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ABSTRACT

Aim. To investigate the relationship between the differentiation status of breast cancer (BC) tumor cells (TC) of various
molecular subtypes, the ability to metastasize, and the modulation of various cytokines in BC samples in vitro.

Materials and methods. Biopsies from invasive breast carcinoma of a non-specific type in 50 women, classified
by the presence (Met+) and absence (Met—) of metastases in regional lymph nodes, were examined and categorized
into 4 groups based on their molecular subtypes: Iluminal A (Lum A), luminal B (Lum B), HER2/neu positive
(HER2+), and triple negative (TN). Using enzyme-linked immunosorbent assay, spontaneous and mitogen
complex-stimulated (MC) production of 14 cytokines was determined in the supernatant of cultured BC samples
(IL-2, IL-6, IL-8, IL-10, IL-17, IL-18, IL-1pB, IL-1Ra, TNFo, IFNy, G-CSF, GM-CSF, VEGF, and MCP-1), on the
basis of which the index of the MC effect (IMCE) on cytokine production was calculated. The effect of stimulating
the differentiation of TC was evaluated on the basis of cytomorphological criteria for reducing the relative content
of low-grade cells (LGC) in BC samples.

Results. A statistically significant decrease in the relative content of LGC under the influence of MC was detected in the
Met+ and Met— groups. MC had a differentiating effect in luminal and HER2-positive subtypes, while in TN breast cancer
samples, there was only a downward trend in the proportion of LGC. To assess the role of cytokines in the mechanism of
the differentiating effect of MC on LGC, a neural network analysis of IMCE in the relationship of various cytokines was
carried out. According to the results obtained, in Lum A, the leading role in the manifestation of the differentiation effect
was associated with IL-1Ra and IL-6; in Lum B — with MCP-1 and GM-CSF; in HER2+ — with IFN-y and MCP-1, and
in TN —with IL-1p and IL-6.

Conclusion. The data obtained indicate that the immune mechanisms mediating the differentiating MC effect on
BC may vary in different molecular subtypes of BC.
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AnddepeHLNPOBOUHDIN CTATYC KNETOK paka MOJIOYHOW Xenesbl,
ero COnpsKeHHOCTb C MeTacTasnpoBaHNEM U C NPOAYKLMEN ONyXonbio
LUTOKNHOB NPU pasfinuHbIX MOJNIEKYNAPHbIX noAaTunax
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2 Hayuno-uccne0o8amenbCKull UHCmumym MoaexkyaspHot ouonozuu u ouogusuxu (HUUMEE), ®edepanvvlil uccie-
008amenbCKull yeHmp QyHOAMeHmansHoU U mpaHcaayuonHou meouyunsvl (PULl OTM)
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PE3IOME

Hens. MccnenoBaTs B3anMOCBsI3b MeX Ty I hepeHIInPOBOYHBIM CTaTYCOM OITyX0JIeBBIX KieTok (nanee KO) paka
MoJTo4HOH ene3sl (PMIK) pazsnnaHbIX MOJICKYISIPHBIX OATHIIOB, CIOCOOHOCTBIO K METACTa3UPOBAHUIO H MOZY-
jsiuuu B o6pasiax PMIK nponykimy pa3iaudaHbIX IIUTOKUHOB in Vitro.

Marepuajbl u Metoasl. VccnenoBamu 6uonratel PMK (MHBa3HBHOM KapIITHOMBI MOJIOYHOH JKeNe3bl HeCTIeU(H-
geckoro tumna) 50 sxeHunmH npu Hammuny (MeT+) 1 otcyTcTBIH (MET-) MeTacTa3oB B PErHOHAPHBIX JIMM(PaTHYECKIX
y3I1ax, pa3IeeHHBIX Ha YEeTHIPE TPYMITHI [0 MOJICKYIIsipHBIM noaTriamM PMOK: mromunansastii A (JIrom A), momMuHab-
uh1ii B (JIrom B), HER2/neu nmozutusneii (HER2+) u Tpoitaoit HeratusHbI (TH). C momMoIisio IMMyHO(EPMEHTHOTO
aHANM3a B CyNEpHATaHTe KyJIbTUBHPYeMBIX 00pasnoB PMOK ompenemnsiy CIIOHTaHHYIO U CTUMYJITMPOBAHHYIO KOM-
iekcoM mutoreHoB (KM) npoxykuuro 14 muroxkunaos (maTepieiikud (IL) 2, IL-6, IL-8, IL-10, IL-17, IL-18, IL-1p,
IL-1Ra, daxrop Hekpo3a omyxonu anbda, naTepdepor-ramma (IFNy), rpaHynonuTapHbIi KOJIOHHECTUMYITHPYFOLTAI
(haxrop, rpaHyIIOIUTapHO-MAKpOdarabHbII KooHHecTUMYHpYytommii pakrop (GM-CSF), dpakTop pocta sHIOTEHS
COCYZIOB U MOHOITUTAPHBIA XeMOaTTpaKTaHTHbIH O0enok-1 (MCP-1)), Ha 0cHOBE KOTOPO# PaCCUUTHIBAIN HHAEKC BIIH-
stausg KM Ha npoaykimro nurokuaoB (MBKM). Dddext crumymsim quddeperumposku KO in vitro oneHnBamm Ha
OCHOBE IIUTOMOP(OIIOTHIECKUX KPUTEPHEB TTO0 CHIDKEHHIO OTHOCHTEIHFHOTO COMIEPKaHMS HU3KOIH(GEpeHINPOBaH-
HBIX K1etok (H/IKO) B o6pasmax PMXK.

