth 
muscle cells 24 and 72 hours after CMV infection [17]. 
In addition to its direct damaging effect, interleukin 6 
also stimulates endothelial cells to release monocyte 
chemoattractant protein-2 (CCL-2). CCL-2 attracts 
additional monocytes and lymphocytes to the 
intima, increasing inflammation in the affected area. 
Interleukin 8, in turn, activates neutrophils, which, in 
a process known as an oxidative burst, release a huge 
amount of ROS. This flow of ROS creates a vicious 
cycle, further stimulating the production of NF-κB 
and, consequently, even more inflammatory factors. 
Ultimately, the interaction of all these factors forms a 
complex network of interconnected processes, where 
factors affect each other, exacerbating inflammation 
and contributing to the development and progression 
of cardiovascular disease. CMV, through its influence 
on ROS production and NF-κB activation, plays a 
key role in this pathological cascade [17, 18], which 
can ultimately activate inflammation not only in the 
vascular wall but also in the myocardium, contributing 
to the progression of cardiac dysfunction.

Our findings confirmed that monitoring CMV 
viral load in the blood serves as an objective tool 
for assessing the severity of the condition and 
predicting the progression of CHF in patients with 
a history of ischemia. The established direct link 
between increased viral DNA concentration and 
the risk of decompensation supports the hypothesis 
that CMV plays a pathogenic role in the progression 
of heart failure and the development of adverse 
cardiovascular outcomes.

Thus, the results of our study highlight the 
importance of measuring plasma CMV levels for 
an objective assessment of heart failure severity. 
This may become an important prognostic test 
for determining the disease course in patients 
with coronary heart disease, which, in turn, will 
optimize the diagnosis and treatment of these 
patients. Understanding the immune – inflammatory 
mechanisms underlying ischemic CHF is critical 
for developing new approaches to studying the 
pathogenesis of heart failure. These results highlight 
the importance of developing a comprehensive 
approach to the prevention and treatment of heart 
failure that takes into account both infectious and 
inflammatory mechanisms, which may lead to 
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improved outcomes in patients with cardiovascular 
disease.

CONCLUSION
A relationship has been established between 

plasma CMV DNA concentration and the severity 
and course of CHF. To stratify the risk of developing 
adverse cardiovascular events within two years after 
CHF decompensation, it is advisable to measure 
plasma CMV DNA concentrations in patients with 
coronary heart disease.

However, it is important to note that, in our 
opinion, CMV is not the primary etiologic factor 
leading to the development of CHF. Patients with 
pre-existing CHF due to other causes, such as 
coronary artery disease or hypertension, exhibit 
decreased immune reactivity. This decrease may be 
associated with age and the development of systemic 
circulatory hypoxia, which is also a consequence 
of CHF. This process results in the activation of 
latent CMV infection, which, in turn, may lead to 
further activation of inflammatory processes in the 
myocardium. Therefore, it can be concluded that the 
presence of active or latent CMV infection in patients 
with pre-existing CHF may aggravate the disease and 
increase the risk of adverse cardiovascular events. 
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ABSTRACT

Despite advances in modern oncology, in Russia, 36% of gastric cancers are detected at an advanced stage, with 
a one-year mortality rate of 39.6%. One of the most common causes of death from gastric cancer is peritoneal 
carcinomatosis. Synchronous peritoneal carcinomatosis is diagnosed in 18–26% of cases. Metachronous 
carcinomatosis occurs in 7–39% of patients 8.5–26 months after the primary tumor is removed. To date, there 
are no effective treatments for peritoneal carcinomatosis. Tumors accompanied by peritoneal carcinomatosis are 
often resistant to systemic chemotherapy. Cytoreductive surgeries and intraperitoneal chemotherapy are not always 
possible or successful for all patients. 

This review focuses on analyzing the molecular and genetic mechanisms of peritoneal carcinomatosis in gastric 
cancer and presents an original hypothesis suggesting that peritoneal carcinomatosis occurs when tumor cells acquire 
the ability to autonomously exist in a matrix-independent state in the ascitic fluid without undergoing apoptosis 
(anoeucsis). Using the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines, 
10,025 scientific papers were identified, of which 228 English-language and 323 Russian-language publications 
met the analysis criteria. Twenty-nine articles (including four Russian-language ones) relevant to the topic of this 
review were included in the review. It is assumed that the identification of key molecules associated with the matrix-
independent existence of tumor cells could serve as the basis for the development of technologies for predicting 
peritoneal carcinomatosis, as well as for the development of new targeted therapy for metastatic gastric cancer.

Keywords: peritoneal carcinomatosis, stomach cancer, molecular and genetic mechanisms, matrix independence, 
metastasis
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РЕЗЮМЕ

Несмотря на достижения современной онкологии, в России в 36% случаев рак желудка выявляется в запу-
щенной стадии, при этом летальность в течение года с момента установления диагноза составляет 39,6%. 
Одной из частых причин летальных исходов при раке желудка является перитонеальный канцероматоз. 
Синхронный перитонеальный канцероматоз диагностируется в 18–26% случаев. Метахронный канцерома-
тоз после удаления первичной опухоли наблюдается у 7–39% пациентов через 8,5–26 мес после операции. 
До настоящего времени не существует эффективных методов прогнозирования риска развития и лечения 
перитонеального канцероматоза. Опухоли, сопровождающиеся перитонеальным канцероматозом, нередко 
устойчивы к системной химиотерапии. Выполнение циторедуктивных операций и внутрибрюшинной хи-
миотерапии возможно не для всех пациентов и не всегда является успешным. 

Обзор посвящен анализу информации, касающейся молекулярно-генетических механизмов развития пери-
тонеального канцероматоза при раке желудка, и содержит оригинальную гипотезу, согласно которой пе-
ритонеальный канцероматоз возникает в результате приобретения опухолевыми клетками матрикс-незави-
симости и способности к автономному существованию в асцитической жидкости, не подвергаясь апоптозу 
(аноикису). С использованием руководства «Предпочтительные элементы отчетности для систематических 
обзоров и метаанализов» (PRISMA) было выявлено 10 025 научных работ, из которых 228 англоязычных и 
323 русскоязычных публикаций соответствовали критериям анализа. 

В обзор включено 35 статей (в том числе четыре русскоязычные), соответствующих теме настоящего об-
зора. Предполагается, что выявление ключевых молекул, ассоциированных с матрикс-независимым суще-
ствованием опухолевых клеток, могло бы послужить основой для разработки технологий прогнозирования 
перитонеального канцероматоза, а также для разработки новой таргетной терапии метастатического рака 
желудка. 

Ключевые слова: перитонеальный канцероматоз, рак желудка, молекулярно-генетические механизмы, 
матрикс-независимость, метастазирование
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INTRODUCTION

Despite advances in modern oncology, in Russia, 
gastric cancer is detected at an advanced stage in 
36% of cases, with one-year mortality rate from the 
time of diagnosis reaching 39.6% [1]. High mortality 
rates for gastric cancer are also recorded in global 

statistics, with the overall survival from the start of 
treatment being only 5–12 months [2–4].

Peritoneal carcinomatosis is considered as one 
of the most unfavorable forms of tumor progression 
with high lethality rates. Synchronous peritoneal 
carcinomatosis in gastric cancer is diagnosed in 
18–26% of cases. The overall survival from the 
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time of diagnosis in these cases is only 2–9 months. 
Metachronous carcinomatosis, following the 
removal of the primary tumor, is observed in 7–39% 
of patients within 8.5–26 months after surgery, 
with the median overall survival from the detection 
of peritoneal recurrence being only 5 months. The 
success rate of therapy for peritoneal carcinomatosis 
in cases of its clinical manifestation is extremely 
low [5–7]. Therefore, the search for factors that can 
predict the occurrence of peritoneal carcinomatosis 
prior to its clinical manifestation is highly relevant.

MATERIALS AND METHODS 
A search for original studies on the incidence, 

diagnosis, lethality, and therapy of peritoneal 
carcinomatosis in gastric cancer was conducted 
using the PubMed database and the eLIBRARY.ru 
scientific electronic library. This review includes 
original articles published between May 5, 2020 and 
August 3, 2025 in English and Russian. The selection 
of potential studies adhered to all requirements 
outlined in the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) 
guidelines. The analysis was performed according to 
a four-stage algorithm (Figure).

Stage 1. Primary search for publications 
encompassed studies on gastric cancer and peritoneal 
carcinomatosis. The search utilized Boolean operators 
to combine the following keywords. In the PubMed 
database: peritoneal carcinomatosis, stomach 

cancer, molecular and genetic mechanisms, matrix 
independence, metastasis. In the eLIBRARY.ru 
scientific electronic library: peritoneal carcinomatosis, 
stomach cancer, molecular and genetic mechanisms, 
matrix independence, metastasis. The initial search 
yielded 10,025 publications: 9,624 articles in English 
and 401 articles in Russian.

Stage 2. From the total number of publications, 
228 articles in English and 323 articles in Russian 
were selected, which contained the results of original 
research and were available in full text.

Stage 3. During the analysis of the abstracts of the 
selected articles, 201 publications from the PubMed 
database and 308 publications from the eLIBRARY.
ru electronic library were excluded as they did not 
align with the topic of the present literature review.

Stage 4. A thorough analysis of the full texts of 
all publications was conducted. The selected articles 
were screened for compliance with the established 
inclusion criteria. Specifically, two studies investigated 
peritoneal carcinomatosis in cases of multiple primary 
malignant neoplasms, and two other published studies 
did not perform molecular analysis of the primary 
tumor tissue. One study with a small sample size (fewer 
than 30 patients) was also excluded, three publications 
did not present complete research results, and in one 
article, access to the results was restricted. For the 
preparation of this review, 35 articles (including four 
in Russian) that corresponded to the stated topic were 
included in the final analysis (Figure). 

Stage 4. A thorough analysis of the full texts of all publications was conducted. The selected 

articles were screened for compliance with the established inclusion criteria. Specifically, two studies 

investigated peritoneal carcinomatosis in cases of multiple primary malignant neoplasms, and two 

other published studies did not perform molecular analysis of the primary tumor tissue. One study 

with a small sample size (fewer than 30 patients) was also excluded, three publications did not present 

complete research results, and in one article, access to the results was restricted. For the preparation of 

this review, 35 articles (including four in Russian) that corresponded to the stated topic were included 

in the final analysis (Figure). 

Figure. Algorithm for the identification of studies included in the review

Clinical and Morphological Parameters Associated with Peritoneal Carcinomatosis

The widely accepted prognostic  parameters  in gastric  cancer  associated with the risk of 

peritoneal carcinomatosis are T and N criteria, histological type, and the differentiation grade of a 

primary tumor. Based on the analysis of 17 studies, A.Rijken et al. identified the following parameters 

associated  with  the  risk  of  synchronous  peritoneal  carcinomatosis:  age,  sex,  tumor  location, 

histological type, stage, and number of metastases. The prognosis was worse in younger patients, 

Figure. Algorithm for the identification  
of studies included in the review
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CLINICAL AND MORPHOLOGICAL 
PARAMETERS ASSOCIATED WITH 
PERITONEAL CARCINOMATOSIS

The widely accepted prognostic parameters 
in gastric cancer associated with the risk of 
peritoneal carcinomatosis are T and N criteria, 
histological type, and the differentiation grade 
of a primary tumor. Based on the analysis of 17 
studies, A.Rijken et al. identified the following 
parameters associated with the risk of synchronous 
peritoneal carcinomatosis: age, sex, tumor location, 
histological type, stage, and number of metastases. 
The prognosis was worse in younger patients, 
females, with non-cardia tumor location, locally 
advanced tumor process corresponding to the T4 
stage, signet-ring cell or diffuse histological variant, 
and the presence of two or more metastatic foci. 
Furthermore, the authors noted increased incidence 
of synchronous peritoneal carcinomatosis in patients 
of Hispanic origin. However, the occurrence of 
peritoneal carcinomatosis does not always align with 
predictions, which is why current efforts are focused 
on developing mathematical models to assess the 
prognostic significance of a combination of factors, 
as well as incorporating additional parameters, 
including results from laboratory and instrumental 
diagnostic methods [8].

Based on a study involving 622 gastric cancer 
patients, D.J. Szor et al. developed a prognostic model 
to predict the risk of peritoneal carcinomatosis. The 
model included parameters such as patient sex, T 
stage, metastases detected on computed tomography, 
and diffuse or mixed histological type of gastric 
cancer according to the Lauren classification. 
However, the sensitivity of the model was not high, 
reaching only 82.8% [7, 9].

G. Guan et al. performed a meta-analysis of 
21 case-control studies and one cohort study to 
identify the prognostic value of various clinical, 
morphological, and laboratory parameters in 
predicting peritoneal carcinomatosis in gastric cancer 
patients. The analysis confirmed the prognostic value 
of well-established criteria, such as T criterion (OR 
2.96 (95% CI: 1.87–4.69)), N criterion (OR = 1.22 
(95% CI: 0.86–1.73)), tumor differentiation grade 
(OR = 1.91 (95% CI: 1.42–2.56)), and Borrmann 
type IV (diffusely infiltrative form) primary tumor 
(OR = 7.68, 95% CI: 3.62–16.27) [10]. Furthermore, 
the highest risk of peritoneal carcinomatosis was 

associated with an elevated serum CA-125 level 
(OR = 19.45, 95% CI: 4.71–80.30); however, only a 
limited number of such studies have been conducted 
to date [11, 12]. 

These circumstances underscore the necessity of 
developing new approaches for the early diagnosis 
and effective therapy of peritoneal carcinomatosis, 
taking into account all possible factors and 
mechanisms of its occurrence.

ANATOMICAL AND PHYSIOLOGICAL 
FACTORS CONTRIBUTING TO PERITONEAL 
CARCINOMATOSIS

For a long time, it was believed that the anatomical 
and physiological features of the peritoneum 
contribute to the emergence and relentless spread 
of peritoneal carcinomatosis. Parietal and visceral 
layers of the peritoneum are a serous membrane 
comprising a single layer of mesothelial cells located 
on a basement membrane, and an underlying layer 
of connective tissue that includes collagen fibers, 
hyaluronic acid, proteoglycans, fibroblasts, immune 
cells, as well as blood vessels [13]. Significant 
importance was attributed to the stomata, which 
are spaces lacking a basement membrane, located 
between mesothelial cells. These spaces are 
necessary for the physiological circulation of fluid 
within the abdominal cavity. This specific structural 
feature of the peritoneum was linked to the potential 
for rapid progression of peritoneal carcinomatosis, 
as tumor cells spreading across the peritoneum 
can easily pass through the stomata, which expand 
during the respiratory movements of the diaphragm, 
directly into the connective tissue base of the 
peritoneum, bypassing the basement membrane. 
This significantly facilitates the progression of 
peritoneal carcinomatosis [14]. The potential for 
rapid and extensive dissemination of tumor cells, 
affecting the peritoneal layers in different parts of the 
abdominal cavity, was explained by the circulation 
of physiological fluid flows [15, 16].

One mechanism underlying peritoneal 
carcinomatosis with rapid and extensive involvement 
may be the spread of tumor cells through small 
lymphatic vessels of the peritoneum, known as 
carcinomatous lymphangitis. Carcinomatous 
lymphangitis, manifesting as massive embolism of 
small lymphatic vessels in the lung parenchyma and 
the visceral and parietal pleura, is also observed in 

Zavyalova M.V., Zavyalov A.V., Neklyudov A.A. et al. Molecular and Genetic Parameters of Prognosis and New Strategies
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gastric cancer [17–20]. In a study by T. Shigenobu 
et al., carcinomatous lymphangitis with embolism 
of the lymphatic vessels and pleura was found in 
31% of patients after radical gastrectomy. The 
peritoneum, like the pleura, is rich in lymphatic 
vessels; therefore, a similar mechanism may underlie 
peritoneal carcinomatosis that is prone to rapid and 
massive spread, which requires a separate in-depth 
study [2].

However, anatomical and physiological factors 
alone cannot explain high propensity of tumor 
cells to develop peritoneal carcinomatosis. This 
necessitates the study of the molecular genetic 
features of tumor cells and the conditions of their 
survival in ascitic fluid.

MOLECULAR GENETIC CHARACTERISTICS 
OF TUMOR CELLS ASSOCIATED WITH 
PERITONEAL CARCINOMATOSIS

The study of the molecular and genetic features 
of primary tumor cells that form lesions in the 
peritoneum and are detected in ascitic fluid could 
form the basis for understanding the mechanisms of 
peritoneal carcinomatosis and for identifying targets 
for targeted therapy.  

J.J. Zhao et al. performed whole-exome sequencing, 
whole-transcriptome sequencing, and digital spatial 
profiling of samples from primary tumor tissue, 
peritoneal metastases, as well as healthy tissue from 
primary tumors and the peritoneum of 326 patients. 
It was found that the primary tumor tissue harbored 
mutations in ELF3, CDH1, and PIGR, along with an 
increased number of M2 macrophages. Furthermore, 
carcinomatosis lesions showed reduced expression 
of CLDN18.2 and FGFR2b, which are therapeutic 
targets for targeted therapy. The authors suggest 
that these conditions facilitate the formation of pre-
metastatic niches prior to the clinical manifestation of 
peritoneal carcinomatosis [21]. The obtained results 
were confirmed in a mouse model of transcoelomic 
metastasis [12]. 

As a result of whole-exome sequencing and 
whole-transcriptome sequencing, R. Wang et al. 
demonstrated that tumor cells from carcinomatosis 
lesions differed from primary tumor cells by more 
frequent mutations in CDH1 and TAF1, loss of 6q, 
and gain of chr19. Tumor cells from metastatic foci 
of rapidly progressing peritoneal carcinomatosis 
showed an increased number of mutations in TP53, 

CDH1, TAF1, and KMT2C, microenvironment 
reprogramming, MYC activation, and impaired 
immune response [22].

Gastric cancer is characterized by intratumoral 
heterogeneity [23, 24]. X. Han et al. investigated 
the significance of intratumoral heterogeneity in the 
development of peritoneal carcinomatosis in patients 
with diffuse gastric cancer without microsatellite 
instability. The results of single-cell transcriptomic 
profiling of cells from peritoneal carcinomatosis 
lesions were compared with the Human Cell 
Landscape (HCL) database. This study identified 14 
unique cellular clusters with differentially expressed 
genes and compiled a list of 12 genes associated 
with carcinomatosis and survival in gastric cancer 
patients. A common alteration in tumor cells was 
a gain of 17q copy number, associated with worse 
survival in gastric cancer patients with peritoneal 
carcinomatosis. The list of genes activated on 17q 
included genes involved in key signaling pathways 
(PI3K/AKT/mTOR, mTORC1, MYC, Wnt, NF-κB) 
or being potential therapeutic targets (HN1, GRB2, 
PSMB3) [25]. 

Improved survival rates were associated with 
immune mechanisms involving defensins, IL-7 
signaling, the complement cascade, IL6/JAK/STAT3 
signaling, and interferon alpha/gamma signaling [26].

