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" - TOMCKMA HALIMOHANBHBIA HUW papmaronornm
CUBUPCHUW TOCYAAPCTBEHHBLIW I1 WCCNEQOBATENBCKUA J M pereHepaTMBHON

MEAULUMHCKUA YHUBEPCUTET MEAULIMHCKWIA LIEHTP MeAnLMHb
POCCUACKOMN AKALLEMHMM HAYK

BCEPOCCHHCKAS KOH®EPEHIIASA C MEXXIYHAPOJIHBIM YYACTHEM
«TATODPHU3HUOJOI'UA: IIPOLIIOE, HACTOAIIEE U BYJAYIIEE», IIOCB?-
INEHHAA 80-JIETHIO CO JHA POKIEHWA AKAJTEMHKA PAH BAYECJ/IABA
BUKTOPOBHYA HOBHUIIKOI'O

T. ToMck, 23-24 centadpa 2026 roaa

CuOHpCcKHIl rocyIapcTBeHHbIH MeTHINHCKAH YHABEPCHTET
HHH ¢papmakoaornu u pereHeparupHoii Menanuasl uMmenn E.JI. Tonba6epra
Tomcxoro HUMIT

I ty6okoyBakaemsele Komern!

Cubnpckuii rocynapcTBeHHBIH MemunuHckuii yamBepcureT (Cu6lMY) coBMecTHO
¢ HUU dapmakonormn u pereHepatnBHoil menmmnasl nmenn E JI. TonpnGepra Tomckoro
HUMI] (HUN®uPM um. E JI. T'onpadepra Tomckoro HYMII) npoBoaut Beepoccuiickyio
KoH(pepeHIlIo ¢ MeXIyHapoaHsIM yuacTueM «llatopm3nonorms: mpomioe, HacTosAmee H
Oynymee», mocBsameHHy0 80-meTnio co quA pokaeHns akageMuka PAH BsdecnaBa Bukro-
poBrya HoBHIIKOTO — OIHOTO H3 sIpUailliiX IIpeJcTaBUTENIel 0TeYeCTBEHHO MeNIIHCKON

HayKII, THIepa TOMCKOI Hay4HOI MKOJIH! CIeNHATNCTOB 10 00nIel MaToIorny 1 NaTo(u3n-
OJIOTHH, IOYETHOTO TpaKAannHa ropoaa Tomcka.

Kondepennus 6ymeT oxBaThIBaTH IIPOKHKIT CIIEKTP BONPOCOB HATOTOIMYECKOI (hII3Io-
JIOTHUH, OTpaKalomMuX BKIAA YUEHOTO B pa3BUTHE HAyKH 1 MeIUITIHEL

OCHOBHBLIE HAIIPABJIEHUW A:
1. UcTtopnaecknii sKcKype B Iipomioe narodusnonorui B ToMcke 1 poib akaje-
vuxa PAH B.B. HoBunkoro B pa3BuTii ToMcKoii HaydHOI MKOIBRI TATOMU3N-
OJIOTOB;
2. Ilatou3nonorus B MEIUIMHCKOI NpaKTHKe: TeHASHITH U MeKIHCIIILIN-
HapHbIe TOIXO0AB! B H3yUeHIH O0Ie3Hell;
3. IlepcnekTHBEI pa3BUTHA NAaTO(HN3NOIOTHH B YCIOBHUAX COBPEMEHHLIX TEXHO-
JIOTHIL: I00AaNBHBIE BEI30BEI I Iy TH HX IIPEOIOISHIL.
Jannas xoHGepeHns npu3BaHa 00LeANHNTE HcclegoBaTeneil 1 00CyKASHIS KIIIo-
YeBBIX ACMEKTOB NaTo(H3HOIOrNN, €€ HCTOPHH, TeKYINEero COCTOAHNS I IMEePCHeKTUB 1ailhb-
HelImero pa3BUTIL.
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Effects of Metformin on Ceramide Production in Local Fat Depots
in Patients with Coronary Artery Disease

Dyleva Yu.A.", Gorbatovskaya E.E."?, Dolmatova S.E."?, Ivanov S.V.’,
Fanaskova E.V.', Gruzdeva O.V."?

! Research Institute for Complex Issues of Cardiovascular Diseases
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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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D¢ PpeKkTbl MeTPOopMMHaA Ha NPOAYKLMIO LilepaMNAO0B B IOKaNbHbIX
KMPOBbIX Aeno Y NaLeHTOoB C MluemMnyeckom 6onesHblo cepaua

Obinesa K0.A.', Top6aTosckas E.E." 2, lonmaTtosa C.E." 2, UBaHoB C.B.', daHacKosa E.B.,
Fpysaesa O.B."2

! Hayuno-uccnedoeamenbckuil UHCIMumym KOMIIEKCHbIX npobiem cepoeuno-cocyoucmuix 3aboneeanuti (HUHU KIICC3)
Poccus, 650002, 2. Kemeposo, 6-p um. akaoemura JI.C. Bapbapawa, cmp. 6

2 Kemeposckuii 2ocyoapcmeenivlii MeOUYuHCKULL yHueepcumen
Poccus, 650056, 2. Kemeposo, yn. Bopowunosa, 22a

PE3IOME

Henn: oneHuts 3¢)(eKTh MeThOPMIHA HAa YPOBEHb SKCIIPECCUH I'EHOB ()epPMEHTOB CHHTE3a IIepaMHIOB U 00IIee
COJIep)KaHNE U CIIEKTpP EPAMHJIOB B JIOKATBHBIX KUPOBBIX JICTIO Y MAI[MEHTOB C HIIEMUYECKON OOJIE3HBIO cepiia
(UBC).

MarepuaJjnl u MeToabl. B nccnenosanue Bkiroden 41 manuent ¢ UBC, koTopoMy IIIaHUPOBAIOCH IPOBECHHE
A0PTOKOPOHAPHOTO IIyHTHpOoBaHMsA. OOpa3Ibl HOAKOKHON, SMHKAPIHAIFHON U epUBacKyISIPHOH XKHUPOBOH TKa-
uu (IDKT, 9XKT u [IBXXT) 6b1mm nosrydeHs! BO BpeMst OIIEpaTHBHOTO BMEIIAaTeNbCTBa, agunouTs! JKT n3ommpo-
BaJIM ¥ KyJIbTHBHPOBANIN B TEUCHUE CYTOK C foOaBieHHeM MeTdopmuHa (Sigma-Aldrich, CIIIA) B kOHIEHTpamsax
1 u 10 Mmmomb/1. OneHKY dKcrpeccut pepMEHTOB CHHTE3a [IEPAMHIOB de 10Vo TIPOBOAMIN METOIOM KOJIMIECTBEH-
HOHM MoJMMepa3Ho memHol peakiuu Ha aMmiundukarope ViiA 7 (Applied Biosystems, CIIIA). O6mee coaep-
JKaHUe U creKTp nepamuos (Cer) ycTaHaBIMBANIM METOAOM BBICOKO3((EKTHBHOIT KUAKOCTHOI XpomaTorpaduu
¢ Macc-cnektpoMerprieckuM gerektupoBanreM (BOXXX-MC/MC). Cratuctiueckyio o0paboTKy pe3yinbTaToB
OCYIIECTBIISUIM C MCIONB30BaHUEM MPOrPaMMHOTO nakeTa Statistica 12.

Pe3yabrarbl. MeTOpMUH B KOHLEHTPALMU | MMOJB/JI CTATUCTHYECKH 3HAYMMO CHH)KaJ F€HHYIO KCIPECCUIO
¢depmentoB cepunnansmutonntpancdepassl-1 (SPTLC1) B IDKT, 9XKT u [IBXT, uepamuacunrassi-2 (CERS2)
B OXT u IDKT, uepamuacunrasei-4 (CERS4) B DXKT u [1BXXT 1 nopIman sxcrpeccuo GEepMEHTOB JUTHIPOIIE-
pamunnecarypassl (DEGS1) B 3XKT u ITKT. MerdopmuH B konuentpauuu 10 Mmons/n camkan yposeab MPHK
SPTLCI1 u CERS2 B DXT, CERS4 B OXKT u [IBXT. Beisineno cumxenune copepxanus Cer d18:1/16:0 B 9XKT
npyu koHueHTparuu MmetpopmuHa 1 mmoss/n u Cer d18:1/18:0 B DXKT u IIBXT, Cer d18:1/20:0 B IDKT u DXKT
npu KoHeHTpauusix 1 u 10 Mmouns/i.

3akiaouenne. [loka3aHa moTeHIMaNbHas CIOCOOHOCT MET(OPMHHA B 3KCIHEPUMEHTAaX in Vitro MHrMOUpOBaThH
CHHTE3 IIepaMHI0B de novo B uzonupoBanubix agunormrax [DKT, DXKT u [IBXKT u cHmkath cofepixaHue B Ku-
POBBIX KJIETKaX IIEPAMHUJIOB, aCCOIIMUPOBAHHBIX C HEOIATOMPUATHBIMU CEPACUHO-COCYUCTHIMH COOBITHSIMH.

KitroueBsble cjioBa: riepamMusl, MeTGOPMUH, )KUPOBas TKaHb, HIIIEMUYECKast OOJIE3Hb cepaa

KonpaukTt unTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMAIBHBIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C ITyONMKanuel HaCTOSIIEH CTaThu.

Hcrounuk ¢punancupoBanms. VccnenoBanue BEIOTHEHO B paMKkax pyrnamentanbHoi Temsl HUW KITCC3 Ne
0419-2022-0002 «Pa3paboTka MHHOBAIMOHHBIX MOJEJIEH yIIpaBICHUS PUCKOM pa3BUTHS O0Je3HEN CHCTEMBI KPO-
BOOOpAILEHHUS C y4ETOM KOMOPOMAHOCTH Ha OCHOBE M3y4eHMS (yHIaMEHTaJbHbIX, KIMHUYECKUX, SMHAESMUOJIO-
IHYECKUX MEXaHH3MOB M OPraHH3alMOHHBIX TEXHOJIOTHH MEIUIMHCKOW MOMOIIM B YCIOBHAX MPOMBIIIIEHHOTO
peruona Cubupmy.

CooTBeTcTBHE MPUHIIMIIAM 3THKH. Bee nuna noanucant nHGOPMUPOBAHHOE COTIACHE HA yYaCTHE B UCCIICI0BA-
uun. McenenoBanue 0100peHo aokanbHbIM dTndeckuM komuterom HUM KITCC3 (mporokon Ne 12 o1 20.03.2023).

Jas uutupoBanus: [JsureBa F0.A., T'opbatosckas E.E., [lonmarosa C.E., MBanos C.B., ®anackoa E.B., ['py3-
nesa O.B. DddexTsl MeThopMIHA Ha TPOIYKIMIO LIEPAMUIOB B JIOKAJIBHBIX KUPOBBIX JIETIO Y MAIUEHTOB C HIIe-
MHYECKOU 00Je3HBI0 cepana. broanemens cubupckoi meouyunsl. 2026;25(2):5-12. https://doi.org/10.20538/1682-
0363-2026-2-5-12.
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INTRODUCTION

Metforministheoldestfirst-lineoralhypoglycemic
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/m?) was calculated. The clinical characteristics of
the patients are presented in Table 1.

Table 1
Clinical Characteristics of Patients with Coronary Heart Disease
Parameter CHD patients,
n=41
Male gender, n (%) 27 (66)

Age, years, Me (0, Q,)
Body mass index, kg/m* Me (Q,,; Q..

66.2 (48.5;70.3)
26.9 (22.1;29.7)

History of myocardial infarction, n (%) 30 (73)
History of CHD, n (%) 21 (56)
Arterial hypertension, 7 (%) 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, 1 (%) 7(17)
Atherosclerosis of three or more coronary 28 (68)

arteries, 7 (%)

Atherosclerosis of other vascular basins, 7 (%) 8 (20)

Class I heart failure, n (%) 28 (68)
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End of table 1

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, 7 (%) 3(7)
Class I angina pectoris, 1 (%) 0
Class II angina pectoris, n (%) 14 (34)
Class III angina pectoris, n (%) 24 (57)
Class IV angina pectoris, 7 (%) 0
Ejection fraction, %, Me (Q,;; O,) 53.6 (46.3;58.9)
Aspirin, 1 (%) 38(93)
Clopidogrel, n (%) 6 (15)
B-blockers, n (%) 37 (90)
Angiotensin-converting enzyme inhibitors, 7 (%) 31 (76)
Statins, n (%) 41 (100)
Ca-channel blockers, 1 (%) 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 subcutancous, 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) atconcentrations 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°M. 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°M,
and metformin at the specified concentration. The
cells were cultured for 24 hours in a CO, incubator
(CB-53, BINDER, Germany) at 37°C and 5% CO.,,.
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.

Table 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 Forward primer aggaagceggctaactatgge 20
subunit 1 (SPTLCI) -
Reverse primer ccagaggatcagaatcccttce 22
Ceramide synthase 2 Forward primer ggacgtgtctacgccaaage 20
(CERS2) Reverse primer atgttcaagagggcagccagt 21
Ceramide synthase 4 Forward primer caggacttgttggcagecct 20
(CERS4) Reverse primer cgttgggcttcacttgecte 20
. . Forward primer ccactgagctggagtttcct 20
Delta 4-desaturase, sphingolipid 1 (DEGSI) -
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 x 100 mm, 1.8 pm
(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 (Q,;; O,,), while qualitative data were presented
as frequency indices in absolute and relative units »
(%). 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
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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).

CERS2
ACH p=0.002
2 __p=0001
% = lla =000
4 -
¥
0
SAT EAT PWAT
B Cuntiol B Metfoomn | mmol] Metformin 10 mmal]
DEGS1
ACH p=0.012
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Figure. Evaluation of the effect of metformin on the expression levels of serine palmitoyltransferase-1 (SPTLC!), ceramide synthase

2 (CERS2), ceramide synthase 4 (CERS4), and delta 4-desaturase, sphingolipid 1 (DEGSI) in adipocytes of various locations in

patients with coronary heart disease. ACt (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 (CERS?2)
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
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the expression level of the delta 4-desaturase,
sphingolipid 1 (DEGSI) 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, Cerd18:1/20:0 decreased. Metformin had
no statistically significant effect on the production of
Cer d18:1/24:0 (Table 3).

Table 3
Evaluation of Ceramide Concentration in Adipocytes of Local Fat Depots of Patients with Coronary Heart Disease
with the Addition of Metformin, Me (Q,;; O,)
SAT EAT PVAT
Ceramides, ng/ml C 1 mmol/l | 10 mmol/l C 1 mmol/l | 10 mmol/l C 1 mmol/l 10 mmol/1
1 2 3 4 5 6 7 8 9
42.18 44.20 45.16 75.33 60.07 71.21 37.67 35.61 36.35
(21.07; (22.03; (22.21; (53.07; (47.82; (51.17; (32.13; (29.53; (28.44;
Cer d18:1/16:0 49.28) 50.32) 51.2) 87.25) 79.45) 86.02) 51.04) 49.81) 45.22)
p,,=0.012
> Ft >
P> 0.05 D= 0.021 P2 0.05
12.04 13.00 13.03 25.27 15.32 19.63 18.75 15.13 15.60
(9.22; 9.27; (9.32; (17.15; (10.22; (11.53; (11.03; (10.30; (10.61;
15.91) 16.42) 16.63) 30.37) 19.54) 21.64) 23.68) 20.63) 23.21)
Cer d18:1/18:0 = 0015 1= 0.001
P> 0.05 Py s= 0.003 Dy = 0.014
Pipgs= 0018 Pyire= 0.027
22.01 16.93 19.83 15.95 10.30 12.26 13.04 10.13 12.15
(18.11; (11.31; (12.98; (9.35; (8.38; (8.57; 9.11; (8.01; (8.38;
30.11) 22.49) 23.83) 21.80) 13.11) 18.95) 19.50) 12.53) 17.44)
Cer d18:1/20:0 p,,=0.001
Pr,=0.001 Pigs= 0.002 <
Ponry=0.003 D= 0.009 Pz 005
Pyiss™ 0.011
60.54 59.55 60.05 45.85 45.97 45.92 42.03 41.29 43.53
(33.78; (34.19; (32.55; (24.51; (24.88; (24.61; (21.32; (23.08; (22.14;
Cer d18:1/24:0 71.24) 67.51) 69.33) 53.22) | 58.04) 58.31) 52.12) 50.76) 53.35)
P,z 0.05 P> 0.05 P> 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 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

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 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/1), 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
SPTLCI. 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
(DEGSI).

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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Morphological Changes in Cortical Neurons and Glia of Rats

Mopdonornueckne nsmeHeHns HelNNPOHOB U MU KOPbl FOJIOBHOro Mo3ra
KpbIC B YyCNIOBUAX rob6anbHom LepebpanbHoi nwemunmn-penepdpysmnmm

NX KOppeKLuV A N-TUPO30JIoM

KpaHkuHa A.A.', OcuneHko A.H.', YepHbiwesa I'.A.%2, CmonbsikoBa B.U.?,
JNlorsuHos C.B.', NMotanos A.B.', Fepacumos A.B.', JlacykoBa T.B.!, lepeHr E.A.’,
Ax6awesBa O.E.', TuxoHosckasa O.A.', MnoTtHnkoB M.b.?

I Cubupckuil 2ocyoapcmeennolii meouyunckull ynueepcumem (Cu6l’MY)
Poccus, 634050, 2. Tomck, Mockosckuti mpakm, 2

? Hayuno-ucciedosamenbCkuil uHcmumym gapmaxonozuu u pezenepamushoi meouyunvi (HUUDuPM)

Tomcko2o HAYUOHAIBLHO20 UCCIE008aAMENLCKO20 Meouyuncko2o yeumpa (HUMI]) Poccutickotl akademuu HayK

Poccus, 634028, e. Tomck. np. Jlenuna, 3

PE3IOME

Heas. 3yunts Mopdonornueckie H3MEHEHH HEHPOHOB M INTUH KOPBI OOJIBIINX MOMyIIapUil HA MOJIENTH TOTANb-
HOU TpaH3UTOPHOH uiemun ronoBHOro Mosra (TTUI'M) y kpeic 1 Ha GoHE KOPPEKIHH #-THPO30JIOM.

Marepuaibl u Metoabl. OBITEI NPOBECHB! Ha Kpbicax JuHUK Bucrap (n = 30). )KXuBoTHble ObuH pa3jene-
HBI CIIy4aifHBIM 00pa30M Ha TPH TPYIIIBI — JIOXKHOONIEPHUPOBAHHBIE, KOHTPOJIBHEIE ¢ Bocnpon3senenueM TTUI'M,
onbiTHBIE ¢ Mozielbio TTUT'M u BBeneHueM n-tupo3ona. [ THOHeHPOHATbHBIH KOMIUIEKC KOPBI OOJBIINX MOJY-
LIapuil N3yYain IPH MOMOIIY CBETOBOH U JIEKTPOHHOW MHKPOCKOIUY C TIPHMEHEHHEM MOP(OKOIHYECTBEHHOTO
aHau3a.

PesyabTartsl. B rpynne xuBotHbix ¢ TTUI'M oTMe4eHO 3HaUMMOE CHUKEHHE YHCIEHHOH IIIOTHOCTU HEHPOHOB.
B coxpanuBmIHXCsl HEWpPOHAX MPOUCXOAMWIO 3HAYUTENEHOE YMEHBIICHUE YASIBHOr0 00beMa MeMOpaHHBIX Opra-
HEJUI, a TaKKe MOBHIIIEHHE YENEHOT0 00beMa JUIo(yCIUHA, JIN30COM M BaKyoJel. Y )KUBOTHBIX, MOJTy4YaBIINX
n-tupo3oin nocie TTUT'M, oTMedanocsh yCUIeHUE BEIKUBAEMOCTH HEHPOHOB.

3aximouenune. Briepeoie Ha nanHoi monenn TTUI'M oxapakTepu3oBaHBI CTPYKTYpHBIE M YJIBTPACTPYKTypHBIE
W3MEHEeHUs] HePOHOB U TJIMH KOPHI OONBIINX MONYIIApHil y KPBIC, KOTOPBIE CBUAETENBCTBYIOT O COCTOSTEIBHO-
ctu Mogenu. B yenosusix TTUI'M BriepBbie IpOAEMOHCTPUPOBAHBI HEHPOIIPOTEKTUBHBIE AP PEKTHI #-THUPO30J1a Ha
CBETOMHKPOCKOIMIECKOM U YIBTPACTPYKTYPHOM YPOBHSX.

KiroueBble cjioBa: rOJIOBHOI MO3r, HIIEMUs], CBETOBAas MUKPOCKOIHUS, SIEKTPOHHAS MUKPOCKOIUS, 1-THPO30IL,
HelporpoTekuus

KonpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaKeil HACTOSIIEH CTaThH.

Hcrounnk puHAHCHPOBaHMS. ABTOPBI 3asBIISIOT 00 OTCYTCTBHU HCTOYHUKA (PUHAHCHPOBAHUS IPU NPOBEICHUH
HCCIIEA0BAHMS.

CooTBeTcTBHE NPUHOMNAM JITHKH. VccnenoBanne ogobpeHo komuccueidl no 6mostnke Cudbl’'MY (mpoToxorn
Ne 2203201 ot 22.12.2014).

Jas uutupoBanus: Xnankuna A.A., Ocumenko A.H., Yepnsrmesa [.A., CmonbskoBa B.U., Jlorsunos C.B.,
[ToranoB A.B., I'epacumoB A.B., JlacykoBa T.B., I'eperr E.A., Axb6amena O.E., Tuxonosckas O.A., [InoTan-
koB M.B. Mopdosnorudeckie u3MeHEHHsI HeHPOHOB U TJIMH KOPBI TOJIOBHOTO MO3ra KPBIC B YCIOBHSX II100aTh-
HOU 1epeOpanbHOl HieMuH-penepdy3unur X KOPPEKIHUs M-THPO30JIOM. Bioiemens cubupckot Meouyumbl.
2026;25(2):13-20. https://doi.org/10.20538/1682-0363-2026-2-13-20.

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% OsO,,
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 mm? and calculated
the glia-to-neuron ratio (GNR). Using the Imagel
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 (Q —0Q,).

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 [V and V in the
control group by 19 and 35%, respectively (p <0.01;
Table 1).
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Table 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 (Q —0Q.)

Animal groups Neuron density Total glia density (per 1 Numerical density of perineuronal Gliato-neuron
(per 1 mm? of slice) mm? of slice) glia (per 1 mm? of slice) ratio
Layer 2,142.39 1,040.54 385.24 0.18
11 (2,095.67-2,151.71) (1,025.03-1,133.89) (377.46-409.11) (0.18-0.19)
Sham-operated Layer IV 2,149.61 1,195.64 352.37 0.17
animals (2,140.12-2,171.22) (1,195.58-1,208.57) (348.87-371.53) (0.16-0.17)
Layer 1,972.8 975.17 294.44 0.13
\% (1,872.8-2,041.46) (969.45-982.54) (259.73-316.58) (0.13-0.19)
Layer 2,028.16 922.28* 373.29 0.18
11 (1,916.77-2,132.14) (902.26-944.47) (351.54-374.49) (0.17-0.20)
Control Layer IV 1,506.50 844.18* 329.14 0.21
(1,449.76-1,675.83)* (827.38-881.27) (311.58-331.59) (0.19-0.24)*
Layer 1,338.67 976.68 276.30 0.20
\% (1,330.65-1,338.81)* (793.98-893.59) (221.87-278.91) (0.17-0.21)*
Layer 1,992.51 999.29 396.22 0.19
I (1,991.98-2,132.18) (914.94-1,171.46) (373.93-429.14) (0.18-0.22)
Tyrosol Laver IV 2,116.55 931.87 338.84 0.17
Py Y (2,092.19-2,126.80)" (931.53-966.87) (325.37-369.45) (0.15-0.18)
Layer 1,743.45 1,071.07 316.44 0.18*"
\Y% (1,642.22-1,748.28)" (1,007.17-1,078.49) (316.43-316.45) (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.

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).

Table 2

Morphological Changes in Cortical Neurons of Rats from Different Experimental Groups, %, Me (Q,-0.)