PesyabTartel. Cratuctuuecku 3HaunMoe cHmxenue HIKO nox BosaeiictBuem KM BhIsiBIeHO B rpynmnax Met+ u
Mer-. Kommiekc MUTOreHOB OKa3biBan quddepeHupoBouHbli 3¢ dekt npu momuHatbubix 1 HER2-no3utus-
HOM nojarunax, B oopasuax TH naGmoganack Tennenuus k cHmxkenno HJIKO. [lns oneHKH ponu HUTOKHHOB B
Mmexanusme quddepentmpyromuiero aeiicteus KM nposesen ueiipocereBoit ananin3 MBKM B otHouieHun pasnud-
HBIX IUTOKMHOB. COIIACHO TIOJTy4YEHHBIM pe3yJsibTataM, npu JltoM A Bemymias poib B NposBieHUH JudepeHIu-
poBouHoro a¢dekra Obuta cBsizana ¢ IL-1Ra u IL-6, mpu JIrom B — ¢ MCP-1 1 GM-CSF, npu HER2+ — ¢ IFNy
u MCP-1,anpu TH —cIL-1B u IL-6.

3akaouenne. [TonydeHHbIe TaHHBIE CBHIETEIBCTBYIOT O TOM, YTO HIMMYHHBIE MEXaHH3MBI, OTIOCPEYIOIINe AU(-
¢epennupoBouHoe BozneiictBrne KM Ha KO, PMJK MoryT oTnu4arthes Ipy pa3jinuHbIX MOJIEKYJISIPHBIX MOATHIIAX
PMX.

KiroueBble c10Ba: pak MOJIOYHOI! XKele3bl, IUTOKUHBI, MOJICKYJIIPHBIE MOATHITBI, KJI€TOUHAs Au(hepeHnnpoBKa

KOHq).]'Il/lKT HHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U NOTCHIUAJIBHBIX KOH(i)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C r[y6nn1<auneix’1 HaCTOS{H_[ei/’I CTaTbHU.

Hcrounnkn ¢unancupoBanusi. duHaHCHpOBaHHME TeM TOCYJApPCTBEHHBIX 3agaHuii: Ne rocpermcrpanuu
115060410035, 125031203556-7.
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CooTBeTcTBHE NMPUHIUNAM JTHKH. Bce manueHTsl moanucand WHGOPMUPOBAHHOE COTJaCHE Ha ydYacTHe B
nccnenoanun. MccnenoBanne omobpeno stndeckum komuterom HUMMBB ®UL[ ®TM (mpotokon Ne 28 ot

27.09.2023).

Ja uutupoBanusi: Apxunos C.A., Muxaiiosa E.C., Apxunosa B.B., lpyxununa 10.I"., SIxosnesa K.1.,
yreruumoc A.W. nddepeHunpoBoYHbIN cTaTyc KJIETOK paka MOJIOYHOU JKeJe3bl, ero CONPsKEHHOCTh C MeTa-
CTa3MpPOBAHUEM U C MIPOAYKIMEH OMyXOJbl0 IUTOKUHOB NPH PA3IMYHBIX MOJICKYJISIHBIX IHOATUIAX. bionnemens
cubupckoii meduyunst. 2026;26(1):6—14. https://doi.org/10.20538/1682-0363-2026-1-6-14.

INTRODUCTION

Despite significant advances in developing new
treatments for breast cancer (BC), including targeted
therapy and immunotherapy, the problem of resistance
of breast cancer tumor cells (TC) to anticancer therapy
continues to be a pressing concern [1]. Traditional
approaches to BC treatment, such as chemotherapy and
radiation therapy, target rapidly dividing cells, but they
are not always effective against TC that are dormant at
the time of treatment but retain the potential for tumor
progression. In this regard, alternative strategies aimed
at changing the biological properties of TC rather than
just eliminating them are gaining increased interest. One
such strategy is differentiation therapy [2, 3].

Differentiation therapy is an approach aimed at
stimulating the differentiation of TCs, leading to a
reduction in their proliferative activity and malignant
potential. This approach is based on the idea that
TCs retain the capacity for differentiation, and that
targeting specific signaling pathways can restore a
normal cell phenotype [3]. Differentiation therapy
is already used in the treatment of certain types of
cancer, such as acute promyelocytic leukemia, where
the use of retinoic acid leads to the differentiation of
blast cells and disease remission [4]. However, the
application of differentiation therapy to solid tumors,
such as BC, presents a more complex challenge. BC is
a heterogeneous disease that is divided into different
molecular subtypes, characterized by different
prognoses and sensitivity to therapy [5, 6]. These
subtypes differ in the expression of estrogen receptors
(ER), progesterone receptors (PR), and human
epidermal growth factor receptor 2 (HER?2), as well as
in the levels of expression of the proliferation marker
Ki-67. Each BC subtype has a unique gene expression
profile, and, therefore, its response to differentiation
therapy may vary [7]. One of the factors regulating
the differentiation of BC cells is the tumor cell
microenvironment producing cytokines [8]. Cytokines
can affect directly the differentiation of TC, both
stimulating and inhibiting this process. For example,

interleukin-6 (IL-6) can promote TC proliferation and
BC metastasis, while interferon gamma (IFN-y) can
have an anti-tumor effect, inducing differentiation or
apoptosis of BC TC [9, 10].

We have previously obtained data indicating
that a mitogen complex (MC) consisting of lectins
(phytohemagglutinin M, phytohemagglutinin P,
concanavalin A) and lipopolysaccharide (LPS) has the
ability to reduce the content of low-grade tumor cells
(LGC) and, accordingly, increase the content of more
differentiated forms of TCs in samples of invasive
breast carcinoma in vitro [11]. In the present study,
we investigated the effect of MC on the differentiation
status of TC in BC samples of various molecular
subtypes, as well as on the production of various
cytokines by BC biopsy specimens. It is known that
counting BC TC with varying grades of differentiation
is critical for both diagnosis and prognosis of malignant
neoplasms [12]. LGC contribute to a higher level of
malignancy and aggressiveness of BC compared to
more differentiated cells [13]. Clinical studies show
that the presence of LGC in the tumor correlates with
a poor prognosis. Their level is associated with a
lower survival rate of patients and an increased risk of
recurrence [14]. Therefore, when analyzing the results
obtained, we primarily focused on assessing changes
in the relative content of LGC, the counting accuracy
of which due to their morphological characteristics is
higher compared to differentiated TC.