Y. Fang et al. identified autocrine expression 
of laminin gamma-1 (LAMC1) in primary tumor 
cells and carcinomatosis lesions in gastric cancer. 
To investigate the role of autocrine LAMC1 
expression in the initiation and progression of 
peritoneal carcinomatosis, the authors conducted a 
comprehensive study utilizing single-cell sequencing, 
co-culture modeling, RNA immunoprecipitation 
(RIP), and chromatin immunoprecipitation (ChIP). 
This approach revealed the palmitic acid/p-STAT3/
miR-193a-3p/LAMC1 signaling pathway, which 
paracrinally regulated preadipocyte differentiation, 
pre-metastatic niche formation, and tumor cell 
invasion and proliferation within the peritoneum, 
leading to the development of carcinomatosis 
lesions. Furthermore, the authors established a 
correlation between high serum levels of LAMC1 in 
gastric cancer patients and a high risk of peritoneal 
carcinomatosis. According to ROC analysis data, the 
area under the curve (AUC) was 0.785 [27].

X.Z. Huang et al. discovered clusters of tumor 
cells with high plasticity in the ascitic fluid of 
patients with peritoneal carcinomatosis, exhibiting 
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propensity to transition into a highly proliferative 
phenotype. The authors attribute this transformation 
to a plasticity program driven by autophagy and 
paligenosis. Paligenosis is understood as the process 
where mature, quiescent cells revert to a stem cell-
like progenitor state in response to injury. This high 
tumor cell plasticity was associated with autophagy-
related genes — MARCKS and TXNIP [28].

Through spatial analysis, H. Peng et al. 
demonstrated that MUC1+ tumor cells with a high 
potential for epithelial – mesenchymal transition were 
located in proximity to macrophages and fibroblasts. 
Furthermore, the authors revealed that in cases of 
immunoresistance, MUC1+ tumor cells located near 
C1Q+ macrophages exhibited hyperexpression of 
TGFβ [29]. 

The necessity for a comprehensive approach to 
identifying the molecular and genetic features of 
tumor cells from the primary tumor, metastases, 
and ascitic fluid is emphasized in the meta-analysis 
by D. Ng et al. The authors express hope for the 
possibility of developing new strategies based on 
the accumulated knowledge about the combined 
involvement of various molecules and signaling 
pathways in the initiation and progression of 
peritoneal carcinomatosis [30].

Despite the discovery of molecular and genetic 
differences between primary tumor cells and the 
tumor cells forming carcinomatosis lesions, key 
molecules with prognostic significance or potential 
as therapeutic targets have not yet been identified.

THE ROLE OF THE INFLAMMATORY 
MICROENVIRONMENT IN THE 
DEVELOPMENT OF PERITONEAL 
CARCINOMATOSIS

In studying the mechanisms of peritoneal 
carcinomatosis, a significant emphasis is placed on the 
investigation of parenchymal – stromal interactions. 
Research into the tumor microenvironment of 
carcinomatosis lesions has revealed a number of 
patterns, leading Y. Li et al. to describe peritoneal 
carcinomatosis as a unique “ecosystem” with an 
immunosuppressive effect. This effect is attributed 
to the formation of a stromal – myeloid niche, 
composed of tumor-associated SPP1+ macrophages 
(TAMs), thrombospondin-2 (THBS2), and matrix 
cancer-associated fibroblasts (MCAFs). These very 
conditions are thought to explain the resistance of 

tumor tissue to therapy in patients with peritoneal 
carcinomatosis. According to the authors, niche 
formation is initiated by the accumulation of 
thrombospondin-2 and cancer-associated fibroblasts, 
which leads to the recruitment of peritoneum-
specific tissue macrophages and their transformation 
into SPP1+ TAMs via complement C3 and its C3a 
receptor 1 (C3AR1). Ultimately, this results in the 
formation of a pro-tumor stromal – myeloid niche. 
Blocking the C3-C3AR1 axis significantly enhances 
the efficacy of immunotherapy for peritoneal 
carcinomatosis in in vivo models [14]. 

Recently, considerable attention has been paid to 
investigating the role of claudin 18 in determining 
indications for immunotherapy in metastatic gastric 
cancer [31–34]. There is evidence of an association 
between PD-L1 expression in the primary tumor and 
the risk of peritoneal carcinomatosis [35].

A more comprehensive understanding of the 
patterns governing microenvironment formation 
and its role in the development of peritoneal 
carcinomatosis could facilitate the development of 
methods to regulate cellular composition and the 
extent of inflammatory infiltration within the tumor 
microenvironment, aimed at treating peritoneal 
carcinomatosis.

CHARACTERISTICS OF ASCITIC FLUID  
IN PERITONEAL CARCINOMATOSIS

Ascitic fluid in peritoneal carcinomatosis contains 
not only tumor cells but also immune cells and 
cytokines. There is a view that ascitic fluid provides 
optimal conditions for the survival of tumor cells, 
contributing to the rapid and relentless progression 
of peritoneal carcinomatosis.

Studying the molecular composition of ascitic 
fluid could be useful for understanding the ligand – 
receptor mechanisms that activate the proliferative 
and invasive capabilities of tumor cells, and could 
also help identify target receptors for targeted 
therapy. However, most such studies focus on 
detecting markers indicating the presence of tumor 
cells, such as carcinoembryonic antigen (CEA), CA 
19-9, CA 72-4, CA 125, and cytokeratin 20 (CK20), 
rather than investigating the conditions of their 
survival [36, 37].

The detection of tumor cells in ascitic fluid is 
often observed in advanced cases of peritoneal 
carcinomatosis from gastric cancer, when all possible 
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treatment options are no longer effective. Therefore, 
the search for markers that can predict the development 
of peritoneal carcinomatosis is highly relevant.

Z. Allan et al. proposed an effective marker 
detectable in ascitic fluid, associated with reduced 
3-year progression-free survival and overall 
survival in gastric cancer patients: the detection 
of tumor-derived DNA, termed peritoneal tumor 
DNA (ptDNA) [38]. While this kind of approach 
holds high value for diagnosing early stages of 
peritoneal carcinomatosis development, it does not 
open prospects for understanding the molecular 
and genetic mechanisms of this process, nor does it 
allow for predicting the risk of developing peritoneal 
carcinomatosis or suggesting potential targets for 
targeted intervention.

X.Z. Huang et al., in a study of the single-cell 
transcriptome of ascitic fluid from 35 patients with 
peritoneal carcinomatosis from gastric cancer, 
discovered an increased number of monocyte-like 
dendritic cells (DCs) with pro-angiogenic activity and 
reduced antigen-presenting capacity [28]. H. Peng et 
al. found that macrophages present in the ascitic fluid 
of gastric cancer patients had significantly greater 
pro-angiogenic activity compared to macrophages 
from the primary tumor stroma and carcinomatosis 
lesions [29].

Significant importance is also placed on cytokines 
detected in the ascitic fluid of gastric cancer patients. 
O. Kersy et al. found that cytokines TNFα, IL-6, 
and IL-1β were present in the ascitic fluid of gastric 
cancer patients with peritoneal carcinomatosis. TNFα 
induce increased expression of adhesion molecules 
ICAM-1 and VCAM-1 on mesothelial cells, while 
interleukins 6 and 8 potentiate tumor cell motility 
and their chemoresistance [39].

Furthermore, cytokines CXCL12/CXCR4 and 
CCL22/CCR4 are detected in ascitic fluid; these are 
involved in migration, chemotaxis, adhesion, and 
metastasis. The interaction between the chemokine 
receptor CXCR4 on tumor cells and its ligand 
CXCL12, contained in the ascitic fluid, promotes 
tumor cell migration and carcinomatosis [30, 40, 41].

Experimental evidence confirms that soluble 
growth factors, such as VEGF and TGFβ, secreted 
by tumor cells, participate in preparing the 
peritoneum for metastasis by activating the vascular 
endothelium, leading to its remodeling, a process 
termed pre-metastatic angiogenesis [42, 43].

Analysis of the protein spectrum of ascitic fluid 
aimed at identifying ligand molecules associated 
with the acquisition of invasive and proliferative 
capabilities by tumor cells, as well as with creating 
conditions for the growth of metastatic foci, opens 
up possibilities for identifying prognostic factors and 
potential targets for targeted therapy.

NEW THERAPEUTIC STRATEGIES FOR 
PERITONEAL CARCINOMATOSIS

To date, there are no effective treatments for 
peritoneal carcinomatosis. Tumors accompanied 
by peritoneal carcinomatosis are often resistant to 
systemic chemotherapy. A significant reason for this 
resistance to systemic chemotherapy is considered to 
be the plasma – peritoneal barrier [44]. Cytoreductive 
surgery and intraperitoneal chemotherapy are not 
feasible for all patients and are not always successful 
[5, 45, 46].

Consequently, there is growing interest in 
intraperitoneal therapy for treating peritoneal 
carcinomatosis, which is performed in three modalities: 
hyperthermic intraperitoneal chemotherapy 
(HIPEC), neoadjuvant hyperthermic intraperitoneal 
chemotherapy, and pressurized intraperitoneal aerosol 
chemotherapy (PIPAC) [47]. When combining 
surgical intervention with prophylactic HIPEC, the 
three-year mortality rate was 32%, compared to 
55% in the control group [48]. F. Tajik et al. believe 
that hyperthermic intraperitoneal chemotherapy 
combined with systemic therapy provides survival 
benefits for patients [49]. Personalized systemic and 
intraperitoneal chemotherapy is used in patients with 
gastric cancer and peritoneal carcinomatosis, based 
on determining the expression levels of eight genes 
in the primary tumor, lymph nodes, and peritoneal 
metastases [50].

Given the significant influence of the tumor 
microenvironment on the development and progression 
of peritoneal carcinomatosis, considerable attention 
is paid to optimizing immunotherapy. Whole-exome 
sequencing and whole-transcriptome sequencing 
have identified two main molecular subtypes of 
peritoneal carcinomatosis: a chemotherapy-resistant 
“mesenchyme-like” subtype and a chemotherapy-
sensitive “epithelium-like” subtype. R. Wang et 
al. found that the “mesenchyme-like” subgroup 
exhibited high expression of potential targets for 
immunotherapy, such as TIM-3, galectin-9, VISTA, 
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and TGFβ [22]. Recently, significant attention has 
been given to investigating the role of claudin 18 
in determining indications for immunotherapy in 
metastatic gastric cancer [31–34].

Intraperitoneal immunotherapy is also aimed at 
improving treatment efficacy. In 2009, catumaxomab, 
a trifunctional bispecific (anti-EpCAM × anti-CD3) 
antibody, was approved for clinical use.

Chemoresistance of carcinomatosis lesions 
is associated with features of the tumor 
microenvironment in metastases. H. Peng et al. 
discovered that in cases of tumor insensitivity to 
chemotherapy, there is a combination of a higher 
level of infiltration by C1Q+ macrophages with a low 
level of infiltration by GZMA+ T lymphocytes in the 
microenvironment of carcinomatosis lesions [29].

To enhance the efficacy of intraperitoneal 
therapy, a method using engineered CAR-T cells 
(M28z1XXPD1DNR) is being developed in mouse 
models of peritoneal carcinomatosis, achieving longer 
survival compared to systemic administration [51].

CONCLUSION

Peritoneal carcinomatosis in gastric cancer 
represents one of the most unfavorable variants of the 
disease course. Despite efforts to study the molecular 
and genetic characteristics of tumor cells underlying 
peritoneal carcinomatosis, the composition of 
ascitic fluid, features of immune and inflammatory 
responses, and the development of new combined 
regimens of local and systemic therapy, effective 
methods for predicting and treating peritoneal 
carcinomatosis are still lacking. This is largely due 
to an insufficient understanding of the mechanisms 
behind carcinomatosis generalization within the 
abdominal cavity.	

Among the hypotheses proposing mechanisms for 
the development of peritoneal carcinomatosis, none 
fully explain how tumor cells lose connection with 
neighboring cells and the matrix, becoming capable 
of autonomous survival in ascitic fluid. Matrix-
independent survival was studied by D.K. Lee et al. 
and termed adherent-to-suspension transition. Genes 
conferring these properties were identified in a model 
system. However, our evaluation of the expression 
of these genes in circulating tumor cells from breast 
cancer, performed using single-cell sequencing, 
revealed a low percentage of circulating tumor cells 
expressing these genes (unpublished data). This may 

indicate that intravasation and the emergence of 
matrix-independent circulating tumor cells can occur 
without the activation of these genes [52].

In our view, it is the matrix independence of 
tumor cells that is the key factor determining the very 
likelihood of developing peritoneal carcinomatosis. 
Elucidating the molecular basis of matrix 
independence would not only allow for predicting 
the risk of peritoneal carcinomatosis in gastric cancer 
but also identify targets for therapy. Corresponding 
markers could potentially be assessed in biopsy 
material from the primary tumor. Furthermore, 
the identified molecules could serve as targets for 
targeted intervention. The results of research aimed 
at identifying key molecules associated with the 
acquisition of matrix independence and the adherent-
to-suspension transition could pave the way for 
developing novel targeted therapies for peritoneal 
carcinomatosis in gastric cancer.
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ABSTRACT

Stroke is an important medical and social problem in the world and in the Russian Federation, which is due to 
high rates of morbidity, mortality, and disability. The basis for the development of innovative approaches to the 
accelerated rehabilitation of individuals after an ischemic stroke is the study of neuroplasticity using modern 
neuroimaging methods, such as multimodal magnetic resonance imaging (MRI). 

The present literature review describes diagnostic capabilities of different multimodal MRI modalities, such as 
functional MRI (fMRI), ASL MR perfusion, and diffusion tensor MRI, including their advantages and drawbacks 
in assessing rehabilitation potential of patients after ischemic stroke.  These MRI modalities can be successfully 
utilized to study the mechanisms of neuroplasticity and identify reliable markers of a response to therapy in context 
of rehabilitation measures in stroke patients. 

It was shown that broad implementation of multimodal MRI in clinical practice is hindered by a lack of profound 
knowledge about its diagnostic capabilities in certain clinical settings, complexity of its use, and insufficient 
evidence base. 
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РЕЗЮМЕ

Острые нарушения мозгового кровообращения являются важной медико-социальной проблемой как в 
мире, так и в Российской Федерации, что обусловлено высокими показателями заболеваемости, смертности 
и инвалидизации. Основу разработки инновационных подходов ускоренной реабилитации лиц после пере-
несенного ишемического инсульта составляет исследование нейропластичности с использованием методов 
современной нейровизуализации, таких как мультимодальная магнитно-резонансная томография (МРТ).

Представлен обзор литературы, в котором рассматриваются диагностические возможности различных ком-
понентов мультипараметрической МРТ, таких как функциональная МРТ, ASL-МРТ и диффузионно-тен-
зорная МРТ, включая их потенциальные преимущества и недостатки применительно к оценке реабили-
тационного потенциала у пациентов после перенесенного ишемического инсульта. Показано, что данные 
компоненты мультипараметрической МРТ могут быть успешно использованы для изучения механизмов 
нейропластичности и определения ответа на терапию в ходе реабилитационных мероприятий у пациен-
тов после ишемического инсульта. Обозначены проблемные аспекты активного внедрения мультипараме-
трической МРТ в широкую клиническую практику, главными из которых являются отсутствие глубоких 
знаний о диагностических возможностях того или иного компонента данной технологии в конкретной кли-
нической ситуации, сложность ее использования и недостаточная емкость доказательной научной базы. 

Ключевые слова: ишемический инсульт, мультимодальная магнитно-резонансная томография, нейропла-
стичность, реабилитация
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INTRODUCTION

Cerebral vascular diseases represent a 
significant medical and social problem for modern 
society. Acute cerebrovascular accidents (ACVA) 
are the leading cause of death and severe disability 
among nervous system disorders both globally 
and in the Russian Federation (RF). They are a 
leading cause of mortality and severe disability in 
patients. More than 450,000 new cases of stroke 

are registered annually in the RF, with the annual 
stroke mortality rate being 374 cases per 100,000 
population. During the acute phase of stroke, 
which lasts 28 days from its clinical manifestation, 
the mortality rate reaches 35%, but increases by 
another 15% over the following year [1–3]. 

According to various authors, the initial 
disability rate in individuals who have suffered 
ACVA reaches 40% [4, 5]. Thus, improving 
medical care for patients with this disease is one 
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of the most pressing scientific and practical issues 
in modern medicine. At the same time, timely 
rehabilitation and a comprehensive assessment 
of anatomical and functional changes in the brain 
tissue of patients who have suffered ACVA can 
reduce the severity of neurological deficits and 
improve their social adaptation [6].

According to current concepts, neurological 
deficits in patients with ACVA are caused by 
both irreversible focal damage to brain tissue 
that develops during the infarction and changes 
in peri-infarction zones in the form of structural 
and functional conduction pathway impairments. 
Moreover, the extent of damage to brain conduction 
pathways is a stronger predictor of patient treatment 
outcomes and functional recovery compared to 
the infarct size or the initial functional status. 
This is due to the fact that in response to damage, 
structural and functional reorganization processes, 
primarily affecting the conduction pathways, begin 
to activate in the human brain [7]. 

Scientific advances in recent decades have 
indicated that neuroplasticity mechanisms play  
a key role in brain tissue restoration proces- 
ses after ACVA [6, 8]. Neuroplasticity is the 
ability of various parts of the central nervous 
system (CNS) to undergo structural and 
functional reorganization, including qualitative 
and quantitative neuronal rearrangements, as 
well as changes in neuronal connections and 
glial elements, allowing for adaptive response 
implementation [9, 10]. 

The cerebral cortex has a high level of 
neuroplasticity. The restoration of motor, 
sensory, and cognitive functions in patients 
after ACVA is largely associated with neural 
network reorganization, as well as with changes 
in the strength and number of formed synaptic 
connections [11]. This reorganization was first 
demonstrated in 1991 using positron emission 
tomography (PET). Subsequently, PET and fMRI 
have repeatedly demonstrated changes in brain 
hemispheres at all stages of stroke, caused by 
neuroplasticity [12].

Along with functional plasticity, which implies 
restoration of certain functional capabilities of 
the brain tissue, structural neuroplasticity is of 
particular interest. This is due to the fact that axonal 

degeneration in areas structurally connected to the 
lesion triggers the development of new synapses 
with denervated neurons, which likely determines 
motor function restoration in patients. Despite 
progress in neuroplasticity studies, the relationships 
and interactions between functional reorganization 
and structural changes occurring in the CNS 
after stroke remain incompletely understood 
[13]. However, a thorough understanding of 
the mechanisms of neuroplasticity in the brain 
pathways will allow us to predict the outcome 
of ACVA and the effectiveness of rehabilitation 
measures in each individual patient. Although the 
significance of the structural integrity of the brain 
pathways in motor function recovery after stroke 
currently remains largely unclear and insufficiently 
covered in Russian and world literature, in recent 
years, researchers have increasingly focused their 
attention on the search for markers of the structural 
and functional state of the brain pathways that can 
act as rehabilitation potential indicators in patients 
after ACVA. 

MODERN NEUROIMAGING METHODS  
FOR THE CONSEQUENCES  
OF ISCHEMIC STROKE

Modern neuroimaging methods provide a 
wide range of diagnostic information necessary 
for assessing the state of brain tissue at various 
stages of ACVA, including determining its 
viability, predicting a hemorrhagic transformation 
risk, and understanding the natural evolution of 
neuroplasticity, neurodegeneration, diaschisis, 
vicariance, and disinhibition [5, 8]. Neuroimaging 
methods have also been used to develop and utilize 
prognostic models that predict ACVA treatment 
effectiveness and determine the rehabilitation 
potential in patients after ACVA. 