Neurons with total
chromatolysis

Hyperchromic neurons
without shrinkage

Hyperchromic neurons
with shrinkage

0.97 (0.83-1.11)

1.23 (0.94-1.34)

1.40 (1.02-1.57)

0.78 (0.42-0.88)

1.39 (1.32-1.41)

1.34 (1.31-1.62)

0.47 (0.45-0.57)

10.06 (9.82-10.23)

4.66 (3.31-5.10)

7.84% (7.17-10.23)

7.15% (6.88-8.91)

3.43* (2.57-3.85)

10.67* (9.15-11.81)

7.04% (6.94-8.45)

2.78% (2.36-3.04)

3.36* (3.31-4.44)

13.88 (12.40-14.21)

7.41% (7.41-7.54)

3.45 *A (3.13-3.81)

7.77 (7.31-8.70)

2.67 (2.53-2.69)

4.94% (4.18-5.16)

9.11 (8.07-9.64)

1.90" (1.65-2.12)

Animal groups Neurons with ff)cal
chromatolysis
Layer II 0.82 (0.82-0.88)
:rlfin‘z‘;perated Layer IV 1.2 (0.39-1.26)
Layer V 2.23 (2.15-2.29)
Layer IT 58.22* (54.27-59.36)
Control Layer IV 58.21* (58.11-58.40)
Layer V 12.91* (11.42-15.16)
Layer II 42.57 *~ (27.44-43.98)
p-Tyrosol Layer IV 35.02%" (34.43-37.42)
Layer V 10.63*" (10.62-11.29)
16

2.55%A (2.41-2.86)

6.59%" (6.50-6.90)
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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

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

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, ¢ — 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, x 4,500

(» <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).

Table 3

Specific Area of Organelles in the Cytoplasm of Cortical Pyramidal Neurons of Layer V in Rats from Different Experimental Groups,
%, Me (0,-0,)

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
(» <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 wvacuolar apparatus in the cytoplasm

(Fig. 2).

Fig. 2. Glial — neuronal interactions in the cerebral cortex of rats with total transient cerebral ischemia: ¢ — neuronophagia:

invagination of a satellite glial cell into the neuronal cytoplasm (arrow); Nissl staining with methylene blue; x 1,000; b — vacuoles,

phagosomes, myelin-like bodies in the cytoplasm of a glial cell (dashed arrows); ¢ — activated microglial cell (dotted — dashed
arrow). Electron micrographs, x 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
transportor from suppressed proteinsynthesis, 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].
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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 Il 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 (d, ) and smaller (d, ) 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 (d_ ),

the training set reached an R* value of 0.89, for AS with a smaller value (d,,) — R* = 0.8. For the length of the AS
with a larger diameter, the training set reached an R* value of 0.75, and the test set reached an R* value of 0.74; for
the length of the AS with a smaller diameter, the training set reached an R? value of 0.77, and the test set reached
an R? 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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MaTtemaTuueckoe mogenupoBaHNe CTPYKTYpPbl BHYTPUNOUYEUYHOro
apTepuanbHOro pycsa c NOMOLLbIO perpeccoHHbIX Moaenen n rpadposoi

HEeNpPOHHOM ceTn

3eHuH O.K.', FTop6aueHko B.W1.", Tpn6koB A.H.", Cepruenko A.A.", llias Miltiadis?

! [enzenckuii 2ocyoapcmeennulii ynusepcumem (I1I'Y)
Poccus, 440026, 2. Ilensa, yn. Kpacuas, 40

2 Vuueepcumem Ilarepmo
Umanus, 90133, 2. [lanepmo, yn. Iuayya Mapuna, 61

PE3IOME

Henas — pa3paboTaTe MOIENIH IS YUCICHHOTO MOJAEIUPOBAHUS JAUAMETPOB M JUIMH CEIMEHTOB OM(ypKarui —
CTPYKTYPHBIX €AMHHIl BHYTPUIIOUEYHOI0 apTepuaabHOro pycia (BAP).

MarepuaJjnl 1 MeToabl. lcciienoBanne OCHOBAaHO Ha paHee MOJTydeHHBIX MOP(GOMETPHIECKHIX JJAaHHBIX O CTPYK-
Type 9 642 aprepuansubix 6udypranuii (AB) 60 koppo3nonHbIX npenapatoB BAP. Aprepuanbhast Oudypkamms —
yaactok BAP, cocrosimmii U3 npokcuManbHoro aprepuansaoro cermenra (AC) (D), aByx mucrambHeIX AC (c

Oonburedt (d, ) u MeHbIIeH (d, | ) BEMMIMHON BHYTPEHHETO TMAMETPA) U TOYKH BETBICHHUS. 1151 9UCTIEHHOTO MOJIe-
npoBaHus 1uamMeTpoB (AC) HCHONB30BaN PErpecCHOHHBIE Moaeny, 1t Moaenuposanus JuinH AC — rpadoByro
HelpoHHyIo ceTb BHUMaHuA (GAT).

PesyabTarel. Pa3paboTaHbl MOIENH, KOTOPBIE JEMOHCTPHPYIOT BBICOKYIO TOYHOCTH MPOTHO3MPOBAHUS: IS
— R*=0,8. Tns mmunas AC

¢ d, oOyyaromuid HabOp MOCTHIal 3HAYECHHUS R?=10,75, a TecroBslit Habop — R? = 0,74; nus mmansl AC ¢ d,.
oGyuatomuii Habop noctur 3HaueHust R = 0,77, a TectoBbiit Habop — R? = 0,73.

oOyuatouuii Habop gocrur 3HayeHust R? = 0,89, mist AC ¢ d

min

nuametpoB AC ¢ d

max
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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 [AB.

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 (d, ) and smaller ((d,) internal
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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 [AB.

MATERIALS AND METHODS

The material for the study was previously
obtained from the morphometry of 60 corrosion
casts of TAB [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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Fig. 1. Diagram of IAB as a fractal system: « — 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; d, _—
— diameter of the distal segment with a smaller value; L —
length of the distal segment with a larger diameter; /  —
branching angle between the distal segment with a larger diameter and the proximal segment; o,

of the distal segment with a larger value; d
segment; [ —

diameter
length of the proximal
length of the distal segment with a smaller diameter; o, —
— branching angle between the

> “min

distal segment with a smaller diameter and the proximal segment

The study included 9,642 ABs located at 22
division levels (7) 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 3655 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; d _— diameter of the daughter
distal AS with a larger value; d = — 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;
[ _— length of the daughter distal AS with a larger
diameter; / = — length of the daughter distal AS with
a smaller diameter.
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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 —

n

responses, expressed as {(xi, yi)} ()’ where the
observation vector x, is one element of the sample.
In our case, this is one row of the available database
[20], where i is the observation index, x, is the value
of the predictor (feature) for the i-th observation, and
v, 1s the response value for this observation.

When a simple linear regression model is applied,
the observation vector contains only one element x..
From a mathematical point of view, simple linear
regression has the formrepresentedasy, =a+fx, +¢,
where a is the intercept (free term) common to all
observations, which does not depend on x; P is the
slope coefficient, which describes how y changes on
average when x changes by one unit, assuming that
the relationship is linear (straight); €, 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 a and .

We also employed a multiple linear regression
model that uses a vector of features x.= [x, x,, ... x, 1"
for p features, in contrast to simple linear regression,
which relies on a single variable. Then, the regression

p
equation takes the form y, = z a;x; ,wherex, =1.

j=0
In matrix form, the regression equation takes the

form Xa =y, where y = [y, y,... y 1" is the vector

ji?

of dependent variable values, T is the transpose
symbol, and a = [a, a, ..., a]" is the vector of
regression coefficients:

lx11 e X
— 1x21 x2k
1x X

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 = B, + Bx + P2+ ... + Px"+ g,
where y is the dependent variable response, B, are
unknown terms, ¢ is noise, and # is the degree of the
polynomial. In general, the matrix formis y = XB +¥%,
and the solution is B = (X™X)'X" .

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. R? is the coefficient of
determination. An R* close to 1 indicates that the
model almost completely explains the variation. An
R? of 0 means that the model does not explain the
variance any better than the mean, while a negative
R?* 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:

R2 :l_zzl:l(yi_j}i)z
zizl(yj_J_})Z |

values, J, are the predicted values, and y = — Vi

, where y, are the actual

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

1 < . :
follows:RMSE:\/— E _ 1(yl.—yl.)2 , where n is
n=—"mr

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

MAE:lZ”
n

Vi =i
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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 / and [/ as ford and
d . . 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 ford, andd .

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 d  of
distal ASs with large values; 2. Diameters d  of
distal ASs with smaller values; 3. Lengths [  of
distal ASs with large diameters; 4. Lengths / = of
distal ASs with smaller diameters.

The results of the calculations ford, andd are
presented in Table 1 and Figure 2, a:

Table 1
Model Quality Indicators for Predictingd, andd,
. Prediction Prediction
Model/metrics 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: d,

— diameter of the distal AS with a larger value; d

— diameter of the distal AS with a smaller value; R*> —

min

coefficient of determination; RMSE — root mean squared error; MAE — mean absolute error.
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As shown above (Table 1 and Fig. 2, a), all the
models yield good results (R? > 0.70), with both
linear regression and second-degree polynomial
regression showing the best results. The third-
degree polynomial regression models are overfit:

R’ decreases to 0.83 (for d ) and 0.75 (for d ),
and the RMSE increases by approximately 10-15%
(Table 1).

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

Table 2
Model Quality Indicators for Predicting/ and/
Model/mstrics 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 / is connected to all the neurons

of the previous layer /—1. 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” = W@a®V + b®,
a¥=1(z"), , where W is the weight matrix of layer
[, b? is the bias vector of layer /, f(z”) is a nonlinear
activation function (ReLU, tanh, sigmoid, etc.), a™V
is the activation vector of the previous layer, and a®
is the activation vector of the current layer. MLP

26

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
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with sigmoid activation functions that output values
close to 0 (“closed”) and 1 (“open”).

Atstep ¢, the LSTM components work as follows.
The forget gate (f)) determines what proportion of
information from the previous state of the cell (c, )
needs to be “forgotten.” The forget gate is described
by the expression f =c(W [h_,x]+b),where[h |,
x ] is the concatenation of the previous hidden state
(h,_,)and the currentinput(x ), and b is the bias vector.
The input gate (i, = G(Wf[hH, x]+b)) ) determines
which part of the new information to update, and the
candidate value creates new candidate values that
can be added to the cell (¢ = tanh (W h_,x]+b).
The cell state update is performed by combining the
forgetting of old information and the addition of a
new ¢ =f oc  +i0¢, 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 (c)) will be used to form the output signal
0 =c(W [h_,x]+b . Thenew hidden state is formed
according to the formula

h,= 0,0 tanh (c).

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—Amold 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=(x, x, ..., x )
KAN, the regression problem for predicting vessel
diameters is described by the expression

2n+l1 n
y:ZQJ( - (Pij(xi)],
Jj= i=

where @, are B-splines (approximating basis
functions), and @, 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, /) 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 W* of size /< f, where fis the
dimension of the node embeddings at the layer input,
and a trainable attention matrix A];tt of size n x 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 H* = XW* for k=1, ... K|
where X is the matrix of input embeddings of the
layer with size n x f.

Calculation of attention matrices A];n .

Aggregation Z' = A:nHk fork=1,..,K.

The results of all heads are combined. For the
hidden layers, concatenation is used X' = Concat
[0(Z"), o(Z?), .., 6(ZX)], where o is the activation
function, usually ReLU. The output dimension of
the network layer increases n X (K - f). In the input
layer, averaging

1 K
X'=—> o(Z")
K%

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
withm layers will aggregate information from nodes
at a distance of up tom 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 (/) and the minimum length of IAB AS
(). This confirms the idea that the relationships
between individual ASs play a key role in assessing
the morphology of the vascular system: at / , it
outperforms all other models on all the metrics; for
[ ., the GAT retains the best explanatory power
(R*= 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
(Z,.), 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.
Table 3
Neural Network Training Results/ and [
Prediction Prediction
Model/metrics RMSE, | MAE, RMSE, | MAE,
mm mm mm mm
MLP neural 061 | 132 | 079 [ 061 | 121 | 073
network
LSTM neural | ;3 | 159 | 095 | 034 | 151 | 093
network

KAN 0.63 | 1.28 0.78 | 0.55 | 1.29 0.77

GAT neural 077 | 111 | 056 [ 070 | 145 | 0.6
network
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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: d = —0.080 + 0.808 D (R*
=0.87) and d = -0.057 + 0.612 D (R*> = 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 (7); 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 R’ 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 R?> was used to evaluate quality. For
the length of the distal segment with a large diameter,
the training set reached a value of R’ = 0.75, and
the test set reached a value of R’ = 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 R°=0.77, and the test set achieves a value
of R?=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 [AB.

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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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] um. 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

Conflict of interest. The authors declare the absence of obvious or potential conflicts of interest related to the

publication of this article.

Source of financing. The authors state that they received no funding for the study.

Conformity with the principles of ethics. All individuals signed a written consent to participate in the study.
The study was approved by the local Ethics Committee of Pirogov Russian National Research Medical University

(Minutes No. 239 of April 15, 2024).

For citation: Kazimirskii A.N., Salmasi J.M., Poryadin G.V., Panina M.I., Kim A.E., Kim T.E., Turishcheva O.0.
Spontaneous Neutrophil Extracellular Trap Formation During Pollinosis Exacerbation. Bulletin of Siberian Medicine.

2026;25(2):32-37. https://doi.org/10.20538/1682-0363-2026-2-32-37.

DL Kazimirskii Alexander N., alnical 0@mail.ru

32 BionneTteHb cMbUpckon MegmumHbl. 2026; 25 (2): 32-37



Original Articles

O6ocTpeHne NONNHO3a CONPOBOXKAAETCA CMOHTaHHbIM ¢pOpMMpPOBaHUEM
HEeNTPOPUNbHDBIX IKCTPaAK/IETOUYHbIX JIOBYLUEK B MOpdonornyeckonm

dopme HenTpoPunbHbIX ceTen

Kasumupckui A.H., Canmacu .M., NopaauH .B., MaHuHa M.U., Kum A.3., Kum T.3,,

Typuwesa 0.0.

Poccuiickutl nayuonanvusiil uccredosamenbckuii meouyunckul ynusepcumem (PHUMY)

um. HHU. ITupozosa (Ilupozoeckuii ynugepcument)
Poccus, 117997, e. Mockea, yr. Ocmposumsanosa, 1

PE3IOME

Hens. VccnenoBanue Mopdoaornueckoi CTpyKTyphl U pyHKIIMOHAIEHOH aKTUBHOCTH HEHTPO(UIBHBIX dKCTpa-
KJIETOYHBIX JIOBYIIEK Y OOJBbHBIX CE30HHBIM aJUIEPrUUECKUM PUHHTOM B IIEPUOI 000CTPEHHs 3a00ICBaHMs.

Martepuannl 1 MeToAbl. B nccnenoBanue BitoueHs! 12 G0JIBHBIX ¢ MOIIMHO30M Iepro] o6ocTpeHus 3aboneBa-
Hus. MccnenoBam MopdoIoTHuecKyo CTPYKTYpy U (pyHKIIHOHAIBHYIO aKTHBHOCTE HEHTPO(QHIBHBIX KCTpaKIIe-
TouHbIX JoBymIeK (HOJI) y GompHbIx mommumao30M. st Busyammsanuu HOJI ncrons3oBamu (iryopeclieHTHYTO
MuKpockonuto ¢ kpacuresneM SYBR Green.

PesyabTatsel. MccnenoBanue HEUTPOQHUIOB OONBHBIX B IEPHO 00OCTPEHHS 3a00I€BaHHA MTOKA3aJI0 CIIOHTaHHOE
dhopmuposanre HIJI B Mmopdonornueckoit popme HeiirpopmsHbIx ceteid. Kommuectso HOJI B Teuenue 1 4 uH-
Ky6anun coctasisiet 10 [8,3—14]%, a ux pasmeps — 28 [17,5-35] mxm. KyneTtuBrpoBanue HEHTPOhHIOB asiep-
TMYECKHUX MAIMEHTOB B TeUEHHUE 2 4 He yBenuuuBaeT unciieHHocTs HDJI, pasmeprsr HOJI yBenmuuBarores B 2 pasa,
pH 3ToM npoucxoaut ¢popmuposanue 10% HOJI B hopme oxnHOUHBIX HUTEH U BomokoH. HeltpoduabHble cetn
MMEIOT BBICOKYIO ()YHKIIMOHAJIBHYIO aKTHBHOCTb.

3akuio4yeHue. Pe3ynbTaThl CBHIETENBCTBYIOT, 4TO IIPH 000CTPEHUH MOJUIMHO3a HaOmoaaercs oopazosanue HOJI,
110/100HO€ Pa3BUBAIOIIEMYCsI IIPH MH(EKIIMOHHOM BOCIIAJICHUH, COUCTAIONIEECs C BBICOKON (YHKIIMOHAIBHOI aK-
TUBHOCTBIO HEUTPOPHIIBHBIX CETeH.

KiroueBble cjioBa: MOJIMHO3, CE30HHBINA aJUIEPrHYECKUi PUHUT, epuoa o0ocTpeHHs 3abosieBaHMs, HEHTPO-
(hUITbHBIE SKCTPAKIETOUHBIE JTOBYIIKH, HEHTPO(UIBHbBIE CETH, alIeprus

KongaukTt unTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHE SIBHBIX U MOTEHIIMAIBHEIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C ITyOJIMKanuel HaCTOSIIEH CTaThH.

HMcrounuk puHAHCHPOBaHUS. ABTOPBI 3aBIISIOT 00 OTCYTCTBUY HCTOYHUKA (PUHAHCHPOBAHUS NIPU NPOBEACHUH
HCCIIeJOBAHMSI.

CooTBeTcTBHE MPUHIMNAM THKH. Bce nuna noanucanu mHGOPMUPOBAHHOE COrNIacHe Ha y4acTHE B HCCIIe-
nosanuu. MccnenoBanue opodpeno stnyeckum komureroM PHUMY um. H.U. Iuporosa (nporoxon Ne 239 ot
15.04.2024).

Jns uurupoBanus: Kasumupcekuit A.H., Canmacu XX.M., [opsaua ['.B., [Tanura M.U., Kum A.D., Kum T.O.,
Typumesa O.0. O6ocTpeHne TOUTHHO3a COMPOBOKAACTCSI CIIOHTAHHBIM (POPMHUPOBAHUEM HEUTPODHUIBHBIX IKC-
TPAKJIETOYHBIX JIOBYIIIEK B MOP(HOTOTHYECKOU popMe HEUTPOPHUITBHBIX ceTel. blowiemens CubUpcKol MeOUuyunbL.
2026;25(2):32-37. https://doi.org/10.20538/1682-0363-2026-2-32-37.

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 [Q-Q,]. 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] pm. 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).

Table 1

Parameters of Neutrophil Extracellular Traps (NETs)
in Patients with Seasonal Allergic Rhinitis (» = 12) during
the Exacerbation Period, Me [0 —0,]

Number of
NETs, %
Spontaneous formation of extracellular structures
(1 hour of incubation)
10 [8.3-14] | 28 [17.5-35] |
Spontaneous formation of extracellular structures
(2 hours of incubation)

NET size, microns NET structure

Networks

Networks, single

11.1 [8.3-21] strands, fibers

52.5 [35-70]*
*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].

34 BionneTteHb cMbUpckon MegmumHbl. 2026; 25 (2): 32-37



Original Articles

Fig. 1. Neutrophil networks in patients with seasonal allergic
rhinitis during the exacerbation period. Incubation time 1 h.
CYBR Green staining. Magnification x 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 TNFa [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).

Table 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[0-0.]
. Capture of
NET struc- NET size, NET conversion pathogen cells
. after interaction .
ture microns . Klebsiella pneu-
with a pathogen .
moniae
Neutrophil | "5, 5135 707 | Neutrophil veils | 50 [40-60]
networks
Stlrr;ifs 130 Single strands, 0.00
? [112.5-157.5] fibers ’

fibers

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 spontancous
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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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 T2-3NOMO 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
um), medium (1-2 pum), and large (>2 pm), 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 pm, 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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Mopd¢onornyeckne oco6eHHOCT MUTOXOHAPWIA, N30SINPOBaHHbIX
13 ONYXOJIN N YC/IOBHO 340POBOI TKaHN NMPAMON KNLLKMW,
y NayMeHToB B 3aBUCMMOCTV OT HAIMYMNA MeTacTa3oB

Knut O.1.', lnxnaposa A.U.', ®paHunaHy E.M.’, UnbueHko C.A.', Hecky6una U.B.’,
Kupunuenko E.10.2, JlorBuHoB A.K.3, PoabkunH C.B.?, YepapuHa H.[1.", KonecHukos E.H.",
Koxywko M.A."', Auncumos A.E." JlereHbko H.H.'

I HayuonanoHotii meduyunckull ucciedosamenvckutl yeump (HMHIL]) onxonozuu
Poccus, 344037, e. Pocmos-na-/lony, ya. 14-sa Jlunusa, 63

2 lonckotl 2ocyoapcmeennulii mexruyeckuil ynusepcumem (HI'TY)
Poccus, 344000, 2. Pocmos-na-Z{ony, na. I'acapuna, 1

3 FOocnulii pedepanviviil ynusepcumem(FODY)
Poccus, 3440006, 2. Pocmos-na-fony, np. Cmauxu 194/1

PE3IOME

I_Iem,. I/IsyquI/Ie YIBTPAaCTPYKTYPHBIX 0COOCHHOCTEH MI/ITOXOHIIPI/Iﬁ, H30JIMPOBAHHBIX U3 TKaHU aICHOKAPIITUHOMBI
pr{MOfI KHUIIKH U YCJIOBHO 3I[0p0BOI71 TKaHU 10 JIMHUU PE3CKIIUU OITYXOJIH, Y HAllTUCHTOB 000€ero oJ1a B 3aBUCUMOCTH
OT HaJIM4Usl UJIN OTCYTCTBUA METACTA30B.

MarepuaJjibl M MeTOJbl. B nccieoBanue BKIIOUEHB! PE3yIbTaThl, MOTyYeHHbIE OT 28 GONBHBIX PAKOM HPSIMON
kumkn T2-3NOMO u T2-3N1-3M1, crenens nuddepenupoBkn omyxoan — G2. MUTOXOHAPHHU U3 KJIETOK TKaHEH
OITyXOJIM U KHIIKH BBIACISUIN C IPIMEHEHNEeM AuGdepeHnnaabHoro neHTpudyruposanys. B3secs MUTOXOHIpHIHA
HoMeIanu B (PUKCUPYIOIHH PacTBOp, COAEPKAMUKA (GOpMaTbICIH U TIyTapalbAeTH l, Aaiee B YHCTYIO CMOIY
Epon-812 (SPI Inc., CIIA) u otBepkmamu B TedeHue 72 4 mpu 70 °C. [lpumeHsM cTaHOapTHBIE METOIBI
MOJTOTOBKH CPE30B, KOTOPHIC HCCIEIOBAIM C MOMOILIBIO AIIEKTpOHHOrO MuKpockoma Jeol JEM-1011 (JEOL
Inc., SAnonwms). OnpenencHre nepuMeTpa MUTOXOHIPUI Ha H300PaKEHUAX, MOTYIECHHBIX METOAOM JIEKTPOHHON
MHKPOCKOIIHH, TIPOBOJMIOCH C HCHOIB30BaHNEM Iporpammsl Fili.