The aim of the study was to investigate the
relationship between the differentiation status of TC
of different molecular subtypes of BC, the BC ability
to metastasize, and the modulation of the production
of various cytokines in BC samples in vitro.

MATERIALS AND METHODS

The study material comprised biopsy samples of BC
(grade 2-3 invasive breast carcinoma of non-specific
type) collected from 50 women aged 35—76 years with
(Met+) or without (Met—) metastases to regional lymph
nodes, as well as supernatants obtained during in vitro
culturing of biopsy samples in a medium without MC
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and in a medium containing MC, who were treated
at Novosibirsk Regional Oncology Dispensary.
The Ethics Committee of the Research Institute of
Molecular Biology and Biophysics of the Federal
Research Center for Fundamental and Translational
Medicine approved this study (Minutes No. 28 dated
September 27, 2023). The inclusion criterion for the
study was newly diagnosed BC. Exclusion criteria
were the presence of distant metastases, exacerbation
of chronic diseases, and neoadjuvant therapy. Patients
were divided into 4 groups depending on a particular
molecular subtype of the tumor: Luminal A (Lum A),
Luminal B (Lum B), HER2/neu positive (HER2+),
and triple negative (TN).

To stimulate the differentiation of BC TC and mo-
dulate cytokine production in vitro, we used a compositi-
on of four MCs, specifically: phytohemagglutinin M
at a concentration of 2.0 pg/ml, phytohemagglutinin
P at a concentration of 2.0 pug/ml, concanavalin A at
a concentration of 4.0 ug/ml, and lipopolysaccharide
(LPS) at a concentration of 2.0 pug/ml [11]. Tumor
biopsy samples obtained by core needle biopsy with an
8 mm? volume were placed into two glass vials. One vial
contained only DMEM-F12 nutrient medium, and the
other contained MC in the same volume of the medium.
All samples were then cultured for 72 hours at 37 °C.
Next, the biopsy samples were removed from the culture
medium and fixed in aneutral formalin solution for further
morphological examination, and cytokine concentrations
in the obtained supernatants were determined using
solid-phase enzyme-linked immunosorbent assay: 1L-2,
IL-6, IL-8, IL-10, IL-17, TL-18, IL-1b, IL-1Ra, TNFa,
IFNy, G-CSF, GM-CSF, VEGF, and MCP-1. The index
of the MC effect on cytokine production by tumor
samples was calculated using the formula: IMCE = A
/ B, where A is the concentration of the cytokine in the
supernatant of the BC biopsy sample after stimulation
of the tumor with CM (CM+), B is the concentration of
the cytokine in the supernatant of the BC biopsy sample
without MC stimulation (MC-). For morphological
examination, BC biopsy samples fixed in formalin
were dehydrated and embedded in paraffin, followed
by preparation of sections with thickness of 4—5 pm.
Deparaffinization and rehydration of BC samples were
carried out according to the standard method using
a xylene — ethanol sequence. The obtained sections
were stained with hematoxylin and eosin according to
the standard method. The study was conducted using
light microscopy at x400 magnification. The grade
of differentiation of TC in BC samples was evaluated
according to the cytomorphological criteria described

in our study [11], taking into account the Nottingham
histologic grade [15]. The relative content (%) of low-
grade TC (LGC), as well as intermediate-grade (IGC)
and high-gradeC (HGC), was counted. The presence
of the stimulating effect of BC TC differentiation when
exposed to MC was determined by a decrease in the
relative content of LGC in BC samples and expressed
as an index of the MC effect on the differentiation of
(IEMC LGC) equal to the ratio of the amount of LGC
in BC samples without MC exposure to the amount of
LGC after MC exposure [11].

The level of statistical significance of the
differences between the groups was determined using
the non-parametric paired Wilcoxon test. Indicators
were expressed as the median (Me), lower and upper
quartiles (Q,; Q,). Calculations of medians and lower
and upper quartiles were performed using the Statistica
v. 7.0 software package. Neural network analysis
was performed using the IBM SPSS Statistics v. 22.0
software package. The study used a neural network
model (NNM) generated based on the Multilayer
Perceptron module. The input layer included 15
neurons, one hidden — three neurons, and the output —
one neuron. The activation function of the hidden layer
is “hyperbolic tangent”, the activation function of the
output layer is “sigmoid”. The use of a “hyperbolic
tangent” in the hidden layer allowed the NNM to
learn on non-linear dependencies between input and
output data. The activation function of the output layer
“sigmoid” allowed to interpret the output value as the
probability of belonging to the class “differentiation
stimulation” (value 0 or 1). The choice of the Multilayer
Perceptron”architecture (one hidden layer with three
neurons) was due to the relatively small amount of data,
in order to reduce the probability of overfitting the NNM.
The input parameters for the perceptron were the values
of the IMCE. The target variable in the NNM was the
presence or absence of the effect of TC differentiation
stimulation in the corresponding BC samples (values
0 and 1). Since the relationship between cytokines and
the effect of TC differentiation could vary for different
subtypes of BC, a separate NNM was formed for each
subtype. The data of each group of patients were divided
into training and test samples in an approximate ratio of
80/20 (%) or 70/30 (%). The division was performed
randomly, but with the preservation of the proportions
of classes (0 and 1) in both samples (stratified division).
The neural network was trained on the training sample,
and the accuracy of the NNM was evaluated on the test
sample. For Lum A, the data were randomly divided
into training and test samples in a ratio of 14/4. For
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Lum B, HER2+, and TN subtypes, the data were
randomly divided into training and test samples in the
ratios 9/3, 5/2, and 9/3, respectively. The batch training
method and the gradient descent algorithm were used.
NNM training was performed under similar training
parameters for different BC subtypes: standardization
of input predictors using normalization: (x — min) /
(max — min)); initial learning rate was 0.4; moment —
0.9; center of the interval — 0; interval bias — +0.5.
The accuracy of the neural network model (ANNM)
for determining class 1 — “presence of differentiation
effect” (Positive Predictive Value) was calculated
using the formula: ANNM = (TP / (TP + FP)), where
TP (True Positive) is the number of samples with a
“differentiation effect” that are correctly classified
by the model as having a “differentiation effect”, FP
(False Positive) — the number of samples without a
“differentiation effect” that are erroneously classified
by the model as having a “differentiation effect”. The
ANNM, obtained on the training and test sets was the