MRI currently plays a key role in addressing 
these challenges. The evolution of this method 
– from MRI angiography of cerebral vessels 
(including contrast-enhanced angiography) to 
MR tissue perfusion imaging using endogenous 
(arterial spin labeling (ASL), blood oxygenation 
level-dependent (BOLD)) and exogenous 
(gadolinium preparations) markers, as well as 
diffusion-weighted imaging (DWI) with apparent 
diffusion coefficient (ADC), tractography, and 

Kurazhov A.P., Alifirova V.M., Koroleva E.S. et al. Multimodal Magnetic Resonance Imaging of the Brain at Different Stages



153

Reviews and Lectures

Bulletin of Siberian Medicine. Bulletin of Siberian Medicine. 2026; 25 (2)2026; 25 (2): : 150–160150–160

spectroscopy combined with functional tes- 
ting – has significantly increased its diagnostic  
potential [14]. 

Another MRI advantage is the ability to conduct 
multiple studies of the whole brain, which makes 
it an ideal modality for studying neuroplasticity 
at the level of interconnected neural pathways 
over a large area [15]. Currently, structural and 
functional changes after stroke are widely studied 
using functional magnetic resonance imaging 
(fMRI), diffusion tensor MRI (DT-MRI) [12], and 
contrast-enhanced MRI. However, the inconsistent 
use of modern MR technologies does not allow 
for a comprehensive study of structural and 
functional changes in the brain in patients after 
ACVA. Therefore, recently, most studies have 
used an integrated approach involving various MR 
modalities.

In this regard, today, diagnostic multimodal 
MRI is gaining primary importance in assessing 
brain condition in patients after stroke [16–19], 
since this approach makes it possible to obtain a 
huge amount of information about stroke severity 
and stage [16]. According to K. Atchaneeyasakul, 
D.S., Liebeskind et al. [20], multimodal MRI 
remains the most optimal method for assessing 
the morphofunctional state of the brain in patients 
after ACVA due to its more accurate identification 
of brain damage after stroke and excellent spatial 
resolution. 

Other studies have shown that multimodal 
MRI results may influence the outcomes of 
thrombolytic and endovascular therapy in patients 
with a wake-up stroke subtype. Moreover, it is 
possible that multimodal MRI will become the best 
neuroimaging method, providing the necessary 
information for deciding on treatment strategies 
for ACVA. 

Based on multimodal MRI results, in 2020, H. 
Lee and K. Jung [21] developed and presented 
a fully automated algorithm for segmenting the 
main zones of ischemic stroke. They demonstrated 
that this algorithm can be applied  to decide on 
the use of reperfusion therapy, providing fast and 
reliable processing of clinical information. All 
this indicates that multimodal MRI can be one of 
the best radiological methods for determining the 
rehabilitation potential in patients who experienced 

ACVA and can greatly influence the treatment 
strategy [7, 16]. 

FUNCTIONAL MRI CAPABILITIES
Functional MRI (fMRI) is a non-invasive 

neuroimaging technique used to detect changes 
in the bioactivity of various brain structures. 
This method is based on recording differences in 
the magnetic properties of oxyhemoglobin and 
deoxyhemoglobin, whose ratios in the brain vary 
depending on local changes in blood flow caused 
by neuronal activity. Thus, the construction of 
fMRI images is influenced by the dependence of 
the MR signal on the degree of oxygen saturation 
in the brain tissue (blood-oxygenation-level-
dependent (BOLD) imaging). 

When neurons in a brain region become active, 
blood flow in that region increases to meet the 
increased oxygen demand of functioning neurons. 
This allows for the recording and quantification 
of neuronal activity in response to a stimulus, 
using BOLD signal intensity as a neuronal activity 
indicator. 

Since fMRI does not involve radiation 
exposure, does not require the administration of 
contrast agents, is non-invasive, and is currently 
recognized as one of the optimal radiation methods 
for assessing the structural and functional state of 
brain pathways, it is an ideal radiation modality 
for clinical ACVA studies and its consequences 
[11]. Measurements carried out in the context of 
fMRI can provide qualitative and quantitative 
information on the state of neurons remaining 
after stroke and undergoing recovery, including 
dynamic monitoring of the activation degree of 
various areas in the cerebral cortex and changes in 
their volume [15]. 

The same opinion is shared by X. Xiao, Q. Lin, 
J. Liu, and Q. Wang [22, 23], who believe that 
fMRI is a promising method for the quantitative 
assessment of brain recovery predictors after 
ACVA. This is confirmed by C.W. Wu and S.N. 
Lin [24], who, studying patients after ACVA 
using fMRI, revealed that their primary state 
of conduction pathways largely determined the 
success of rehabilitation and could subsequently 
serve as a neurorehabilitation marker of the 
treatment effectiveness. 
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Many other modern studies have also 
demonstrated high potential of fMRI in predicting 
ACVA outcomes when used in conjunction with 
other diagnostic approaches. Thus, according to 
the results of J. Du and F. Yang [25], a prognostic 
model incorporating fMRI results at early stages 
of ACVA made it possible to predict the degree 
of motor activity recovery after ischemic stroke 
in the long term. Moreover, the best outcome of 
motor function recovery statistically significantly 
correlated with lesser initial motor impairments, 
a lesser extent of damage to the corticospinal 
tract (CST), the initial presence of motor evoked 
potentials, as well as with stronger initial motor 
cortex activation.

Incorporating fMRI data into multivariate 
analysis improved the accuracy of predicting 
ischemic stroke outcomes compared to clinical 
and neurophysiological assessments alone [25]. 
This is explained by the fact that new pathways are 
initially activated to compensate for the function 
of the damaged brain region during recovery, 
which, according to fMRI data, is manifested 
by an increase in the MR signal, the intensity of 
which depends on the blood oxygen saturation  
(BOLD) degree. Moreover, patients after ACVA 
typically exhibit a greater increase in the MR 
signal in the region of interest during task 
performance than in the control group, represented 
by healthy volunteers. Subsequently, the MR 
signal intensity in the region of interest decreases 
to baseline levels, as the pathways become  
more efficient, similar to the learning process 
typically observed during normal brain 
development [11].

New scientific data obtained using fMRI on the 
motor function recovery dynamics in patients after 
ACVA are of considerable interest for modern 
clinical neurology. These studies revealed that 
within 24 hours of ACVA, a reorganized motor 
network emerged in the CNS, enabling the bypass 
of damaged pathways through the alternative 
pathway activation. It was also shown that 
damaged hemisphere reorganization and neuronal 
activity restoration around the affected area were 
the next important rehabilitation stage, during 
which the activity of these new, but less effective, 
connections was maintained [11]. Another study, 

based on the fMRI results of patients after stroke, 
demonstrated dynamic changes in neuronal 
activity in brain areas adjacent to infarcted areas. 
Therefore, rehabilitation measures should be 
aimed at intensifying activation of the areas where 
functional reorganization processes are taking 
place [7].

A number of fMRI studies describe motor 
function recovery progression at a single time 
point after stroke, typically 3–6 months [11]. 
However, these results indicate that changes 
in neural activity and regional cerebral blood 
flow after stroke occur in both hemispheres. 
Therefore, monitoring recovery requires long-
term dynamic studies, typically beginning within 
the first few weeks after clinical manifestations 
of ACVA and continuing from several months 
to one year thereafter. Therefore, it is advisable 
to conduct fMRI in such patients at least at 
the acute stage, then after 3 weeks, and after  
6 months. 

However, it should be noted that systematic 
brain fMRI studies that cover time intervals in 
both early and various delayed periods after stroke 
in the same patients are lacking. This highlights 
the need for research that takes the above into 
account to better understand neural tissue 
restoration processes and to efficiently systematize  
fMRI data.

Another application of fMRI is the study of 
cerebrovascular reactivity (CVR) in patients 
with ACVA. CVR is the ability of cerebral blood 
vessels to dilate or constrict in response to external 
or internal stimuli. Assessing CVR is crucial for 
identifying latent cerebral circulatory failure 
and brain maladaptation depth under extreme 
conditions [26]. CVR along with traditional 
parameters, such as cerebral blood flow velocity 
and volume (CBF and CBV, respectively), is 
one of the most valuable cerebral perfusion 
indicators and provides important information 
about vascular reserves [24]. Measuring CVR 
helps assess neurovascular uncoupling, which 
is manifested by false-negative or false-positive 
cerebral cortex activation in response to fMRI 
tasks. It has been established that assessing CVR 
can help optimize treatment strategies for patients  
with ACVA [27].
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Thus, the implementation of fMRI into clinical 
practice can significantly improve the prediction of 
the rehabilitation potential in patients after ACVA 
and significantly influence their rehabilitation 
treatment algorithm.

ASL PERFUSION MRI CAPABILITIES  
FOR ASSESSING CEREBRAL BLOOD FLOW

To understand the processes occurring in 
the nervous tissue after stroke and to predict 
rehabilitation measure outcomes, it is essential to 
assess the state of cerebral collateral circulation. 
Studying cerebral vascular collaterals and 
determining their functioning are crucial for 
assessing reperfusion severity, bleeding risk, and 
recovery degree of lost brain function. 

Currently, various medical imaging modalities 
are used to determine the state of collateral 
circulation, including ultrasound technologies 
(primarily carotid artery duplex scanning and 
transcranial Doppler sonography), as well as 
CT and MRI. However, traditional static MR 
technologies for assessing blood flow have 
significant limitations, while MR perfusion 
with arterial spin labeling (ASL), or ASL MRI, 
enables the study of cerebral hemodynamics at a 
qualitatively higher level [28, 29]. 

 ASL MRI is based on the fact that under the 
action of radiofrequency pulses applied proximal 
to the area of interest, an inversion of hydrogen 
atom spins contained in arterial blood occurs, 
which ultimately allows for obtaining information 
about the cerebral perfusion state without any 
contrast agents administered to the patient’s body 
[29]. To date, there are many scientific papers 
demonstrating the important applied aspects of 
ASL MRI at various stages of ACVA. Thus, a 
study carried out by G. Crisi et al. [29] revealed 
that ASL MRI can become an integral part of the 
MR examination protocol for patients with stroke 
who have not received treatment for 24–36 hours 
based on the possibility of recording the positive 
effects of reperfusion after recanalization. In 
another recent work by S.S. Lu and Y.Z. Cao [28], 
it was found that changes in cerebral perfusion 
parameters detected using ASL MRI correlated 
with the recanalization results. Therefore, the 
authors proposed using quantitative ASL MRI 

parameters as an independent favorable prognostic 
marker of neurological outcomes in patients with 
ACVA 90 days after thrombectomy.

J. Wang et al. [22] investigated ASL MRI 
capabilities in assessing cerebral perfusion in 
patients with crossed cerebellar diaschisis and 
concluded that CBF calculated using ASL MRI can 
be a valuable predictor of the development of this 
condition in patients with supratentorial stroke, and 
the risk of developing crossed cerebellar diaschisis 
was significantly associated with an increase in 
the volume of ischemic cerebral damage and a 
higher baseline NIHSS score (National Institutes 
of Health Stroke Scale) [29]. 

In the meantime, S. Verclytte and O. Fisch 
concluded that ASL MRI should not be used as 
a routine technology due to the long duration of 
the examination, despite the fact that it provides 
valuable information for differential diagnosis in 
specific clinical situations, assessing the treatment 
effectiveness at early stages of ACVA and non-
invasively assessing the penumbra size [30].

One of the serious problems arising in 
the treatment of patients with ACVA is its 
hemorrhagic transformation, which develops 
after reperfusion therapy. Thus, early detection of 
hyperperfusion zones in the brain after reperfusion 
therapy may reduce the risk of this condition 
through more carefully selected treatment 
[31]. There are studies in the modern literature 
indicating that hyperperfusion detected by ASL 
MRI in patients with ACVA after intravenous 
thrombolysis or endovascular intervention can be 
a reliable predictor of ACVA hemorrhagic trans- 
formation.

In 2019, J. Lyu and N. Ma [32] demonstrated 
unique capabilities of ASL MRI in the non-invasive 
assessment of cerebral hemodynamics, including 
in patients after ischemic stroke, using a new 
technology of post-labeling delay (PLD). At the 
same time, the authors of this study emphasize that 
the use of PLD requires an individualized approach 
to each patient, since the delay should correspond 
as closely as possible to the time required for the 
labeled protons to reach the region of interest and, 
ultimately, generate an MR signal. If the PLD is too 
short, the entire labeled bolus may not have time to 
fully distribute throughout the brain tissue under 
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study, especially in areas important for diagnosis. 
This can lead to significant local loss of the MR 
signal, which may be erroneously interpreted as a 
consequence of hypoperfusion [31]. 

Falsely identified hypoperfusion areas can also 
be caused by patient-specific factors (e.g., stenosis 
of major arterial trunks originating from the aorta), 
which increases the delivery time of labeled protons 
to the region of interest. In this case, distinguishing 
between false and true hypoperfusion can be 
quite difficult. Artifacts associated with structural 
features of the circle of Willis can also be observed 
when using PLD technology. Therefore, PLD 
is an important parameter that must be adjusted 
according to the patient’s circulatory status to 
avoid diagnostic errors [32].

Summarizing the significance of ASL MRI, it 
should be noted that this technology is currently 
not a generally accepted method for predicting 
neurological status, susceptibility to ACVA 
hemorrhagic transformation and its outcomes. 
Moreover, large-scale studies of the ASL MRI 
potential for investigating diaschisis in the brain 
have not been carried out yet [33]. 

Furthermore, the global literature has not paid 
sufficient attention to analyzing the CBF value 
calculated using ASL MRI data as a predictor of 
cerebellar diaschisis development. Additionally, 
large patient cohorts have not demonstrated 
that hyperperfusion detected by ASL MRI can 
predict ACVA hemorrhagic transformation, 
and the issue of the procedure duration remains 
unresolved. Therefore, further studies are needed, 
examining larger cohorts of patients at early and 
late time points after stroke, to integrate ASL 
MRI into the diagnostic algorithm for this patient  
population.

DIFFUSION TENSOR MRI POTENTIAL  
IN ASSESSING CEREBRAL BLOOD FLOW

Another non-invasive MRI technique used 
in patients with a history of stroke is diffusion 
tensor MRI (DT-MRI) [34]. DT-MRI is a method 
that allows for an in vivo measurement of the 
water molecule movement direction, providing 
information on the degree of its anisotropy in 
various tissues. Based on the diffusion anisotropy 
occurring in CNS tissues, DT-MRI allows for the 

study of the conduction pathway structure and 
the reconstruction of three-dimensional images 
of commissural, association, and projection  
tracts [35]. 

DT-MRI results are vector maps that use color 
to encode the water molecule diffusion direction. 
Most commonly, red denotes «right – left» 
movement of water molecules, green denotes 
«forward – backward», and blue denotes «up – 
down» [36]. It is believed that DT-MRI (also 
known as tractography) can provide valuable 
information about the state of both the main 
pathways damaged by ischemic stroke and the 
pathways that compensate for lost brain functions.

R.M Umarova et al. (2017) [33], using 
tractography, found that large lesions of 
interconnected cortex areas cause large-scale 
structural reorganization of neural connections 
and determine various symptoms and neurological 
deficits. M.M. Visser et al. (2019) [35], studying 
patients with ACVA during the first week after 
the cerebrovascular accident, as well as after one 
and three months, came to the conclusion that 
changes in the white brain matter after ischemic 
stroke may be a localized rather than a global 
phenomenon. 

Therefore, the analysis of white matter tracts 
using DT-MRI data is a key aspect in studying 
brain tissue processes after stroke [37, 38]. When 
studying motor function recovery after ischemic 
stroke, the primary pathway studied is the CST. 
In recent years, a growing body of evidence 
suggests that combining clinical assessments with 
information on the integrity of the CST obtained 
using DT-MRI can improve the accuracy of 
predicting motor function recovery. Moreover, 
according to many scientists, the degree of CST 
damage on DT-MRI is the main prognostic factor 
determining motor function recovery after ischemic 
stroke [39, 40].

One of the most important quantitative 
parameters reflecting structural brain integrity 
and its structural and functional organization 
is fractional anisotropy coefficient (FAC). T. 
Koyama et al. [41] showed that FAC in the CST 
can be a potential marker for limb motor function 
recovery. The authors determined that the CFA 
measured in the superior longitudinal fasciculus 
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(SLF) can be used to predict the cognitive state 
in patients after ischemic stroke. Similar results 
were obtained in 2024 by L.M. Moura et al. [42]. 
In 2019, J. Puig et al. proposed basic strategies for 
quantifying CST damage in ischemic stroke, which 
included measuring FAC distal to the stroke site, 
measuring the number of fibers passing through the 
tract, and comparing changes in the CST state in 
the stroke site in stroke patients with that in healthy 
volunteers of the same age and gender [43].

Currently, in addition to CST, DT-MRI can also 
be used to study other CNS tracts. However, there 
are relatively few studies in this field, although 
their results are quite interesting. Thus, Z. Keser 
(2020) and E.L. Meier (2024) [44, 45] analyzed 
the arcuate fasciculus (AF), inferior longitudinal 
fasciculus (ILF), inferior fronto-occipital fasciculus 
(IFOCF), and uncinate fasciculus (UF) in patients 
with aphasia after left-sided ischemic stroke. 
The authors concluded that DT-MRI can provide 
valuable clinical information for predicting speech 
function recovery, and the degree of ILF integrity, 
in particular, is a prognostic marker for the extent 
of speech comprehension recovery. 

During the same period, M. Blom-Smink et al. 
(2020) [39], using DT-MRI to study the state of the 
ILF, IFOCF, UF, SLF, and the middle longitudinal 
fasciculus (MLF) in the same category of patients, 
came to a similar conclusion about the influence of 
the ILF integrity on the processes of speech function 
restoration in aphasia. Z. Gong et al. (2020) [45] 
also studied the predicting capabilities of DT-MRI 
for motor function restoration but in patients with 
poor hand function after hypertensive intracerebral 
hemorrhage and came to the conclusion that this 
radiation technology can be used to visualize damage 
to the CST fibers of the hand. In addition, the same 
authors found that rehabilitation measures carried 
out to restore hand function after hypertensive 
intracerebral hemorrhage were most effective in 
patients with only partially damaged CST. 

However, DT-MRI technology, used to 
diagnose the consequences of stroke, currently 
has a number of challenges. The most important 
of them is its dependence on the volume and 
location of the lesion, which affect the recording, 
post-processing, and presentation of visual data. 
Secondary expansion of cerebrospinal fluid-filled 

spaces can also distort the obtained information 
about white matter tracts. 

Therefore, when interpreting DT-MRI data, it 
is necessary to consider distortions in typical brain 
anatomy after ischemic stroke, and standardizing 
this assessment is quite difficult. Consequently, 
despite the encouraging prospects for using DT-
MRI in clinical practice, this technology has not 
yet found widespread application for assessing the 
rehabilitation potential of patients after stroke. On 
the other hand, despite the relatively widespread 
evaluation of CST, other tracts, such as the 
SLF, AF, ILF, IFOCF, UF, and MLF, have not 
been adequately studied in patients after stroke. 
Meanwhile, based on the results of the few studies 
presented in the literature, their integrity may also 
be a potential predictor of the degree of brain 
function recovery after stroke.