Pe3ynbTaTbl. Ha ocHOBe ynbTpacTpyKTYpHOIO MCCIEIOBaHMS M CTaTHCTHYECKOTO aHAIM3a Pa3MEPHOCTH
neprMeTpa MUTOXOHIPH, M30JHPOBAHHBIX M3 a/JCHOKAPIMHOMBI TPSMOW KHIIKHM MalMEeHTOB 000ero moia,
OBUIO yCTAaHOBJIEHO, YTO IMOKa3aTenu ycioBHO ManbiXx (0—1 mkwm), cpennux (1-2 Mkm) u Gombmmx (> 2 MKM)
pasMeEpoB MHTOXOH}IpI/If/i HE HUMEJIM MEXKIPYIIIIOBBIX CTATUCTUYCCKH 3HAYUMBIX pa3nw—mi»i B 3aBHCHMOCTH OT
HaJIM4us WU OTCYTCTBUSL METACTA30B. B otnuuue ot OITYyXOJIH, B YCJIOBHO SJIOpOBOﬁ TKaHU 110 JTUHUH PE3CKIUH
IpSAMOM KHMIIKH J0JI1 MUTOXOHZAPUH ¢ TIepuMeTpoM Oojiee 2 MKM, XapaKTepU3yIOUIUXcsa Hanboiee BEIpaKeHHOM
IchYHKIMOHATBHOCTBIO, CHIKANIAch B 3,6 pa3a y )KEHIHH U B 4,8 pa3a y My»4uH 0e3 METacTa3oB 110 CPABHEHHIO
C MOKa3aTessIMU Y BCeX MAlMeHToB ¢ MeTacTazami (p < 0,05).

3akioueHue. 3HAYMMOCTH pa3J'II/I‘II/II71 B IIOKa3aTeJsIX pasMEpHOCTU IEpUMETpa MI/ITOXOH,HPI/Iﬁ, H30JIMpOBaH-
HbBIX M3 YCIOBHO 3[[0p0B0171 TKaHW Ha JIMHUK PE3CKIUHN aJCHOKAPIUHOMBI HpHMOfI KHIIKHA, HEC3aBUCUMO OT
TFEeHACPHBIX pa3n1/1q1/1171 NMagueHTOB yKa3blBajla Ha BO3MOKHOCTb MOp(l)O(l)yHKL[PIOHaHI)HOﬁ B3aMMOCBS3U ITPOLECCOB,
MPOTEKAOIIUX Ha YJIBTPACTPYKTYPHOM MHUTOXOHAPUAJIBHOM YPOBHE U METAaCTa3UPOBAHUEM paKa HpHMOﬁ KHIIIKHA.

KiioueBble ci10Ba: aleHOKapIUHOMA MIPSIMON KHIIKH, MUTOXOH/IPHH, METACTa3UPOBAHUE

KOHQ).]IHKT HHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIUAJIBHBIX KOH(I)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6J’[PIKaHPIeI71 HaCTOS{H.[efI CTaTbHU.
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UcTtounnk puHaHCHpOBaHMsI. ABTOPHI 3asBIISIOT 00 OTCYTCTBUM UCTOYHHKA (PUHAHCHPOBAHMS ITPU MPOBEACHHUH

HCCIICIOBAaHUA.

CooTBeTCTBHE NPUHIUIIAM 3THKH. Bce manmeHTBI noArnucain I/IH(bOpMI/IpOBaHHOC corjiaCue Ha B3ATHC H
nepeaavy OHOJIOrHYECKOTO Marepuajia i NpoOBEACHUA HAayYHBIX HCCHeﬂOBaHHﬁ, ToCy1apCTBEHHBIX 3az[aH1/1171 B
O6H.IeCTBeHHO Y COOHAJIBHO ITOJIC3HBIX LEIIAX. I/ICCJ’[eZ[OBaHI/Ie o,z[06peH0 9TUYCCKUM KOMUTETOM HMI/H_[ OHKOJIOI'MH

(nporoxos Ne 1 or 30.01.2023).

Jas nurupoBanus: Kur O.U., uxnsaposa A.U., @panmusann E.M., Unsuenxo C.A., Heckybuna U.B., Kupu-
yenko E.10., Jlorsunos A K., Pogpkun C.B., Uepspuna H.Jl., Konecuaukos E.H., Koxymko M.A., Auucumos A.E.,
Jlerensko H.H. Mopdorornueckune 0cOOEHHOCTH MUTOXOHAPHHA, H30JMPOBAHHBIX M3 OMYXOJIU U YCIOBHO 3/10pO-
BO TKaHU NPSAMON KHUIIKH, Y TAIIMEHTOB B 3aBUCUMOCTH OT HAJIMYMSI METACTa30B. broiemens cubupckoul meouyu-

Hot. 2026;25(2):38—48. https://doi.org/10.20538/1682-0363-2026-2-38-48.

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 (CDKS)
inhibits dynamin-related protein 1 (DRPI) 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
Ay 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 T2-3NOMO
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, | mM
EDTA, 2 mM TRIS-HCI, 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 #-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].

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); x 50,000

It was noted thatin 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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Fig. 2. Electron micrograph of mitochondria isolated from rectal adenocarcinoma in women: a — with detected metastases; b —
without metastases; x 50,000

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; x 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
inmen 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
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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 x50,000,
which allowed for the standardization of their
dimensions.

Fig. 4. Electron micrograph of mitochondria isolated from apparently healthy tissue along the resection line in men: a — with
detected metastases; b — without metastases; x 50,000

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; x 50,000

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 pm), medium (1-2 pm), and large (>2 pum)
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mitochondria. Their perimeters were measured,
followed by statistical processing of the results
and calculation of the occurrence frequency of

these mitochondrial dimensions in women and men
with the presence and absence of metastases
(Table).

Table

Occurrence Frequency (%) and Perimeter (um) of Mitochondria Isolated from Tumor Cells and Apparently Healthy Rectal

Tissue of Male and Female Patients with or without Metastases, M + m

. Tumor Apparently healthy tissue
Patient groups 01 ) =5 01 ) =5
65.5+5.1% 22.9+2.0% 11.6 £ 1.4% 50.6 £4.9% 352+2.9% 142+ 1.7%
Women with metastases, n =7 0.63 +0.009 1.46 £0.03 2.43 £0.05 0.69 +0.01 1.45+0.03 2.41+0.06
n=272 n=95 n=48 n=167 n=116 n=47
Women without metastases 49.6 £4.4% 36.3+3.1% 14.1 £ 1.6% 61.5+5.4% 34.6+2.7% 39+0.5% "
=7 ’ 0.69 £0.01 1.45+0.03 2.43+£0.06 0.68+0.01 1.32+£0.02 2.32+0.06
n=130 n=95 n=37 n=220 n=124 n=14
Men with metastases 58.1+5.3% 27.1+22% 14.8+1.9% 42.5+3.9% 42.5+3.7% 15.0+1.6%
=7 ’ 0.68 £ 0.01 1.41 £0.04 2.65+0.12 0.69 +0.02 1.41 +£0.03 2.63 £0.09
n=122 n=157 n=31 n=119 n=119 n=42
Men without metastases 55.9+4.9% 323+£2.7% 11.8 £ 1.5% 64.5+£5.1% 32.4+£2.5% 3.1+02% "
=7 ’ 0.7+0,02 1.4+ 0.04 2.5+0.08 0.76 £0.01 1.37 £ 0.03 248 +0.16
n=2_85 n=49 n=18 n=282 n=71 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 um)
(Table). Perimeter values of mitochondria > 2
pm 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 pm) 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 pm 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 um 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 pm
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 um) 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 pm), the content of
mitochondria with a perimeter > 2 pm 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 pm 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 pum) 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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KoHoHbixuH A.A."3, XKpaHoBa E.B." 2

! Hayuonanoholii meouyunckuli ucciedosamenvckuil yenmp (HMUL]) mpasmamonocuu u opmoneouu
um. axao. I A. Hnuzaposa (Lenmp Unuzaposa)
Poccus, 640014, 2. Kypean, yr. M. Yavauosoti, 6

2 Tiomenckuil 2ocyoapcmeeniulii meouyunckutl ynusepcumem (Troml MY)
Poccus, 625023, 2. Tromens, yn. Odecckas, 54

3 Kypeanckas obnacmuas kiunudeckas 6onvnuya (KOKB)
Poccus, 640002, 2. Kypean, yn. Tomuna, 63

PE3IOME

Henab. OnpenenuTs IPOrHOCTHYECKYHO 3HAUMMOCTh CHCTEMHBIX BOCTIATUTEIHBIX HHACKCOB JUIS PA3BUTHS aTepo-
cKJepo3a COHHbIX apTepuil (CA) y MalMeHTOB ¢ PeBMATOUIHBIM apTpuToM (PA).

Marepuajbl 1 MeToabI. [IpoBeIcHO OJHOLIEHTPOBOE 00CEPBAIIMOHHOE KPOCC-CEKLIHOHHOE MCCIIeIOBAHUE, B KO-
Topoe ObLIH BKJItOYEHBI 52 manuenTa ¢ PA. Cpennuil Bo3pacT y4acTHUKOB cocTaBuia 59,5 + 6,7 net. Becem manuen-
TaM BBINOJHEHO YIbTpa3ByKkoBoe aymiekcHoe ckanuposanue (Y3/1C) CA. YTomneHne KoMIiekca HHTUMa-Meina
¢uxcupoBanyu npu 3HaueHUsx 0,9 MM u Gornee. 3a reMOJMHAMUYECKH 3HAUUMYIO aTePOCKICPOTUUECKYIO OJISIIKY
(ACB) npunumanu yronuenue CA ceire 50% B cpaBHEHHU ¢ OaM3JIexaiuMu TkansMu. [IpoBeaeH aHanus Ha-
n4rs PaKTOPOB PHCKA CePlIeYHO-COCYAUCTHIX 3aboneBanuii. Ha ocHOBaHMM JaHHBIX OOLIEro aHanu3a KpoBH pac-
CUMTBIBAJIN MHJIEKC CUCTEMHOTr0 BocnanuTenbHoro oreera (SIRI), cOBOKyMHBINA HHAEKC CHCTEMHOTO BOCIIAJICHUS
(AISI), nnnexc cucremuoro Bocnanenus (SII), veiitpodunpHo-mumdonurapHoe coornomenue (NLR), numdornu-
To-MoHouuTapHoe cootHoureHre (LMR), TpombonunTapro-nmuMbormrapaoe cootHomenue (PLR), a taxke nuuexc
Peiica. [{ns pa3paboTKH IPOrHOCTUYECKOI MOJIENHN UCIIOIb30BaH METOI OMHAPHOI JIOTHCTHYECKON PerpeccHy.

PesyabTatsl. [lo pesynpratam Y3JIC CA nanmeHTHl OBUTH pa3lielicHbl Ha JBe rpynmbl: 32 marueHTa (61,5%) c
nammareM ACB B CA u 20 manmenToB (38,5%) 6e3 ACB. IManuents ¢ Hammauem ACB B CA nmenn Gosiee BBI-
cokue 3Hayenust NLR, SII, SIRI, unnekca Peiica. B xone uccnenoBanus onpeieneHbl MOPOroBble 3HAUCHUS IS
JTAaHHBIX MHJEKCOB, a TaKoKe pa3pabdoTaHa MPOrHOCTUYECKAsh MOJEIb BEPOSTHOCTH pa3BUTHS arepockiepo3a CA
y nanueHTos ¢ PA, B KoTopoil IpeANKTOpaMu SABJISUIMCH 3HaueHUs uHpaekca Pelica, SIRI, nunonpoTrenasl HU3KOH
IUIOTHOCTY U BO3pAcT.

3axaiouenne. [Ipu PA BeIcOKast akTHBHOCTh CHCTEMHOTO BOCHAJIEHHSI ACCOIIMMPOBAHA C PA3BUTHEM aT€POCKIEPO-
THYECKOTO TTOPAKEHHSI apTePUii, 4TO CIIeAyeT yIUTHIBATh IPU pa3pabOTKe TAKTHKY BEJCHHS JAHHBIX IAI[EHTOB.

KiroueBble ci10Ba: peBMaTOUIHBIN apTpuT, atepockiepos, NLR, SIRI, SII, cucteMHoe BocaneHue

Kondaukt uaTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMAIBHBIX KOH()JINKTOB HHTEPECOB,
CBSI3aHHBIX C MyOJUKAIMEH HACTOSIICH CTAThH.

Hcrounuk puHAHCHPOBAHHUS. ABTOPHI 3asIBISIOT 00 OTCYTCTBHY HCTOYHUKA (PHHAHCHPOBAHUS IIPH IIPOBEICHUH
HCCIICIOBAHUSL.

CooTBeTCTBHE NPHHIMIAM ITHKH. Bce manueHTs! noanucanit MHPOPMUPOBAHHOE COTJIacCHE Ha ydacTHe B HC-
creoBaHuM. MceeioBanie 0J00pEHO JIOKAIbHBIM 3THYCCKUM KOMUTETOM HaljoHaJIbHOTO MEJHUIIMHCKOTO HC-
CIIeZIOBATENbCKOTO LIEHTPA TPABMATOJIOTHH M OpTOIIeINH UM. akafgemuka [.A. nu3saposa (mpoTokon Ne 1 (76) ot
29.11.2024).

Jast uurupoBanus: Kononsixun A.A., XKnanosa E.B. Poib cucTeMHBIX BOCHATUTENBHBIX HHAEKCOB B IPOTHO-
3UPOBAHHMU aTEPOCKIIEPO3a COHHBIX apTEpUil y MAIMEHTOB C PEBMATOUIHBIM apTPUTOM. Broiiemenb cubupckoul
meouyunvl. 2026;25(2):49-57. https://doi.org/10.20538/1682-0363-2026-2-49-57.
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INTRODUCTION

Rheumatoid arthritis (RA) 1is 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 (TNFa) 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,
TNFa 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
x monocytes x platelets / lymphocytes [18]; SII =
neutrophils x 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 anormal 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 [Q,; Q,]. Categorical
variables were described as absolute values () 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 #-test; in case of unequal variances,
Welch’s #-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

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).

Table 1
Comparative Characteristics of Patients with and without Carotid Artery Atherosclerosis
Indicator Patients with the presence of AP in Patients without AP in the
the carotid arteries (n = 32) 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 [Q; O.] 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 (%) 15 (46.9) 9 (45) 0.36
Atorvastatin, n (%) 8(295) 6 (30) 0.08
Average dose, mg, M + SD 26.25+8.5 20+6.5 0.25
Rosuvastatin, n (%) 7(21.9) 3 (15) 0.07
Average dose, mg, M + SD 10.7£3.5 13.3+4.2 0.23
Glucocorticosteroid therapy, 1 (%) 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 15 (46.8) 9 (45) 0.54
Leflunomide 8(25) 6 (30) 0.19
Sulfasalazine, n (%) 9(28.2) 5(25) 0.12
TC, mmol/l, M + SD 5.21+1.22 5.03+£0.98 0.11
LDL, mmol/l, Me [Q; O,] 3.31[2.2;3.98] 3.12[2.11; 3.77] 0.09
HDL, mmol/l, Me [Q,; O,] 0.89 [0.68; 1.01] 0.78 [0.65; 0.99] 0.078
TG, mmol/l, M + SD 1.7740.33 1.71+£0.41 0.15
ESR, mm/h, Me [Q; O,] 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.

Table 2
Values of Systemic Inflammation Indices in Patients with and without Carotid Artery Atherosclerosis, Me [Q,; O]

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
S1I 794.2 [440.5; 1,090.8] 411.11 [360.06; 582.93] 0.004
SIRI 1.3510.77; 1.57] 0.74 [0.53; 0.89] 0.01
AISI 255.31199.1; 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.
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Table 3

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

of AP in the CA
fndex | reshold | ye ose crforauc|  p
value
NLR >1.756 0.754 0.583-0.926 0.029
SIT >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.

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
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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 =-4.710 + 1.374 x
(Reis index) + 0.745 x (SIRI) — 0.331 x (LDL) +
0.057 x (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.
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Figure. ROC curve characteristics of the threshold values of systemic inflammatory indices (NLR, SIRI, and SIT) 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].
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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. Gonzalez-
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 TNFa, IL-1,
and IL-6 stimulate the production of neutrophils,
and increased concentrations of chemokines
(CXCL1, CXCL2, CXCLS, 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, akey hormonal regulator
ofthrombopoiesis 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.

Lymphocytopeniain patients with RA isacommon
hematological manifestation reflecting profound
immune dysregulation and having a multifactorial
nature. Key proinflammatory cytokines (TNFa,
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 y2 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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KoHcTutyumnoHanbHo-mopdonornyeckas npegucnosnyma cynumaanbHoro

noseAeHuNsA npu wnsoppeHnn

KopHetos A.H., NankuH C.A., MegHoBa U.A., NMeTkyH A.A., KopHeToBa E.I.

Hayuno-uccnedosamenvckuii uncmumym (HUHW) ncuxuueckozo 300po6ws
ToMmcK020 HAYUOHATBLHO20 UCCIE008AMENbCKO20 MeduyuHcKkoeo yenmpa (HUMIL]) Poccuiickoti akademuu HayK

Poccus, 634014, 2. Tomck, yn. Aneymckas, 4

PE3IOME

Hens. U3y4nThb CBSI3b KOHCTHTYLIMOHAIBHO-MOP(OIOTHYECKUX 0COOEHHOCTEH OOJIBHBIX MN30(PEHNEH ¢ CyHIH-
JTaJIbHBIM [IOBEJICHUEM.

Marepuajbl 1 MeToabl. O0ciie1oBano 215 ManueHToB ¢ AMarHo3oM mu3oppeHnd. Bo3pacT manueHToB, BO3pacT
MaHH(ECTAUH W TPOJOIDKUTENEHOCT 3a00JIEBaHUSI, UCTOPHUS CYUIMIATBHBIX MOMBITOK OBUTH MOJTYYEHBI ITyTEM
CTPYKTYPHUPOBAHHOTO KIMHHUYECKOTO MHTEPBBIO M M3YYCHHS MCIUIMHCKUX KapT. J[OMOTHHUTENBFHO MCIOIB30Ba-
nach llkana 6e3nanexnoctu beka (Beck Hopelessness Inventory). AHTponoMeTprdeckoe 00cae[0BaHIE MTPOBO-
munock 1o Meronuke B.B. bynaka B moandukanuu B.I1. Utenosa. KoHCTUTYIIHOHHO-MOP(OIOTHIECKUE THITHI
TEJOCIIOKEHUS U COMaTUYECKast MoIoBast quddepeHIranys onpenesuimch Ha OCHOBaHUH pacdera nHaekca Rees-
Eysenk u uagexca Tanner.

PezyabTatsl. I1o xputepuio y2 6bUTH 0OHAPYKEHBI CTATUCTHYECKH 3HAYMMBIE PA3IIMYMs 9aCTOT PacTpeeIeH s
OCHOBHBIX KOHCTHTYIIHOHAJIBHO-MOP()OIOrHYECKUX THIOB MEXIY TPYIIaMU NAllMEeHTOB C CYMIMAAIBHBIMHU IO~
neITKamMu U 6e3 (p = 0,033). [Ipu nonapHOM cpaBHEHHH 3HAYUMBIE PA3TNUUs OBUIH BBISBIEHB! TOJIBKO 110 YacTOTE
BCTPEYAaEMOCTH aCTEHHYECKOr0 KOHCTUTYLHOHAIBHO-MOp¢oaorudeckoro tumna (p = 0,018). Taxke mpu cpaBHe-
HHMHU 4acTOT paclpefeeHns] KOHCTHTYIIHOHAIBHO-MOP(OIOrHYECKUX THIIOB MEX/Y MallMeHTaAMH C HATUYHEM U
OTCYTCTBHEM OE3HAEKHOCTH 0OHAPYKEHBI CTATHCTHUECKH 3HaUYUMBble pas3ianyud (p = 0,035), B rpymnie nanueHToB
¢ 6e3HaIe)KHOCTRIO TpeodiIagan acTeHUYECKUH KOHCTUTYIHOHATIBHO-MOopdonornueckux tum (p = 0,045). I1pose-
JICHHBIIT CETeBOM aHAIIN3 MO3BOJIMII BBIIEINTD JIBA HE3aBUCUMBIX JIPYT OT Apyra (akTopa CyHIMAAIBLHOTO PUCKA Y
MAIMEHTOB ¢ MN30(QpeHNeH: KIMHUYECKUH U aHTPOTIOMETPUIECKHUH.

3akiouenue. Pe3ynbTaThl MCCIEI0BaHMS HAMIISIHO MTOATBEPXKIAIOT 3HAUUMOCTh KOHCTUTYIIMM B KQUueCTBE He3a-
BUCHMOTO (haKTOpa pPUCKA CYUIMIAILHOTO MOBEJCHUS Y MAIMEHTOB ¢ In3odpenucii. [lonyueHHbIC TaHHBIC OT-
KPBIBAIOT MEPCIEKTUBBI [JIs1 PAHHETO BBISIBICHUS PEAPACIION0KEHHOCTH K CYUIUAATIBbHBIM MBICIISIM U J€HCTBUAM
y TaHHOM TPYMIIBI GOJIBHBIX.

KiroueBble cjioBa: mu30ppeHns, CyHIUAIbHBINA PUCK, TApACYULH], O€3HAIECKHOCTb, KOHCTUTYILHS, aHTPOIIOM-
etpus, unnekc Rees-Eysenk, nngexe Tanner

KonpaukTt uaTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTCHIIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C ITyOJIMKanuel HaCTOSIIEH CTaThH.

Hcrounuk ¢punancupoBanus. MccnenoBanue BHIIONHEHO 3a c4yeT rpanTa Poccuiickoro Hayunoro ¢onmga Ne 25-
15-00344 «KoHCTUTYIMOHATBHO-OMOIOTHYECKHE IPEUKTOPHI PUCKA CYHUIHIAIBHOTO ITOBECHUS Y OONBHBIX IIN-
30peHueii».

CooTBeTcTBHE MPUHIMNAM ITHKH. Bce manneHTs! noanucany MHGOPMUPOBAHHOE COTJIacHe Ha y4acTHE B UC-
cienoBanue. MccnenoBanue ogo0peHo JTOKaIbHBIM dTHUecKuM KomuteroM HUU neuxudeckoro 310poBbst Tom-
cxoro HUMII (miporokon Ne 185 ot 16.06.2025).

s uutupoBanus: Kopueros A.H., l'ankun C.A., Mennosa U.A., [letkyn /I.A., Kopuerosa E.I'. Korcturynuu-
OHaJIBHO-MOP(OIOrHYecKas MPEUCIIO3NINS CYHIHAATBHOTO TTOBE/ICHHS MPH H30(peHnn. broiemens cubup-
ckotl meduyunsl. 2026;25(2):58—64. https://doi.org/10.20538/1682-0363-2026-2-58-64.

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,
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,

including
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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 wvalues 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 y2 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.

Table 1

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

Constitutional and | Patients with | Patients without

morphological type | parasuicides 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 y2 test; ** results of the
pairwise comparison.

The 2 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).

Table 2

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

Type of somatic sexu- | Patients with | Patients without

al differentiation parasuicides 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).

Table 3

Comparison of the Distribution Frequencies of Constitutional
and Morphological Types between Patient Subgroups with
and without Hopelessness, n (%)

Constitutional and Hopelessness

morphological type Presence Absence P
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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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 Hopelessness »

differentiation 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*
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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,

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.

UI'EtIDI"I \

\
Iseas \

\
\ |

\"“*.,___ /

Figure. Network model of a suicide
risk in schizophrenia. CMT —
constitutional and morphological
type; ToSSD — type of somatic
sexual differentiation.

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
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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 [0 ; O] 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 naive group. BMP-2 and BMP-7 concentration in rats of the control
group was higher throughout the experiment compared to the naive 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.

Keywords: metabolic syndrome, mandibular defect, reparative osteogenesis, bone morphogenetic proteins
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CopepKaHue KOCTHbIX MOp¢doreHeTu4ecknx 6enKoB B Nyasme KpoBu
KpbIC C MeTabonnuyeckum CUHAPOMOM MPU BOCCTAaHOBIEHUN
AedeKTa HIKHEN YencTun

Makaposa M.B.', Libiran B.H.2, Jlawes 10.[1.", BpyceHuoBa A.E.’

! Kypexuit 2ocyoapemeennutit meduyunckuti yuusepcumem (KI'MY)
Poccus, 305041, 2. Kypck, ya. Kapra Mapkca, 3

2 Boenno-meduyunckas axademust (BMA) um. C.M. Kuposa
Poccus, 194044, 2. Canxm-Ilemep6ype, ya. Axademuka Jlebedesa, 6)K

PE3IOME

Henab — u3ydeHHe KOHIEHTPAUU KOCTHBIX MopgoreHeTndeckux oenxoB (KMB) 2 u 7 B muia3me KpoBH KpbIC C
METa0O0IMIECKAM CHHIPOMOM B IIPOIIECCE PEApaTHBHOTO OCTEOTeHE3a PH NePEKTE HIKHEH YSITFOCTH.