following: for NNM LumA — 92.31% and 100%, for
NNM LumB —87.5% and 100%, for HER2+—80% and
100%, for NNM TN — 75% and 66.7%, respectively.
After training the NNM, the “normalized importance”
(NI) of each input predictor was calculated, which is
an estimate of the relative strength of the influence
of the input variable on predicting the target variable
— the presence or absence of the effect of stimulation
of TC differentiation in BC samples after MC
exposure.

RESULTS

Table 1 presents data demonstrating the effect of
MC on the relative content of LGC, IGC, and HGC
in BC samples from patients with (Met+) and without
(Met—) metastases to regional lymph nodes, as well as
in patients not separated by the presence or absence of
lymphogenous metastasis.

In all subgroups of patients (with or without
metastases), a statistically significant decrease in the

Table 1
Effect of MC on the Relative Content of LGC, IGC, and HGC in BC Samples, Me (Q; 0.), %
. Relative content Relative content
BC Patients Samples of LGC, % of HGCHIGC, %
Without separation MC — (1 = 50) 22.32 (16.67; 27.06) 77.68 (72.94; 83.33)
for metastasis MC+ (1 = 50) 16.36%** (12.07; 21.55) 83.64%** (78.45; 87.93)
. . MC — (1 = 29) 18.57 (15.00; 24.59) 81.43 (75.41; 85.00)
tast Met—
Without metastasis (Met-) MC + (1 =29) 14.89%** (12.07; 18.22) 85.11%%* (81.78; 87.93)
. 4 MC — (n = 21) 23.45 (21.11; 30.38) 76.55 (69.62; 78.89)
+
With metastasis (Met+) CM+ (n=21) 17.64%* (15.12; 23.61) 82.36%%* (76.39; 84.88)

Differences are statistically significant when comparing MC+ samples with MC— samples. **p < 0.0001 (paired Wilcoxon test)

relative content of LGC was observed in BC samples
in response to MC exposure (MC+), which indicates
that MC can affect the differentiation of BC TC,
shifting them towards more mature forms. Analysis of
the data obtained, depending on the metastatic status
(Met— and Met+), showed that the effect of MC on
TC differentiation was maintained regardless of the
presence or absence of metastases in the lymph nodes.
The differences between the MC+ and MC— sample
groups were statistically significant for both patients
with metastases (Met+) and patients without metastases
(Met-). Comparing the medians (Me) for each sample
group, one can estimate the degree of a decrease in LGC
content under the influence of MC. In the overall patient
cohort, without segregating bu the presence or absence
of metastases, the median decreased from 22.32% (MC—
) to 16.36% (MC+H). In the group of patients without
metastases (Met—), the median relative content of LGC

decreased from 18.57% (MC-) to 14.89% (MC+), and
in the group of patients with metastases (Met+) — from
23.45% (MC-) to 17.64% (MC+).

Table 2 presents the results of studying the MC effect
on the relative content of cells with varying grades of
differentiation in BC samples of different molecular
subtypes: Lum A, Lum B, HER2+, and TN. It was
established that in Lum A samples, a statistically
significant decrease in the relative content of LGC was
observed in MC+ samples compared to MC— samples
(» = 0.00159). This suggests that MC may promote
TC differentiation in this BC subtype. Similarly, in
the Lum B subtype, a statistically significant decrease
in LGC content was also observed in MC+ samples
(» = 0.00963). The median decreased from 22.18%
to 17.26%, which also indicates the ability of MC to
induce differentiation in Lum B cells. In the HER2+
subtype, a statistically significant decrease in the
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Table 2
Effect of MC on the Relative Content of LGC, HGC and MGC in BC Samples of Different Molecular Subtypes
Molecular BC Samples Relative content of LGC, % Relative content of HGC+IGC, %
Subtype
Lum A MC- (n=18) 18.52 (15.61; 25.32) 81.48 (74.62; 84.39)
um
MC+ (n=18) 15.77** (11.01; 20.08) 84.23** (79.92; 88.99)
Lum B MC—(n=12) 22.18 (18.37; 27.06) 77.82 (72.94; 81.63)
u
MC+ (n=12) 17.26** (13.19; 22.5) 82.74** (77.5; 86.81)
HERO+ CM—-(n=17) 17.38 (12.71; 24.57) 82.62 (75.43; 87.30)
CM+ (n=17) 15.67* (9.68; 24.55) 84.33* (75.45; 90.32)
N CM-(n=12) 23.26 (21.87;29.98) 76.74 (70.03; 77.69)
CM+ (n=12) 15.79 (14.23; 18.76) 84.21 (77.84; 85.48)

Differences are statistically significant when comparing MC+ samples with MC— samples. *p < 0.05; *p < 0.01 (paired

Wilcoxon test)

relative content of LGC was also observed in MC+
samples compared to MC— samples (p = 0.03125).
In the TN group, although there is a trend towards
a decrease in the content of LGC in MC+ samples
compared to MC— samples, this decrease did not reach
statistical significance (p = 0.05974).