CONCLUSION
Therefore, when discussing the treatment 

of patients after ischemic stroke, it becomes 
clear that multimodal MRI is required to assess 
brain neuroplasticity and, consequently, the 
rehabilitation potential of such patients. Although 
multimodal MRI can identify predictors of brain 
function recovery after stroke, the number of 
large-scale, long-term studies of structural and 
functional changes in the brain after ischemic 
stroke is currently insufficient to understand its 
role in routine clinical practice. Furthermore, the 
clinical significance of each diagnostic component 
of multimodal MRI in a specific clinical situation 
has not been determined. 

So, there is currently no generally accepted 
diagnostic algorithm for examining patients after 
ischemic stroke using multimodal MRI [16]. 
Therefore, the development of an accessible 
algorithm for assessing the rehabilitation potential 
of patients after ischemic stroke, including 
multimodal MRI, should be the goal of further 
large-scale studies aimed at a more in-depth 
study of the information value of individual 
MRI modalities, their combinations with one 
another and with clinical assessments, in parallel 
with overcoming the problems of implementing 
this radiation technology into routine clinical  
practice.
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Modern Aspects of Separate Mechanisms of Sepsis Pathogenesis
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ABSTRACT

The objective of the review is to analyze the continuously developing and changing ideas about the numerous 
interrelated mechanisms of sepsis pathogenesis, new research directions, and potential approaches to treatment 
that are formed on their basis. A search was conducted using keywords in the PubMed database of relevant 
scientific publications for the period after the Third International Consensus Definition of Sepsis and Septic 
Shock (Sepsis-3).

The review considers modern concepts of the main pathophysiological mechanisms of sepsis development, which 
remains a pressing health problem. The data accumulated to date on various pathophysiological mechanisms of 
sepsis reflect the complexity of its pathogenesis, caused by the development and coexistence of a large number of 
diverse pathological reactions with wide overlap and interaction of various signaling cellular pathways responsible 
for both cell survival and death. In this case, the outcome of the process is determined by the delicate balance of 
developing reactions, in particular the balance between activation of the immune response and immunosuppression. 
New research directions into the pathogenesis of sepsis focus not only on the mechanisms of modulation of the 
immune system activity, but also on the study of a wide range of pathophysiological processes associated with 
the development of multiple organ failure syndrome. Accordingly, there is a search for new therapeutic strategies, 
and with the recognition of sepsis as a heterogeneous syndrome, a transition to more personalized approaches in 
its treatment. 

Keywords: sepsis, immunosuppression, mitochondrial dysfunction, cellular exhaustion, endothelial dysfunction, 
platelets
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Современные аспекты отдельных механизмов патогенеза сепсиса
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РЕЗЮМЕ

Цель обзора – анализ непрерывно развивающихся и меняющихся представлений о многочисленных взаи-
мосвязанных механизмах патогенеза сепсиса, формирующихся на их основе новых направлениях исследо-
ваний и потенциальных подходах к лечению. Проведен поиск с использованием ключевых слов в базе дан-
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ных PubMed релевантных научных публикаций за период после Третьего международного консенсусного 
определения сепсиса и септического шока (Sepsis-3).

В обзоре рассматриваются современные представления об основных патофизиологичеcких механизмах 
развития сепсиса, остающегося актуальной проблемой здравоохранения. Накопленные к настоящему вре-
мени данные о различных патофизиологических механизмах сепсиса отражают сложность его патогенеза, 
обусловленную развитием и сосуществованием большого количества разнообразных патологических реак-
ций с широким перекрытием и взаимодействием различных сигнальных клеточных путей, отвечающих как 
за выживание, так и гибель клеток. При этом исход процесса определяется тонким балансом развиваю-
щихся реакций, в частности, балансом между активацией иммунного ответа и иммуносупрессией. Новые 
направления исследований патогенеза сепсиса сосредоточиваются не только на механизмах модуляции 
активности иммунной системы, но и на изучении широкого спектра патофизиологических процессов, ас-
социирующихся с развитием синдрома полиорганной недостаточности. Соответственно, идет поиск новых 
терапевтических стратегий, а c признанием сепсиса гетерогенным синдромом – переход к более персона-
лизированным подходам в его лечении. 

Ключевые слова: сепсис, иммуносупрессия, митохондриальная дисфункция, клеточное истощение, эндо-
телиальная дисфункция, тромбоциты
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INTRODUCTION
Currently, sepsis is defined as a pathological 

condition caused by the introduction of an infectious 
pathogen and the subsequent unregulated response 
of the macroorganism, threatening life as a result 
of the development of multiple organ failure 
[1–4]. Despite advancing the understanding of 
its molecular pathophysiology and an increasing 
number of studies, including those devoted to a wide 
range of targeted therapies, sepsis remains a disease 
with a high mortality rate [5–8], and in patients who 
survive it, it causes an increased risk of death or a 
health-related decrease in quality of life [7, 9]. The 
World Health Organization has declared sepsis a 
global health priority [2, 10].

The development of a definition of sepsis and the 
search for its diagnostic criteria has have continued 
over the past 30 yearsand reflect both the growing 
understanding of its pathophysiological mechanisms 
and the successes and failures in its diagnosis and 
treatment [2, 3, 11]. The concept of sepsis has evolved 
in recent years from its understanding as a systemic 
inflammatory response syndrome (SIRS) caused by 
infection (Sepsis-1) to severe and potentially fatal 
organ dysfunction due to an inadequate or unregulated 
host response to infection (Sepsis-3). The concept 

has also emerged that systemic manifestations of 
infection can be caused by inflammatory mediators 
in the absence of dissemination of infection [2].

In the early 2000s, an alternative concept to the 
classical theory of sepsis pathogenesis (hyperin- 
flammation) emerged, focusing on the importance of 
immunosuppression developing at later stages of the 
process [2,  4]. At the same time, the concept was emerging 
that excessive inflammation and immunosuppression 
develop simultaneously, rather than sequentially, and 
their balance determines the outcome. With the predo- 
minance of hyperinflammation, early death is possible 
from an intractable cytokine storm and multiple organ 
damage, often with the development of persistent 
inflammation, immunosuppression, and catabolism 
syndrome (PICS), characterized by prolonged 
immunoparalysis, recurrent infections, and prolonged 
multiple organ dysfunction, whereas with successful 
regulation of the immune response, a rapid recovery 
from the critical condition is possible [12, 13].

Today, it is becoming clear that sepsis is a very 
complex response of the macroorganism, in which 
there is simultaneous development, coexistence, 
and complex interrelationship of a large number 
of diverse pathological reactions: systemic 
inflammation, metabolic and hemostatic disorders, 
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dysfunction of the immune system, disturbances of 
nervous regulation and others, and the outcome of 
the process depends on the delicate balance of these 
reactions and their counter-reactions, in particular 
the balance between activation of the immune 
response and immunosuppression [11, 14]. Sepsis is 
also characterized by long-term effects of developing 
reactions and difficulties in restoring homeostasis 
[12], the complexity of differentiating reactions into 
protective and those that enhance damage [2, 3, 11], 
as well as assessing their temporal sequence [7].

The complexity of the pathophysiology of 
sepsis, based on the simultaneous involvement, 
intersection, and interaction of a large number 
of signaling cellular pathways that determine the 
existence of various clinical phenotypes of the 
disease, determines the difficulty of its diagnosis, 
the absence of specific clinical symptoms and 
biomarkers with sufficient sensitivity and specificity 
[7, 9]. Such clinical diversity of sepsis explains not 
only the contradictory characteristics of the process, 
in particular in the spectrum of expressed cytokines, 
but also the ineffectiveness of many targeted drugs 
in the clinical setting  that have shown good effect 
in the experiment or in certain subgroups of patients 
[15, 16]. At the same time, it is the early diagnosis 
and treatment of sepsis that ensure its favorable 
outcome [7, 9].

New areas of sepsis research focus not only on 
mechanisms modulating immune system activity, 
including epigenomic reprogramming of immune 
cells, but also on the study of a wide range of 
pathophysiological processes associated with the 
development of multiple organ dysfunction syndrome 
(MODS), including mitochondrial dysfunction, 
cellular exhaustion, and endothelial dysfunction. The 
recognition of sepsis as a heterogeneous syndrome 
determines the need for its deeper phenotyping 
using bioinformatics technologies with subsequent 
personalized approaches to treatment [4, 15].

The aim of this review is to analyze the 
continually evolving and changing understanding 
of the numerous interrelated mechanisms of sepsis 
pathogenesis, the emerging new research areas, and 
potential treatment approaches.

MATERIALS AND METHODS
A search of the PubMed database for scientific 

publications on sepsis published in the 9 years 
following the Third International Consensus 

Definition of Sepsis and Septic Shock (Sepsis-3) 
was conducted [1]. A total of 1,210 abstracts 
were analyzed during the initial search, and the 
leading concepts of sepsis pathogenesis and current 
research areas were identified, which became 
potential thematic sections of the review. The 
following keywords were used for the search: sepsis, 
immunosuppression, mitochondrial dysfunction, 
cellular exhaustion, endothelial dysfunction, and 
thrombocytopenia. Seventy full-text papers were 
analyzed. The inclusion criterion was relevance, 
while the exclusion criterion was sepsis in children. 
This review includes 54 studies that reflect recent 
advances in the research of the least understood 
aspects of sepsis pathogenesis.

RESULTS
Pathophysiological Basis of the Modern Concept 
of Sepsis

The trigger event for the development of 
sepsis is an infectious pathogen that causes a local 
inflammatory response involving, first of all, antigen-
presenting cells of the innate immune system (IIS) 
– resident macrophages and dendritic cells (DCs), 
which provide the first line of defense [2–4, 10]. 
Activation of specific receptors (PRRs) in these cells 
through molecular patterns associated with both 
infectious pathogens (PAMPs) and those released 
during damage to host cells (DAMPs) leads to the 
inclusion of complex metabolic cascades responsible 
for the formation of the inflammasome, primarily 
in monocytes/macrophages, which are considered 
the primary source of inflammatory cytokines in 
response to activating stimuli and cells that maintain 
a delicate balance between the expression of pro- 
and anti-inflammatory cytokines [3, 10, 17].

The inflammasome is a protein oligomeric 
complex responsible for the inflammatory response 
by activating biologically inactive molecules, 
in particular pro-IL-1β and pro-IL-18, through 
autoproteolytic cleavage by caspase-1 (CASP1). 
Overactivation of the inflammasome can lead to 
cytokine storm with accompanying fever, shock, 
and multiple organ dysfunction [2, 4, 10]. A 
secondary multiple release of cytokines caused 
by the destruction of cell membranes during the 
initial cytokine storm also occurs, which serves as 
an additional immune trigger [10]. High levels of 
expression of inflammasome components have been 
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detected not only in professional immune cells of 
the IIS, but also in the endothelium and epithelial 
cells of barrier tissues of the body (in particular, in 
mucous membranes) [18].

Activation of PRRs also causes a cascade of 
reactions leading to the nuclear translocation of 
nuclear factor kappa B (NFκB) in immune cells and 
the induction of transcription of target genes involved 
in the synthesis of a number of proinflammatory 
cytokines (including IL-1β and IL-6) and some 
chemokines (CXCL8) [10, 12]. The second most 
important signaling cascade of IIS activation is 
triggered by interferons (IFNs). In both cascades, 
molecules of the small ubiquitin-like modifier 
(SUMO) play an important regulatory role, binding 
to target proteins and modulating their function 
(sumoylation) [12]. 

The inflammatory microenvironment is necessary 
for the release of complement proteins involved in 
direct pathogen lysis and for the active recruitment 
of effector cells of the innate and adaptive immune 
system (AIS) involved in the destruction of the 
pathogen [10]. At the same time, the secretion of 
proinflammatory cytokines can induce a special 
type of programmed cell death – pyroptosis, and 
inflammasomes involved in larger complexes 
(panaptosomes) can cause cell death by panoptosis, 
with cell survival and death signaling pathways 
(networks) intersecting. Programmed cell death 
(PCD) networks are critical mechanisms in the 
host response to infection, allowing for both the 
elimination of infected cells and the induction of 
inflammation, and are considered as key factors in 
immune dysregulation in sepsis [19].

In addition to the release of DAMPs, neutrophil 
extracellular traps (NETs) contribute to the 
inflammatory response. NETs are formed during 
neutrophil cell death (netosis) and consist of 
extracellular chromatin, histones, unfolded nuclear 
double-stranded DNA (dsDNA), and numerous 
granular proteins (such as elastase, cathepsin G, 
myeloperoxidase (MPO), among others). While NETs 
provide blood bactericidal activity, their excessive 
formation exacerbates tissue damage [4, 7, 10]. 

For instance, high levels of S100a8/a9 (released 
by neutrophils) suppress the expression of Ndufa3 (a 
subunit of NADH dehydrogenase) in mitochondrial 
complex I by inhibiting the expression of Nrf1 (nuclear 
respiratory factor 1). The deficiency in mitochondrial 

complex I promotes NAD+-dependent suppression 
of Sirt1 (sirtuin 1), leading to mitochondrial 
impairments – excessive mitochondrial fission and 
blocked mitophagy. In turn, mtDNA released from 
damaged mitochondria activates ZBP1 (Z-DNA-
binding protein 1, which also binds Z-RNA)-
mediated panoptosis in endothelial cells. Based on 
comprehensive RNA sequencing (scRNA-seq, RNA-
seq) data, a strong correlation has been demonstrated 
between S100A8/A9hi neutrophils and the number 
of circulating endothelial cells (a useful marker of 
endothelial damage), establishing S100A8 as an 
independent risk factor for an unfavorable prognosis 
in septic patients [20].

The recently discovered IL-40 is primarily 
responsible for the influx of S100A8/9hi neutrophils, 
particularly into the peritoneal cavity, and the 
formation of NETs. High levels of IL-40 in sepsis 
are positively correlated with the NET-related MPO/
dsDNA ratio, procalcitonin, C-reactive protein, lactate 
dehydrogenase, and the sequential organ failure 
assessment (SOFA). Genetic knockout of IL-40 (IL-
40-/-) prevents multiorgan damage in experimental 
sepsis by blocking netosis, therefore IL-40 may 
become a new therapeutic target in sepsis [21].

Signals emanating from the IIS in response 
to the presence of DAMPs also activate the 
autonomic nervous system with a reflex loop at 
the brainstem level and lead to the activation of 
a special population of lymphocytes (ChAT+) 
expressing the enzyme choline acetyltransferase 
and, as shown experimentally, playing a role in the 
regulation of blood pressure and the inhibition of 
macrophages producing proinflammatory cytokines. 
Such biological feedback allows for the suppression 
of the inflammatory reaction and the prevention 
of immune response “evasion” [10]. Adrenergic 
receptors in primary and secondary lymphoid organs 
are responsible for the suppression of the immune 
response. Among IIS cells, adrenergic receptors are 
actively expressed by neutrophils, especially beta-2 
receptors, the activation of which is responsible for a 
decrease in the production of reactive oxygen species 
(ROS), neutrophil migration, and the formation of 
NETs [10].

A controlled immune response to infection is 
characterized by the appearance of anti-inflammatory 
factors (IL-4, IL-10, IL-11, IL-13, TGFβ, GM-CSF, 
and IL-1 receptor antagonist), which help balance 
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the inflammatory response after the initial phase. 
This is achieved by reducing the production of 
inflammatory cytokines by monocytes/macrophages 
and activating T-cells, while simultaneously 
preserving the capacity for phagocytosis and 
microbial killing through the generation of ROS and 
nitric oxide. This process leads to the restoration 
of homeostasis and clinical recovery [2, 7, 10, 
22]. The mechanisms of a balanced inflammatory 
response and recovery from organ dysfunction 
are included in the concept of compensatory anti-
inflammatory response syndrome (CARS) [2]. In an 
uncontrolled inflammatory response, dysregulation 
of the innate and adaptive immune response occurs, 
with dysfunction and/or depletion of immune cells, 
primarily CD4+ T lymphocytes. Regulatory T cells 
(Tregs) avoid apoptosis and contribute to immune 
suppression [12].

Thus, it is now becoming clear that the 
inflammatory response caused by infection must be 
tightly regulated and that mechanisms for controlling 
this response are triggered during the development 
of sepsis [2, 12, 23].

Dysregulation of the Immune Response
Dysregulation of the immune response in 

sepsis is reflected in the multidirectional nature of 
inflammasome activation and in the characteristics 
of the clinical phenotype of the disease. For 
example, compared to SIRS, some studies have 
found decreased expression of the NALP1 and 
CASP1 genes (responsible for processing the 
proinflammatory cytokines IL-1β and IL-18) in 
patients with septic shock. Conversely, other 
studies have noted increased expression of these 
genes, particularly in patients with sepsis and acute 
respiratory distress syndrome compared to SIRS. 
Upregulation of the NOD-like receptors NLRP3 and 
NLRC4 and downregulation of NOD1 or NLRP1 
have also been found in fatal sepsis outcomes [2]. In 
vitro, it has been shown that a macrophage-derived 
transmembrane protein belonging to the tumor 
necrosis factor receptor (GITR) superfamily enhances 
macrophage uptake of lysophosphatidylcholine 
and NLRP3-inflammasome-mediated macrophage 
pyroptosis. Conditional knockout of GITR in 
myeloid cells or NLRP3/caspase-1/IL-1β deficiency 
reduces the severity/lethality of sepsis [24].

Immunosuppression that develops in sepsis is 
associated with the release of anti-inflammatory 

cytokines (IL-4, IL-10, IL-37, and TGF-β), immune 
cell death, T-cell exhaustion, and excessive 
production of immunomodulatory cells, including 
Tregs and myeloid-derived suppressor cells (MDSCs) 
[4, 23]. Increased expression of immune checkpoint 
receptors PD-1, TIM-3, and BTLA and decreased 
expression of IL-7 (lymphocyte growth factor) 
receptors in CD4+ and CD8+ splenic lymphocytes 
also leads to the progression of immunosuppression 
[3, 4, 23]. Thus, in sepsis, both IIS and AIS responses 
can be either suppressed or enhanced [3]. Therapeutic 
strategies aimed at preventing the development of 
immunosuppression include the use of GM-CSF to 
increase neutrophil activity, anti-PD-L1 antibodies 
to reduce T-cell exhaustion, and IFNγ to enhance 
macrophage function [4].

Immune disorders are also manifested by a 
decrease in chemotaxis, phagocytosis, and ROS 
formation in young neutrophils [2, 3]. At the same 
time, high ROS production by neutrophils is observed 
in patients with septic shock, and high expression of 
elastase, cathepsin G, and MPO by young neutrophils, 
and high frequency of NETs are associated with 
the development of organ failure, DIC syndrome, 
and higher mortality. The study of neutrophil 
phenotypes may be useful for the early recognition 
of various clinical scenarios in patients with sepsis 
[3]. Thus, depletion of neutrophils with the Siglec-F+ 
phenotype, which are the primary producers of IL-
10, leads to an increase in T-lymphocyte function 
and a noticeable improvement in the survival of mice 
with secondary infections, which does not exclude 
the potential therapeutic value of this discovery [25].