MarepuaJjibl 1 MeToAbl. PaboTa BBITIOTHEHA HA caMIlax KPBIC TMHUU BucTap, 13 KOTOpsIX c(hOPMHUPOBAITH YETHIPE
rpynmnsl: 1) uHTaKTHAS; 2) KOHTPOJIbHAS — Ae(eKT HIKHEH 4eTrocT; 3) MeTaboINIecKUi CHHAPOM; 4) OTIBITHAS —
MeTa0ONMYeCKuil CHHAPOM U AedeKT HUKHEH yemocTu. MeTabonnyeckuii CHHIPOM MOICITUPOBATIH 3aMEHOM
CTaHJapTHOTO KOPMa BBICOKOXXHPOBOH M BBICOKOYTJIEBOAHOHN aueToil. O Hamu4nu MeTaboIMIecKOro CHHAPOMA
CYIMIN MO W3MEHEHUSIM MacChl Tella, KOHIEHTPAUH TJIIOKO3bI ¥ TPUALMITIHMIIEPUIOB B IIa3Me KpoBH. Jedext
HIDKHEH gemocT popmuposaiu o Mmetony A.C. I'puropesina u coast. Ha 7-, 14-, 21- u 28-e cyT nmociie onepanun
B IJIa3Me KpoBHU ompenessiiu conepxanue KMbB-2 u -7 metonoM nMMyHO(GEpMEHTHOTO aHanu3a. PaccuuteiBamn
MEIMaHy ¥ MHTEPKBAPTUIBHBIA pasmax Me [Q,; O,], ucnionbsopanu U-xpurepuii ManHa — YUTHA U TIOTIPABKY
Bondepponu. Paznuuns nokazatenei cunTamm 3HaYuMbIME TipH p < 0,025.

Pe3ynbTaThl. B rpynne «Merabonu4eckuii CHHIPOM» YCTAHOBJICHO YBEJIMUYCHHE B IUIa3Me COICPXKaHUS UcClie-
JIyeMbIX OEJKOB 110 CPaBHEHUIO C MHTaKTHOI rpymnmoi. Konnentpauus KMbB-2 1 KMB-7 y Kpbic KOHTPOJIBHOI
IpyIIbl ObUT BBIIIE HA BCEM MPOTSHKEHWH 3KCIIEPHMEHTA M0 CPAaBHEHHIO ¢ MHTaKTHOW rpynmoii (p < 0,025). B
OIIBITHOM TPYIIE yCTaHOBJIEHO CHWXeHUe KoHeHTpaiuu KMB-2 (na 7-, 14- u 28-e cyt) u KMb-7 (1a 7-28 cyT)
10 CPaBHEHMIO C KOHTPOJBHOI rpymmoii (p < 0,025). Ilokazano ysenuuenue copepxanus KMB-2 Ha 7-e cyT, a
KMB-7 Ha 7-14 cyT B ONBITHOM IpyIIe MO CPABHEHHIO C IPYIIION «MeTaboanueckuid cuaapom» (p < 0,025).

3aka049enne. Y KpbIc ¢ METa0O0JIMYECKUM CHHAPOMOM YCTAHOBJICHO 3HAYNMOE CHU)KCHNE KOHIIEHTPALMH B IIa3-
Me kpoBr KMB-2 n KMB -7 npu 3axxuBiieHun nedexTa HIKHEH YeII0CTH 110 CPaBHEHHUIO C )KMBOTHBIMU Oe3 MeTa-
00JIMUECKNX HApyIICHHUH.

KiioueBble c1oBa: MeTaGoIMUYECKU CUHAPOM, N€(DEKT HIKHEN YEIFOCTH, PENapaTUBHBI OCTEOreHe3, KOCTHbIE
MophoreHeTHIECKUE OCIKH

KonpaukTt unTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaKeil HACTOSIIEH CTaThH.

UcTtounnk puHaHCHpOBaHMsI. ABTOPBI 3asBJISAIOT 00 OTCYTCTBUHM (MHAHCHPOBAHUS MPU MPOBEACHUU HCCIIEN0-
BaHMUS.

CooTBeTcTBHE MPUHIMNAM ITHKH. VccnenoBanue o100peHO PErMOHABHBIM 3THYECKUM KomuteToM KIMY
(mpotoxou Ne 4 ot 15.12.2022).

[ uutupoBanus: Makaposa M.B., Lpran B.H., Jlsmes 10./., bpycennosa A.E. ConepxaHue KOCTHBIX MOP-
(oreHeTHUECKUX OCJIKOB B TUIa3ME KPOBH KPBIC C META0OJUYECKUM CHHIPOMOM IPH BOCCTAHOBJICHUH Je(dheKTa
HIDKHEH uenmocTu. broinemens cubupcroi meduyunsi. 2026;25(2):65-72. https://doi.org/10.20538/1682-0363-
2026-2-65-72.
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INTRODUCTION

Bone morphogenetic proteins (BMPs) belong to
the transforming growth factor B 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 DIxS5 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) naive — without the mandibular defect and
metabolic syndrome (n =6); 2) control — the simulation
of the mandibular defect (» = 33); 3) metabolic
syndrome — metabolic syndrome simulation (rn = 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 naive 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 SEAO13Ra)
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 [Q,; Q,]. 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 naive and control groups (p < 0.025), which
confirms MS development in the rats that received
HFHCD for 12 weeks (Table 1).

Table 1

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

Body weight, g Glucose concentration, mmol/l Triacylglyceride concentration,
mmol/l
Group . At the end of the At the beginning At the end At the At the end
At the beginning . . . .
of the experiment experiment of the of the experiment | beginning of the | of the experiment
(12 weeks after) experiment (12 weeks after) experiment (12 weeks after)
Naive (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], | 420.0[390.0;435.0], | 3.8[3.7;3.9], 3.8[3.7;3.9], 1.7[1.6; 1.8], 1.8[1.7;1.9],
*»=0.3698 *»=0.3115 *»=0.3023 *p =0.2844 *p = 0.2540 *»=0.3023
Metabolic 215.0 [210.0; 220.0], | 470.0 [460.0; 480.0] 3.8 [3.7;3.9], 5.8 [5.6; 5.9T*, 1.8 [1.7; 1.8], 3.9[3.9; 4.1T*,
syndrome (n = 5) p=1.00, ©k xp=0.0081, *p =0.6481, *»=0.0081, *»=0.3613 *» =0.0081,
*p =0.6502 *p =0.0004 *p =0.6043 *p=0.0004 *p=0.2900 *p =0.0004
Experimental 215.0 [210.0; 220.0], | 485.0 [460.0; 510.0] 3.8 [3.7; 3.9], 5.8 [5.6; 5.9T*, 1.8 [1.7; 1.8], 3.8[3.7; 3.9,
(n=37) »=0.9163, ¥ p =0.0002, *» =0.2620 *»=0.0001 *p = 0.1458, *» =0.0001,
’p =0.8007, ’p=10.3822, Yp=0.7413, Yp=0.7267, Yp=0.7857, Yp =0.1620,
*p=0.4791 *p=0.0001 *p=0.8612 *p=0.0001 *p =0.4240 *p=0.0001

*p <0.025 compared to the naive group; ¥ 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 naive group (p = 0.0081) (Table 2).

An increase in BMP-2 concentrations was
detected in the rats of the control group compared
to the naive animals on day 7 of the experiment
(» = 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 naive 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 naive
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 naive group (p = 0.0024).

Table 2

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

Surgery), Me [Q,; O]

Group | Experiment period BMP-2 concentration in blood plasma, pg/ml | BMP-7 concentration in blood plasma, pg/ml
Naive (n = 6) 46.0 [45.0; 48.0] 43.5 [43.0; 45.0]
Metabolic syndrome (n = 5) 50.0 [49.0; 50.07%, p = 0.0081 49.0 [47.0; 49.07, p = 0.0081
day 7 182.0 [125.5; 257.5], p = 0.0024 88.5[76.5; 107.0], p = 0.0024
Control (1 = 8) day 14 64.0 [62.0; 68.5]%, *p = 0.0024, p = 0.0009 68.5 [65.5; 72.01%, *p = 0.0024, p = 0.0009
day 21 51.5[50.0; 57.01%%, *p = 0.0024, ?p = 0.0009 57.0 [53.0; 60.51%, *p = 0.0024, %p = 0.0016
day 28 52.0 [51.5; 52.0]%, p = 0.0024 55.0 [51.0; 56.5], p = 0.0024
day 7 84.0 [82.0; 92.07*,¥p = 0.0043, *p =0.0009 | 66.5[61.0; 67.5]*, *p =0.0043, *» = 0.0009
Experimental (1 = 8) day 14 50.5 [50.0; 55.571*, *p = 0.0009 54.0 [51.0; 55,5]**, ¥p = 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

*p <0.025 compared to the naive group; ¥ p < 0.025 compared to the metabolic syndrome group; * p < 0.025 compared to the control group; * 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 TNFa — 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
depletionof BMPreserves dueto 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 Il 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
stemcells (MSCs)[22]. Ithasbeen established thatone
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 significantincrease 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]. Tt is possible that the MS development is
accompanied by an increase in type I receptors specific
to BMP and a decrease in type Il 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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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 0OSCORAD 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 childys 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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D¢ PpeKkTBHOCTbL N 6€30NaCHOCTb NPUMEHEHNA aMUHOKNCIIOTHDBIX cmecei
y AeTeil NnepBOro roAa XnUsHu ¢ aniepruein K 6eKkam KOpoBbero Mosioka:
OTKpbITOE NPOCNeKTNBHOE KOHTPOoIMpyemoe ucciegoBaHme

HoBuk I'.A.', TampasoBa 0.b.>3, CyxotuHa A.l' 3, TampasoBa A.B.*, ’KpaHoBa M.B.’

I Canxm-Ilemepbypeckuil 2ocyoapcmeennulii neouampuyeckutl meouyunckuil ynusepcumem (CIIGITIMY)
Poccus, 194100, . Canxm-Ilemepoype, ya. Jlumosckas, 2

2 Poccutickasi MeOUYUHCKAs aKa0eMusi HenpepvieHo2o npogeccuonaibiozo oopazosanus (PMAHIIO)
Poccus, 125993, o. Mocksa, ya. bappukaonas, 2/1, cmp. 1

3 Jlemckas copoockas kaunuueckas 6oavhuya um. 3.A. bawnsiesou (KB um. 3.A. Bawnsesoi)
Poccus, 125373, 2. Mockea, yn. I'epoes Ilanghunosyes, 28

* [Jlenmpanvnas 2ocyoapemeennas meouyunckas axademus (L{II'MA)
Poccus, 121359, 2. Mockea, yn. Mapwana Tumowenko, 19, cmp. la

PE3IOME

Hens: onpenennuts 3pHEeKTUBHOCTS U 6€30MaCHOCTH [UIUTEIFHOTO IIPIMEHEHNST aMIHOKUCIIOTHON CMecH y JeTel
¢ ajuteprueit Ha 6eok kopoBsero Mosoka (ABKM) u atonmueckum gepMatutoM (AT/]) yMEpeHHON HITH TSHKEIOH
CTENEHH TSDKECTH.

Matepuassl 1 MeToabl. [letu (n = 60) B Bozpacte 10 12 mec ¢ ABKM c¢ xoxHbIMHU (ATl yMEPEHHOM UM TSKETOH
creneHbio TshxecTH 1o mkane 0SCORAD) u (1) racTpoMHTeCTHHATIBHBIMU CUMIITOMaMHU. BeceM manueHTam 1o
Hayasa uccienoBaHus OblIa Ha3HaueHa BbIicokoruaponusHas cmech (BI'C) B Teuenue 4 Hea. [launeHTs! ¢ oTcyT-
CTBHEM WX HenonHbIM 0TBeToM Ha BI'C (7 = 30) Ob1H onrpeesie sl B TpyHILy 1, MOIyYaroniyo aMHHOKHCIOTHYIO
cmech (AKC) B Teuenne 12 mec, 30 marueHToB ¢ moNoXUTeAbHBIM 3¢ dextom Ha BI'C Bouutu B rpymmy 2.

Pe3yasTatsl. Y gereii u3 rpymmsl 1 oTMevanuch Oosee BBICOKHE MPUOABKH B ITOKA3aTENsIX MAcChl U POCTA B Te-
YeHHe NEePBhIX 6 Mec M0 CpaBHEHUIO ¢ AeThMHU U3 Tpynmsl 2 (p < 0,001). Mcue3HoBeHNE racTPOMHTECTHHAIBHBIX
CHUMITOMOB y aetel, noiy4daBmnx AKC, Habmonanocs B TeueHue 14 cyt, a yinydiieHue KIMHUYECKOW KapTHHBI
AT/l — B Teuenue 3-5 cyt. Taxke B 000X rpymnax orMeyanoch cHkenue naaekcoB oSCORAD u EASI, onnako
y aereid, nony4asimx AKC, HaGioanocs 3HaUUTeNIBHO OoJiee HU3Koe yrcio oboctpenuii (p = 0,041) u BuusHue
JiepMaTo3a Ha OBCEHEBHYIO iesiTelbHOCTS (p = 0,002). Uepes 6 mec Tepanuu 53,3% nereii u3 rpymmnst 1 copmu-
POBAJIH TOJIEPAHTHOCTH K OEJIKaM KOPOBBETr0 MOJIOKA, B TO BpeMsI Kak B rpymnre 2 b 23,3% (p = 0,017). Yepes 2
rojia HaOJIIOJICHUS TOJICPAHTHOCTh OTMEYANACh Yy Beex Aereit, nonydaBmux AKC, mpotus 87,7% — na BI'C.

3akaouenne. Hcronszosanne AKC y nereit ¢ ABKM sBisiercst 3 heKTHBHBIM METOIOM JIHETOTEpanuy, KOTo-
PBIi B OoJiee KOPOTKHE CPOKH NMPUBOAUT K Pa3pelIeHHIO TaCTPOUHTECTUHANBHBIX SBJICHUMH, YITyUIICHUIO TCUCHUS
aTONMYECKOTO AEPMATHUTA U NIPOUICHHIO €T0 PEMICCHH, COKPAIIAET IIepHOA (OPMHUPOBAHUS TOJICPAHTHOCTH, OKa-
3bIBaeT MOJOKUTENIFHOE BIMSHIE Ha (PU3MUECKOE Pa3BUTHE peOCHKA U CIIOCOOCTBYET 3HAUUTEILHOMY YITyIISHHIO
Ka4yecTBa KU3HU IaLUEHTOB U UX POAUTEICH.

Kimouessble ciioBa: ABKM, numiesast ayuieprus, Ka3euH, aTONMWYECKUH J1€PMaTUT, BBICOKOTUAPOIU3HAS CMECH,
aMUHOKHCJIOTHAsI CMECh

KonpaukTt unTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C ITyONMKanuel HaCTOSIIEH CTAaThH.

Hcrounnku puHAHCHPOBAHMSA. ABTOPBI 3asBIAIOT 00 OTCYTCTBUM (PUHAHCHPOBAHUS NPH IIPOBEICHUM HCCIIEI0-
BaHUAL.

CooTBeTcTBHE MPUHIMNIAM THKH. Bce 3aKoHHBIE NpEICTaBUTENN NAaLMEHTOB MOANMCAIN HHGOPMHUPOBAaHHOE
corjacye Ha ydactue B uccienoBanui. Vceiaenoanue onobpeno stuueckum komurerom CIIGITIMY.
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Js uutupoBanusi: Hosuk I'.A., Tampasosa O.b., Cyxoruna A.T'., Tampazosa A.B., )Knanosa M.B. Dddek-
TUBHOCTh U 0€30MACHOCTh MPUMCHEHHsI aMHUHOKHCIIOTHBIX CMECEi y JIeTeil mepBOro roja ,HU3HU ¢ ajulepruei K
0eJKaM KOPOBBHETO MOJIOKA: OTKPBITOE MPOCHEKTHBHOE KOHTPOJINPYEMOe UcClieioBaHue. bonemens cubupcroi
meouyunsl. 2026;25(2):73-83. https://doi.org/10.20538/1682-0363-2026-2-73-83.

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 (al, a2, B, and k-casein) and whey proteins
(a-lactalbumin and B-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].

Table 1
Clinical Manifestations of IgE- and Non-IgE-associated
Allergy to Cow’s Milk. Adapted from [7]

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

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
Eosinophilic gastroenteritis: obstruction, ascites,
weight loss

Non-IgE-
dependent
manifestations

Mixed (IgE +

Atopic dermatitis: moderate or severe
non-IgE)

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 oSCORAD (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 oSSCORAD

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
0SCORAD 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
0SCORAD (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;

aninformedconsentsignedbyalegalrepresentative
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 (0SCORAD 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 1. 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 [Q-0,]) 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
O-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 (0SCORAD 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 sIgk, 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).

Bulletin of Siberian Medicine. 2026; 25 (2): 73-83 77



Novik G.A., Tamrazova O.B., Sukhotina A.G. et al.

Efficacy and Safety of Amino Acid-based Formulas in the Management of Infants

100%
: 28.3
= r
e 75% 1 -
= 0 51.6 583
5 L
E L
g 50% 4
= L
= [ 71.7
L I
E o i 48.4 41.7
0% + - e
sIgE MCDR asophil activation
index
OElevated 17 3] 35
ONormal 43 29 T

ODNormal OElevated

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

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

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.

Table 2
Characteristics of the Study Participants
Parameters Group 1 Group 2 p
Girls 9 (30.0%) 14 (46.7%)
der, abs. (¢ 0.184
Gender, abs. (%) Boys 21 (70.0%) 16 (53.3%)
Age, months, Me [Q-0,] 6.00 [4.70-8.75] 6.50 [6.00-8.00] 0.691
Weight, g, Me [0,~0,] 7,312.5[5,808.25-7,672.25] | 7,893[7,098-8,220.25] | 0.049*
Height, cm,Me [0,-0,] 64 [60.1-66.82] 66.85 [64.17-69] 0.041*
No 6 (20.0%) 13 (43.3%)
Parental sensitization in the medical histo- Mother 4 (13.3%) 4 (13.3%) 0.254
ry, abs. (%) Father 12 (40.0%) 8 (26.7%) ’
Both parents 8 (26.7%) 5(16.7%)
No 6 (20.0%) 13 (43.3%)
, Mother 6 (20.0%) 4 (13.3%)
hist f CMPA (Y 0.274
Parents have a history of C , abs. (%) Father 16 (53.3%) 12 (40.0%) 7
Both parents 2 (6.7%) 1 (3.3%)
No 17 (56.7%) 13 (43.3%)
(9 0.302
Complementary foods, abs. (%) Yes 13 (43.3%) 17(56.7%)
History of gastrointestinal symptoms, abs No 12 (40.0%) 15 (50.0%) 0436
(%) Yes 18 (60.0%) 15 (50.0%) ‘
. Normal/Questionable result 21 (70.0%) 22 (73.3%)
Milk sIgE (Y 1.000
ilkc sIgE, abs. (%) Elevated 9 (30.0%) 8 (26.7%)
. Normal/Questionable result 12 (40.0%) 17 (56.7%)
bs. (¢ 0.196
MCDR, milk, abs. (%) Elevated 18 (60.0%) 13 (43.3%)
. L. . Normal/Questionable result 12 (40.0%) 13 (43.3%)
tivat d 1k, abs. (% 0.793
Basophil activation index, milk, abs. (%) Elevated 18 (60.0%) 17 (36.7%) 7
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End of table 2

Parameters Group 1 Group 2 p
0SCORAD score, Me [Q,~0,] 29 [20.50-48.75] 22 [18-34.5] 0.143
EASI score, Me [Q ~0.] 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)

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

Group 1
{amino acid formmula)

13000 |
12000
110dM) -
10000

2000 |

8000 |-
7000 |-

000 |

s000 |

Before treatment  After 6 months  After 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).

Group 2
(extensively hydrolyzed formula)

13000 ¢
12000 |

11000 |

10000 |

%000 |

7000 |

000 |

Before treatment  After 6 months  After 12 months

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

Bulletin of Siberian Medicine. 2026; 25 (2): 73-83 79



Novik G.A., Tamrazova O.B., Sukhotina A.G. et al. Efficacy and Safety of Amino Acid-based Formulas in the Management of Infants

95 Group 1 95 Group 2
{anume acid fommala) (extensively hyvdrolvzed fornnuka)
90 90
85 e 85 P
80 [ Al 80 |
75t ’ 75+
70 70
65 635
60 60
55 T T ] 25 T T 1
Before treatment  After 6 months After 12 months Before treatment  After 6 months After 12 months

Fig. 3. Growth dynamics in children of both groups at the beginning of the study, after 6 and 12 months
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Fig. 4. Dynamics of the basophil activation index after 12 months of therapy
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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™), 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™).

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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BnnaHwne npeaHaInTNn4YeCcKnx (I)aKTopOB Ha aJIFCOPUTM MYJNIbTUNMJIEKCHOIO
CNEeKTPOCKONMNYeCKoro aHasimsa 06pa3|.|03 nnaueHTbl

PoauoHoB B.3."?, ABgansaH A.M.', Hnunnopos A.l.’, YepHoB U.A.?, KyKywkuH B.W1.3,
ABpaamosa C.T.*, Kupunnos l0.A." %>

! Mockosckuit mrozonpoguibnbiil kiunuveckuil yeump (MMKIL]) «Kommynapkay Henapmamenma 30pagooxpaneHust
eopoda Mockevt (/[3M)
Poccus, 108814, 2. Mocksa, n. Kommynapxa, yn. Cocencruti Cman, 8/3

2 Tiomencxuil 2ocyoapcmeenuviil meouyunckutl ynueepcumem (I'MY)
Poccus, 625023, 2. Tiomenw, ya. Odecckas, 54

3 Unemumym gusuxu meepoozo mena um. F0.A. Ocunvana Poccuiickou akademuu nayx (MOTT PAH)
Poccus, 142432, Mockosckas obx., 2. Yeprnoeonoska, yn. Akademuxa Ocunvaua, 2

# Iepewiti Mockosckuii 2ocyoapemeaennulil meouyunckul ynusepcumem um. M.M. Ceuenosa (Ceuenosckuii Ynueepcumem)
Poccus, 119048, 2. Mockea, yn. Tpybeyxas, 8/2

3 Hayuno-uccnedosamenvckuti uncmumym mopgponocuu yenosexa (HUUMY) um. axao. A.I1. Asyvina, Poccuiickuil
Hayunvlll yeump xupypeuu (PHIIX) um. axao. b.B. I[lemposckoco
Poccus, 117418, 2. Mockea, yn. Liopynetl, 3

PE3IOME

Henb. OueHka BIUSHUS TPeaHaTUTUIECKOHN MOArOTOBKY IJIALEHTHI Ha Pe3yIbTaThl PAMAHOBCKOH CIIEKTPOCKOHUH.

MarepnaJjnl 1 MeToabl. [IpociekTuBHO HccnenoBansl 30 06pa3noB rianeHTsl. OOpa3Ibl HCClIeI0BAIICEH IPH 110-
Moy criekrpomerpa « MaCrexrp M» (OO0 «PamMukcey, Poccust) Ha Tpex aTanax npeaHanTHIeCKoit 00paboTku
MaTrepHaia: HaTUBHAs TKaHb, I0C)Ie UKCAlnK B OopMajfHe, ociie AenapaduHUpoBaHus cpe3a. CTaTHCTHIeCKIH
aHaJIM3 BKJIIOYAJl ONUCATENbHYIO CTaTHCTUKY, TecT llamupo — Yunka, Tect @puamana ¢ MocT-X0K TECTOM U KOp-
pensuo CrupMeHa.