In order to assess the likely role of cytokines in
stimulating BC cell differentiation under the influence
of MC, a study was conducted on the effect of MC
on cytokine production by BC samples when they
were cultured in a medium containing MC. The
indices of mitogen complex effect (IMCE) were
calculated equal to the ratio of the concentration of
the studied cytokines in the supernatants with MC to
the concentrations of cytokines in the supernatants of
BC samples cultured in a medium without MC. At the
same time, the LGC effect index was calculated, equal
to the ratio of the number of LGC in samples cultured
in a medium without MC to the number of LGC in
samples cultured in a medium containing MC. On the
basis of neural network analysis methods, NNMs were
formed and trained separately for each BC subtype, on
the basis of which the NI of each input predictor of
the independent variable — the index of the MC effect
on the production of a cytokine — was calculated in
predicting the target dependent variable, to which
only two values were assigned — the presence of
differentiation stimulation (1) or its absence (0). When
the LGC IMCE value exceeded 1.1, the presence of a
differentiation effect was noted, and when the value
was less than or e ual to 1.1 — its absence. The validity
of this choice of assessment was justified by the fact
that, in the group comparison of the relative content of
LGC in BC samples after culturing in a medium with
MC and without MC, provided that their ratio exceeds

1.1, the differences (evaluated by the paired Wilcoxon
test) were significant (Table 3).

Table 3

Results of Neural Network Analysis of the Role of IMCE
of Various Cytokines in the Development of the Differentiation
Effect of LGC BC under the Action of MC in BC of Various

Molecular Subtypes
Molecular BC Subtype
EICM LumA | LumB | He2+ [ TN
Normalized importance (NI), %
1L-2 30.0 48.7 44.0 47.4
1L-4 443 18.7 36.5 56.7
IL-6 87.3 14.1 67.9 81.9
IL-8 74.3 70.9 52.3 32.5
IL-10 342 45.0 45.6 41.8
IL-17 51.0 32.1 91.9 67.6
IL-18 36.3 68.7 432 45.8
IL-1B 28.0 13.2 84.0 100.0
IL1-Ra 100.0 28.7 54.8 41.0
TNFa 69.7 17.7 21.5 47.0
IFNy 80.9 12.2 100.0 63.9
G-CSF 40.8 30.9 58.2 45.7
GM-CSF 29.1 76.5 73.2 44.9
VEGF 69.6 21.9 42.4 42.7
MCP-1 57.8 100.0 96.4 35.7

The results of the neural network analysis of the
association of IMCE with the production of various
cytokines by BC samples and the LGC IMCE,
depending on the molecular genetic subtype of BC, are
presented in Table 3. It is shown that in Lum A BC, the
IMCE IL-1Ra had a maximum NI value (100%), which
indicates the leading role of IL-1Ra in the manifestation
of the effect of differentiation of TC under the action
of MC in tumor samples of this subtype. At the same
time, high NI values of the IMCE were established for
a number of other cytokines: IFNy (NI =80.9%), IL-6
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(NI = 87.3%), TNFa (NI = 69.7%), and VEGF (NI =
69.6%). In Lum B, the largest value of NI was shown
by MCP-1 (100%). A relatively high level of NI was
also identified for cytokines: GM-CSF (NI = 76.5%),
IL-8 (NI =70.9%), and IL-18 (NI = 68.7%).

For HER2+ BC, other combinations of cytokines
with large NI values were identified: IFNy (NI =
100%), MCP-1 (NI = 96.4%), IL-17 (NI = 91.9%),
and IL-1B (NI = 84.0%). In TN BC, the highest NI
was shown by IL-1p (NI = 100%). At the same time,
highly significant cytokines in the development of
the effect of TC differentiation under the MC effect
were IL-6 (NI = 81.9%), IL-17 (NI = 67.6%), and
IFNy (NI = 63.9%). Thus, the neural network analysis
of the importance of the IMCE values of various
cytokines in the development of the effect of BC LGC
differentiation exposed to MC showed significant
differences between the molecular BC subtypes.

DISCUSSION

Currently, the prospects of differentiation therapy
as an effective treatment method and its application
remain limited due to a lack of understanding of
the possible pathways of TC differentiation in solid
malignant neoplasms, including a lack of sufficient
information about the immunological mechanisms
that can regulate these processes [1-3]. This study
was aimed at investigating the likely immune
mechanisms of the MC effect on the differentiation
of BC cells, and in particular, on the formation of the
cytokine network underlying this process.

The MC effect on the differentiation of BC cells
turned out to depend on the molecular subtype of the
tumor. The most pronounced effect was observed in
Lum A and Lum B, where MC caused a statistically
significant decrease in the relative content of LGC.
Similar trends were observed in the HER2-positive
subtype, although the effect was less pronounced. It
is noteworthy that in (TN BC), only a trend towards a
decrease in LGC was observed, which did not reach
statistical significance. These data are consistent with
the understanding of the molecular heterogeneity of
BC and differences in the mechanisms of regulation
of differentiation in various BC subtypes. Presumably,
MC affects specific signaling pathways that play a
more important role in the differentiation of luminal
and HER2-positive tumors than in TN BC. This may
also be due to the heterogeneity of TN BC and its
known resistance to various types of therapy [16].

The results of the neural network analysis showed
significant differences in the NI of various cytokines

depending on the molecular subtype of BC. Differences
in the NI of cytokines between BC subtypes reflect the
diversity of the tumor’s immune microenvironment.
Thus, for Lum A BC, IL-1Ra, IFNy, IL-6, TNFa, and
VEGF played a key role in the effect of stimulating
the differentiation of BC cells. The role of IL-1Ra may
be related to its ability to block the pro-inflammatory
effect of IL-1P, thereby shifting the regulatory
balance towards the differentiation of Lum A TC
[17, 18]. Presumably, IFNy can directly induce the
expression of genes involved in the differentiation of
BC cells [19], and IL-6 and TNFa can have both pro-
inflammatory and differentiation effects depending on
thebaseline level of their production [9, 20]. VEGF,
as an angiogenesis factor, can affect the vascular
microenvironment of the tumor and, indirectly, the
differentiation of BC TC.