Decreased HLA-DR expression in monocytes is 
considered as a reliable biomarker of the immune 
status in patients with sepsis and a predictor of the 
development of secondary infectious complications. 
Decreased HLA-DR expression on the DC surface 
also correlates with the severity of sepsis and is 
characteristic of septic shock. The immunosuppressive 
activity of monocytes/macrophages also partially 
depends on the expression of Nod-like receptor 
protein-3 (NALP-3), which is the main component of 
the eponymous type of inflammasome multiprotein 
complex. NALP-3 expression in macrophages is 
regulated by T-cell immunoglobulin and the mucin 
domain (Tim4); in patients with septic shock, 
the expression of Tim4 and NALP-3 decreases, 
which leads to dysfunction of phagocytosis and 
immunosuppression [3]. Currently, the importance 
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of the balance of two macrophage profiles – MHCII+ 

F4/80+ Tim4- and CD206+ F4/80+ Tim4+, which have 
a proinflammatory and anti-inflammatory effect, 
respectively, and the need for early (before the 
development of a cytokine storm) administration of 
drugs (in particular, liposomal clodronate) that stop 
the accumulation of MHCII+ F4/80+ Tim4 has been 
shown [26].

At the same time, monocytes from patients with 
sepsis demonstrate functional plasticity and the 
possibility of reprogramming under the influence 
of the expression of HIF1α (hypoxia-inducible 
factor 1α), a key factor in the reprogramming of 
monocytes with the development of so-called 
“lipopolysaccharide tolerance”, which can also 
be the result of epigenetic (in particular, during 
DNA methylation of monocytes) suppression of 
inflammatory genes (for example, NF-kB, IRAK-1, 
TLR-4 and TREM-1) and, conversely, an increase 
in transcription factors, such as IL-1 receptor-
associated kinase-M (IRAK-M) and SH2-containing 
inositol phosphatase (SHIP) [3, 27].

Transcription factor-mediated reprogramming 
can also occur in DCs, for example, by 
downregulating the expression of interferon 
regulatory factor 4 (IRF4), which promotes antigen 
presentation to CD4+ lymphocytes by dendritic cells, 
or by upregulating Blimp-1 (B-lymphocyte-induced 
maturation protein-1) expression, which induces DC 
tolerance in vitro. Transcription factor-mediated DC 
reprogramming can also result from autocrine TGFβ 
inflammatory signaling and local Treg regulation 
[3]. Blimp-1 can function as an activator/repressor 
and determine the fate of different T cell lines, it 
also enhances the production of IL-2, IL-21 and 
IL-10 in effector T lymphocytes, regulating the 
degree of inflammation and cell damage, therefore, 
the regulatory mechanisms of immune homeostasis 
determined by Blimp-1 may become an important 
therapeutic target in sepsis [28, 29].

Apoptosis of T and B cells in patients with sepsis 
leads to lymphopenia, which is observed during the 
first week of septic shock and is associated with more 
severe organ dysfunction and a worse prognosis. In 
contrast, in surviving patients, the absolute number 
of CD3+ CD4+- lymphocytes is restored [3]. The 
immunosuppressive state, especially in patients 
with septic shock, is maintained by a decrease in 
the expression of transcription factors, such as 

T-bet, GATA3, and Foxp3 in lymphocytes, as well 
as through a number of mechanisms in Treg CD4+ 
CD25+ FoxP3+ (Forkhead/winged helix transcription 
factor P3). In severe sepsis, an increase in the number 
of Tregs, especially Treg CD39+, is observed. 
Tregs can eliminate target cells or modulate target 
cell signaling through direct contact, via anti-
inflammatory cytokines (IL-10, TGFβ, or IL-35) 
or exosomes containing microRNAs. The complex 
balance between pro- and anti-inflammatory 
responses in sepsis may disrupt the Th17/Treg ratio 
and lead to increased resistance of Tregs to apoptosis 
or to inhibitory effects in the adaptive immune 
response [3].

Severe suppression of the immune response, 
which causes the development of secondary 
infections and high mortality, develops in patients 
with PICS, associated with high expression of, in 
particular, PD-1, CTLA-4, BTLA, TLR-2, TLR-
4, and TLR-5 and excessive production of such 
cytokines as IFNγ, IL-6, TNFα, and IL-10 [3]. The 
pathophysiological mechanisms of PICS are not 
fully understood, but a link has been noted with 
mitochondrial dysfunction (MD), cellular exhaustion 
and an increase in the number of MDSCs, which 
regulate and limit inflammation at the beginning of 
the septic process, and later (after day 14) lead to 
the development of an anti-inflammatory response, 
and PICS [12, 30]. Glycemic variability and low 
levels of high-density lipoprotein cholesterol are 
also considered as independent risk factors for the 
development of secondary PICS in sepsis [31, 32].

Thus, both pro- and anti-inflammatory genomic 
storms arise in the earliest stages of infection, 
and the balance between them determines the 
development of clinically excessive inflammation 
or immunosuppression. Immunomodulation 
(particularly the use of PD-1/PD-L inhibitors) could 
potentially become a new strategy for treating sepsis 
[12].

Mitochondrial Dysfunction

Mitochondrial dysfunction and bioenergetic 
failure are recognized as important pathophysiological 
mechanisms of sepsis, particularly the development 
of MODS and immunosuppression, and early 
mitochondrial biogenesis and antioxidant defense 
are considered as critical factors for the survival of 
patients with sepsis [33–37].
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Mitochondria are dynamic networks that 
constantly adapt to cellular needs. Their morphology 
and function depend on a delicate balance between 
fusion processes, which create an extensive 
network, and, conversely, disintegration, which is 
necessary to remove damaged mitochondria and 
utilize them through autophagy, or mitophagy. 
Inadequate mitophagy leads to the accumulation 
of dysfunctional mitochondria in cells [34, 37, 
38]. The PINK1/Parkin (PTEN-activated kinase/
parkin) mitophagy pathway, which is activated 
in the heart and kidneys during sepsis, plays a 
crucial role in the protection and preservation of 
their mitochondria. When one of these pathways 
is deficient in experimental mice, myocardial 
contractile dysfunction and renal dysfunction 
increase. Suppression of mitophagy receptors, as well 
as impaired fusion of autophagosomes containing 
dysfunctional mitochondria with lysosomes, may 
play a significant role in skeletal muscle dysfunction 
and the development of fatty liver disease. A large 
group of membrane transport proteins (SNAREs), 
including STX17, SNAP29, VAMP8, and VAMP7, 
is involved in the complex process of autophagoso- 
me – lysosome fusion [34].

Factors causing structural damage to 
mitochondria include proinflammatory cytokines, 
bacterial LPS, and ROS, leading to decreased 
ATP production, disruption of the redox balance, 
followed by accumulation of ROS and the formation 
of a vicious cycle [36]. MD is induced by poly(ADP-
ribose) polymerase 1, or PARP1, the main isoform 
of the enzyme family catalyzing poly-ADP-
ribosylation. Hyperactivation of PARP1 leads to 
depletion of NAD+ and ATP and the development  
of MD. Experimentally, mice with PARP1 deficiency 
exhibit reduced mortality in response to high doses 
of LPS [2].

Research aimed at further studying MD in sepsis, 
mitophagy pathways, and the search for therapeutic 
effects on mitochondrial dynamics remains relevant 
[34]. Thus, it has been shown that the severity of 
kidney damage in sepsis correlates well with the 
expression of the transient receptor potential ankyrin 
1 (TRPA1) in the renal tubular epithelium, which 
can serve as a “sensor” of oxidative stress and an 
important regulator of the activation of MAPK 
(mitogen-activated protein kinase)/NF-κB signaling 
pathways, and also contribute to the subsequent 

transcriptional regulation of IL-8 [39]. The use of 
the drug A-967079 (TRPA1 antagonist) prevents 
the development of MODS and increased secretion 
of proinflammatory cytokines and reduces the level 
of lipid peroxidation in mitochondria and MD, in 
particular in renal tissue [40]. 

Also of interest are studies examining the 
mechanisms of insulin influence on oxidative 
stress in the kidneys of rats with experimental 
sepsis. Insulin administration is accompanied by an 
increase in the expression of superoxide dismutase 
and uncoupling protein (UCP2) and a decrease in the 
severity of structural and functional disorders in the 
kidneys [41].

Since intracellular metabolic pathways modulate 
immune cell function, mitochondria, which are 
metabolic and signaling organelles, have come to 
be regarded as important participants in immune 
activation. When exposed to LPS, mitochondrial 
components, through ROS and HIF1α activation, 
promote the production of inflammatory cytokines 
via activation of the NLRP3 inflammasome. 
The field of study of these processes is called 
immunometabolism [2]. 

Analysis of data from numerous studies confirms 
the significant efficacy of mitochondrial cofactors 
– α-lipoic acid, coenzyme Q10, and carnitine 
– in sepsis and other acute illnesses, including 
COVID-19 pneumonia. These cofactors have a 
pronounced antioxidant effect and play different but 
complementary roles in mitochondrial function [33, 
37]. The natural flavonoid eriocitrin, which has anti-
inflammatory and antioxidant properties, increases 
mitochondrial biosynthesis and mtDNA content, 
activates the mitochondrial biogenesis-associated 
NRF1/PGC-1/TFAM signaling pathway, has a 
therapeutic effect on acute lung injury in sepsis in 
vitro and in vivo, reduces the manifestations of liver 
steatosis, and suppresses mitochondrial glycolysis 
through regulation of the MKP1 (mitogen-activated 
protein kinase 1 phosphatase)/MAPK pathway [37]. 

The use of notoginsenoside R1 (NGR1) as a 
mitochondrial protector in experimental sepsis 
showed that, acting through Drp1 (dynamin-like 
protein 1), which is responsible for mitochondrial 
homeostasis in cells under hypoxic – ischemic 
conditions, it prevents mitochondrial fragmentation 
and causes the restoration of the morphology 
and function of the vascular endothelium in the 
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microcirculatory bed, thereby increasing the barrier 
function of the intestinal mucosa [36].

Cellular Exhaustion
Cellular exhaustion is observed not only in 

immune cells, causing immunosuppression, but 
also forms the structural basis for the development 
of multiple organ failure in sepsis and is closely 
pathogenetically linked to the previously discussed 
MD and PICS [19, 23, 30, 42]. The pathophysiology 
of sepsis-associated cell death is characterized not 
only by the diversity of factors triggering this process 
(DAMPs, PAMPs, cytokines, MD, oxidative stress, 
transcriptional changes), but also by a complex 
network of intersecting mechanisms aimed at both 
cell survival and cell death. Proteins involved in cell 
death also play a key role in immune signaling in 
sepsis. 

Thus, PCD networks are both components of the 
host defense response to infection and are associated 
with the development of inflammation aimed at 
survival (production of cytokines, activation of 
inflammasomes, changes in gene transcription), and 
various mechanisms of cell death, including apoptosis 
(activation of the caspase cascade); necroptosis 
with the participation of kinases and pseudokinases 
(RIPK1, RIPK3, MLKL), accompanied by a 
pronounced immune response; pyroptosis with 
excessive activation of inflammasomes with the 
participation of CASP1 and GSDMD (gasdermin D) 
[20].

Ferroptosis is now being actively investigated as a 
novel type of cell death in sepsis. It is driven by iron-
dependent lipid peroxidation and is characterized 
by unique morphological, biochemical, and genetic 
features. Ferroptotic cells can be immunogenic, 
enhance inflammatory responses, cause massive cell 
death, and lead to multiple organ failure [43].

Targeting cell death mediators with new 
treatments may be able to eliminate uncontrolled 
inflammation in sepsis and improve patient outcomes 
[19]. Thus, preliminary administration of BRL37344, 
a β3-adrenergic receptor (β3-AR) agonist, and 
preliminary treatment of H9c2 cells with the same 
drug during experimental sepsis in rats inhibits LPS-
induced cardiomyocyte apoptosis, suppresses the 
activation of caspases-3, -8, and -9, and increases 
the level of PI3K (phosphoinositide 3-kinase), p-Akt 
Ser473 (phosphorylated serine/threonine-specific 

protein kinase at Ser473), and p-eNOS Ser1177 
(phosphorylated endothelial nitric oxide synthase at 
Ser1177) proteins in H9c2 cells [44].

Currently, there is a search for and evaluation of 
mediators that suppress immune system imbalances, 
or so-called specialized pro-resolving mediators 
(SPMs). In particular, resolvin D2 (RvD2), which 
has an anti-inflammatory effect without the effect of 
immunosuppression, is being tested [42]. In a model 
of macrophage depletion by repeated administration 
of LPS, RvD2 attenuates the suppression of 
macrophages in vitro and in vivo, increases NF-
κB activity, TNFα release, and bacterial clearance 
compared to the control [42]. Fludarabine, which 
suppresses the effects of DnaK, or Hsp70 of 
Escherichia coli, the main regulator of the bacterial 
proteostasis network that promotes the depletion 
of T cells, macrophages and osteoclasts, may be 
potentially effective in the treatment of sepsis [45].

In general, the wide overlap and interaction of 
PCD networks, based, in turn, on the participation 
of caspase cascades [19] and intercellular 
communication via exosomes (the contents of which, 
including exosomal microRNAs, significantly 
influence cellular metabolism) [46], greatly 
complicate attempts to control network interactions 
[10, 19].

Endothelial Dysfunction and Hemostasis 
Disorders

Endothelial cells (ECs) are among the first targets 
in sepsis. They become activated and change their 
phenotype when exposed to ROS, inflammatory 
cytokines, and bacterial endotoxins [7, 10, 17]. 
The consequences of endothelial dysfunction are 
determined by the physiological role of the endothelium 
in regulating various systems and are manifested 
through disruption of regional microcirculation and 
hemostasis, the development of ischemia/reperfusion, 
oxidative stress, microthrombosis and tissue hypoxia, 
and activation of proapoptotic mechanisms, reflecting 
the intersection of many pathophysiological reactions 
in sepsis [7, 10, 17, 47].

Under physiological conditions, the endothelium 
maintains a balance between coagulation and 
fibrinolysis, and its interaction with leukocytes is 
modulated by the glycocalyx, the damage of which 
under conditions of a cytokine storm exposes adhesion 
molecules (P-selectin, E-selectin, VCAM-1), 
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enhancing the activation, adhesion, and extravasation 
of leukocytes [7]. Activated endothelial cells express 
von Willebrand factor (VWF), tissue factor, and 
plasminogen activator inhibitor type 1 (PAI-1). The 
development of the thrombotic phenotype is also 
promoted by proteolytic inactivation of tissue factor 
pathway inhibitor (TFPI) and decreased activation of 
protein C. These defects, as well as a decrease in the 
level of ADAMTS13 (a protease that cleaves VWF), 
increase the formation of fibrin-rich microvascular 
clots, leading to the development of DIC syndrome 
in sepsis [7, 10].

Changes in vascular permeability and leukocyte 
recruitment occur primarily at the level of capillaries 
and postcapillary venules, which have organ-
specific structural differences determined by the 
characteristics of interendothelial connections and, 
accordingly, the presence of continuous capillaries, 
discontinuous capillaries, or sinusoids, and capillaries 
with fenestrated endothelium, or an intermediate 
type. ScRNA-seq studies have demonstrated the 
existence of a continuum of transcriptional states in 
ECs in different branches of the vascular bed [17].

Under physiological conditions, ECs, by releasing 
nitric oxide, regulate arteriolar tone and local blood 
flow distribution. Sepsis-activated nitric oxide 
synthase (iNOS) is expressed heterogeneously in the 
vascular bed, including due to its organ specificity, 
which leads to the formation of areas of both hypo- 
and hyperperfusion. A decrease in capillary functional 
density and an increase in capillary stasis, including 
due to a decrease in erythrocyte deformability and 
platelet/fibrin plugging, as well as the loss of vascular 
tone regulation, lead to a disruption of convective 
oxygen transport, a transition of cells to anaerobic 
glycolysis, and the development of lactic acidosis. In 
recent years, it has become clear that microvascular 
ECs play an important role in the pathophysiology of 
MODS in sepsis [7, 48].

A special place in the initiation of microcirculation 
disorders is occupied by damage to the glycocalyx, 
the levels of biomarkers of which in the blood 
(syndecan-1, soluble CD44 and thrombomodulin) 
and urine (sulfated glycosaminoglycans) correlate 
with disturbances in microvascular parameters – 
perfused vessel density (PVD), perfused border 
region (PBR), which is the inverse of the glycocalyx 
thickness, and an indicator of microvascular health 
[48]. These data determine the development of a 

new therapeutic approach to the restoration of the 
endothelial glycocalyx, in particular, a pronounced 
therapeutic effect, assessed by the stabilization 
of PVD and PBR, was obtained using liposomal 
nanocarriers with glycocalyx [49].

New data on the mechanisms of EC involvement 
in leukodiapaedesis, microvascular permeability 
control, and hemostasis regulation are forming new 
understanding of the pathogenesis of sepsis, but 
cannot yet be transformed into effective methods of 
its treatment, to a certain extent due to the organotypic 
characteristics of the endothelium. Results of single-
cell RNA sequencing and spatial transcriptomics may 
help to reveal the full spatiotemporal signature of EC 
responses in sepsis, better understand the molecular 
pathways used by EC, and develop therapeutic 
methods for suppressing the processes leading to the 
development of MODS [17, 47].

Platelets, Thrombocytopenia,  
and Immunothrombosis

Various indicators of platelets status, such as 
thrombocytopenia, P-selectin expression, aggregation 
with neutrophils, increased mean platelet volume 
(MPV), and thrombopoietin levels, correlate with the 
severity of sepsis and are used as its biomarkers [7, 50–
52]. By releasing a wide range of biologically active 
substances (adenosine diphosphate, thromboxane 
A2, and platelet activating factor (PAF)), including 
cytokines (IL-1, IL-6, and TNFɑ) and possessing 
an equally wide range of receptors, platelets 
actively participate in two important synchronously 
developing and interconnected protective reactions 
during infection – activation of coagulation and the 
IIS response, which determines their important role in 
the course of sepsis. [51].

One of the forms of interaction of platelets with 
cells of the immune system is the formation of pla- 
telet –leukocyte, in particular, platelet – neutrophil 
complexes [51]. Platelets bind to neutrophils through 
the platelet Toll-like receptor 4 (TLR4), which 
stimulates the formation of NETs, an excessive 
amount of which shifts the hemostatic balance to- 
wards coagulation and thrombus formation [7, 52]. 
It has been shown that the introduction of deoxy- 
ribonuclease, which destroys circulating free DNA,  
which is a marker of NETs and enhances thrombin 
production through activation of the intrinsic coagu- 
lation pathway, reduces mortality in sepsis. Thus, 
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platelets and neutrophils in sepsis are participants in 
an interconnected immunothrombotic mechanism, 
which is defined as immunothrombosis [7, 51].