Pe3yabrarsl. VccrnenoBanne 00pa3uoB BeisBIIO 33 pamaHoBekux nuka (415-2915 cm™!), GONBIIMHCTBO U3 KO-
TOPBIX pacIpeneIsuINch HeHopManbHO (Kputepuii [llamupo — Yunka, p < 0,05). Tect ®dpuamana ¢ mocT-XoK Te-
ctoM [lypOouna — KoHOBepa BBISBHI TPYIITy CTAOMIBHBIX aHAJINTOB: 19 aHANINTOB COXPAaHWIN MHTEHCHBHOCTH
nocine ¢ukcanuy, 6 — nocie aenapaduHUpoBanus, a 10 — Ha Bcex dTamax oO6paboTku. Tect CrMpMeHa BHISBII
n30HpaTeNbHBIe B3aMMOCBSI3H MKy dTanaMu 00pabOTKH s OTAENBHBIX aHanmuToB (890, 1117, 1204, 753, 830
u 2225 em).

3axiouenue. lcciaenoBaHue BBIIBWIIO 3HAUMTENIBHOE BIHMSIHUE MPEAHATHUTUYECKOW MOATOTOBKM OOpasloB Ha
CHEKTpaJbHbIC XapaKTEPUCTUKH IUIAIEHTAPHOM TKAaHH, MEPCHEKTUBHOCTh KIMHHYECKOTO HCIIOJIB30BAaHHUS paMa-
HOBCKOH CHIEKTPOCKOITUH U HEOOXOIUMOCTD pPa3padOTKH CTaHAAPTH3UPOBAHHBIX IPOTOKOJIOB.

KuioueBble cji0Ba: paMaHOBCKasi CHEKTPOCKOIMS, IUIALCHTA, OrpaHHYMBAOIINe (HaKTOPBI, MPEaHaTUTHYCCKast
00paboTKa MaTepHaa, ClieKTpaIbHBIN TPOPHITH

KOHq).]'Il/lKT HHTEPECOB. ABTOpI)I JACKIApUPYIOT OTCYTCTBUE SIBHBIX U NOTCHIUAJIBHBIX KOH(l)J'II/IKTOB UHTEPECOB,
CBA3aHHBIX C Hy6J’[HKaHH€ﬁ HaCTOS{H.[efI CTaTbu

Hcrounnkn puHaHCHPOBaHHS. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU (PUHAHCHPOBAHMS IIPU NIPOBEICHUN HCCIIE0-
BaHMSI.

CooTBeTcTBME NPUHIMIAM 3TUKH. VccrienoBanue ono6peHo komuteroM 1o stuke npu MMKI] «Kommynapkay»
J3M (nporoxon Ne 6 ot 08.08.2023).

Ja uutupoBanus: Poguonos B.O., ABnanan A M., Huuunopos A.U., Uepnos U.A., Kykymxkun B.1., ABpa-
amoBa C.T., Kupmmios 10.A. Biusaue npeananuridecknx (GakTopoB Ha aJTOPHTM MYJIBTHUILIEKCHOTO CHEKTPO-
CKOIIMYECKOT0 aHalii3a 00pa3loB IUIANCHTHI. browiemens cubupckoi meouyunsvl. 2026;25(2):84-90. https://doi.
org/10.20538/1682-0363-2026-2-84-90.
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INTRODUCTION

Theplacentaisaunique,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
), 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-pm-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 um, 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™ and contained fluorescence intensity
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values for 33 vibrational modes (components/

analytes) (Table 1).
Table 1

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

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

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

CH3s, CH stretching of lipids
2. Proteins and amino acids
641; 753; 830; 890; | Tyrosine, tryptophan, proline, hydroxypro-
933; 1,002; 1,174; line, tumor structural proteins, collagen,
1,204; 1,365; 1,445; | phenylalanine, amide III, glycine, amide II,
1,554; 1,627, 2,554 amide I (B-form), methionine (S—-H)
3. Nucleic acids (DNA/RNA)

DNA, phosphodiester (Z-marker), PO~
(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

415; 533; 628; 1,300;
1,304; 1,445; 1,463;
2,915

7205 810; 830; 1,230;
1,287; 1,304; 1,361;
1,609

| Carotenoid, cholesterol, B-carotene (C=C)

6. Mineral components
957 | Hydroxyapatite
7. Combined/Overlapping Modes
1,445-1,463; 2,225 | CH./CH3 deformations, C=EN

* 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™) 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™ 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™') 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
!, 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™) did not have
significant changes at all three stages (Tables 2, 3).

Table 2

Repeated Measures ANOVA for the 1,370 cm™ 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. y* =4.36; df = 2; p = 0.113 (Friedman test).
Table 3
Repeated Measures ANOVA for the 1,528 cm' 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. x> = 3.48; df =2; p = 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™ analytes demonstrated significant
correlation between stages 1 and 2, the 1,204 cm™!
analyte — between stages 2 and 3, and the 753, 830,
1,204 (Table 5), and 2,225 cm™ analytes — between
stages 1 and 3.

Table 4
Spearman’s Rank Correlation Matrix for the 890 cm™ Analyte
890 890 890

Parameter (stage 1) | (stage 2) | (stage 3)

890 (stage 1) Spearman’s p (rho) - - -
df (degrees of freedom) - - _

Bulletin of Siberian Medicine. 2026; 25 (2): 84-90 87



Rodionov V.E., Avdalyan A.M., Nichiporov A.l. et al.

The Influence of Preanalytical Factors on the Algorithm of Multiplex Spectroscopy

End of table 4

Parameter 890 890 890
(stage 1) | (stage 2) | (stage 3)
p _ _ —
890 (stage 2) Spearman’s p (rho) 0.570%** - -
df (degrees of freedom) 26 — —
)4 0.002 — —
890 (stage 3) Spearman’s p (rho) 0.007 0.072 -
df (degrees of freedom) 26 26 —
)4 0.972 0.717 -

Table 5

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

1,204 1,204 1,204
(stage 1) | (stage 2) | (stage 3)
1,204 (stage 1) Spearman’s p (rho) — — —

Parameter

df (degrees of freedom) - - -

P _ _ _
1,204 (stage 2) Spearman’s p (tho) | —0.051 - —
df (degrees of freedom) 26 — —
p 0.797 — —
1,204 (stage 3) Spearman’s p (tho) | —0.386* | 0.430* -
df (degrees of freedom) 26 26 -
p 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

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™) 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™),
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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The Potential Application of the Random Forest Method to Explore
the Association between MicroRNAs and Tissue and Molecular Genetic
Biomarkers of Breast Cancer
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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 11
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, CCNDI1, 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 (= 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

Conflict of interest. The authors declare the absence of obvious or potential conflict of interest related to the
publication of this article.

Source of financing. The study was conducted within the state assignment of Novosibirsk State Medical University,
Ministry of Health of the Russian Federation (Registration No. 115060410035), and the research project of the
Federal Research Center for Fundamental and Translational Medicine, Research Institute of Molecular Biology and
Biophysics (Registration No. 125031203556-7).

DL Studenikina Anastasiia A., aastudenikina@frcftm.ru

Bulletin of Siberian Medicine. 2026; 25 (2): 91-100 91



Studenikina A.A., Mihailovsky M.A., Timofeev V.S. et al. The Potential Application of the Random Forest Method to Explore

Conformity with the principles of ethics. All patients signed an informed voluntary consent to participate in
the study. The study was approved by the Ethics Committee at the Research Institute of Molecular Biology and
Biophysics of the Federal Research Center for Fundamental and Translational Medicine (Minutes No. 28 dated
September 27, 2023).

For citation: Studenikina A.A., Mihailovsky M.A., Timofeev V.S., Arkhipov S.A., Autenshlyus A.IL. The Potential
Application of the Random Forest Method to Explore the Association between MicroRNAs and Tissue and
Molecular Genetic Biomarkers of Breast Cancer. Bulletin of Siberian Medicine. 2026;25(2):91-100. https://doi.
org/10.20538/1682-0363-2026-2-91-100.

BO3MOXXHOCTb NCNOJZIb30BaHUNA MmeTopna «cnyqa|7|Horo neca» AnAaA novcKa
B3aIMOCBA3N MI/IKpOPHK C TKaAaHEBbIMUN N MOJIEKYNIAPHO-TréHeTNnYeCckKnumn
MapKepamn paka MOJIOYHOI Xene3bl

CryaeHuknHa A.A."?, Muxannosckuin M.A.:2, Tumodees B.C.2, Apxunos C.A."?,
AyTteHwnioc A.1."2
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2 Hayurno-ucciedosamenbCkuil UHCHUmym Moaekyiaphou ouorozuu u ouopusuxu (HUUMEE), @edepanvhozo uccie-
008aMeNbCKO20 YeHMPa PyHOAMEHMATbHOU U MPAHCAAYUOHHOU Meduyunbl (PUL] DTM)
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3 Hosocubupckuil 2ocyoapemeennviti mexnuyeckuil ynusepcumem (HI'TY)
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PE3IOME

Hennb. [Tonck BO3MOXXHOCTH BBISIBICHHS ¢ IOMOIIBIO METO/a «CitydaiHoro sieca» (MCJI) B3aMOCBS3M MEXIy YPOBHEM
MukpoPHK miR-181a, miR-25 u skcnpeccueii mapkepos: E-kanrepuna (CDH1), komnarena I (CII), unterpuna Gera-1
(ITGB1), muxmuaa D1 (CCNDI1) n 6enka-koctumyastopa T-mumdormro (CD86), a Takke MX acCOLHMALNN C KIIMHHU-
YeCKH 3HAYUMBIMHU MOJIeKyJIsipHO-reHeTiaeckumu Mapkepamu (ER, PR, HER2, Ki-67) y naipeHTOK ¢ pakoM MOJIOYHOM
xere3sl (PMIK).

MarepuaJjbl 1 MeToabl. Y 44 ManyeHTOK C HBA3UBHOM MPOTOKOBOW KapIIMHOMOH MOJIOYHOM kelne3sl (6e3 Heo-
aJIBIOBAaHTHOMH Tepanuy) onpenensuti sxkcnpeccuio MEKpoPHK miR-181a u miR-25 B ceIBOpoTKE KPOBH, HCIIOIb-
3ys MU(PPOBYIO KaIENbHYIO MmouMepasznyto nennyro peakiwro (ITLP). Dxcmpeccuro CDHI, CII, ITGB1, CCND1,
CDS86, ER, PR, HER2 u Ki-67 ananu3upoBaJid ¢ TOMOIIBE IMMYHOTHCTOXUMHH B 00pa3iax OMmyXxoJIeBOW TKaHU.
Jlns ananu3a B3aMMOCBsI3eH HCIIOIBb30BaIN KOPPEJIUOHHbIN aHanu3 Crnupmena u anroputM MCJL

Pe3yabTarsl. KOppe/siiHOHHBINH aHaIM3 HE BBISIBUII CTATHCTHYCCKU 3HAUMMBIX JIMHEHHBIX B3aMMOCBSI3EH MEXIY
uccieyeMbIMH Tapamerpamu (p > 0,05). Merona «ciy4aifHoro jiecay mokasajl HalnyKue HeIHHCHHbIX aCCOLMALIMiL:
it miR-181a onTumaneHast mporaoctudeckas Mmozaens Broyana CDH1 u CCND1 (MAE =4,267), s miR-25 —
ITGB1 u CCND1 (MAE = 16,255). 13 KIIMHUKO-TTaTOJIOTUIECKUX XapaKTEPUCTUK CTATUCTUIECKU 3HAYMMEIE 0~
noxwurensHble Koppersinun BeisiBiensl i CII ¢ ER (= 0,498; p = 0,001) u PR (» = 0,354; p = 0,018). Monemu
MCIJI npoieMOHCTpHUPOBAIN HauOONBIIYI0 TOUHOCTE Npeackazanns HER2-ctaryca (82,6%) npu ncroiabs30BaHuH
komOuuanuu ITGB1, miR-181a u CDHI.

3akiaouenne. Anroputm MCJI BBISIBUIT CIIOKHBIC HENMMHEHHBIE B3aUMOCBs3M Mexay miR-181a, miR-25 u Tkane-
BBIMH MapKepaMH OIyXOJICBOW MPOrPEeCCHH, KOTOpbIe paHee He OOHAPYXKEHbI CTAHIAPTHBIMU CTATHCTHYECKUMU
MmetoziaMu. [Tosy4eHHbIe pe3ysIbTaThl HOCST MOMCKOBBIH XapakTep U ()OPMUPYIOT OCHOBY JUISl AAJIbHEHIIINX HCCIIe-
JIOBaHM N0 BATMIALMH JAHHBIX OMOMapKEPOB U UX POJIM B ATOTeHE3e pa3iInyHbIX noaTunos PMK.

KioueBsble cioBa: pak MmoouHoit xxene3bl, HER2, MukpoPHK, MammHHOE 00ydeHIe, METO/T «CITyYalfHOTO JIecay,
MOJIEKYJISIPHBIE MAapKEePBI, STNTEINATHHO-ME3eHXIMAITbHBIN TTePeX o

KOHq).]'IP[KT HHTEPECOB. ABTOpI)I JACKIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIIUAJIBHBIX KOHq)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6J'II/IKaHI/IeI71 HaCTOHIJ.[efI CTaTbHU.
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HcTounnk puHaHcupoBaHus. MccienoBanue BHIIOIHEHO B paMKax TeMbl rocyaapcTBeHHOro 3aganus ®I'bOY
BO «HoBocubupckuii rocy1apcTBeHHBII MEIUIMHCKIN YHUBEpCUTET» MUHHCTEPCTBA 3ipaBooXpaHeHus Poccuii-
ckoit ®@enepanun (peructpanuoHHsii Homep 115060410035) u B pamkax tembl HUP ®I'BHY «®enepanbhblii
MCCIIEIOBATENBCKHN HEHTP QyHIaMEHTAIBHOM U TPAHCIIAMOHHOIM MeANIMHB, HayuyHo—HCcCcne1oBaTenbCKuil HH-
CTHUTYT MOJISKYJIIpHOM Oronoruu u 6nodusuku (perucrparonuslii Homep 125031203556-7).

CooTBeTcTBHE MPHHIUNAM ITHKH. Bce manmeHTsl moamucanu MHGOPMUPOBAHHOE COTJIacHe Ha ydacTHe B
uccienoanun. MccnenoBanne omobpeno studeckuM komurerom HUMMBB, HULL ATM (mpotokon Ne 28 ot

27.09.2023).

JsinutupoBanus: Ctynennkuna A.A., Muxaiinosckuit M.A., Tumocdees B.C., Apxunos C.A., Aytennuroc A. 1.
B03MOXHOCTh HCHONB30BAaHUSI METOJA «CIydaifHOTO Jiecay Ul moucka BzaumMmocBs3un MUKpoPHK ¢ TkaHeBbI-
MM M MOJIEKYJIPHO-T€HETUYECKMMH MapKepaMM paka MOJIOYHOH jkenesbl. broanemenb cubupckotl MeouyuHbl.
2026;25(2):91-100. https://doi.org/10.20538/1682-0363-2026-2-91-100.

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,
HER?2 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 CDHI1 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, ITGBI,
and cyclin D1 (CCND1) along with reduced CDHI
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.
CCNDL 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-3, Wnt/B-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 = {(X, y)}"_,, where N is the number of objects,
X is a set of k features for the i-th observation, and
, 1s 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, {h}"_, is formed, where 4, is an
individual decision tree. Next, a bootstrap sample
is formed for each tree 4,: from the training sample
D, a training set D, is created by random sampling
of N observations; some observations will appear
in D, several times, and some will not appear at all.
The construction of a regression decision tree on D,
begins with the root node, which contains the entire
sample D, . 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):

™M =

MSE =75 (v, ).
i=1
where y. is the obtained prediction of the target
variable, and » 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 /4, 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:
s_1§7

T z=1ht'

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
CDHI1, CII, ITGBI1, CCNDI1, 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.

Table 1
Clinical and Pathological Characteristics of BC Patient Tumors
Abs. Share
Parameter Category Number (1) (%)
. T1 (<2 cm) 13 29.5
Tumor Size (T) T2 (2-5 cm) 31 70.5
Lvinoh Node Invol NO 28 63.6
ymph Node Involvement NI 2 273
(N)
N2 4 9.1
ER+ (>1%) 25 56.8
Estrogen Receptors (ER) ER— (<1%) 0 132
Progesterone Receptors PR+ (>1%) 22 50.0
(PR) PR- (<1%) 22 50.0
Human Epidermal Growth 3+ 9 20.5
Factor Receptor 2 (HER2) 0or 1+ 35 79.5
. . . <20% 18 40.9
Ki-67 Proliferative Index >20% % 501
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MicroRNAs were isolated from 300 pl of blood
serum using the NucleoSpin miRNA Plasma Kit
(Macherey—Nagel, = Germany). n 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 TagMan
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 DI and
Anti-B7-2 (PAA585Hu01, Cloud—Clone Corp.,
China). Visualization was performed using the
VECTASTAIN ABC Kit (Vector Laboratories,
USA) and analyzed with the ImagelJ 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 x400 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 () 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 25" and the
75th percentiles Me (Q,.; Q..). 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=%%_ 1y,~ 9,

where y, is the true value, 7, 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.

Table 2

Correlations between MicroRNA Levels and Molecular Markers

Marker miR-181a miR-25
r p r p
CDHI1 —0.049 0.753 -0.018 0.910
ITGBI1 0.036 0.815 -0.071 0.648
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End of table 2

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

miR-181a
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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 CCNDI1 (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.
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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 (»
=0.354; p=0.018, Table 3).

Table 3

Correlation between MicroRNA Levels, Molecular Markers,
and Molecular Genetic Tumor Parameters

Marker ER PR HER2 Ki-67
. r -0.156 -0.036 0.150 0.176
miR-181a
p 0.311 0.819 0.330 0.253
. r —0.166 —-0.007 0.057 0.300
miR-25
P 0.282 0.967 0.712 0.048
r 0.089 0.047 0.024 -0.051
CDH1
p 0.568 0.763 0.879 0.744
r 0.326 0.180 0.168 -0.121
ITGB1
p 0.031 0.243 0.275 0.433
I r 0.498* 0.354* 0.076 -0.196
P 0.001 0.018 0.623 0.202
r -0.016 0.118 0.076 —0.164
CCND1
p 0.917 0.446 0.622 0.288

End of table 3

Marker ER PR HER2 | Ki-67
r 0.030 | —0.058 | —0277 | 0.204
CD86
p 0.846 0708 | 0069 | 0.183
*p < 0.0.

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 Me 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 ITGBI, there
was a trend toward higher expression in ER-positive
tumors (Me 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 ITGBI, miR-181a, and
CDHI1.
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Table 4

Analysis of the Expression of the Studied Markers Depending on Molecular Genetic Tumor Parameters, Me (Q,.; Q..)

Para- ER-, ER+, PR, PR+ HER2-0 nmu HER2+ Ki-67 <20%, | Ki-67 >20%,
meters n=19 n=25 n=22 n=22 1+, n=135 3+,n=9 n=18 n=26
miR- 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)
181a p=0414 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
81.5 (30.8-94.0)[90.3 (59.5-96.4) 84.0 89.4 88.5 (58.9-94.8)([74.1 (31.4-96.3) 8.5 86.4 (38.8-94.8)
CDHI1 (36.8-94.5) (67.1-96.3) (49.3-95.4)
p=0.507 p=0.664 p=0.942 p=0.925 ‘
ITGBI 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
I 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 (8.4727.2)| 14.4 (6.5-20.5)
p=0.010*% p=0.016% p=0.942 p=0.259
93.9 (77.1-97.2)|93.9 (83.1-97.6) 939 93.9 93.9 (80.7-97.3)|93.9 (87.9-97.4) 93.9 93.9 (77.1-96.7)
CCND1 (74.6-96.8) (85.8-97.7) (83.1-98.0)
p=0.849 p=0.451 p=0.759 p=0.207
CDS6 21.1 (10.9726.4)| 19.9 (15.2-29.2)21.3 (10.9727,3)| 19.0 2.4-29.0) |20.7 (12.8730.2)| 19.0 (8.9-23.6) [20.7 (1 1.2729.2)|19.9 (16.1-26.4)
p=0.924 p=0.673 p=0.244 p=0.991

The accuracy for the ER status was 69.5% using
miR-25, CDHI1, and CII. The accuracy for the PR
status was 66.3% with predictors miR-181a, ITGB1,
and CCNDI. In contrast, predicting the Ki-67 level
using miR-25 and CCNDI1 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 CCNDI has a biological rationale. MiR-
181a can influence E-cadherin by activating TGF-f3/
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 CDHI1 in
regulating the Wnt/B-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].
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The connection of miR-25 with ITGB1 and
CCNDI also finds confirmation at the molecular
level. MiR-25 is involved in activating the Wnt/(3-
catenin pathway, promoting the nuclear accumulation
of B-catenin and enhancing the transcription of target
genes, including CCND1 [31]. ITGBI1 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 CDHI points to their potential diagnostic
significance. This combination likely reflects the
biological characteristics of the aggressive HER2-
positive BC subtype comprehensively. ITGBI1
enhances tumor aggressiveness through cellular
remodeling, while miR-181a further amplifies
proliferation and invasive potential by suppressing
CDHI1 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, CDHI, 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 (CCNDI1). 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/cm?) 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 () 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, MTT test, in vitro, stent substrates, zeta-potential, wettability, roughness, in silico
modeling
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MeTabonunueckan peakums K/eToK Ha u3smeHeHne GU3nNKo-XMMmn4eckoro
COCTOAHUA NOBEPXHOCTN HUKeNuaa TUTaHa, UHAYLMPOBaHHOe
ynbTpadnoneToBbiM Jla3epHbIM N3NTy4YeHNEeM C AJINHOWN BOJIHbI 266 HM

Xnycos U.A."?, Kokopes O.B.",TopoxoBa A.B."?, Hacu6oB T.d." ?, Kpuowekos C.B.",
Yeb6o0paeBa B.B.>3, bpasosckun K.C.', Xnycosa M.10.', Cabnuna T.10.%,
Kanpayposa M.10.%, 3aTukos U.A.?, NMaHuyeHKo K0.H.?

"' Cubupcruii 2ocydapcmeennoiii meouyuncxuil ynugepcumem (Cu6I MY)
Poccus, 634050, 2. Tomck, Mockosckuti mpakm, 2

2 Uuemumym cunvrnomounoi snexkmponuku Cubupcrozo omoenenus Poccuiickou axademuu nayx (MCO CO PAH)
Poccus, 634055, . Tomck, np. Axademuueckuii, 2/3

3 Unemumym usuxu npounocmu u mamepuanosedenust Cubupckozo omoenenust Poccutickoil akademuu Hayk
(UDIIM CO PAH)
Poccus, 634055, 2. Tomck, np. Axademuueckuii, 2/4

PE3IOME

Hean: onenka ¢ moMomuipio 3-[4,5-muMeTnnrTuazon-2-uin|-2,5-mudenunrerpazonust 6pomuna (MTT) xinerounoit
peakuMM in Vitro Ha W3MEHEHHE (H3UKO-XUMHYECKOTO COCTOSIHHS (A3eTa-MOTeHIHaNa, CMaduBaeMOCTH,
Tororpadui) MOBEPXHOCTH CIUIaBa HA OCHOBE HUKENWAA TUTaHA (HUTHHOIA) TTOciie 00paboTKH yibTpaduoIeTo-
BEIM JTa3epHBIM m3myderneM (Y O-JIM) ¢ nmuHoit BoHBI 266 HM.

Marepuainl 1 Metoabl. Kitetounyio kynetypy MCF-7 nakyOupoBanu B Teuenue 24 4 ¢ IIacTUHAMHU U3 CIUIaBa
Ha OCHOBE HHKEIHIa TUTaHa, 10 U mociie oopadortku Y®-JIU (mroraocts sHepruu 0,1 [Ix/cm?). Ha o6pasiax
n3Mepsiu uHAeke mepoxoBatoctd Ra ('OCT 2789-73) n KOHTaKTHBIA Yrol CMayMBaHUs ITOBEPXHOCTH BOJOM.
JI3eTa-moTeHIMaBl TOBEPXHOCTH MOANOXKeK n3 HuTHHOoNa 1 MCF-7 KkieTok ompesieNsiiu ¢ HCIoNb30BaHUEM aHa-
JTH3aTOPOB /Ut Tockux 00pasioB (SurPASS 3) u wactun (Litesizer DLS 500) cootBeTcTBeHHO. MeTabonnueckyro
AaKTUBHOCTb KJICTOYHOH KyJBTYpbl omnpeaesiu ¢ nomompbio MTT-tecta, pekomenayemoro 'OCT ISO 10993-
5-2023 nasst OLEHKH in Vitro UATOTOKCHYHOCTH MEAWIMHCKAX MaTepUaloB W u3zaenuil. buonndopmarnyeckuit
in silico aHanIN3 BHYTPUKIIETOUHBIX CUTHAIBHBIX U META0O0JIMYECKUX ITyTeH OCyIecTBIsIN B 0a3e naHusix WikiPa-
thways.