In BC Lum B, MCP-1, a chemokine involved in
the recruitment and activation of macrophage cells
[21], had the highest NI of IMCE. GM-CSF, 1L-8, and
IL-18 were also significant. As is known, GM-CSF
stimulates the differentiation of myeloid cells [6],
while IL-8 and IL-18 are involved in the regulation
of inflammation and immune response [22, 23]. In
HER2+, IFNy had the highest IMCE NI, which may
be due to its ability to activate a complex anti-tumor
immune response and induce differentiation. At the
same time, MCP-1, IL-17, and IL-1f may also play an
important role in this process [24]. It should be noted,
however, that due to the small sample of the HER2+
group, the results obtained for this HER2+ group
by the neural network analysis method should be
considered as preliminary and requiring confirmation
with a larger sample.

In TN BC, the highest NI values were identified
for the IMCE of IL-1p, IL-6, IL-17, and IFNy,
which may reflect the peculiarities of the immune
microenvironment of this subtype. The fact that the
IL-1B IMCE was of great importance for stimulating
differentiation in triple-negative BC suggests that
targeting the IL-1B signaling pathway may be a
promising therapeutic approach for this particularly
aggressive BC subtype.

The NI in neural network analysis is a tool for
assessing the relative strength of the influence of
variables on the expected effect, and not their share
in the overall effect. Therefore, there is no universal,
rigidly defined boundary for dividing predictors
into “significant” and “insignificant” based on NI.
Given that in our study, NI assesses the prognostic
strength of each individual predictor (IMCE) in the
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development of the TC differentiation effect, it is only
possible to conditionally identify (for example, with
NI > 65%) the most significant cytokines that affect
the development of this effect in various BC subtypes:
in Lum A — IL1-Ra, IL-6, IFNy, IL-8, TNFa, and
VEGF; in Lum B — MCP-1, GM-CSF, and IL-8; in
HER2+ — IFNy, MCP-1, IL-17, and IL-1§; in the TN
subtype — IL-1p and IL-6.

Thus, the differences in the relationships we
identified between the IMCE and the development
of the differentiation effect under the action of MC
may reflect complex interactions between various
cells of the immune system that form the tumor
microenvironment and the intratumoral cytokine
network, which controls the processes that regulate
the differentiation of BC cells. Some cytokines may
directly affect differentiation, while others may
modulate this process indirectly, through interaction
with other components of the tumor microenvironment,

CONCLUSION

The results obtained are important for
understanding the mechanisms underlying the effect
of MC on the differentiation of BC cells. Identifying
the key cytokines involved in this process can serve
as the basis for developing new therapeutic strategies
aimed at inducing the differentiation of tumor cells
and increasing the effectiveness of BC treatment.
The study results emphasize the importance of a
personalized approach to the treatment of BC within
the framework of differentiation therapy, taking into
account the molecular subtype of the tumor.
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Features of the Proinflammatory Adipose Tissue Phenotype
in Experimental Metabolic Syndrome
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ABSTRACT

Aim. To investigate the proinflammatory activity markers of adipose tissue in a rat model of metabolic syndrome
(MetS).

Materials and methods. The experiments were performed on male Wistar rats fed with either a standard diet or a
high-fat, high-carbohydrate diet (HFHCD). Physiological and biochemical parameters were assessed in the respec-
tive animal groups. The concentrations of adipokines (leptin and adiponectin) and cytokines: tumor necrosis factor
alpha (TNFa), interleukins (IL-6 and IL-10) and monocyte chemoattractant protein-1 (MCP-1) secreted by adipose
tissue cells were determined using enzyme-linked immunosorbent assay. The phenotypic profile of adipose tissue
cells expressing the CD68 marker was examined by immunohistochemistry, and the level of CD68 gene expression
was additionally assessed using real-time polymerase chain reaction. A histological examination of visceral adipose
tissue fragments was performed.

Results. It was found that in rats fed with a HFHCD, there was a significant correlation (p < 0.05) between an
increase in adipose tissue mass and elevated serum levels of leptin (» = 0.57), glucose (» = 0.62), and insulin
(r = 0.61). In the experimental group, the concentrations of proinflammatory cytokines (IL-6, TNFa, and
MCP-1), and leptin produced by adipose tissue cells were higher than in the control group (p < 0.05). Additionally,
we demonstrated that rats fed fed with a HFHCD exhibited a significant (p < 0.05) decrease in the secretion of the
anti-inflammatory cytokine IL-10 and adiponectin. Histological examination of the experimental group revealed
adipocyte hypertrophy and anisocytosis, venous vessel congestion, and thickening of the interlobular connective
tissue layer. Furthermore, rats receiving a HFHCD exhibited an increased number of CD68-positive cells in visceral
fat samples and elevated CD68 gene expression.

Conclusion. Thus, in experimental diet-induced metabolic syndrome, adipose tissue acquires a proinflammatory
phenotype due to adipocyte hypertrophy, infiltration by immune-competent cells (CD68+ macrophages), and
increased secretion of proinflammatory chemo- and adipokines (TNFa, IL-6, MCP-1, and leptin).
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Ocob6eHHOCTN NpoBOCNANNTENbHOrO GpeHOTNNA XKNPOBOW TKaHN
npu 3KCNepuMmeHTasibHOM MeTabonnyeckom cMHagpome

BupynuHa 10.I',, BopoHkosa O.B., YepHbiwos H.A., UBaHos B.B., Bynko E.E., lerposa 1.B.,
A3omaH A.H.