Inflammatory cytokines and the complement 
system suppress anticoagulant pathways in 
sepsis. The initial increase in tissue plasminogen 
activator during the acute phase of inflammation is 
subsequently overridden by a powerful and sustained 
upregulation of plasminogen activator inhibitor-1 
(PAI-1) production by endothelial cells. This leads 
to a blockade of fibrinolysis, and thrombus formation 
in small and medium-sized vessels contributes to 
MODS. In turn, the administration of recombinant 
activated protein C suppresses leukocyte – endothelial 
interaction, the production of inflammatory cytokines 
and PAI-1, which modulates fibrinolysis, and protects 
against thrombus formation [7].

Thrombocytopenia in sepsis may be a 
consequence of sequestration and consumption of 
Plt by microthrombi [50], Plt pyroptosis caused by 
S100A8/A9 released from NETs [20], suppression of 
hematopoiesis in the bone marrow by inflammatory 
cytokines and bacterial toxins; in particular, a 
negative correlation of thrombocytopenia with IL-
18 and IL-35 has been established [53]. In turn, the 
use of recombinant human thrombopoietin (rhTPO) 
in sepsis reduces the severity of inflammation and 
endothelial cell damage by regulating the PI3K/Akt 
pathway [54].

CONCLUSION
Thus, the data accumulated to date on the various 

pathophysiological mechanisms of sepsis reflect 
the complexity of its pathogenesis, conditioned by 
the development and coexistence of a large number 
of diverse pathological reactions with extensive 
interactions between various cellular signaling 
pathways. This determines the diversity of clinical 
phenotypes of the disease, the difficulty of diagnosis 
(the absence of an ideal biomarker), and the 
impossibility of universal therapy [2, 7, 15]. Hopes for 
solving the problem of sepsis are placed on its deep 
phenotyping using omics technologies, as well as 
artificial intelligence in the analysis of a vast amount 
of information on the course of this process [15].
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ABSTRACT

The review focuses on current concepts of the role of obesity, the chronic systemic inflammation it induces, and 
lipid metabolism disorders in the pathogenesis of osteonecrosis of the femoral head (ONFH) in order to substantiate 
new approaches to its prevention and treatment. This review analyzes modern fundamental and clinical studies 
focusing on the relationship between metabolic disorders, chronic inflammation, and osteonecrosis. Specifically, 
we examined research investigating the molecular mechanisms of adipose tissue dysfunction, lipotoxicity, oxidative 
stress, and their impact on bone tissue homeostasis.

The analysis established that obesity acts as a systemic risk factor for ONFH development, functioning not merely 
as a source of mechanical load but also as an initiator of a pathogenic cascade. Dysfunctional adipose tissue leads 
to chronic low-grade systemic inflammation and oxidative stress. Together, these factors provoke endothelial 
dysfunction, impair perfusion of the femoral head bone tissue, and induce lipotoxicity in the bone marrow. 
Consequently, at the local level, this cascade suppresses osteogenesis, simultaneously enhances bone resorption, 
and triggers osteocyte apoptosis.

Systemic metabolic and inflammatory disruptions initiated by obesity underlie impaired bone remodeling, ischemia, 
and necrosis of the femoral head subchondral bone. Therefore, the correction of body weight and associated 
metabolic disorders should be considered as an integral part of a comprehensive strategy for treating ONFH and 
preventing its progression. This integrated approach may improve the outcomes of joint-preserving interventions 
and delay the need for total hip arthroplasty in young patients.

Keywords: avascular necrosis of the femoral head, obesity, chronic systemic inflammation, dyslipidemia, oxidative 
stress, pathogenesis
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РЕЗЮМЕ

Представлен обзор современных данных о роли ожирения, индуцированного им хронического системного 
воспаления и нарушений липидного обмена в патогенезе асептического некроза головки бедренной кости 
(АНГБК) для обоснования новых подходов к профилактике и лечению.  Проведен анализ современных 
фундаментальных и клинических исследований, посвященных взаимосвязи метаболических нарушений, 
хронического воспаления и остеонекроза. Рассмотрены работы, изучающие молекулярные механизмы дис-
функции жировой ткани, липотоксичности, окислительного стресса и их влияния на гомеостаз костной 
ткани.

Установлено, что ожирение выступает системным фактором риска развития АНГБК, действуя не только 
как источник механической нагрузки, но и как инициатор патогенетического каскада. Дисфункциональ-
ное состояние жировой ткани приводит к развитию хронического вялотекущего системного воспаления 
и окислительного стресса. В совокупности эти факторы провоцируют развитие эндотелиальной дисфунк-
ции, ухудшают перфузию костной ткани головки бедренной кости и вызывают явления липотоксичности в 
костном мозге. Следствием этого на локальном уровне становится угнетение остеогенеза, одновременное 
усиление резорбции кости и апоптоз остеоцитов. 

Инициируемые ожирением системные метаболические и воспалительные сбои формируют основу для на-
рушения костного ремоделирования, ишемии и некроза субхондральной кости головки бедренной кости. 
Следовательно, коррекция массы тела и сопутствующих метаболических расстройств должна рассматри-
ваться как неотъемлемая часть комплексной стратегии лечения и вторичной профилактики прогрессиро-
вания АНГБК. Такой подход может улучшить результаты органосохраняющих вмешательств и отсрочить 
необходимость эндопротезирования у молодых пациентов.

Ключевые слова: асептический некроз головки бедренной кости, ожирение, хроническое системное вос-
паление, дислипидемия, окислительный стресс, патогенез 
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INTRODUCTION
Osteonecrosis of the femoral head (ONFH) 

remains one of the most common and difficult-to-
treat pathologies in orthopedic practice, primarily 
affecting young and middle-aged patients. In different 
countries, the incidence of ONFH ranges from 1.5 
to 3.0 per 100,000 population with a continuing 
upward trend. The disease is characterized by rapid 
progression: without effective treatment, 94% of 
patients develop femoral head collapse within 5 
years followed by loss of hip joint function [1–3]. 
Despite certain advances in the development of 
organ-preserving methods, the difficulties of early 
diagnosis as well as the presence of unfavorable 
prognostic factors often lead to ineffective treatment 
and the need for total hip arthroplasty. In the USA 
and Europe, 2–10% of all hip arthroplasty surgeries 
are performed for ONFH, while in Asian countries, 
this figure reaches 60%. Although total hip 
arthroplasty improves the quality of life, it creates 
serious medical, social, and economic problems 
due to the limited service life of endoprostheses 
and the high probability of reoperations, especially 
considering that most patients with ONFH are 
young people [4, 5]. The need for an in-depth study 
of the pathogenetic mechanisms of ONFH and the 
search for fundamentally new ways to prevent it are 
becoming obvious.

The causes of ONFH are divided into 
traumatic, most often caused by fractures of the 
proximal femur, and non-traumatic, among which 
conditions associated with metabolic syndrome 
occupy a special place. Obesity as one of the 
key components of metabolic syndrome is not 
only a global health problem, but also a potential 
modifiable pathogenetic factor that requires detailed 
consideration in ONFH development. By 2035, 
almost two billion people are expected to suffer from 
obesity. It underlies the development of a cascade of 
complications, including type 2 diabetes mellitus, 
cardiovascular diseases, non-alcoholic fatty liver 
disease, malignant neoplasms, musculoskeletal 
diseases, and psychological disorders, leading to 
increased morbidity, mortality, and healthcare costs 
worldwide [6].

The key pathogenetic link between obesity and 
these complications is the chronic low-grade systemic 
inflammation induced by obesity. Dysfunctional 
adipose tissue produces excess proinflammatory 

adipokines and cytokines, while simultaneously 
suppressing the synthesis of anti-inflammatory 
factors. This process is accompanied by severe 
lipid metabolism disorders, insulin resistance, and 
oxidative stress, creating a vicious cycle of metabolic 
and inflammatory damage [7].

In terms of ONFH pathogenesis, obesity 
in addition to the mechanical load factor is a 
condition that systemically disrupts metabolic 
and immune homeostasis. It directly contributes 
to the key pathogenetic mechanisms of ONFH: it 
exacerbates endothelial dysfunction, dyslipidemia, 
and hypercoagulation, promotes intravascular fat 
embolism, increases intraosseous pressure due to 
adipocyte hyperplasia, and creates persistent chronic 
systemic inflammation. This inflammation mediated 
by altered secretion of adipokines and cytokines 
damages the vascular endothelium, disrupts bone 
remodeling, and accelerates osteocyte apoptosis. 
Therefore, studying the causal relationships between 
obesity-induced metabolic inflammation and the 
development of ONFH is important to identify 
new potential biomarkers and therapeutic strategies 
aimed at correcting the metabolic and inflammatory 
status as part of a comprehensive approach to ONFH 
treatment [8–10] (Fig. 1).

The review aims to systematize current knowledge 
on the relationship between obesity, lipid metabolism 
disorders, chronic systemic inflammation and the 
development of ONFH. The article will discuss the 
molecular basis of obesity-induced inflammation 
as well as the integrated pathways through which 
these systemic disorders lead to ischemia, impaired 
remodeling, and necrosis of the femoral head. 

SEARCH STRATEGY

A comprehensive systematic search was 
performed in electronic databases indexed in 
PubMed to identify relevant publications. The search 
covered the period from January 2020 to December 
2025. The search strategy was based on using 
combinations of key terms and their synonyms: 
(“avascular necrosis” OR “osteonecrosis” OR 
“aseptic necrosis”) AND (“femoral head” OR “hip 
head”) AND (“obesity” OR “adipose tissue” OR 
“metabolic syndrome” OR “lipid metabolism” OR 
“dyslipidemia” OR “hyperlipidemia”). A manual 
search was also conducted on the reference lists of 
included articles and relevant review papers.
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Fig. 1. The role of dyslipidemia and obesity in the pathogenesis of osteonecrosis of the femoral head
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The review aims to systematize current knowledge on the relationship between obesity, 

lipid metabolism disorders, chronic systemic inflammation and the development of ONFH. The 

article will discuss the molecular basis of obesity-induced inflammation as well as the integrated 

pathways through which these systemic disorders lead to ischemia, impaired remodeling, and 

necrosis of the femoral head. 

Search Strategy

INCLUSION AND EXCLUSION CRITERIA
The inclusion criteria were original studies 

(clinical and experimental in animals), systematic 
reviews, and case reports focusing on the relationship 
between obesity, lipid metabolism parameters, and the 
development or progression of ONFH, as well as the 
description of the pathogenetic mechanisms linking 
metabolic disorders to bone damage. The exclusion 
criteria were articles devoted to secondary ONFH 
solely due to trauma, decompression sickness, and 
corticosteroid use (without analyzing concomitant 
metabolic factors); articles that mention obesity or 
dyslipidemia only as a demographic characteristic 
without analyzing their pathogenetic role; isolated 
case reports without analyzing mechanisms; letters 
to the editor, conference abstracts; and the absence 
of a full-text article.

DATA EXTRACTION

The authors independently extracted the following 
data from the selected studies: first author’s last name 
and year of publication, study design, biomarkers 
examined, experimental models used, the strength 
of the association between metabolic parameters 
and ONFH risk, described pathogenetic pathways, 
and the authors’ conclusions about the role of 
obesity and dyslipidemia in the pathogenesis of the 

disease. Any disagreements that arose between the 
co-authors during the data extraction phase were 
resolved through a joint discussion.

RESULTS
The initial search using the developed strategy 

revealed 101 records. After applying a time filter 
(excluding publications published before 2020), 48 
papers were excluded, leaving 53 studies for further 
consideration. At the title and abstract screening 
stage, 25 articles were excluded because their 
subject matter did not match the aim of this review. 
Evaluating the full text of each of the remaining 28 
articles to determine whether they met the inclusion 
criteria resulted in the exclusion of six studies. An 
additional manual search of the reference lists of 
relevant publications allowed us to include 28 more 
studies that met all the criteria. Thus, the final set 
of analyzed works consisted of 50 full-text articles, 
which ensured a comprehensive coverage of the topic 
and representative data for subsequent qualitative 
synthesis.

DISCUSSION
Adipose tissue dysfunction, lipid metabolism 

disorders, and chronic inflammation form a single 
pathogenetic pathway. Its final result is a combined 
damage to the vascular network and cell populations 
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of the femoral head, which is confirmed as a 
mechanism of ONFH development. Research has 
demonstrated that specific changes in the lipid profile 
collectively contribute to the progression of ONFH 
by disrupting the integrity of cell membranes, causing 
oxidative stress, leading to endothelial dysfunction, 
and impairing the regulation of signaling pathways 
involved in bone cell survival and function [11, 12].

DISORDERS OF LIPID METABOLISM 

The relationship between dyslipidemia and 
ONFH is bidirectional, as the presence of necrotized 
bone tissue leads to destabilization of systemic lipid 
metabolism, which aggravates the pathological 
process in the bone and makes it self-sustaining 
[13, 14]. Severe disorders of systemic lipid 
metabolism manifested by hypercholesterolemia, 
hypertriglyceridemia, increased levels of low-
density lipoprotein cholesterol (LDL-C) and 
apolipoprotein B, as well as decreased levels of 
high-density lipoprotein cholesterol (HDL-C) 
and adiponectin, contribute to the formation of fat 
emboli, which, in combination with endothelial 
dysfunction exacerbated by dyslipidemia, disrupts 
the microcirculation of subchondral bone tissue and 
leads to its ischemia, triggering osteonecrosis [15]. 
X. Yu et al. (2024) demonstrate that non-HDL-C 
and apolipoprotein B levels are risk factors for 
the progression of ONFH, serving as a clinically 
accessible reflection of the role of lipid metabolism 
disorders in the development of this pathology [16].

Excess lipids and free fatty acids affecting the 
differentiation of mesenchymal stem cells, which are 
common precursors of adipocytes and osteoblasts, 
lead to an imbalance between adipogenesis and 
osteogenesis in the bone marrow in favor of the 
former. Excessive accumulation of adipocytes 
in the bone marrow caused by both excess 
lipid production and impaired lipid elimination 
mechanisms leads to intraosseous hypertension and 
reduced bone tissue perfusion. R. Toribio-Fernández 
et al. (2024) demonstrated that apolipoprotein E 
gene polymorphism may increase the likelihood 
of subclinical atherosclerosis progression due to 
impaired reverse cholesterol transport [17]. Moreover, 
a study conducted by Y. Chen et al. (2025) showed 
a decrease in the expression of apolipoprotein E in 
articular cartilage samples of the hip joint in patients 
with ONFH compared to intact cartilage, which may 

indicate common mechanisms for the development 
of ONFH and vascular pathology [18].

During lipolysis of bone marrow adipocytes, 
saturated fatty acids (SFA) are released, which are 
key mediators of damage. In particular, palmitic acid 
has multiple negative effects on bone metabolism. 
Palmitate inhibits the expression of key osteogenic 
transcription factors (Runx2, DLX5) and enhances 
adipogenesis through activation of peroxisome 
proliferator-activated receptor gamma (PPARγ) and 
CCAAT/enhancer-binding protein alpha (C/EBPα). 
In addition, palmitate induces the secretion of 
proinflammatory cytokines (interleukin-6 (IL-6) and 
-8 (IL-8)), which activate the RANK/RANKL/OPG 
(receptor activator of nuclear transcription factor 
kappa B / receptor activator of nuclear transcription 
factor kappa B ligand / osteoprotegerin) ligand – 
receptor system, promoting the differentiation 
and activation of osteoclasts and enhancing bone 
resorption [19]. 

Activation of the ERK signaling pathway 
in response to palmitate leads to apoptosis of 
mesenchymal stem cells and osteoblasts. In this 
case, the critical factor is not the absolute amount 
of SFA, but the balance between saturated and 
monounsaturated fatty acids (MUFA). In particular, 
oleic acid has a protective effect, neutralizing the 
lipotoxicity of palmitate due to its esterification into 
triglycerides and deposition into lipid droplets. A 
high intracellular SFA/MUFA ratio in bone marrow 
may potentially act as a prognostic marker for the 
risk of developing ONFH [20].

Different lipids have opposing causal 
relationships with this disease. Phosphatidylcholine 
and phosphatidylethanolamine provide a protective 
effect being key components of cell membranes 
that ensure their integrity, participating in lipid 
transport, and possessing anti-inflammatory activity. 
Elevated levels of these may reflect compensatory 
mechanisms aimed at membrane restoration. 
Conversely, elevated levels of triacylglycerols and 
sterol esters are associated with an increased risk of 
ONFH due to lipotoxicity and adipocyte hypertrophy, 
which further exacerbates tissue damage and 
promotes the progression of osteonecrosis. The 
accumulation of sterol esters reflects a disturbance 
in the reverse transport of cholesterol, which brings 
the pathogenesis of ONFH closer to atherosclerosis 
[21–23].
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Thus, lipid metabolism disorders play a 
multifaceted role in the pathogenesis of ONFH acting 
both as a cause and a consequence of osteonecrosis. 
The identification of specific lipid markers opens 
new perspectives for early diagnosis, screening 
of at-risk groups, and the development of targeted 
therapeutic strategies. Further research focusing on 
the mechanisms of local lipid metabolism in hip joint 
tissue is needed to fully elucidate the role of lipid 
biomarkers and their potential as therapeutic targets.

ADIPOSE TISSUE DYSFUNCTION AS 
A CAUSAL FACTOR FOR SYSTEMIC 
INFLAMMATION

Accumulated data indicate that in the adipose 
tissue of individuals with normal body weight, 
the majority of resident macrophages are of the 
anti-inflammatory M2 phenotype. Macrophages 
maintain tissue homeostasis by promoting repair 
and increasing insulin sensitivity, releasing anti-
inflammatory cytokines, such as interleukin-4, -10, 
-11, and -13 (IL-4, IL-10, IL-11, IL-13), IL-1 receptor 
antagonist (IL-1Ra), arginase-1, and transforming 
growth factor-β (TGFβ), as well as anti-inflammatory 
adipokines, such as adiponectin and apelin [24]. 
As excess lipids accumulate, adipocytes undergo 
hypertrophy, which results in the development of 
local hypoxia zones, as the enlarged cells become 
distant from the capillary network. Hypoxia induces 
the expression of the transcription factor HIF-
1α, which triggers metabolic reprogramming of 
cells associated with the activation of glycolytic 
pathways, and also causes increased production of 
proinflammatory cytokines and chemotactic factors, 
including monocyte chemotactic protein-1 (MCP-
1), which attract monocytes from the bloodstream to 
adipose tissue and promote their activation [25]. 

Polarization of adipose tissue macrophages 
towards the proinflammatory M1 phenotype 
occurs. Activated macrophages become a source of 
proinflammatory mediators: tumor necrosis factor-
alpha (TNFα), IL-6, and interleukin-1β (IL-1β), as 
well as plasminogen activator inhibitor-1 (PAI-1) 
and adipokines, such as leptin, visfatin, and resistin 
[26]. Thus, a vicious cycle of inflammation develops: 
dysfunctional adipocytes attract macrophages, 
which, upon activation, intensify inflammation and 
further exacerbate adipocyte dysfunction and insulin 
resistance. This localized inflammatory process in 

adipose tissue is the primary source of chronic low-
grade systemic inflammation, which determines the 
metabolic and vascular complications of obesity.