PesyasTatel. Moandukanus nosepxHoctd Y@-JIU craTHCTHYECKH 3HAYMMO CHIDKalla TOKCHYECKUH OTKIMK
(mapenne Metabonuyeckoit aktuBHOCTH) MCF-7 KiIeToK Ha KOHTAaKT C IOUI0KKOM n3 HuTnHosa. O6paboTka Y O-
JI He Bivsia Ha BENWYMHY A3€Ta-NOTEHIHANa, HO CYIIECTBEHHO yMEHBIAJAa KOHTAKTHBIA Yrojl CMauynBaHUs
Bosoii (¢ 75 no 8,7°), a Taxke moBbiIana Ra moBepxHocTu o6pasios (¢ 71,5 g0 93,9 um). Ananuz in silico ¢
MO3UIMI MEXaHOTPAHCAYKIUH I0Ka3aji, YTO LIEPOXOBATOCTh M T'MAPOQHIBHOCTE (TMAPOGOOHOCTH) HUTHHOJA
MOTYT UHIyLIUPOBATH Kcrpeccuto reHoB B MCF-7 kiieTkax He3aBUCUMO APYT OT APYra, a TAKXkKe 4epe3 NepeKpecT-
HbI€ MOJIEKYJIIpHbIE MeXaHU3MbI. [Ipu 3ToM HekoTopble curHaibHele mytd (WP5504, WP3680, WP5477, WP3941,
WP5046, WP2435) Gnus3ku k cucteMaM, y4acTBYIOIUM B peaykuun MTT-pearenTa kak Mapkepa IporpamMMsbl
KJIETOYHOM CMEpTH, HHAYLUpPOBaHHOU MeTabonmdeckum aucbanancom MCF-7 kinerok.
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3akaouyenne. Oopadorka YD-JIM crocoOCTByeT yBenn4eHHIO THAPOGUIBHOCTH U (WITH) HAHOLIEPOXOBATOCTH,
HO He /13eTa-II0TeHIIMaj1a HOBEPXHOCTH MOJIOKEK U3 HUTHHOJA. DTO MOXKET HHULIMUPOBATh KacKa] MOJICKYJISIPHBIX
MEXaHU3MOB, PETYJIUPYIOIINX KICTOYHO-TKAHEBBIC PEAKIUU Ha HWMIUIAHTUPYEMBIE MaTE€pualbl, BKJIHOYasd
MHYKIMIO BOCHAJICHUS, aKTHBALMIO I'€MOCTA3a, aHT'MOCMa3M M PEreHepaluio KPOBEHOCHOTO pycna, a TaKke
MeTab0INYECKYI0 aKTUBHOCTh KJICTOK-MHUIICHEH.

Kurouessble ciioBa: MCF-7 kitetku, MTT-rtecr, in vitro, moamoKKu st CTEHTOB, J3€Ta-IIOTEHIIMAII, CMaYUBa€MOCTh,
LIEPOXOBATOCTH, in silico MOJETUPOBAaHHUE

KOHq).]Il/lKT HHTEPECOB. ABTOpLI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIUAJIBHBIX KOHq)III/IKTOB HUHTEPECOB,
CBS3aHHBIX C Hy6J’IPIKaIIPIeI71 HaCTOSIH.[eﬁ CTaTbHu.

HUcroynukn ¢punancupoBanus. VccnenoBaHue BBINOJHEHO NPU MOAJEpPXkKE rpaHTa Poccuiickoro HayyHOTro
¢onma Ne 25-79-31008.

Jst nutupoBanusi: Xirycos U.A., Kokopes O.B., I'opoxosa A.B., Hacu6os T.®., Kpusomexos C.B., Uebonae-
Ba B.B., Bpazosckuii K.C., Xiycoa M.IO., Cabnuna T.1O., Kannayposa M.IO., 3satukos U.A., [Tanuenko FO.H.
Mertabomdeckas peakiusi KJICTOK Ha H3MEHEHUE (PH3HKO-XUMHICCKOTO COCTOSHHS IIOBEPXHOCTH HUKEITHIA TUTA-
Ha, MHAYIIUPOBAHHOEC YIIbTPA(PHOJIICTOBBIM JIa3€PHBIM U3JIYYCHHEM C JUTHHOW BOJHBI 266 HM. Broinemens cubup-

cxoui meouyunel. 2026;25(2):101-114. https://doi.org/10.20538/1682-0363-2026-2-101-114.

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
1s 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 (A <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
() potential, wettability, topography) of the nitinol
surface after treatment with UV laser radiation.

MATERIALS AND METHODS

Plates measuring 10 x 10 x 1 mm? (length X
width x 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: Y AG 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 = (.25 cm, the energy density was j = 0.1 J/cm?,
and the scanning speed was V_= 375 pm/s.

Two-axis motorized
opto-mecanical translation
device

Nd-YAG laser

Fig. 1. Schematic diagram of the UV-laser surface processing of samples and the laser scanning principle

The C-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 um
(98 um in the current experiment). A 0.001 M KCI
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 HCI to the background
electrolyte. The SurPASS 3 software calculated the

W
MEF'?__E
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r'lﬁ.'.1l.'--4|-'-;.'-' i

£ BN LT

{-potentials using the Helmholtz — Smoluchowski
equation, as described previously [10].

The {-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 50x10* 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 {-potential of MCF-7 cells
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To determine the cellular response upon contact
with the nitinol samples (plates measuring 10 x 10 x
1 mm?®), 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-1’Alleud, Belgium) at a
concentration of 50x10* 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 pg/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 [Q): ).

For comparing the means of two samples with a
normal distribution, the Welch’s #-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 pm), and display variable morphology
(rounded or fibroblast-like) (Fig.3).

LT

Fig. 3. Morphology of adherent MCF-7 cells after 24 hours
of cultivation. Unstained native preparation, dark-field
microscopy. Scale bar: 50 pm.

The MTT test showed (Fig.4) that during short-
term in vitro contact of the cell suspension with the
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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 {-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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Fig.4. Results of the MTT test after 24-hour
cultivation of the MCF-7 cells on unmodified
20 (control, Cont nitinol) and modified (Mod nitinol)
with UV laser radiation nitinol substrates. The
X-axis, — group names; and the Y-axis — CI, %, Me
Conl TIN| Mod TiNI [0,; O,] (pairwise comparison, Brunner — Munzel
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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 — {-potential, mV); b — pH = 6-8 (the X-axis — group names, the Y-axis — {-potential
values, mV); Me [Q,; O,], Brunner — Munzel test, p = 0.61
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the following reasons: 1) in this region of electrolyte
ionic strength, the maximum overshoots of the
¢-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 {-potential
of the modified nitinol surface under the selected
mode of UV laser treatment. Nitinol in both study
groups maintains an electrically neutral surface

0.0

-3.51

554

-1.57

C-potential mV

49.51

_|_
-11.51 J_

MGE-7 (1) MCF-7 (2) MGCF-7 (3)
Multiple comparison, Welch’'s ANOVA, p = 0.91

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 — {-potential values, mV; M + SD
(multiple comparison, one-way Welch’s ANOVA, p =0.91)

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).

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
{-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 #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].
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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 ¢-test, p < 0.001)

After laser treatment (at an energy density of j = 0.1
J/em?), 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 -test,
p = 0.0041), which corresponds to class 10 surface
irregularity range (Fig.8, b).
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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 “MCEF-
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

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 #-test,
p=0.0041)

(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
underlyingthefunctioningofthemechanotransduction
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
{-potential amplitude, topography dimensionality),
(bio)mechanical (elasticity/stiffness, compliance),
and (bio)chemical (wettability (hydrophilicity or
hydrophobicity), free energy, chemical composition,
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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 {-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 (-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 {-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 Dbeneficial biomedical/functional
properties for medical devices contacting blood
[75, 76].
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Table

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

D Pathway name Number of g-value < 0.05 for stressors | Common path-
target genes Wettability | Roughness | way for stressors
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 4 B <0.001 B

response
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 Il mediated signaling 1/7 0.0278 <0.001 +
WP560 TGF beta receptor signaling 5 - <0.001 —
WP3888 VEGFA VEGFR?2 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 mit.ochondrial hom.eostasis dynamics, protein | 0.0277 3 _
import and quality control
WP3680 Physicochemical features and toxicity-associated pathways 1 0.0278 — —
WP4534 Mechanoregulation and pgthology of YAP/TAZ via Hippo and 4 B <0.001 3
non-Hippo mechanisms
WP5477 Molecular pathway for oxidative stress 4 — <0.001 -
WP3941 Oxidative damage response 3 - 0.0051 —
WP5046 NAD metabolis.m in oncog§ne-induged senescence and mito- 3 B 0.0012 3
chondrial dysfunction-associated senescence

WP2435 Quercetin and Nf kB AP 1- induced apoptosis 2 - 0.009 —
WP2911 miRNA targets in ECM and membrane receptors 2 - 0.0377 -

This is not surprising, since blood is a complex
medium capableofwettingalmostany 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

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/cm?) 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 (-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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KomanOTepHoe MoagenmnpoBaHune B3aI/IMO,qu7ICTBI/Iﬂ KCAHTOTOKCHa
Cc Kacnasomn 3
YacoBckux H.10., LLecrakosa E.E., HoBuukuin A.E.

Cubupckuti eocyoapcmeennblil Mmeouyurckuu ynugepcumem (Cudl’ MY)
Poccus, 634050, 2. Tomck, Mockosckuti mpakm, 2

PE3IOME

].Ie.]]b — OPOBECTH KOMIIBIOTEPHOE MOJACIIMPOBAHUE U OLICHUTDH BSaHMOHeﬁCTBHe KacIta3bl 3 ¢ KCAHTOTOKCHHOM.

Marepuajbl 1 MeToabl. CTPYKTYpHBI Kacmasbl 3 ¥ KCaHTOTOKCHHA M3BJICUEHBI U3 OaHka naHHbIX OenkoB PDB (ID
2J31) n 6a3bl JaHHBIX XUMUYEeCKHX coeauHenuit u cmecerd PubChem (ID 4114) coorBercTBeHHO. 1)1 HOATOTOBKH
CTPYKTYpHI Kacmassl 3 K JokuHry npumensian PyMOL v. 2.5, s koHBepTalu KCaHTOTOKCHHA B (opmat .pdb
ucnons3zoBanu OpenBabel. lokuar npoBoamnu B AutoDock Vina. MonekysipHO-THHAMUYECKOE MOICINPOBAHNE
BBHIMONH:N ¢ ucnonszoBanueM GROMACS 2023.3. Jlns reHepalyy TOMOJIOTHU OeNKa MCIIOJIb30BATIH CHIIOBOE
noae CHARMM 36, s rononoruu nuranga — ceppep CHARMM General Force Field (CGenFF). [l ananuza
pe3yabpTaToB npuMeHsn Xmgrace u PyMOL.
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Pe3yabTaThl. B pe3ynbraTe mpoBeAEHHOr0 MOJIEKYJISPHOTO JOKMHIA Kacnasbl 3 U KCAaHTOTOKCHHA MOJy4YeH CTa-
OMIBHBIN KOMILJICKC C dHEpTHel cBs3bIiBaHUsA —4,83 KKai/MoJib. BhISBICHB aMHHOKHCIOTHBIC OCTATKH Kacmashl 3,
Y4YacTBYIOIIME B MEXMOJIEKYJIIpHOM B3aumoneictsuu: tuposu 195 (TYR195), Banun 266 (VAL266), nu3uH
137 (LYS137). Pe3ynbTaThl NpOBEAEHHON CUMYJISILMU MOJEKYJISPHON AMHAMHMKU MOATBEPAMIM YCTOHUMBOCTD
KOMILIEKCA, ITOJYYeHHOI'0 B pe3yJbTaTe JOKHHIA.

3axumouenne. [lonydeHHbBIC JaHHBIC CBUICTEIBCTBYIOT O BO3MOXKHOU POJTH U3ydaeMoro (ypoKyMapHHa B peain-
3alUK MPOTrPaMMHPYEMOil THOEITH KJIETOK U MOTYT OBITh MCIOJB30BAHbI IS TATGHEWIIMX SKCIIEPUMEHTAIBHBIX
HCCIIEIOBAHUM.

KiroueBbie ciioBa: JOKHUHI', MOJICKYJISIpHAs IWHAMUKaA, Kaclia3a 3, KCAaHTOTOKCHH, aIlOIITO3

KOHq)JIPlKT HHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U NOTCHIAAJIBHBIX KOH(l)J'II/IKTOB HHTEPECOB,
CBA3aHHBIX C Hy6J'II/IKaIII/Ieﬁ HaCTOHU.[eﬁ CTaTbHU.

Hcrounuk ¢puHAHCHPOBAHHUA. ABTOPHI 3asBIISIIOT 00 OTCYTCTBHM (\MHAHCHPOBAHUS IIPH NPOBEICHHH HUCCIENO0-
BaHMSI.

s uutupoBanus: Yacosckux H.IO., IllectakoBa E.E., HoBumkuii [.E. KommbloTepHOE MomenupoBaHue
B3aMMOJICHCTBHA KCAaHTOTOKCHHA C Kacma3oit 3. broiemenv cubupckot meouyunvl. 2026;25(2):115-120.

Computer Simulation of Xanthotoxin Interaction with Caspase 3

https://doi.org/10.20538/1682-0363-2026-2-115-120.

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 TNFa 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 A, 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 CI” 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: n-stacking (or z-7 interactions)
between the ligand and TYRI195, mw-cation
interactions between the ligand and VAL266, and
hydrophobic interactions between the ligand and
both TYR195 and VAL266. n-stacking refers to the
non-covalent interaction between aromatic systems
(benzene rings) that occurs due to the overlap of their
n-electron clouds. m-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.

TY VALERE6

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 m-stacking, and orange dashed lines denote m-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).
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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 (o-helices and
B-sheets) in this zone. Peaks of approximately 0.3 nm
were noted in the regions of amino acid residues
160-190, 200220, and 250-270, indicating flexible
loops.
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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.
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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 HepG?2 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
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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:
n-stacking and m-m interactions between the ligand
and TYRI195, m-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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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, y2 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.

Keywords: obesity, prevalence, risk factors, body mass index, adult population, Russian Federation

Conflict of interest. The authors declare the absence of obvious or potential conflicts of interest related to the
publication of this article.

Source of financing. The authors state that they received no funding for the study.

For citation: Chigrina V.P., Tyufilin D.S., Kobyakova O.S., Deev L.A., Nikitina S.Yu. Assessment of Obesity
Prevalence and Associated Factors in the Russian Federation Based on the 2024 Rosstat Sample Survey Data.
Bulletin of Siberian Medicine. 2026;25(2):121-129. https://doi.org/10.20538/1682-0363-2026-2-121-129.

P4 Chigrina Valeriya P., chigrinavp@mednet.ru

Bulletin of Siberian Medicine. 2026; 25 (2): 121-129

121



Chigrina V.P., Tyufilin D.S., Kobyakova O.S. et al. Assessment of Obesity Prevalence and Associated Factors in the Russian Federation

OueHKa YpOBHSA pacnpoCTPaHeHHOCTU OXKupeHnsa n pakTopos,
accolMMpoBaHHbIX ¢ HUM, B Poccunckon Oegepaumm no gaHHbIM
BblOOpoUHOro nccnepgosaHmna Poccrara, 2024 r.

Yurpuna B.M.", Topunuu A4.C.", Ko6sakosa 0.C.', flees U.A.?, Hukutnna C.10.2

! [{enmpanvhblil HAYYHO-UCCAEO08AMENbCKUL UHCTNUMY M OP2AHUZAYUY U UHDOPMAMU3AYUU 30PAB00XPAHEHUS
(LIHUHOHU3)
Poccus, 127254, 2. Mocksa, yn. [Jooponiobosa 11

2 Poccutickutl HayuoHaibiblil ucciedosamensekull meouyunckuil ynusepcumem (PHUMY um. H . TTupozosa)
Poccus, 117513, 2. Mockea, yn. Ocmposumsnosa, 1

3 Dedepanvras cryscba 20cyOapCcmeentol CmamucmuKky
Poccusa, 107450, 2. Mocksa, yn. Macnuyxas, 39/1

PE3IOME

Heab. O1eHNTs YPOBEHD PACTIPOCTPAHEHHOCTH OXKUPEHHUS U BBIIBUTH (haKTOPHI, ACCOIMUPOBAHHBIE C HUM, CPEIH
B3pocioro HaceneHus B Poccuiickoit @enepammu 1t GOpMHPOBAaHHS OCHOBHBIX HANpaBICHHUN pa3pabOTKH
MEPOIPHATHH 10 NPODHIAKTUKE OKHUPEHHUS.

Marepuajsl u MeToabl. [IpoBesieH BTOPUYHBII aHAIM3 JAHHBIX BEIOOPOYHOI0 HAOIIOACHHUS COCTOSIHHSA 3[J0POBbS
HaceneHuss dexpepanbHoll cimyx0a rocymapcTBeHHOM craTucTHkH 3a 2024 1. B uccienoBaHue BKITIOYEHBI
nanHble 95 887 pecrnoHAEHTOB M3 BeeX cyObekToB PD. JIist cTaTHCTHYECKOrO aHAIN3a MCIIOJIb30BATHCh METOIbI
onucaTeNnbHON CTaTUCTUKH, KpuTepun ¥, Manna — Yuthu, Kpackena — Yosinca, MHOKECTBEHHBIH JIOrHCTHYE-
CKHH PErpecCUOHHBIN aHaNIN3.

PesyabTathl. PacipocTpaHeHHOCTb 0XKUPEHUS CpeI B3pociioro HaceleHus Poccuiickoit deneparuu cocrasisia
23,7% (1-1 crenenn — 17,9%, 2-ii crenenu — 4,7%, 3-it crenienu — 1,6%). BbISBICHBI 3HAYUTELHBIC PETHOHATBHBIC
pa3iuyus B pacpoOCTPaHEHHOCTU OXUPEHUs: 0T 6,6% B UykoTckoM aBTOHOMHOM okpyre 110 34,3% B EBpelickoit
ABTOHOMHOI1 06acTH. J{0J1s JIUI ¢ 0’KMPEeHHeM OblIa CTATHCTHYECKY 3HAYMMO BBIIIE CPeJIH )KeHIMH (27,2 IpoTHB
20,4% cpemy My>4HH), CeIbCKUX sKkuTener (27,9 npotus 22,7% cpenu sKUTeNIei ropoja) ¥ PECIIOHICHTOB C HU3KUM
COIMAIEHO-9KOHOMHYECKHM CTaTycoM. MHOXECTBEHHBII PErpecCHOHHBII aHaIN3 BBLIBHII HanbOojee 3HaYnMble
(haxTOpHI pUCKa HATNYUS OKHPEHUS: OTCYTCTBHE TOCTYITHOH CHOPTHBHON HH(PACTPYKTYPHI B 30HE IIPOXKHUBAHUS
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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% CIL: 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 Statusin 2024”. URL: https://normativ.kontur.
ru/document?moduleld=1&documentld=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 (m?).

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 #-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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Table 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
3544 19,508 | 20.3
45-54 16,380 | 17.1
55-64 16,044 | 16.7
65+ 25,661 | 26.8

Bype 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) 355 | 0.38
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
commofl-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 27,172 | 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 1 2.90
Unpaid worl'q (volunteering, subsi'stence produc- 1520 | 1.59
tion for family needs, and domestic work) ’
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/m?.
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.
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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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Porportion of
obese people, %
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Fig. 4. The proportion of obese people
3 depending on the type of employment, %:
p <0.05 when comparing groups with each
15 other, except for the group of retirees
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afford everything

Does not have any

need financial problems

Financial situation
Fig. 5. The proportion of obese people depending on their financial situation, %: p < 0.05 when comparing all groups with each
other, except for those respondents who chose the option “I live in extreme need”

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

126

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.

Table 2
Factors Associated with the Presence of Obesity in Respondents
Factor Effect OR (95% CI)

Evaluate their state of health as poor 1 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 1 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 t by 81.4% 1.814 (1.165-2.798)
respondent does not use them

Children are the most important value in life (compared to material well-being) 1 by 65.4% 1.654 (1.387-1.983)
Retiree 1 by 62.5% 1.626 (1.548-1.707)
Lives in extreme need 1 by 60.3% 1.603 (1.014-2.477)
The respondent thinks their health status is worse compared to people of the same age. 1 by 45.5% 1.455 (1.355-1.562)
The respon.dent does not know anything about what a diet and eating regime are and what they + by 43.6% 1,436 (1.243-1.659)
should be like

The respondent is not worried about losing their current job 1 by 40.3% 1.403 (1.263-1.561)
Almost the entire family’s income is usually spent on food 1 by 36.7% 1.367 (1.098-1.700)
Unemployed and able to work 1 by 30.8% 1.308 (1.131-1.509)
The respondent is concerned by the feeling of uncertainty about the future 1 by 29.4% 1.294 (1.232-1.359)
Widower or widow 1 by 8.4% 1.084 (1.035-1.042)
With an increase in the portions of bread and bakery products consumed in one day 1 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.Kimetal. (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).
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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 (» = 0.53; p = 0.01), while showing a inverse
correlation with LVEF (= —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

Conflict of interest. The authors declare the absence of obvious or potential conflicts of interest related to the
publication of this article.

Source of financing. The authors state that they received no funding for the study.

P< Shilov Sergey N., newsib54@gmail.com

130 BionneteHb cmbupckoit MeguumHbl. 2026; 25 (2): 130-138



Original Articles

Conformity with the principles of ethics. All patients signed an informed consent to participate in the study. The
study was approved by the local Ethics Committee of the Novosibirsk Region Municipal Clinical Hospital No. 1
(Minutes No. 200 of January 31, 2019).

For citation: Shilov S.N., Berezikova E.N., Pankova I.V., Grakova E.V., Kopyeva K.V, Teplyakov A.T., Mayan-
skaya S.D., Kovalenko G.V., Kolmakova A.M., Kalyuzhin V.V. Cytomegalovirus infection activity as a predictor
of adverse clinical events in chronic heart failure. Bulletin of Siberian Medicine. 2026;25(2):130—-138. https://doi.
org/10.20538/1682-0363-2026-2-130-138.

AKTUBHOCTb IJ,I/ITOMeraHOBI/IPYCHOI‘/'I I/IH(I)eKIJ,I/II/I KaK npeankrTop
HeﬁﬂaI'OI'IPIIIHTHbIX KNMUHNYECKNX coobiTnin npmn XpOHI/I‘-IECKOI?I
cepp,equﬁl He[OoCTaTOYHOCTN

Wunnos C.H.', bepe3ukosa E.H.', MankoBa U.B.’, I'pakoBa E.B.%, KonbeBa K.B.?,
Tennsakos A.T.?2, MaaHckaa C.4.3, KoBaneHko I'.B.%, KonmakoBa A.M.*, KanioxuH B.B.*

! Hogocubupcruii eocyoapcmeeniviil meouyunckuil ynusepcumem (HI'MY)
Poccus, 630091, 2. Hosocubupck, Kpacuwiii np., 52

2 Hayuno-uccaedosamenvckuil uncmumym (HUU) kapouonoauu, ToMCKUll HAYUOHATbHBLL UCCIE008AMENbCKULL
meduyunckuu yeump (HHUML]) Poccuiickou akademuu Hayx
Poccus, 634012, 2. Tomck, yn. Kueeckas, 111a

3 Kasanckuii 2ocyoapcemeennviii meduyunckuil ynueepcumem (KIMY)
Poccus, 420012, 2. Kazanw, yn. Bymaeposa, 49

* Cubupckuil 2ocydapcmeennoiii meouyunckull ynuseepcumem (Cu6l’ MY)
Poccus, 634050, 2. Tomck, Mockosckuti mpakm, 2

PE3IOME

Heab. Ouennts B xo4e 24-MeCSYHOTO MPOCHEKTHBHOTO MCCIEAOBAaHMS BIMAHUE HuTOMeranoBupycHoi (LIMB)
MH(EKINY Ha TeYCHNE XPOHUYECKOI cepaeuHoit HepoctaTouHocTH (XCH) y manueHToB ¢ uieMndeckoi 60J1e3HbI0
cepaua (UBC).