Cubupckuii 2ocydapcmeennblii meouyunckuu ynusepcumem (Cu6l’ MY)
Poccus, 634050, 2. Tomck, Mockosckuti mpakm, 2

PE3IOME

Hens. M3ydenne nokasaTeneil NpoBOCTIATUTENILHOW aKTUBHOCTH JKHPOBOIT TKAHN B 3KCHEPUMEHTAIBHON MOJETH
MmeTtabommdeckoro cuaapoma (MC) y kpbic.

MarepuaJjbl 1 MeTOABI. DKCIIEPIMEHTHI BHIITONHSUIN Ha caMIax KpbIC JIMHUU BucTap, KOTOPBIX cojepkani Ha
CTaHJAPTHOM KOPME WIJIM BBICOKOKHPOBOH 1 BhICOKOyTIeBogHON nuere (BXKBY /). V )XKUBOTHBIX M3 OIBITHON U
KOHTPOJBHOH TPYTI OLCHUBATH (PU3HOIOTHIECKHE U OMOXMMHYECKHE ITOKa3aTeNH!; OMPEeAeIIsuI KOHIIEHTPAIHIO
CEKpPETUPYEMbIX KJIETKaMH XHPOBOH TKAaHM aJUMOLUTAPHBIX TOPMOHOB (JIENITHHA, aJUIOHEKTHHA) U IIUTOKAHOB:
(akropa Hekposza omyxonu anbda (TNF-a), natepneiikunos (IL) (IL-6, IL-10), MoHOIMTapHOTO XEMOTaKCHYE-
ckoro Qakropa-1 (MCP-1) meTonoM MMMYHO(GEPMEHTHOTO aHAJIM3a; MCCICAOBATN (PEHOTUIMUECKUNA MPOPHIH
KJIIETOK KMPOBOH TKaHHU 1O 3Kcmpeccuu Mapkepa CD68 MeTonoM MMMYyHOTHCTOXHMHHU M YPOBEHB SKCIPECCHH
rera CD68 MeTooM MoJIMMepa3Hoi enHo# peakiun. [y aHann3a 1 OLeHKH BBIPAKEHHOCTH MOP(OJIOTHIECKUAX
W3MEHEHUH POBOMIN THCTOJIOTHIECKOE HCCIEA0BAHIE ()ParMEHTOB BHCIEPATBHOM KUPOBOH TKAHH.

Pe3yabTaThl. YcTaHOBIICHO, YTO Y KpbIc, monyuaBumx BXXBY/], nabmonanack craTucTuuecku 3Haunmas (p <
0,05) xoppessaus MeXIy YBEJINYEHHEM MacChl )KUPOBOM TKaHW U IOBBIIICHHEM KOHIEHTpPALUM JIENTUHA (r =
0,57), rmtoko3sl (7 = 0,62), uncynuna (» = 0,61) B CBIBOPOTKE KPOBU. Y UBOTHBIX OIBITHOM I'PYIIBI KOHLIEHTPA-
IMsL IPOXYLUPYEMBIX KJICTKaMU JKUPOBOH TKaHH IIPOBOCHATIUTENbHBIX HUTOKHMHOB IL-6, TNF-a, MCP-1 u nenrtu-
Ha IpeBbIIlIaia TaKoBYI0 B KoHTpoJe (p < 0,05). Hapsiay ¢ atum y kpbic Ha pone BXXBY [ 66110 3apeructpupoBato
cratucTryecku 3HaunMoe (p < 0,05) cHIDKeHHe cekpeluy IpoTuBoBocnanuTeabHoro I1L-10 u axunonextuna. Ipu
TUCTOJIOTUYECKOM HCCIICIOBAHUH Y )KUBOTHBIX OIBITHOW TPYIIBI OBUTH BBISBICHBI TUIIEPTPOMUS U aHU30LUTO3
aJMIIOLUTOB, IOJIHOKPOBUE BEHO3HBIX COCYJIOB, YTONIIIEHUE MIPOCIONKH MEXIO0NBKOBON COSANHUTEIBHON TKaHU.
Taxoxe y kpbic, nony4asimx BXXBY]I, nabmonanocs ysennyenue uncia CD68-M03UTHBHBIX KIETOK B 00pasuax
BUCLIEPAJIBHOTO J)KUPa ¥ MOBBIIIEHUE 3Kcnpeccuu rena CD6S.

3akaovenne. [Ipyu sKcriepuMeHTaIbHOM AnET-HHAyIpoBaHHOM MC jxupoBasi TKaHb IPHOOpeTaeT MpoBOCIIa-
JIUTENBHYI0 aKTHBHOCTD 33 CUET TMIepTpOo(UH aJuIonuToB, MHOWIHTPALIMA UMMYHOKOMIIETCHTHBIMH KJICTKa-
Mmu (CD68+-makpodaramn) v MOBBIIIEHHONH CEKPELUH MTPOBOCTIAIUTENBHBIX XeMo- U agunokuHoB (TNF-a, IL-6,
MCP-1, nentuna).

KiroueBbie ci10Ba: MeTabONNUECKUil CHHAPOM, OXKUPEHUE, BOCTIAICHUE, IINTOKUHBI, MaKpodaru

KoHpauKT HHTepecoB. ABTOPHI TapaHTHPYIOT OTCYTCTBUE MOTCHINAIBHBIX U SIBHBIX KOH(IMKTOB HHTEPECOB, CBS-
3aHHBIX C IMyONMKaeil JaHHO! CTaThu.

HUcrounuk punaHcupoBanmsi. MccienoBanue BBIMOIHEHO B paMKaxX peaM3allii POrpaMMbl CTPaTErHYECKOro aka-
nemudeckoro sunepersa «IIpuopurer 2030».