Dysregulation of adipokine secretion in obesity 
generates a powerful endocrine signal aimed 
at damaging the vascular endothelium. Despite 
differences in their primary receptors and signaling 
pathways, leptin, visfatin, and resistin converge in 
activating key proinflammatory transcription factors, 
primarily nuclear factor kappa-B (NF-κB) [27, 28]. 
This leads to the induction of oxidative stress and 
suppression of endothelial antioxidant protection, 
a decrease in the bioavailability of nitric oxide 
(II) (NO) due to the suppression of endothelial 
NO synthase expression, and the creation of a 
proadhesive and prothrombotic state through an 
increase in the expression of adhesion molecules. 
Elevated levels of IL-1β promote the recruitment 
of a large number of immune cells and enhance 
local inflammation by increasing the expression 
of vascular cell adhesion molecule-1 (VCAM-1), 
intercellular adhesion molecule-1 (ICAM-1), and 
MCP-1 [29, 30]. Hypercoagulation caused by high 
PAI-1 levels and platelet activation creates the 
preconditions for microthrombosis. The resulting 
endothelial dysfunction includes loss of vasodilatory 
properties, increased permeability, and adhesion, 
which directly predisposes to microthrombosis, 
impaired perfusion, and subchondral bone ischemia.

Proinflammatory cytokines (TNFα, IL-1β, and 
IL-6) act as direct mediators of insulin resistance by 
disrupting the insulin receptor signal transduction. IL-
1β leads to activation of the serine/threonine kinase, 
Janus kinase (JAK-1), which inactivates insulin receptor 
substrates (IRS-1,2), resulting in suppression of insulin 
signaling and subsequent elevation of blood glucose 
levels. TNFα directly interferes with peripheral glucose 
uptake by enhancing serine phosphorylation of IRS-1, 
inhibits translocation of glucose transporter-4 (GLUT-
4) to the plasma membrane, and leads to peripheral 
insulin resistance [31]. These molecular mechanisms 
determine the development of persistent peripheral 
insulin resistance, linking chronic inflammation to 
metabolic dysfunction. 

A study by H. Zhang et al. (2023) demonstrated 
that the microRNA miR-22-3p contained in 
adipocyte exosomes affects skeletal muscle and 
promotes the development of insulin resistance by 
reducing the levels of signaling molecules, such 

Poryadin G.V., Zakhvatov A.N., Yasnetsov V.V. et al.  The Role of Dyslipidemia and Obesity in the Pathogenesis of Osteonecrosis



179

Reviews and Lectures

Bulletin of Siberian Medicine. Bulletin of Siberian Medicine. 2026; 25 (2)2026; 25 (2): : 173–183173–183

as phosphorylated protein kinase B (p-AKT) and 
IRS-1 (p-IRS-1) [32]. Resistance of dysfunctional 
adipocytes to the antilipolytic effect of insulin leads 
to the uncontrolled breakdown of triglyceride stores, 
resulting in an increased release of free fatty acids 
(FFA) into the systemic circulation, a key component 
of lipotoxicity. Thus, adipose tissue dysfunction in 
obesity manifested through mechanisms of endocrine 
dysregulation and immune activation creates a 
systemic metabolic and inflammatory environment 
that is a risk factor for ONFH development and 
progression.

Other factors in the chronic inflammatory process 
observed in metabolic syndrome are receptors of the 
innate immune system, such as Toll-like receptors 
(TLR). TLR are involved in pathogen recognition and 
modulate the innate immune response by activating 
downstream inflammatory signaling pathways that 
lead to the release of various cytokines (TNFα, IL-6, 
IL-1β, and monocyte chemotactic protein-1 (MCP-
1)). The immune response is triggered by TLR 
recognition of ligands, which include pathogen-
associated molecular patterns (PAMPs) released by 
pathogens (e.g. lipopolysaccharides) and damage-
associated molecular patterns (DAMPs) released 
by damaged inflamed tissues [33]. Among DAMPs, 
many endogenous ligands – SFA, modified LDL-C, 
advanced glycation end products, extracellular matrix 
degradation products, and heat shock proteins – are 
recognized by TLRs, especially TLR2 and TLR4, 
and activate the proinflammatory cascade [34].

A systemic inflammatory response causes a 
hypercoagulable state, accompanied by endothelial 
damage, which also increases the likelihood of 
ONFH. Endothelial cells respond to injury by 
producing proinflammatory molecules, including 
IL-1β, interferons, TNFα, colony-stimulating 
factors, and vascular cell adhesion molecule-1 
(VCAM-1). The proinflammatory background at 
the site of osteonecrosis induces macrophages, 
neutrophils, and other immune cells to migrate 
to damaged endothelial cells and promote further 
development of inflammation, which leads to acute 
and chronic changes in vascular permeability. 
Normally, resolution of inflammation eliminating 
the consequences of damage promotes tissue 
regeneration. However, endothelial dysfunction 
causes prolonged inflammation, impeding bone 
tissue restoration. Damaged endothelium activated 

platelet-derived factors and disrupted extracellular 
matrix serve as sources of DAMPs. 

Various immune cells recognize these stimuli 
via pattern recognition receptors (PRR) and further 
activate a cascade of inflammatory responses, 
exacerbating endothelial damage. In addition to 
intensive secretion of reactive oxygen species and 
proteolytic enzymes, activated neutrophils are 
capable of releasing DNA into the extracellular space 
with the formation of neutrophil extracellular traps 
(NETs), creating a prothrombotic state [35]. The 
scaffold formed by DNA fibers and histone networks 
activates platelets, leukocytes, erythrocytes, and 
plasma proteins. The microvessels of the femoral 
head contain significant numbers of neutrophils 
and NETs in patients with ONFH. NET-mediated 
activation of the coagulation pathway and inhibition 
of anticoagulation potentially play a role in the 
pathogenesis of ONFH. M. Nonokawa et al. (2020) 
showed that intravenous administration of NET-
forming neutrophils is associated with ischemic 
changes in femoral head osteocytes [36].

Chronic systemic inflammation is not simply 
an accompanying phenomenon, but a significant 
pathogenetic factor determining the progression 
of ONFH and affecting the outcomes of organ-
preserving surgeries. Systemic inflammation creates 
an unfavorable background impairing the processes 
of neoangiogenesis and osteogenesis necessary 
for successful repair after decompression and 
contributing to microcirculatory disorders and bone 
resorption. C. Li et al. (2025) found that preoperative 
systemic immune-inflammatory index (SII), which 
comprehensively reflects the activity of neutrophils, 
lymphocytes, and platelets, serves as an independent 
prognostic marker of increased risk of failure after 
medullary canal decompression [37].

Thus, experimental and clinical studies 
consistently confirm that disturbances occurring in 
dysfunctional adipose tissue through mechanisms 
of endotheliopathy, lipotoxicity, and chronic 
inflammation create a pathological environment in 
the femoral head leading to ischemia, suppressed 
repair, and necrosis. Dyslipidemia, free fatty acid flux, 
oxidative stress, and lipotoxicity act synergistically, 
damaging the femoral head vasculature, inhibiting 
bone formation, and triggering bone cell death. These 
systemic metabolic disturbances create a foundation 
for local risk factors to induce ischemic necrosis.
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OXIDATIVE STRESS
Oxidative stress is a fundamental 

pathobiochemical mechanism that mediates the 
transformation of systemic signals into direct 
cellular damage in the subchondral region of the 
femoral head. Reactive oxygen species (ROS) are 
natural byproducts of aerobic respiration in the 
mitochondria. During oxidative phosphorylation, 
which includes the Krebs cycle and the respiratory 
chain enzyme complexes, most of the oxygen is 
used for the synthesis of ATP, and only a small 
proportion is inevitably converted into ROS due to a 
small leakage of electrons, which leads to the direct 
reduction of oxygen to radicals. Low concentrations 
of ROS produced by osteocyte mitochondria are 
either neutralized by the antioxidant system or 
can perform signaling functions, for example, by 
activating the transcription factor Nrf2 and promoting 
osteoblast differentiation during osteogenesis [38]. 
However, excessive intake of free fatty acids leads 
to their increased oxidation in mitochondria, which 
is accompanied by increased ROS formation and the 
development of oxidative stress.

Adiponectin and apelin act as protective factors 
in maintaining metabolic homeostasis and redox 
balance. Adiponectin has an insulin-sensitizing 
effect; a decrease in its level deprives tissues of the 
ability to effectively enhance fatty acid oxidation by 
activating AMP-activated protein kinase (AMPK) 
and peroxisome proliferator-activated receptor alpha 
(PPARα) [39–41]. Apelin promotes the synthesis 
of antioxidant enzymes via the Ras/Raf/mitogen-
activated protein kinase (MAPK/ERK) and AMPK 
pathways and suppresses the expression of pro-
oxidant enzymes [42, 43]. Their reduction in obesity 
and chronic inflammation directly contributes to the 
development and worsening of insulin resistance and 
oxidative stress.

Excess of ROS leads to a reduction in the 
population of viable osteocytes in several pathways. 
First, excessive ROS production is one of the 
mechanisms of programmed osteocyte death. High 
levels of ROS increase the phosphorylation of 
p66(shc), a key mediator of osteocyte apoptosis. 
Phosphorylated p66(shc) at Ser-36 is transported 
into the mitochondria, triggering an oxidative 
stress cascade and the release of cytochrome C, 
which ultimately activates caspases and leads to 
programmed osteocyte death. Notably, p66(shc) also 

has oxidoreductase activity, creating a vicious cycle 
by further increasing mitochondrial ROS production 
[44]. Secondly, excessive ROS production inhibits 
the differentiation of mesenchymal stem cells 
into osteoblasts by blocking the Wnt/beta-catenin 
pathway. The retention of the beta-catenin-
binding transcription factor FoxO in the nucleus 
blocks its interaction with the TCF/LEF signaling 
pathway, suppressing the expression of key early 
osteoblastogenesis genes Runx2 and Osterix. 
It should be noted that the same ROS, while 
suppressing osteoblastogenesis, simultaneously 
stimulate the activity and proliferation of osteoclasts. 
It has been shown that the removal of ROS inhibits 
osteoclastogenesis induced by the receptor activator 
of NF-κB ligand (RANKL) [45].

Mitochondria being the centers of ROS 
production under pathological conditions are 
themselves most sensitive to them. Exceeding the 
compensatory potential of the antioxidant system 
causes oxidative stress and creates conditions for 
mitochondrial membrane damage, causing massive 
electron leakage in the respiratory enzyme chain, 
which reinforces the intracellular redox imbalance. 
Free radicals also attack mitochondria, affecting the 
activity of enzymatic complexes in the membrane 
of these organelles and reducing their efficiency. 
This, in turn, disrupts oxidative phosphorylation and 
leads to a decrease in ATP synthesis. Mitochondrial 
membrane damage promotes the leakage of Ca2+ and 
cytochrome C into the cytosol and triggers apoptosis 
by activating the caspase cascade [46]. 

Some mitochondrial components due to their 
similarity to bacterial and viral molecules can act 
as PAMPs and, consequently, as ligands for PRRs, 
for example, cyclic mitochondrial DNA. In addition, 
mitochondrial DNA, N-formyl peptide, cardiolipin, 
mitochondrial RNA, and fumarate can act as DAMPs 
that activate PRRs and induce an inflammatory 
response [47, 48]. Mitochondrial DNA leakage into 
the cytoplasm that occurs during mitochondrial 
damage leads to activation of the cGAS-STING 
pathway, which can activate the NF-κB signaling 
pathway, and activated NF-κB induces the production 
of proinflammatory stimulators, including TNFα, 
IL-1β, and IL-6 [49]. Mitochondrial DNA is rich 
in CpG islands, a structure that can be recognized 
by TLR9 and directly activate the NF-κB signaling 
pathway, thereby triggering inflammation. Unlike 
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nuclear DNA, it is more susceptible to mutations 
and oxidation. The accumulation of damaged 
mitochondrial DNA disrupts the homeostasis 
of these organelles, exacerbating mitochondrial 
damage and leading to their inability to control the 
inflammatory response in bone tissue [50]. As a 
result, a decrease in osteoblast numbers coupled with 
increased osteoclast activity leads to bone resorption 
rates exceeding the rate of bone formation. This 
microenvironment is unable to support healthy bone 
tissue. Therefore, maintaining proper mitochondrial 
function to prevent excessive ROS production is 
critical for both bone health and the treatment of 
associated metabolic diseases.

Oxidative stress is also a causative factor 
in endothelial dysfunction, which disrupts the 
regulation of vascular tone and blood flow, leading to 
bone ischemia. Modulation of the vascular system is 
crucial for initiating the angiogenesis – osteogenesis 
process, which is necessary for the complete 
regeneration and restoration of osteocytes in necrotic 
areas. Therefore, blocking oxidative stress processes 
represents a potentially important therapeutic target 
in the comprehensive treatment and prevention of 
ONFH progression.

CONCLUSION
The analysis suggests that obesity is not simply a 

mechanical overload factor, but a systemic metabolic 
and inflammatory disease that forms a universal 
pathogenic basis for the development and progression 
of ONFH. Adipose tissue dysfunction, acting as a 
driver of chronic low-grade systemic inflammation, 
through a complex set of interconnected mechanisms – 
endocrine dysregulation (adipokine imbalance), 
oxidative stress, lipotoxicity, and endothelial 
dysfunction – creates an environment in the femoral 
head that leads to ischemia, suppression of bone 
remodeling, and osteocyte death. Dyslipidemia 
exacerbates these processes, contributing to 
microthrombosis, fat embolism, and disruption of 
intraosseous lipid homeostasis.

Thus, it can be concluded that the pathogenesis of 
ONFH in obesity appears to be a cascade of processes 
initiated at the systemic level and resulting in 
localized bone damage. Integrating measures aimed 
at correcting body weight and lipid metabolism into 
comprehensive prevention and treatment regimens 
will not only improve the immediate results of organ-

preserving surgeries but also, by addressing the 
underlying causes of the disease, improve the long-
term prognosis and delay or avoid the need for hip 
arthroplasty, which is especially important for young 
patients. Overall, improving our understanding of 
the role of metabolic factors in ONFH opens new 
opportunities for prevention, early diagnosis, and the 
development of personalized treatments.
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Chronic Kidney Disease Registries as a Tool for Monitoring, Diagnosis,  
and Quality Improvement in Medical Care
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ABSTRACT

Chronic kidney disease (CKD) is a leading cause of morbidity and mortality worldwide. CKD registries serve as 
an effective tool for the systematic collection and analysis of data, facilitating early detection, monitoring, and im-
provement in the quality of medical care. This lectute presents international and Russian experience in using CKD 
registries, analyzing their structure, variables, and data sources. Particular attention is paid to the organizational 
and methodological aspects of implementing CKD registries at the regional level. The results of the analysis make 
it possible to identify key directions for the development and implementation of regional registries. Their mainte-
nance will contribute to increasing the effectiveness of follow-up and, consequently, to improving the epidemiolog-
ical indicators of socially significant diseases.
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Регистры хронической болезни почек как инструмент мониторинга, 
диагностики и улучшения качества медицинской помощи
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РЕЗЮМЕ

Хроническая болезнь почек (ХБП) является одной из ведущих причин заболеваемости и смертности во 
всем мире. Регистры ХБП служат эффективным инструментом для систематического сбора и анализа дан-
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ных, что способствует раннему выявлению, мониторингу и повышению качества медицинской помощи. 
В лекции представлен международный и отечественный опыт использования регистров ХБП, проанали-
зированы их структура, переменные и источники данных. Особое внимание уделено организационно-ме-
тодическим аспектам внедрения регистров ХБП на региональном уровне. Результаты анализа позволяют 
определить ключевые направления для разработки и внедрения региональных регистров, ведение будет 
способствовать повышению эффективности диспансерного наблюдения, и, как следствие, улучшению эпи-
демиологических показателей социально значимых заболеваний.
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INTRODUCTION
Chronic kidney disease (CKD) is a major public 

health concern, with a prevalence ranging from 
11% to 13%, with most cases occurring at stage 3 
of the disease [1]. In 2017, the global prevalence 
of CKD was estimated at 9.1%, corresponding to 
approximately 700 million cases worldwide [2]. 
From 1990 to 2017, global mortality attributable 
to CKD increased by 41.5%, highlighting the need 
for more active control and preventive strategies 
[3]. Progression of CKD is associated with a high 
risk of cardiovascular complications and premature 
mortality, making it one of the leading causes of 
death worldwide [3]. The main risk factors for 
CKD development are diabetes mellitus and arterial 
hypertension, which account for the majority of 
cases [4]. 

In addition, genetic factors, environment, 
lifestyle, and the availability and quality of healthcare 
also play a significant role. CKD registries are 
organized databases that systematize information on 
this patient population. They play a crucial role in 
studying epidemiological indicators of the disease, 
analyzing trends, evaluating treatment effectiveness, 
and developing preventive strategies. In Russia, as in 
several other countries, the true prevalence of CKD 
may be underestimated due to the absence of a unified 
national registry, which highlights the importance 
of data systematization and the implementation of 
regional registries within the healthcare system.

IMPORTANCE OF REGISTRIES  
FOR THE HEALTHCARE SYSTEM

CKD registries play a crucial role in healthcare 
systems by enabling systematic collection and 
analysis of patient data, which contributes to 
improving medical care, developing prevention 
strategies, and increasing treatment effectiveness. 
One of the key objectives of registries is monitoring 
the epidemiological situation, including assessing 
the prevalence and trends of CKD across different 
regions and population groups. This allows for 
identification of major risk factors and causes 
of disease development, as well as detection of 
geographic and socio-demographic differences 
in morbidity, which is particularly important for 
developing targeted preventive measures [5]. 

In addition to epidemiological monitoring, CKD 
registries provide in-depth analysis of clinical 
outcomes and trends, enabling tracking of disease 
progression from early stages to end-stage renal 
disease. An important task is the evaluation of the 
effectiveness of different treatment approaches and 
their impact on patient survival, allowing healthcare 
professionals to develop optimal management 
strategies. For example, registry data help determine 
how successfully patients with different stages 
of CKD respond to conservative therapy, when 
initiation of dialysis or kidney transplantation 
becomes necessary, and how treatment strategies 
affect prognosis [6].
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Furthermore, registries serve an important 
function in supporting clinical decision-making 
and healthcare planning. They provide an evidence 
base for the development of clinical guidelines 
and standards of care, facilitate optimization of 
healthcare resource allocation based on real-world 
patient needs, and support the development of 
early detection and prevention programs for CKD. 
For instance, registry data can help identify patient 
groups at higher risk of rapid disease progression 
and enable the development of targeted monitoring 
and treatment strategies for these populations [7]. 

Comprehensive analysis of registry data and the 
resulting timely management decisions form the 
foundation for improving the quality of medical 
care, including through the implementation of 
personalized treatment approaches. Patient data 
allow clinicians to select evidence-based strategies, 
reducing the risk of complications and improving 
treatment effectiveness. The implementation of 
electronic medical registries and integration of big 
data into clinical practice have made it possible to 
improve CKD diagnosis and management, identify 
patients at earlier stages of disease, and adjust 
therapy according to individual characteristics. 
These systems also help assess the impact of various 
treatment approaches on long-term outcomes and 
improve patients’ quality of life [8]. 