Martepuan u Metoanl. B uccnenoBanue BKIIOYEHBI HanueHThl (7 = 151), rocnuTanu3upoBaHHbIE B CBA3U
¢ yxymmenuem TeueHuss XCH, koTopsle mo pesynabpraraM HaOmioAeHHs ObLIM pa3feNeHbl Ha TPYINbBI C
6IaronpHUATHBIM M HEONAroMPUsTHHIM TeUSHUEM OCHOBHOTO 3a001eBaHusl, (POHOBO MATOJIOTUH M UX OCJIOKHEHHUH.
B rpynmny He61aronpusTHOrO TEUEHHUS BOIILIU MAIMEHTHI, y KOTOPBIX B TeueHHe 24 Mec OBLIO 3aperucTpUpOBaHO
XOTs OBl OZHO M3 YKa3aHHBIX COOBbITHI: 1) rocnuTanu3anus no nosoay nexomnencaunu XCH; 2) HactynineHue
HEOJIaronpHUATHBIX KIHHUYECKUX COOBITHH (CepACUHO-COCYUCTAsl CMEPTh, He(aTaabHbINH HHOAPKT MUOKAp/a HIN
0CTpOe HapyLIeHHEe MO3rOBOr0 KpOBOOOpAIIeHUs, TPOMO0IMOOINs JIeroqHol apTepuu); 3) nodoe HapacTaHHe
¢ynkimonansroro kinacca (OK) XCH; 4) ymensienue ¢pakuuu Beidpoca jeBoro xenynouka (OB JIXK) na 10%
1 Oonee oT ucxoaHoro 3HaueHus. Yposenb [JJHK LIMB nHdekiuu B mia3me KpoBH OLIEHHBAIIM HCXOIHO, Yepe3
12 u 24 mec HaOmogeHus. J{is BBISBICHHS MPETUKTOPOB PAa3BUTHSI HEOIATOMPHATHBIX CEPICYHO-COCYIUCTHIX
coObITHii ucnons3oBanu ROC-aHanu3 ¢ NOCTPOSHHEM XapaKTEPUCTUYECKUX KPHUBBIX M PACUeTOM IO IO
kpuBoii (AUC).

PesyasTathl. Y nanuentos ¢ HeOnaronpusaTHeiM TedeHneM XCH conepxanne JTHK IIMB nndexmun B miasme
KPOBH HAa MOMEHT BKJIIOUCHHUS B HCCIIe0BaHHE ObLIO cymecTBeHHO Bhme (p < 0,001) mo cpaBHEHUIO C JIMIAMU
¢ onaronpusatHbeM TeuenneM XCH: 2232.0 [1687,0; 2765,0] u 1245 [991,3; 1592,0] komuii/Mi1 COOTBETCTBEHHO.
Vposens JJHK IIMB nnexnnu B miazme KpoBU JEMOHCTPUPOBAII IPSIMYIO B3anMOCBs3b co 3HaueHneM @K XCH
(r=0,66; p =0,001), a Takxke C KOHEUYHO-JUACTOIMIECKHM pa3MepoM JieBoro sxenyanouka ( = 0,53; p = 0,01)
n obparayo — ¢ ©®B JIXK (r = -0,49; p = 0,001). Conepxanne [JHK IIMB undexnuu B mmasme kposu Goiee
1687 xonuii/MiI MO3BOJIMIIO NIPOTHO3UPOBATH HEOIATONPUSATHBIE CEPAETIHO-COCYIANUCTEIE COOBITHS (1yBCTBUTEIb-
HOCTh 67%, cnenmpuanocts 81%, AUC = 0,763; p < 0,001) u seTanpbHOro Mcxona (4yBCTBUTEIBHOCTH 68%,
cnenupuaHocTh 92%, AUC = 0,844; p < 0,001) y nanmentor ¢ XCH B Teuenue 24 mec.
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JIHK IIMB unbeximu.
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LUH KaK TIPEJIUKTOP HEONArONPHATHBIX KIMHUYCCKAX COOBITHI MPH XPOHUYIECCKOM CEPJICUYHON HEJOCTATOYHOCTH.
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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) 1B
and tumor necrosis factor a (TNFa) [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
CMYV 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
m?), 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 sifu hybridization
detection of amplification products in real-time mode
during hospitalization of patients in the Cardiology
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
[Q,; Q] 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).

Table 1
Clinical and Demographic Characteristics of Patients
.. Group 1, Group 2,

Characteristic n= 84 n=67 p
Gender, male, 1 (%) 55 (65.5) 39 (58.2) 0.455
BMI, kg/m? 27.7[24.5;

’ ’ 30.1[25.1; 33 ’ 0.146
Me[0,; 0, 251:331 1 75
Age, years,

57 [52; 63 59 [55; 63 0.187
Me [sz,. Q75] [ ] [ ]
Prior myocardial
infarction, 7 (%) 52 (61.9) 44 (65.7) 0.758
Duration of MI, years
’ | 3.0[1.5;4.0 2.5[2.0;4.0] | 0.363
Me [sz; Q75] [ ] [ ]
CHF stage, n (%)
Stage 1 63 (75) 37 (55.2) 0.038
Stage 2 21 (25) 30 (44.8)
CHF class, n (%)
Class 2 39 (46.4) 21(31.3) 0.146
Class 3 45 (53.6) 46 (68.7)
6-minute walk test, m, 289.5 [188.0; 233.0[139.0; 0041
Me[Q,; 0,] 362.0] 331.5] ’
NT-proBNP, pg/ml, 350.0 [284.0; 607.0 [378.5; 0.001
Me[Q,; 0,] 526.0] 920.5] ’
LVEF, % 41.0 [36.0;
> 44.5139.0; 54.8 ’ 0.116
Me [0, O] [ ] 45.5]
EDD, mm 57.0 [54.0;

’ ’ 52.0[49.0; 59.0 ’ 0.042
Me[Q,; 0,] [ ] 61.6]

ESD, mm 45.0 [40.0;

’ ’ 41.0 [35.8;47,0 ’ 0.059
Me[Q,; 0,] [ ] 49.0]
Seropositive CMV
patients, (%) 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).

Table 2

Clinical and Demographic Characteristics of Patient Groups
Formed Depending on CMV

.. CMV —, CMV +,
Characteristic n=12 n=179 P

Gender, male, 1 (%) 43 (59.7) 51(64.6) | 0.395

BMI, kg/m?, 30.3 27.7 0132

Mel[Q,; 0,] [25.6;34.4] | [24.5;31.9] |

Age, years, Me [Q,; O, | 57.5[53;63] | 59[53;63] | 0.262

Prior myocardial

infarction. 1 (%) 45 (62.5) 51(64.6) | 0911

Duration of MI, years

’ ’ 2.5[2.0;4.0 3.0[2.0;4.0] | 0.489

Me[0,; 0,] [ ] [ ]

CHF stage, n (%)

Stage 1 54 (75) 46(582) | 0.043

Stage 2 18 (25) 33 (41.8)

CHEF class, n (%)

Class 2 37 (51.4) 23 (29.1) 0.042

Class 3 35 (48.6) 56 (70.9)

6-minute walk test, m, 325.5 230.0 0.031

Me [0, 0,] [208.5;364.0] | [136.5;324.0] |

NT-proBNP, pg/ml, 350.0 580.0 0.001

Me[Q,; 0,] [281.0; 449.0] | [378.0; 735.5] | -
44.0 41.0

0, .

LVEFE, %, Me [0, 0,,] [38.8; 57.0] [37.0; 46.0] 0.095
54.0 56.0

EDD, mm, Me [0, O] | 150.0:59.01 | [50.5:61.5] | %3
41.0 45.0

ESD, mm, Me[Q,; O, | 1368.47.01 | [38.5:49.01 | V7

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
(» <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].

3000 | |

2000

CMV

1000

Time, vears

o
srable
E adverse

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), O, (bottom side of the rectangle),

Me (horizontal line inside the rectangle), O, (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 (» = 0.53, p = 0.01),
and, on the contrary, showed a moderate inverse
relationship with the distance covered in the six-
minute walk test (» = —0.63, p = 0.001) and LVEF
(r=-0.49, p =0.001) (Table 3).
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Fig. 2. ROC curves of sensitivity and specificity of CMV DNA level in blood plasma in predicting the development of adverse
cardiovascular events () and mortality (») in CHF patients over 24 months: the area under the curve (AUC) value is presented
together with the significance level estimate (p)

Table 3

Correlation Analysis of the Relationship between CMV
DNA Content and Clinical, Instrumental, and Laboratory

Parameters
Parameter r p
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.
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Cytomegalovirus establishes deep and complex
relationships with the host immune system, resulting
inavariety 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
factora, interleukin-1B, and interleukin-6 [11].
Although CMYV reactivation in immunocompromised
individuals is associated with severe consequences,
it has been established that in elderly patients with
CHEF, 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
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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 wvascular
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, whichhasthe 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-kB, which is located in the
cell cytoplasm in an inactive state.

Activation of NF-xB 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-«xB
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-xB 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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PE3IOME

HecmoTpst Ha DOCTIKEHUs COBPEMEHHOM OHKOIOoruy, B Poccun B 36% cirydaeB pak xKeily Ka BBISBIISICTCS B 3aITy-
IIEHHON CTaAWH, IPH 3TOM JETaJbHOCTh B TEUCHHE I0Jla C MOMEHTA yCTaHOBJIEHHS AUarHo3a cocTaBisieT 39,6%.
OpHOl U3 YacTHIX HNPHYHH JICTAIBHBIX HCXOIOB IIPU paKe JKeyJKa SBISETCS MEePUTOHEANbHBIH KaHIEPOMAaTO3.
CUHXpOHHBIN IEPUTOHEATBHBIH KaHIIEPOMATO3 JHarHoCTHpyeTcs B 18—26% ciyuaeB. MeTaxpOHHBII KaHIIEpOMa-
TO3 MOCIIE yJaJeHus IepBUYHOM ommyxonu Habmomaercs y 7-39% marmenToB uepes §,5-26 Mec mociie omneparyn.
Jlo HacTOsIIIEro BpeMEHH He CymecTBYeT 3(p(eKTUBHBIX METOIOB IMPOTHO3UPOBAHNUS PHCKA PA3BUTHS U JICUCHUS
MEPUTOHEANBFHOTO KaHIepoMaTo3a. OIyXou, COMPOBOKAAIOIIUECS IEPUTOHEATBHBIM KaHIIEPOMAaTO30M, HEPEIKO
YCTOMYMBEI K CUCTEMHOI XUMHOTEpAITuy. BEIMOIHEHNE IUTOPETyKTUBHBIX ONepalnii 1 BHYTPHOPIOMIMHHON XH-
MHOTEpAIHU BO3MOXKHO HE A7 BCEX MAI[EHTOB U HE BCET/Ia SBISETCS yCHEIIHBIM.

O0630p NMOCBAIIEH aHAIN3Y HHPOPMAIINH, KACAIOLIEHCS MOJIEKYIAPHO-TEeHETHUECKUX MEXaHU3MOB PAa3BUTHS MEPH-
TOHEANBHOTO KaHIIEPOMAaTo3a MPH paKe XKelyJKa, M COAEPXKUT OPUIMHABHYIO THIIOTE3Y, COTJIACHO KOTOPOH IIe-
PHUTOHEABHBIN KaHIIEPOMATO3 BOSHUKACT B Pe3yJIbTaTe MPUOOPETEHHUS OIyXO0JICBBIMH KIETKaMU MaTPHKC-HE3aBH-
CHMOCTH M CHHOCOOHOCTH K aBTOHOMHOMY CYII[ECTBOBAHHIO B aCIIUTHYECKOIT )KHKOCTH, HE ITOABEPrasch aronTo3y
(aHoukucy). C ncrons3oBaHueM pyKkoBoJcTBa «IIpeanodTHTeIbHbIE SIEMEHThI OTYETHOCTH IS CHCTEMAaTHYECKHX
0030poB u MeTaananu3oB» (PRISMA) 6b110 BeisiBieHo 10 025 HayuHBIX paboT, U3 KOTOPBIX 228 aHTTIOSA3BIYHBIX U
323 pycCKOA3BIYHBIX MyOIMKAIM COOTBETCTBOBAIN KPUTEPHAIM aHAIH3A.

B 00630p BriItoueHO 35 craTel (B TOM YMCIE YETHIPE PYCCKOS3BIYHBIE), COOTBETCTBYIONIMX TeME HACTOSIIEro 00-
3opa. [Ipeamnonaraercs, 4TO BBIABICHUE KIIIOUEBBIX MOJICKYJ, ACCOLIMUPOBAHHBIX C MATPUKC-HE3aBUCHMBIM CyILIE-
CTBOBAHHEM OITyXOJIEBBIX KIIETOK, MOTJIO OBI TOCITY)KHTh OCHOBOH JUIS pa3pabOTKH TEXHOJIOTHI IPOTHO3UPOBAHUS
MIEPUTOHEANTEHOTO KaHIIepOMaTo3a, a TaKkxKe JUIsl pa3paboTKU HOBOI TapreTHOH Teparnuy MeTacTaTHYeCKOTo paka
KeyJKa.

KiroueBble ciioBa: HepI/ITOHeaHbeIﬁ KaHIIEpoMaTro3, pakK XKeiaydKa, MOJCKYIAPHO-TCHETUYCCKUE MEXaHU3MBI,
MaTpPpUKC-HE3aBUCUMOCTb, METACTAa3UPOBAHUE

Kondaukt nHTEepecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBHH KOH(IMKTa HHTEPECOB, CBSI3aHHBIX C MyOIHKanUeH
HACTOSALICH CTaTbU.

UcTounnk ¢punancuposanus. [Iporpamma «IIpuopurer 2030».

Jass uurupoBanus: 3asbsuioBa M.B., 3asbsnioB A.B., HexntonoB A.A., benoycosa O.A., ITucemennsrii J1.C.,
Munnep C.B., Ilepensmytep B.M. MosnekyisipHO-reHeTHUECKUEe TapaMeTpbl IIPOrHO3a U HOBbIE CTPaTETruy Tepa-
MUY TIEPUTOHCAIFHOTO KaHIIEpOMATo3a MPU pake XKelyaka. bronemens cubupckou meduyunst. 2026;25(2):139—
149. https://doi.org/10.20538/1682-0363-2026-2-139-149.

Molecular and Genetic Parameters of Prognosis and New Strategies

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

cancer, molecular and genetic mechanisms, matrix
independence, metastasis. In the eLIBRARY.ru
scientificelectronic 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

database: peritoneal carcinomatosis, stomach included in the final analysis (Figure).
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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 = 191 (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 along 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
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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.Zhaoetal.performedwhole-exomesequencing,
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, CDHI, 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
(PIBK/AKT/mTOR, mTORCI1, MYC, Wnt, NF-kB)
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 (LAMCI1) in primary tumor
cells and carcinomatosis lesions in gastric cancer.
To investigate the role of autocrine LAMCI
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/LAMCI1 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 LAMCI 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
TGFp [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, asignificant 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-C3ARI 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 TNFa, IL-6,
and IL-1PB were present in the ascitic fluid of gastric
cancer patients with peritoneal carcinomatosis. TNFa
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 TGFp, 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, whichisperformedinthreemodalities:
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
microenvironmentonthedevelopmentandprogression
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 TGFp [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 x 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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MynbTuMoganbHaA MarHNTHO-pe30HaHCHaA Tomorpa¢us roioBHOro
MoO3ra B OL,eHKe peabunnTaunoHHOro noTeHynana y nayneHToB
nocse NnepeHeCceHHOro NWeMNnYeCcKoro MHCynbTa

Kypaxos A.I.", Anu¢uposa B.M., Koponésa E.C.", Alertapes WU.10.’, Jlonko 10.H.?,
KyuepoBa K.C.', CyxaHoBa K.C.', 3aBapgoBckas B.[.’
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PE3IOME

OcTpble HapyIOIEHHs MO3TOBOTO KPOBOOOPAIIEHMS SIBISAIOTCS Ba)KHOH MEIHKO-COIMAILHOM IpOoOIeMOil Kak B
MHupe, TaK 1 B Poccniickoit @eneparyu, 4To 00yCI0BICHO BEICOKUMH MOKa3aTeIsIMU 3a001€Ba€MOCTH, CMEPTHOCTH
n nHBanuAn3anui. OCHOBY pa3pabOTKN HHHOBAIIMOHHBIX ITOJX00B yCKOPEHHOH peadHINTAIINH JIHII TTOCIIE TIepe-
HECEHHOT0 HIIEMHYECKOT0 HHCYIIBTA COCTABIISAET HCCIE0BaHNE HeHPOITACTHIHOCTH C MCHOJIb30BAaHNEM METOI0B
COBPEMEHHOW HeHpOBU3YalH3aIiH, TAKHX KaK MyJIbTHMO/aTbHast MArHUTHO-pe30HaHcHast Tomorpadus (MPT).

IpencraBien 0630p IUTEPATYPHI, B KOTOPOM PACCMAaTPHBAIOTCS AUATHOCTHUECKHE BO3MOKHOCTH Pa3TMUHBIX KOM-
MOHEeHTOB MynbTHHapamerpudeckoit MPT, takux kak ¢ynkiuonansaas MPT, ASL-MPT u auddy3uonno-TeH-
3opHas MPT, Bxifouast uX MOTEHIHUAIbHBIE IPEUMYIIECTBA M HEJOCTATKH MPHUMEHUTENBHO K OIEHKE peabuiu-
TaIlMOHHOTO MOTEHIMANa Y MAlUeHTOB I0CIe EPEHECEHHOTO UIIEMUUECKOro HHCyIbTa. [lokazaHo, UTO JTaHHbBIE
KOMIIOHEHTHI MynbTHIapameTpudeckoii MPT MoryT ObITh yCHENIHO HCHONB30BaHbI ISl U3YUEeHHsS MEXaHH3MOB
HEWPOIIaCTUYHOCTH U OMNPEJENEHNUs OTBETA HA TEPANuIo B X0JI€ PeaOMIINTAllMOHHBIX MEPONPHUATHI y TaIleH-
TOB TOCJIE€ UIIEMUYECKOTO HHCYNbTa. O603HaUeHbI TPOOIEMHBIE aCTIEKThl aKTUBHOTO BHEAPEHUS My IbTHIIapaMe-
Tpudeckoif MPT B IIHMPOKyI0 KIMHUYECKYIO MPAKTHKY, TIaBHBIMU U3 KOTOPBIX SIBIISIOTCS OTCYTCTBHE TITyOOKHX
3HAHUH 0 TMaTHOCTUYECKHUX BO3MOXKHOCTSIX TOTO MITH HHOTO KOMIIOHEHTA JJAHHOM TEXHOJIOTHU B KOHKPETHOH KITH-
HUYECKON CUTYaI[HH, CIIOXKHOCTh €€ CIONb30BaHMS U HEOCTATOYHASI EMKOCTh JJOKa3aTeIbHON Hay4qHOM 6a3bl.

KiaroueBble cj10Ba: HIICMAYCCKUN HUHCYJIbT, MYJIbTUMO/JIaJIbHAS1 MAaTrHUTHO-PE30HAaHCHAs TOMOFpa(l)I/ISI, Heﬁponna—
CTUYHOCTB, pea6I/IHI/ITaHI/I$I

KOHq).]Il/lKT HHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIUAJIBHBIX KOH(l)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C l'[y6J'[PIKaHPI€I71 HaCTOS{H.[eﬁ CTaTbHu.

HcTounuk puHAHCHPOBAHUS. ABTOPHI 3aBIIAIOT 00 OTCYTCTBHH UCTOYHUKA (PMHAHCHPOBAHUS TIPH IIPOBEICHIN
HCCIIeI0BAHMSI.

Jst nurupoBanusi: Kypaxos A.I1., Amudpuposa B.M., Koponésa E.C., ertapes U.10., Jloiiko 10.H., Kyuepo-
Ba K.C., CyxanoBa K.C., 3aBagoBckas B./l. MynpTHMOa)IbHAs MArHUTHO-PE30HAHCHAsI TOMOTrpadusi TOJI0OBHOTO
MO3ra B OIIEHKE PeabMIMTallMOHHOTO ITIOTEHIMAJa Y TTAlJMeHTOB OCIIe NEPEHECEHHOT0 NIIEMUYECKOTO HHCYIIbTA.
broanemens cubupcroti meouyunwl. 2026;25(2):150-160. https://doi.org/10.20538/1682-0363-2026-2-150-160.

INTRODUCTION are registered annually in the RF, with the annual
stroke mortality rate being 374 cases per 100,000
Cerebral vascular diseases represent a population. During the acute phase of stroke,

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

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
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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
(fMRYI), 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 neurorchabilitation 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 CBYV, 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 Ilarge 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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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.
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COBpeMeHHbIe acnekKTbl OoTAEe/NIbHbIX MeXaHN3MOB natToreHesa cencuca
Haymosa J1.A., Annbies M.b.

Cypeymckuii 2ocydapcmeennviii yHueepcumem (Cypl'y)
Poccus, 628412, 2. Cypeym, yn. Jlenuna, 1

PE3IOME

Henpb 0630pa — aHAIN3 HENPEPHIBHO PA3BUBAIOIINXCS X MEHSIOMINXCS MIPEACTABICHUH O MHOTOYHCIICHHBIX B3aH-
MOCBSI3aHHBIX MEXaHU3MaX MaTOreHe3a cencrca, GOpMUPYIOIIHXCS Ha UX OCHOBE HOBBIX HAaIIPaBJIEHHAX HCCIIEN0-
BaHMH ¥ OTEHINANBHBIX OIX04aX K JedeHuo. [IpoBeieH MONCK ¢ HCTIOIb30BaHHEM KITFOUEBBIX CIIOB B 0a3e gaH-
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HbIX PubMed peneBaHTHBIX HayYHBIX MyOIUKALMIA 32 TepUO Hocie TpeThero MexkIyHapoIHOTO KOHCEHCYCHOTO
OTpeIeNIeHHs CETICUCa M CEMTHIECKOro 1oka (Sepsis-3).

B 0630pe paccMaTpuBarOTCS COBPEMCHHLIC IPEACTABICHUS 00 OCHOBHBIX HaTO(bI/ISI/IOJ'IOFI/I'{GCKI/IX MCXaHHU3Max
pa3BUTHUA CEIICUCA, OCTAOIICTOCS aKTyaJ'ILHOﬁ np06neM01‘?1 3ApaBOOXpaHCHUA. Hakorennsie k HaCTOsAIEMY BpeE-
MCHHU JJaHHBIE O Pa3IMIHBbIX HaTO(bI/ISI/IOJ'IOFI/I‘{eCKI/IX MEXaHU3Max CEIICUCa OTPpaKaroT CJIOKHOCTL €0 IaTOreHesa,
O6yCJ'IOBJ'IeHHyIO Pa3sBUTHEM U COCYILIECTBOBAHUEM 0OJIBIIOrO KOJIMYECTBA pa3H006pa3HHX MaTOJIOTUYECKUX pEaK-
UK ¢ HIMPOKUM IEPEKPBITUEM U B3aUMO/ICHCTBHEM Pa3IMYHBIX CUTHAJIBHBIX KJICTOYHBIX nyTeﬁ, OTBCYAIOIIHX KaK
3a BbDKMBAHHEC, TaK U rudenb KIETOK. HpI/I 9TOM UCXO/[] Iponecca ONpeACIsACTCd TOHKUM OajlaHCOM pa3BuBaro-
IHUXCsL peaKHHfI, B YaCTHOCTH, OaylaHcoM MEXKIAY aKTHBaL[PIefI HUMMYHHOI'O OTBE€Ta U HMMyHOCpreCCHeﬁ. Hogrie
HalpaBJICHUS WCCJICIOBAHMM MATOTEHE3a Cercuca COCPEAOTOUYMBAIOTCA HE TOJIBKO Ha MEXaHU3MaxX MOAYJIAIUH
AKTUBHOCTHU I/IMMyHHOI‘/‘I CHUCTEMBI, HO M Ha U3YUYCHUU HIHUPOKOTO CIICKTpa l'[aTO(bI/I?,I/IOJ'IOFI/I‘{eCKI/IX mpoueccos, ac-
COLIMUPYIOMINUXCA C pa3BUTUEM CUHJIpOMaA HOJIPIOpl"aHHOfI HCAOCTATOYHOCTH. COOTBeTCTBeHHO, UACT IIOUCK HOBBIX
TEPANICBTHUICCKUX CTpaTeFHfI, a C IIpU3HAaHUEM CCIICHCa I'€TEPOIrCHHBIM CHHAPOMOM — IIEPEXO/T K OoJiee nepcona-
JIM3UPOBAHHBIM IOJAXO0AaM B €I0 JICUCHUU.