Thus, CKD registries represent a powerful 
tool for improving the effectiveness of diagnosis, 
treatment, and prevention of this condition. They 
enable identification of risk factors, development of 
optimal therapeutic strategies, improved planning 
of healthcare resources, and establishment of an 
evidence base for informed healthcare management 
decisions. Through these systems, it becomes 
possible not only to improve the quality of medical 
care but also to reduce the overall burden of CKD at 
the population level, which is particularly important 
given the increasing global prevalence of the disease.

INTERNATIONAL AND NATIONAL 
EXPERIENCE IN THE USE OF REGISTRIES 
FOR CHRONIC KIDNEY DISEASE

One of the most well-known international 
registries is the United States Renal Data System 
(USRDS), a national data collection system for 
patients with end-stage renal disease (ESRD) in 
the United States. This registry provides valuable 

information on the prevalence, treatment patterns, 
mortality, and economic burden of CKD, as well as 
evaluates the effectiveness of different therapeutic 
strategies. USRDS data are widely used in scientific 
research and healthcare policy development, 
supporting programs for early detection and 
prevention of the disease [9]. 

Another major international initiative is the 
European Renal Association – European Dialysis 
and Transplant Association (ERA-EDTA) registry, 
which includes data on patients with CKD across 
Europe. This registry tracks outcomes in patients 
undergoing dialysis or kidney transplantation and 
analyzes factors affecting disease progression. 
ERA-EDTA actively collaborates with national 
registries, creating large-scale databases that enable 
international comparisons and contribute to the 
development of unified standards of care [10]. 

CKD.QLD, the chronic kidney disease registry 
in Australia, should be highlighted among national 
registries. It was designed to collect data on patients 
in the pre-dialysis stages of CKD and served as 
the foundation for the establishment of the Center 
for Kidney Disease Research in Australia. The 
registry supports assessment of disease prevalence, 
identification of risk factors, and development of 
treatment strategies aimed at reducing the burden of 
CKD [11]. 

In Romania, the ReNal national CKD registry 
collects demographic and clinical data on patients 
at all stages of the disease. The registry is used 
to improve the quality of medical care, analyze 
causes of CKD, and develop prevention programs. 
Preliminary data indicate that the main causes of CKD 
in Romania are arterial hypertension and diabetes 
mellitus, which is consistent with global trends 
[7]. In the United States, electronic health record-
based registry systems are also actively developing, 
integrating CKD patient data at a national level. Such 
approaches allow healthcare providers to exchange 
information efficiently, monitor disease progression, 
and optimize patient management [8].

In Russia, several registries collect and analyze 
CKD data at both national and regional levels. 
However, a unified federal registry focused on early 
detection and case monitoring of CKD patients is 
currently lacking. The Russian Dialysis Society 
maintains a federal registry of patients with end-
stage renal disease receiving kidney replacement 
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therapy (KRT) (https://nephro.ru/index.php?r=site/
main). In addition, regional initiatives for CKD 
monitoring have been implemented. For example, in 
Yekaterinburg, the Registry of the Kidney Disease 
and Dialysis Center at City Clinical Hospital No. 40 
provides data on CKD prevalence in the region [12].

CKD REGISTRY VARIABLES

CKD registries include a wide range of variables 
that allow for monitoring of patient status, 
disease progression, and treatment effectiveness. 
Demographic data typically include age, sex, 
ethnicity, body mass index (BMI), and health 
insurance status [9]. Clinical and laboratory 
parameters include glomerular filtration rate 
(GFR), serum creatinine, proteinuria/albuminuria, 
and concentrations of urea, sodium, potassium, 
calcium, and phosphorus, as well as hemoglobin 
levels, blood glucose, and lipid profile indicators 
[13]. Patient medical history commonly includes 
the presence of diabetes mellitus, arterial 
hypertension, cardiovascular diseases, obesity, 
hyperphosphatemia, and mineral and bone disorders 
[14]. 

Information on treatment includes data on 
medication use (angiotensin-converting enzyme 
inhibitors, angiotensin II receptor blockers, 
diuretics, and erythropoiesis-stimulating agents), 
their dosages, and duration of therapy, as well as 
information on the use of hemodialysis or peritoneal 
dialysis and history of kidney transplantation [15]. In 
addition, CKD registries often capture risk factors, 
such as smoking status, family history of kidney 
disease, level of physical activity, and patient-
reported quality of life [3]. Collection and analysis of 
these data allow clinicians and researchers to better 
understand disease progression, predict outcomes, 
and develop more effective strategies for treatment 
and prevention.

DATA SOURCES FOR CKD REGISTRIES

CKD registries are typically developed using 
information obtained from multiple medical, 
laboratory, and administrative systems. The primary 
data sources include healthcare institutions and 
clinical databases, such as electronic health records, 
inpatient and outpatient records, and hospital 
information systems containing patient medical 
histories, including diagnoses, results of laboratory 

and instrumental examinations, prescribed treatments, 
and other clinical information [16]. Laboratory and 
diagnostic sources include blood and urine test results, 
such as glomerular filtration rate (GFR), serum 
creatinine, urea, electrolytes, and the presence and 
level of albuminuria, as well as data from ultrasound 
examinations and kidney biopsy findings [13]. 
Governmental and insurance medical databases also 
represent important sources of information, providing 
data on treated patients, prescribed medications, and 
drug reimbursement programs [3]. 

Specialized registries of patients receiving 
dialysis treatment or undergoing kidney 
transplantation provide detailed information on 
treatment modality, frequency of procedures, 
complications, and use of immunosuppressive 
therapy [15]. Databases on prescribed medications 
and pharmacotherapy monitoring play an important 
role in assessing treatment effectiveness, including 
its impact on creatinine levels and blood pressure 
control [9]. In addition, patient-reported data and 
lifestyle information collected through validated 
questionnaires are increasingly incorporated into 
registries, along with data obtained from mobile 
health applications and wearable devices that monitor 
blood pressure, blood glucose levels, and physical 
activity. Scientific studies and clinical trials also 
provide valuable data for evaluating new treatment 
approaches and understanding epidemiological 
characteristics of CKD [16]. Comprehensive 
analysis of these diverse data sources enables not 
only monitoring of disease progression but also 
development of personalized treatment strategies and 
improvement of the quality of healthcare provided to 
patients with CKD.

CHALLENGES AND LIMITATIONS

Chronic kidney disease registries play an 
important role in patient monitoring, development of 
treatment strategies, and healthcare policy planning. 
However, their implementation and maintenance 
face several challenges, including issues related to 
data quality, ethical considerations, and funding. One 
of the major limitations is incomplete or unreliable 
data. Studies have shown that registries often suffer 
from insufficient data standardization and data entry 
errors [17]. Limited integration with electronic health 
records may result in duplication of information and 
inconsistencies across databases [8]. 
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In low- and middle-income countries, maintaining 
accurate and up-to-date registries is particularly 
challenging due to limited resources and a shortage 
of trained personnel [18]. Ethical considerations also 
represent an important challenge. Issues related to 
patient data confidentiality and protection of personal 
information are critical when developing registries. For 
example, the European pediatric registry CERTAIN 
maintains high standards of data protection, but this 
requires substantial resources [19]. Ethical concerns 
may also arise due to inequalities in access to treatment 
for patients with CKD in underfunded healthcare 
systems [20]. Patient participation in research 
and obtaining informed consent may be difficult, 
particularly in settings with limited health literacy [21].

Funding is another significant challenge. 
The development and maintenance of registries 
require considerable financial investment. In many 
countries, funding for clinical research and registry 
maintenance remains limited. For example, in 
some African countries, only about 7% of research 
funding is allocated to nephrology-related studies 
[22]. Unequal distribution of financial resources 
across regions may lead to disparities in access to 
high-quality healthcare services [23]. In low-income 
countries, registry implementation and CKD patient 
management are often supported primarily through 
charitable organizations and international grants 
[24]. Thus, despite the importance of CKD registries 
in improving the quality of healthcare, their 
implementation and sustainability require addressing 
challenges related to data quality, ethical issues, and 
funding. Improving data standards, strengthening 
personal data protection, and expanding financial 
support will contribute to making these registries 
more effective and accessible.

FUTURE PERSPECTIVES
Modern technologies are opening new horizons 

for the development of CKD registries, improving 
diagnosis, monitoring, and personalized treatment 
of patients. Key perspective directions include 
digitalization, the application of artificial intelligence, 
and global initiatives. The implementation of digital 
healthcare solutions, such as electronic registries, 
cloud-based platforms, and telemedicine services, 
significantly simplifies patient monitoring and 
disease management [25]. Intelligent mobile health 
applications allow patients to track their health 

status, receive personalized recommendations, and 
communicate with healthcare professionals in real 
time [26]. The development of remote monitoring 
technologies for patients with CKD improves disease 
control, reduces the burden on healthcare institutions, 
and increases access to medical care [27].

The use of artificial intelligence (AI) in data 
analysis and CKD diagnostics also provides new 
opportunities. Advances in machine learning and 
deep learning algorithms enable prediction of renal 
function decline and support early adaptation of 
treatment strategies [28]. AI-based systems can 
analyze kidney biopsy and ultrasound findings 
to improve CKD staging and increase diagnostic 
accuracy [29]. 

Global initiatives in CKD management also play 
an important role. The creation of international 
databases and standardized approaches to medical 
data exchange contributes to more accurate 
monitoring of disease prevalence and development 
of effective treatment strategies [30]. Several 
countries are already implementing national and 
regional CKD patient registry systems, improving 
healthcare resource planning and allocation [31]. In 
the future, global AI-supported monitoring systems 
for CKD patients may help predict disease burden 
trends and improve healthcare delivery worldwide 
[32]. The future of CKD registries is connected with 
digitalization, the use of AI, and the development of 
global initiatives. These technologies will facilitate 
improvements in diagnosis, enhance prognosis 
accuracy, and make treatment personalized. 
International cooperation and data standardization 
also play a crucial role in establishing effective 
kidney disease management systems. 

Analysis of international and Russian 
experience in maintaining CKD patient registries 
demonstrates that registries as structured systems 
for data collection, storage, and analysis represent 
an effective tool for monitoring patient health status 
and providing evidence for evaluation of quality 
of care, healthcare costs, scientific research, and 
health policy development. They enable not only 
analysis of disease trends but also the development 
of personalized treatment approaches, which is 
particularly important given the increasing global 
prevalence of CKD. Future research directions 
include integration of artificial intelligence and 
machine learning into registry data analysis, 
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enabling early prediction of disease progression and 
prevention of adverse outcomes.

Further digitalization and automation of data 
collection processes will improve data quality and 
ensure accessibility for the medical community. 
Global initiatives aimed at data harmonization and 
development of international registries will enhance 
comparative analyses across countries and regions, 
facilitating more efficient healthcare resource 
management. The establishment and development 
of regional CKD registries in the Russian Federation 
may improve long-term patient monitoring, enhance 
prognosis, and support rational healthcare planning. 
Thus, the continued development of CKD registries, 
implementation of advanced technologies, and 
international collaboration will contribute to 
improved diagnostics, higher quality of care, and 
reduction of the overall burden of CKD for both 
patients and healthcare systems.

CONCLUSION
Characterizing the chronic kidney disease course 

should become an integral part of the clinical 
diagnosis based on an appropriate classification 
system. Such a classification can be an effective tool 
in clinical practice only if the terms it includes have 
clear definitions and well-defined boundaries for 
their proper application. However, despite ongoing 
discussions regarding the delineation of key concepts 
and repeated attempts to develop unified positions, 
experts from leading international professional 
communities have not yet reached full consensus, 
and definitions of terms used to describe the course 
of CKD differ across clinical guidelines.
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ABSTACT

The aim of this study was to demonstrate the potential of the platform approach in the regulation of biotechnological 
drug development supported by specific examples and case studies from FDA practice. The study examines the 
Platform Technology Designation Program (PTDD) of the U.S. Food and Drug Administration (FDA) launched 
in 2024. This program serves as a regulatory mechanism for granting platform technology status and has practical 
value for accelerating drug development and review through the justified data reuse. Obtaining platform technology 
status entitles the developer to partially reuse CMC (Chemistry, Manufacturing, and Controls) data from an already 
approved drug when submitting applications for subsequent products based on the same backbone. 

The article discusses the mechanisms for granting such status, examples from FDA practice, as well as Russian 
companies possessing similar technologies and the potential for their development. Based on the analysis, a 
conclusion is drawn regarding the feasibility of implementing similar regulatory mechanisms in Russia.

Keywords: platform technology, FDA, PTDD, gene therapy, CAR-T, AAV vectors, regulatory review, NTI 
Healthnet
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INTRODUCTION

The modern pharmaceutical industry faces 
a systemic challenge: the cost of bringing an 
innovative drug to market exceeds $2–3 billion, 
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РЕЗЮМЕ 

Цель работы: продемонстрировать возможности платформенного подхода в регулировании биотехноло-
гических разработок фармацевтических препаратов, подкрепив это конкретными примерами и кейсами из 
практики FDA. В исследовании разбирается программа PTDD (Platform Technology Designation Program) 
Управления по санитарному надзору за качеством пищевых продуктов и медикаментов США (Food and 
Drug Administration), запущенной в 2024 г. в США.  Эта программа выполняет роль регуляторного меха-
низма присвоения статуса платформенной технологии и имеет практическое значение для ускорения разра-
ботки и экспертизы лекарственных средств за счет обоснованного переиспользования данных. Получение 
статуса «платформенной технологии» дает разработчику право частично переиспользовать данные CMC 
(Chemistry, Manufacturing, Controls) от уже зарегистрированного препарата при подаче заявок на последу-
ющие продукты на той же «матрице». 

Представлены механизмы присвоения такого статуса, примеры из практики FDA, а также российские ком-
пании, имеющие похожие технологии и потенциал их развития. На основании анализа делается вывод о 
целесообразности использования в России аналогичных регуляторных механизмов.  

Ключевые слова: платформенная технология, FDA, PTDD, генная терапия, CAR-T, AAV-векторы, регу-
ляторная экспертиза, НТИ Хелснет
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and development timelines are 10–15 years. The 
traditional «one compound – one product» model is 
becoming economically unsustainable, particularly 
in the development of drugs for orphan diseases and 
cancers, gene therapy, and personalized medicine. 
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The response to this challenge has been the platform 
approach – the creation of reproducible technological 
systems that standardize processes from preclinical 
studies to market approval, minimize data 
duplication, and ensure manufacturing scalability. 
Platforms represent a solution relevant to developers, 
regulators, and the entire industry alike. They 
provide a technological breakthrough that could 
transition drug manufacturing to a «conveyor» mode 
in biopharmaceutical development. A more detailed 
review is presented in the analytical report «Review 
of the FDA Platform Technology Designation 
Program for Drug Development» prepared by experts 
from the NTI Healthnet Infrastructure Center [1].

In 2024, the U.S. Food and Drug Administration 
(FDA) launched the Platform Technology 
Designation Program (PTDD). The program is 
established by Section 506K of the U.S. Food, Drug, 
and Cosmetic Act (FD&C Act) [2] and is described 
by the FDA as part of the implementation of the 
PREVENT Pandemics Act (enacted as part of the 
major 2023 law). The program was conceived, in 
part, as a means to accelerate the scaling of platform 
technology development (e.g., for infectious threats), 
but the mechanism itself is broader as it applies to 
drugs and biologics with a repeating technological 
architecture. It is important to note that this is only 
a draft guidance that outlines Section 506K of the 
FD&C Act and сontains recommendations that are 
not legally binding.

The PTDD program aims to improve the efficiency 
of drug development, manufacturing, and regulatory 
review. According to FDA guidance (May 2024), 
designation may be granted to a technology that is 
«well-understood and reproducible,» essential to 
the structure or function of the drug, applicable to 
more than one product, and facilitates manufacturing 
through standardized processes. 

Key criteria to be granted platform technology 
designation:

– the technology must be embedded into the drug 
and essential to its structure or function;

– the technology must be usable across multiple 
products sharing common structural elements 
(demonstrable technological commonality);

– the technology must facilitate the development 
and manufacturing of multiple products through a 
standardized process (if each product requires a fully 
unique process, platform status collapses).

The FDA reviews the request within 90 days. 
The designation does not automatically grant 
access to expedited approval programs but provides 
advantages: early consultations with the regulator, 
the ability to reuse stability and preclinical safety 
data, and consideration of prior manufacturing 
facility inspections.

CASE STUDY ANALYSIS: SAREPTA 
THERAPEUTICS AND KRYSTAL BIOTECH

PTDD practice includes two officially known 
cases of designation. The case of Sarepta Therapeutics 
(June 2025) was landmark: the company received 
designation for the AAV vector rAAVrh74 used in 
the drug Elevidys (Duchenne muscular dystrophy) 
and the experimental SRP-9003. However, in July 
2025, after three patients died from acute liver 
failure, the FDA revoked the designation, calling into 
question the platform’s reliability. This precedent 
demonstrated that platform status is not a «permanent 
benefit» but a mechanism with feedback loops: 
new safety data can nullify previously recognized 
tolerability. Ultimately, Elevidys remained approved, 
but with safety updates [3]. 

In October 2025, Krystal Biotech successfully 
utilized the FDA’s Platform Technology Designation. 
The company received it for a non-replicating HSV-
1-vector used in the drug Vyjuvek (epidermolysis 
bullosa). The platform was then applied to KB801 
eye drops for the treatment of neurotrophic keratitis, 
which confirmed the reproducibility of the technology 
across different tissues and local delivery forms. The 
company views PTDD as an opportunity to accelerate 
the development pipeline of genetic medicines [4].

POTENTIAL PLATFORM TECHNOLOGIES  
IN RUSSIA

The Russian biotechnology market has formed a 
pool of companies and research centers developing 
products based on platform solutions including:

Artgen Biotech PJSC –  the Betusphere (betulin) 
recombinant protein vaccine platform and the 
Nextgen gene therapy platform (plasmid DNA for 
therapeutic angiogenesis);

BIOCAD JSC – MabNEXT (recombinant 
antibodies) and GeneNEXT (AAV vectors for gene 
therapy of hemophilia B) platforms;

Federal State Budgetary Institution National 
Medical Research Center for Hematology —  a 
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hospital-based CAR-T production platform (drug 
Utzhefra);

Federal State Budgetary Institution National 
Medical Research Radiological Center with partners —  
a personalized mRNA vaccine platform (Neoonkovac).

The analysis reveals that although Russia already 
possesses the technological foundations for platform-
based regulation, it still lacks a formal equivalent of 
the PTDD.

CONCLUSION
The FDA PTDD program represents an 

innovative regulatory tool that translates the platform 
approach from a scientific concept into a formalized 
evidence regime. The Sarepta case demonstrated the 
vulnerability of the designation to new safety data, 
while the Krystal case showed its promise for local 
and repeat-dose therapies. For Russia, it is critically 
important not to copy the American experience but 
to develop an adapted national program, building on 
existing technological groundwork (AAV, mRNA, 

and CAR-T) and current mechanisms (hospital 
exemption and conditional approval). A pilot project 
lasting 1.5–2 years would allow for refining the 
criteria for platform qualification and data reuse, 
which would become the basis for harmonizing 
regulation within the EAEU and achieving 
technological sovereignty in biopharmaceuticals. 
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