KiioueBble ¢10Ba: cencyuc, MMMYHOCYTIPECCHSI, MUTOXOHAPHAIbHAS TUC(YHKINSA, KICTOYHOE UCTOIICHHUE, HIO0-
TenuanbHast JUC(YHKIUSA, TPOMOOLUTEI

KOHq)J’IHKT HHTEPECOB. ABTOpI;I JACKIApUPYIOT OTCYTCTBUE SIBHBIX U MNOTCHIUAJIBHBIX KOH(l)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6J'II/IKaIII/IeI71 HaCTOHH.[eﬁ CTaTbHU.

Hcrounuk puHAHCHPOBAHHUS. ABTOPHI 3asIBIIOT 00 OTCYTCTBHY HCTOYHUKA (PMHAHCHPOBAHUS IIPH IPOBEICHUH

HCCICIOBAaHUA.

Jast uurupoBanusi: Haymosa JI.A., SlmubieB M.b. CoBpeMeHHbIE aCIEKThl OT/IEIbHBIX MEXaHU3MOB IaTOreHe3a
cenicuca. bBroanemens cubupcrou meduyunnl. 2026;25(2):161-172. https://doi.org/10.20538/1682-0363-2026-2-

Modern Aspects of Separate Mechanisms of Sepsis Pathogenesis

161-172.

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]. Atthesametime, theconceptwasemerging
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-1f and pro-IL-18, through
autoproteolytic cleavage by caspase-1 (CASPI).
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 (NFkB) in immune cells and
the induction of transcription of target genes involved
in the synthesis of a number of proinflammatory
cytokines (including IL-1B 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 Ibyinhibitingthe expression of Nrfl (nuclear
respiratory factor 1). The deficiency in mitochondrial

complex I promotes NAD-+-dependent suppression
of Sirtl (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 ST00A8/9" 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 1L-40 (IL-
407) 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 (ChATY)
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, TGFB, 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-1f 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-1p 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-B), 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 IFNy 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
characteristicofsepticshock. Theimmunosuppressive
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 HIFla (hypoxia-inducible
factor la), 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 TGF3
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, TGFp, 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 IFNy, IL-6, TNFa, 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
failurearerecognizedasimportantpathophysiological
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 PINKI1/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, VAMPS, 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'avicious 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 PARPI 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 (TRPALI) 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-kB 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 HIFla 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
— o-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 (NGRI1) as a
mitochondrial protector in experimental sepsis
showed that, acting through Drpl (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 P3-adrenergic receptor (B3-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 Serd73), and p-eNOS Serl177
(phosphorylated endothelial nitric oxide synthase at
Ser1177) proteins in H9¢2 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-
kB activity, TNFa 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 physiologicalrole ofthe 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 ofa 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 ADAMTSI13 (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 TNFa) 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 NETSs, 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
PIt by microthrombi [50], Plt pyroptosis caused by
S100A8/A9 released from NETSs [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 (thTPO)
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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PE3IOME

IMpencraBiieH 0630p COBPEMEHHBIX TaHHBIX O POJIU OXKUPEHUS, HHAYIUPOBAHHOTO UM XPOHUYECKOTO CHCTEMHOTO
BOCHAJICHHS U HAapyLISHUH JIMIUIHOTO 0OMEHa B aTOreHe3e aceNTHYECKOro HeKpo3a roJIOBKU OeIpeHHON KOCTH
(AHI'BK) nnst o0ocHOBaHMSI HOBBIX MOAXOMOB K NPO(QHIAKTUKE U JieueHUI0. [IpoBeleH aHalIN3 COBPEMEHHBIX
(yHIaMEHTaNBHBIX M KIMHUYECKHX HMCCIICIOBAHUM, MOCBAIICHHBIX B3aHMOCBSI3H MeTabOINYECKHX HapyIIeHUH,
XPOHHYECKOT0 BOCTIAJICHHUS M OCTEOHEKpO3a. PaccMoTpeHbI paboThl, H3ydaloline MOJIEKYJIIPHbIE MEXaHU3MBI JAUC-
(YHKIMU JKUPOBOM TKaHHM, JIMIIOTOKCHYHOCTH, OKHUCIUTEILHOTO CTPEecca M MX BIMSHHS HAa TOMEOCTa3 KOCTHOM
TKaHU.

YCTaHOBIICHO, YTO OXKUPEHHE BBICTYNAET CUCTEMHBIM (akropoM prcka pasButusi AHI'BK, nelicTBys He TonbKo
KaK MCTOYHHK MEXaHMYECKON Harpys3KH, HO M KaKk MHUIMATOP MaTOr€HETHYECKOro Kackana. JuchyHKIMOHAIb-
HOE COCTOSHHME >KUPOBOM TKAHU IPUBOAUT K Pa3BUTHIO XPOHUYECKOIO BSUIOTEKYLIETO CUCTEMHOI'O BOCIAJICHUS
U OKUCIIUTENIBHOTO cTpecca. B coBokynmHOCTH 3TH (h)aKTOPHI IPOBOLMPYIOT Pa3BUTUE SHIOTEIHAIBHON TUCHYHK-
LU, yXYAMAIOT ephy3nio KOCTHON TKaHU FOJIOBKU OCIPEHHOI KOCTH M BBI3BIBAIOT SIBJICHUS JINTIOTOKCUYHOCTH B
KOCTHOM Mo3re. ClleICTBHEM 3TOT0 Ha JOKAJIbHOM YPOBHE CTAHOBUTCS YTHETEHHE OCTEOrCHE3a, OHOBPEMEHHOE
YCHIIEHHE Pe30pOIIY KOCTH U allOITO3 OCTEOLUTOB.

HHnmunpyemblie 0XXUPEeHHeM CHCTEMHbBIE MeTa00INYeCKre U BOCTIANUTENbHbIE COOM (pOpMUPYIOT OCHOBY IS Ha-
PYIIEHHS] KOCTHOTO PEMOEINPOBAHNS, HIIEMHUH U HEKPO3a CyOXOHAPATbHON KOCTH TOJIOBKU OEAPEHHOM KOCTH.
CrenoBaTenbHO, KOPPEKINS MACCHI TeNIa U COMMyTCTBYIOMINX METa0OIMYECKUX PACCTPONUCTB JOJKHA PacCMATPH-
BaThCSl KaK HEOThEMJIEMasi YaCTh KOMIUIEKCHOW CTPATeTHH JICUYSHUs] 1 BTOPHIHON MPO(UIAKTUKH TPOTPECCHPO-
Banust AHI'BK. Takoit moaxox MOXKeT ylIydIIuTh Pe3ybTaTbl OPraHOCOXPAHSIOIINX BMEIIATEIbCTB M OTCPOUHUTH
HEO0OXOIMMOCTh SHAONPOTE3UPOBAHNUS Yy MOJIOBIX MAIIMEHTOB.

KiroueBble ¢J10Ba: aceITHUCCKUN HEKPO3 I'OJIOBKH 6C,Hp€HHOI7I KOCTH, O)KUPCHUEC, XPOHUYICCKOE CUCTEMHOEC BOC-
aJJCHUC, TUCIUITHICMUA, OKHUCIUTEIbHBIN CTpECC, MaTOreHE3

KOHq)JIPlKT HHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U NOTCHIAAJIBHBIX KOH(l)J'II/IKTOB HHTEPECOB,
CBA3aHHBIX C Hy6HI/IKaHI/ICﬁ HaCTOHU.[eﬁ CTaTbHU.

Hcrounuk ¢puHAHCHPOBAHHUA. ABTOPHI 3asBIISIOT 00 OTCYTCTBHU (\MHAHCHPOBAHUS IIPH NPOBEICHHH HUCCIENO0-
BaHMSI.

Jast uurupoBanms: [opsaun I'.B., 3axsatos A.H., flcuenioB B.B., Mocuna JI.M., Xaiinap JI.A., 3axapkun 1.A.,
Tapacosa T.B., Illaes A.A. Posb quciunujieMuu U 0)KHPEHUS B NATOr€HE3e aceNTHYECKOro HEKpo3a IOJIOBKH
OenpeHHoit KocT. broemens cubupckou meouyunst. 2026;25(2):173—183. https://doi.org/10.20538/1682-0363-
2026-2-173-183.
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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

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

176

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-Fernandez
et al. (2024) demonstrated that apolipoprotein E
gene polymorphism may increase the likelihood
of subclinical atherosclerosis progression due to
impairedreverse 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 (PPARY) and
CCAAT/enhancer-binding protein alpha (C/EBPa).
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-f (TGF), 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-
la, 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 (TNFa), IL-6, and interleukin-18 (IL-1p), 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-xB) [27, 28].
This leads to the induction of oxidative stress and
suppression of endothelial antioxidant protection,
a decrease in the bioavailability of nitric oxide
(I) (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-1p 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 (TNFa, IL-1B, and
IL-6) act as direct mediators of insulin resistance by
disrupting the insulin receptor signal transduction. IL-
1B leads to activation of the serine/threonine kinase,
Janus kinase (JAK-1), which inactivates insulinreceptor
substrates (IRS-1,2), resulting in suppression of insulin
signaling and subsequent elevation of blood glucose
levels. TNFa 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

178 BlonneteHb cMbupckoit MeguumHbl. 2026; 25 (2): 173-183



Reviews and Lectures

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 (TNFa, IL-6,
IL-1B, 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-1B, interferons, TNFa, colony-stimulating
factors, and wvascular 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
(PPARa) [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-kB 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 Ca’" 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-xB signaling
pathway, and activated NF-«xB induces the production
of proinflammatory stimulators, including TNFa,
IL-1B, and IL-6 [49]. Mitochondrial DNA is rich
in CpG islands, a structure that can be recognized
by TLRY and directly activate the NF-«xB 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,
throughacomplex setofinterconnected 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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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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HBIX, YTO CIIOCOOCTBYET paHHEMY BBISIBICHHUIO, MOHUTOPHHTY U MOBBILIICHHIO KAaYeCTBA MEAUIIMHCKOH MOMOIIH.
B nexuuu nmpenctaBieH MEXIYHapOIHbI M OTEUECTBEHHBIN OMNBIT Mcnosb3oBaHus peructpos XbII, npoananu-
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TOAMYECKUM acnekTaM BHeapeHus: peructpoB XbII Ha pernoHanbHOM ypoBHE. Pe3ynbTaTel aHaInM3a NO3BOJISIOT
OIIPE/ICNUTD KIIOUEBbIE HAMpPAaBICHUsS I Pa3pabOTKU M BHEAPEHHs PErHOHAJBbHBIX PErHCTPOB, BeJCHHE Oyner
Croco0CTBOBATh MOBBILICHHIO 3P (PEKTUBHOCTH AUCIIAHCEPHOTO HAOIIOCHHS, U, KaK CICJCTBHE, YITyUIICHUIO JITH-
JIEMHOJIOTHYECKUX MTOKA3aTeNIeH COIMaIbHO 3HAUMMBIX 3a00JICBaHUMN.
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bronnemens cubupckoii meouyunsi. 2026;25(2):184—-190. https://doi.org/10.20538/1682-0363-2026-2-184-190.

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 1is 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]. Al-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 Al-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 Al, 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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Mporpamma no perynupoBaHuio nnaTtpOpMeHHbIX TEXHONOrnin
KaK MHCTPYMEHT YCKOPEeHMA pa3paboTKM NeKapCcTBEHHbIX CPeACTB:
aHanuns n nepcnexkTusbl gna Poccun

FanamoBa M.P.', BanueBa O.B.>3, AHgpuaHoB B.B." %, Ocunenko A.H.>,
AnekcangpoBuu E.A." 3, NMonosa M.A.'
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PE3IOME

eab paboThI: TPOJEMOHCTPUPOBATH BO3MOKHOCTH IUIAT(HOPMEHHOTO IOJX0/1a B PEryIUPOBaHUU OHOTEXHOJIO-
IHYECKUX Pa3paboToK (apManeBTHYECKHX IIPENapaToB, MOAKPENNB 3TO KOHKPETHBIMU IIPUMEPaMH U KefcaMu U3
npaktukud FDA. B uccnenoBanun pasdupaercs nporpamma PTDD (Platform Technology Designation Program)
VYnpaBieHus IO CAaHUTAPHOMY HAA30py 32 Ka4eCTBOM MHIIEBHIX MpoxykToB U MeankamenTtoB CILA (Food and
Drug Administration), 3amymenHoit B 2024 r. 8 CLLIA. Ota mporpamMma BEIIOIHSET POJb PEryISTOPHOTO MeXa-
HHM3Ma [IPHCBOCHHS CTaTyca MIaThOpMEHHOI TEXHOJIOTHU H HMEET PAKTHYECKOE 3HAYCHUE JJIsl YCKOPEHHUS pa3pa-
GOTKH U 9KCIIEPTHU3bI JIEKAPCTBEHHBIX CPEJICTB 3a cHET 0OOCHOBAHHOTO MEPEUCIIONIb30BAHMS JaHHBIX. [lonydeHune
cTaryca «IIaTGOpMEHHON TEXHOJIOTHH» aeT pa3paboTYHKy MpaBO YACTHYHO MEPEUCHONb30BaTh AaHHble CMC
(Chemistry, Manufacturing, Controls) oT yxe 3aperucTpupOBaHHOTO IIpenapaTa Mpu Noaade 3asBOK Ha MOCIeqy-
IOILME POAYKTHI Ha TOH e «MaTpULIe».

[IpencraBneHbl MEXaHU3MbI IPUCBOEHHS TAKOT'O CTaTyca, puMepsl 13 mpakTuku FDA, a Takxe poccuiickue kom-
IaHUH, UMEIOIINE NTOX0XKHE TEXHOJIOTMH M NOTeHIMal UX pa3BUTHs. Ha ocHOBaHMHM aHann3a JenaeTcs BBIBOZ O
11e71eC000Pa3HOCTH HCIONIB30BaHKs B POCCHY aHATOTHYHBIX PEryIsITOPHBIX MEXaHU3MOB.

Kawuessble ciaoBa: mratpopmennas texnonorus, FDA, PTDD, reanas tepamusi, CAR-T, AAV-BeKkTopHI, pery-
nsaTopHas akeneprusa, HTU Xencuer

KondaukT uHTEpecoB. ABTOPHI ACKIAPHUPYIOT OTCYTCTBUE SBHBIX U MOTCHIHATIBHBIX KOH(PIUKTOB HHTEPECOB,
CBSI3aHHBIX C MyOJUKAIME HACTOSIICH CTaThH.

Hcrounukn ¢unancuposanus. [TyGmukanus nmoxrorosieHa npu moguepxke Ponna «Hayuno-TexHOIOTHUE-
ckuif mapk HoBocubupckoro AxageMroposkay, yqacTsyronieM B HaroHabHOM TeXHOJIOTMIECKOI HHUINATHBE
npu nojaepxkke Gonna noanepKKu NpoekToB HanyronanbHOM TeXHOIOIMYECKOH MHUIMATHBL U MUHUCTEpCTBA
IIPOMBIIUIEHHOCTU U ToproBiu Poccuiickoit denepanuu, B paMkax peanusanuu IIporpaMMbl o pa3BUTHIO OT-
JIeTTFHOTO HANpaBiIeH:s1 HanmoHansHON TeXHOIOTHIECKOI MHUIIMATHBEI « XEJICHET».

Jas uurupoBanus: [amsimoBa M.P., Bamuesa O.B., Auapuanos B.B., Ocunenko A.H., Anekcanaposuu E.A.,
[TormoBa M.A. Ilporpamma mo peryJiupoBaHUIO IIATGOPMEHHBIX TEXHOJIOTHH KaK WHCTPYMEHT YCKOPEHHUS pas-
pabOTKM JIEKapCTBEHHBIX CPEJCTB: aHANM3 M TMEepCreKTHBBl 1t Poccun. bronnemens cubupckoi meouyunbi.
2026;25(2):191-194. https://doi.org/10.20538/1682-0363-2026-2-191-194.

INTRODUCTION and development timelines are 10-15 years. The
traditional «one compound — one product» model is

The modern pharmaceutical industry faces becoming economically unsustainable, particularly

a systemic challenge: the cost of bringing an in the development of drugs for orphan diseases and
innovative drug to market exceeds $2-3 billion, cancers, gene therapy, and personalized medicine.
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Shot reports

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 contains 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
benefity 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 —
apersonalized 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,

Author Information

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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& CYBMPCKUIA rOCYOAPCTBEHHBIV
MEAVLIMHCKUIA YHUBEPCUTET

MUHHCTEPCTBO 3[JPABOOXPAHEHIS POCCHUICKOIT ®EJEPALIII

OEJIEPAJIBHOE T'OCY JAPCTBEHHOE bIO/UKETHOE OBPA3OBATEJIbHOE YVUPEXXIEHHUE BBICIIIEI' O
OBPA3OBAHITA « CHBHPCKHI I'OCY JAPCTBEHHBIN MEJIUTTHMHCKHIT YHUBEPCUTET»
MHHHCTEPCTBA 3/IPABOOXPAHEHIA POCCHHCKOM OEAEPAITHNI

Kadenpa daxymrreTcroi Tepanmu ¢ KypeaMH SHIOKPHHOIOTHHE H KIHHHYIECKOH (hapMaKoIoTHH
HHPOPMAITHOHHOE IMHNCEMO-TIPHTTTATTEHHAE

BCEPOCCHICKAS HAVUHO-TIPAKTUUECKA I KOH®EPEHTTAS

«CUBUPCKA S TEPATIEBTUUECKA S ITIKOJIA: ICTOKHY U ITEPCIIEKTHBbI,
ITOCBSIIEHHA S 130-IETHIO CO JIHSI POZKIEHHS AKAJTEMHAKA AMH CCCP
ILJT. AEJTOKOBA

2. Tomcx, 19-20 noabpa 2026 a.

YBaxkaembie KoJ1ern!

[IpurIamaeM OPHEATH AKTHBHOE ydacTHe B paGoTe Beepoccmiickoif HayuHO-IpaKTHYecKol koHdepenmuu «CHOGHpCKad
TepalleBTHYeCKas IKOIa: HCTOKH H IePCHeKTHBED, HOCBAMEHHOH 130-1eTHI0 co AHA poxaenns akageMuka AMH CCCP JImutpua
JmuTpHeBHTa A0moxosa (13.11.1896 — 18.02.1993 rT.), K0oTopaA COCTOHTCA B THOpHIHOM (opMaTe B T. ToMcke ¢ 19 mo 20 HoAGpA
2026 roga.

Kondepernua craHeT npodiecCHOHAIBHOH TMomaakoH, o0beJHHHBIICH CHEIHATHCTOB H3 Pa3sHBIX PEerHOHOB P® B cohepe
HpaKTHIECKOT0 3JpaBOoOXpaHeHHsd, BeIyINIHX YUeHBIX, IIeJaroroB H oO0MmecTBeHHBIX JedTelel I BCeCTOPOHHEro o0CY:KIeHHA
HHHITHATHB COBEPINEHCTBOBAHHA MEHITHHCKOH TOMOIIIH B3pOCIOMY HaceleHHI0, 06MeHa OTBEITOM H BEIPa0OTKH KOHCTPYKTHBHBIX
pelleHHH, HallpaBIeHHbBIX HAa COXpaHEeHHAE H YKPeIIeHHe 30P0BbA HaceTIeHHA.

Hayunasa mporpaMMa KOH()eDCHITHH OXBaTBIBAC€T INHPOKHI CIIEKTD aKTYaJbHBIX TeM, BKIIOYAd BOIPOCHI OPTAHH3AIHH H
COBEPINEHCTBOBAHHA MEJHITHHCKO IIOMOTITH B3POCIOMY HaceleHHI0, a TAKKe MMPAKTHYEeCKHE IMarH K PellleHHI0 KITF0YeBhIX NpodieM.

TIporpamMMa KoH(EpEeHITHH aKKpeJHTOBaHA B CHCTEMe HETpepHRIBHOTO MeHITHHCKOTO 00pa3oBaHHA Ha cafite MuHHCcTepcTBa
3apaBooxpaHeHua PO (1 meHb yuacTHA B pafoTe KoHMepeHIHH - 6 Gamnos. Bcero 12 Gammos). ITomydnTh Galasl CMOTYT BpadH H3
MOGBIX peTHOHOB PO.

VuacTHe B KoH(pepeHIHH OecrnaTHoe. B paMkax KoH(epeHIIHH COCTOHTCA KOHKYPC MOTOABIX YU&HEIX. ITOTH KOHKYpca OYAYT
00BABICHE! Ha IIEPEMOHHH 3aKPHITHA KoHbepeHmun —20.11.2026,

B 3aBepmenne koHbepermun 20.11.2026 COCTOHTCA MPE3eHTAIIHA KHHTH, TIOCBAIEHHOH akageMuky II.J1. SIGmoKkoBy

HAVUYHBIE HAIIPABJIEHHA KOH®EPEHIIHH

Tepanua DHAOKPHHOIOTHA Kapnuomorna
PesMaTonorua IlymeMOHOIOTHA TacTpo3nTepoIoraa
DTHIHATPHA @H3HOTEPATHA H KyPOPTOIOTHA PenTrenomoras
ITpodeccHOHATbHAA MEIHITHHCKAA KOMMYHHKAITHA

OPT'AHH3ATOPBI:
®I'BOY BO «Cubupcknii rocyIapcTBeHHBIH MeIHIHHCKANH yHHBepcHTeT» MuH3apasa PoccHH,
kadenpa daxynsTeTcKol TepanHH ¢ KypcaMH SHIOKPHHOIOTHE H KIHHHYecKoH GapMaKoIoTHH

OPTAHH3AIIMOHHLIN KOMHUTET:
IIpedceoamens — Honranés Mrops BraTuMHPOBHY, TOKTOP MEJHITHHCKHX HayK, npodeccop, 3aBenyromui kadeapoit pakytpreTrckoi
TepalHH ¢ KypcaMH 3HI0KPHHOJIOTHH H KTHHHIecKoH dapMaKoIOTHH.

3amecmumens npedcedamena — Canprra TarpaHa BraguMHEpoOBHA, TOKTOP MEIHIHHCKHY HAYK, Bpad 3HIOKPHHOIIOT, 3aBe Iy OITHE
3HIOKPHHOIOTHIESCKHM OT/eleHHEM KIHHHK, podeccop Kadeaps! dhakyIbTeTCKOH TepalHH ¢ KypcaMH YHJOKPHHOIOTHH H
KITHHHYeCKOH (hapMakoIoTHH, pykoBoguTens HKIT

BPEMS 11 MECTO I[TPOBEIEHIA:

r. Tomck, 19.11.2026 — MoCKOBCKHEH TpakT, 2, r1aBHBIH Kopiyc CHGI MY, aKTOBEIH 3a1
Bpems: peractpamm ¢ 8.30 mo 8.55. Bpema kxorbepernuu ¢ 9.00 xo 18.00.
20.11. 2026 — yn.Coserckan 45, oM yaé€HBIX, Bpema: ¢ 9.00 go 18.00 gacos
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