CooTBeTcTBHE MPHHIUNAM THKH. VccrenoBanne 000peHO KOMICCHEN 10 KOHTPOIIIO COZIEPIKAHUS U HCTIONB30-
BaHUSA J1ab0PaTOPHBIX KUBOTHEIX CHOI'MY (mmpotoxoin Ne 1 ot 06.03.2024).

Js uutupoBanus: bupynuna 10.I°., Boponkosa O.B., Uepnsios H.A., iBanos B.B., byiiko E.E., [letposa 1.B.,
Jztoman A.H. OcoOeHHOCTH MPOBOCHATUTEILHOTO (PEHOTHUIIA KUPOBOW TKAHH MTPU IKCTICPUMEHTATILHOM METa00-
JIMYECKOM cuHApoMe. broanemens cubupckou meduyunvl. 2026;26(1):15-23. https://doi.org/10.20538/1682-0363-
2026-1-15-23.
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INTRODUCTION

To date, the problem of metabolic syndrome (MetS)
and obesity has become a global medical and social
issue and remains relevant due to the rapid increase
in the prevalence of these pathological conditions
worldwide. Diet-induced obesity is the most common
form of obesity and is of particular interest from a
pathogenetic viewpoint, as excessive calorie intake
leads not only to lipid accumulation and disruption of
all types of metabolism but also to the activation of
inflammatory reactions in adipocytes and cells of the
stromal — vascular fraction of adipose tissue [1, 2].

The steady increase in the number of overweight
and obese people requires close attention from the
scientific community. Despite significant progress in
studying the clinical and laboratory manifestations of
metabolic disorders, some aspects of the pathogenesis
of MetS and obesity require further research. In
particular, the molecular genetic mechanisms
underlying adipose tissue dysfunction and mediating
its role in the initiation of systemic metabolic disorders
and chronic inflammation are still not fully understood
[3, 4]. A priority remains research on the molecular
basis of intercellular communication in adipose
tissue, including key signaling pathways involving
adipokines, cytokines, and extracellular vesicles,
along with the epigenetic mechanisms that regulate
these processes [, 6].

Since pathological remodeling of adipose tissue,
characterized by both structural and functional
impairments, is a key pathogenetic factor in obesity
and its associated metabolic disorders and systemic
complications, it is crucial to study the mechanisms
underlying the dysfunction of adipose tissue cellular
components to understand their role in the pathogenesis
of meta-inflammation in obesity.

For this purpose, experimental animal models
serve as an indispensable tool, as they allow not only
for the recreation of the pathophysiological features of
MetS and obesity under controlled conditions but also
for a detailed investigation of the relationship between
the metabolic and inflammatory processes developing
in visceral adipose tissue [7, 8].

The aim of the study was to investigate the
parameters of proinflammatory activity of adipose
tissue in an experimental model of MetS in rats.

MATERIALS AND METHODS

The study was performed on 24 male Wistar rats.
The study protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) (Minutes

No. 1 dated March 6, 2024). The procedures for
animal care, housing, euthanasia, and experimental
manipulations complied with international guidelines
for good laboratory practice. The method for modeling
MetS was described in detail by us previously [9].
The control group rats (n = 12) received a standard
diet (protein:fat:carbohydrate 24%:6%:44%) with
free access to food and water. The experimental
group rats (n = 12) were fed with a high-fat, high-
carbohydrate diet (HFHCD) (protein:fat:carbohydrate
16%:21%:54%) and provided with a 20% fructose
drinking solution for 12 weeks.

Animals were euthanized by CO, asphyxiation.
The blood samples were collected from the heart to
obtain serum, and fragments of the white adipose
tissue (WAT) were extracted. The relative mass of
WAT (tissue mass/100 g of rat body weight) was
assessed. The serum concentrations of glucose,
triacylglycerides (TAG), and total cholesterol (TC)
(all assays from Olvex Diagnosticum, Russia) were
determined by enzymatic methods. Insulin (Rat
INS(Insulin) ELISA Kit, Elabscience, China) and
leptin (Rat Leptin ELISA Kit, ELK Biotechnology,
China) levels were measured by enzyme-linked
immunosorbent assay (ELISA). The HOMA-IR index
(Homeostasis model assessment of insulin resistance)
was calculated as (serum insulin) x (serum glucose) /
22.5.

To assess the secretory activity of WAT cellular
elements, fragments of visceral fat were cultured in a
nutrient medium based on DMEM/F-12 (Servicebio,
China) supplemented with a penicillin — streptomycin
antibiotic mixture (Capricorn Scientific, Germany),
200mM L-glutamine(CapricornScientific, Germany),
and 2% bovine serum albumin (Sigma-Aldrich, USA).
The dissection and preparation of adipose tissue
samples were performed under sterile conditions;
fat fragments weighing 150 mg were placed into the
wells of a 24-well culture plate containing 1.5 ml
of the nutrient medium. The samples were incubated
for 24 hours in a CO: incubator at a temperature of
37°Cand 5% CO,. Upon completion of the incubation,
aliquots of the conditioned medium were taken and
frozen at —70 °C. The concentration of adipocyte
hormones (leptin and adiponectin) and cytokines:
tumor necrosis factor-alpha (TNFa), interleukins
(IL) (IL-6 and IL-10), and monocyte chemoattractant
factor-1 (MCP-1) in the conditioned medium was
determined by (ELISA) using the corresponding
Rat ELISA Kit sets (ELK Biotechnology,
China).
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A pathomorphological study of WAT fragments
was performed to analyze and assess the severity of
morphological changes. For this purpose, during the
sampling stage, the fat samples were fixed in 10%
neutral buffered formalin (BioVitrum, Russia). To
prepare histological specimens, the samples were
washed for 24 hours to remove the fixative, then
dehydrated in an isopropanol-based solution according
to the manufacturer’s protocol (IsoPrep, BioVitrum,
Russia), and placed in an intermediate medium vaseline
oil/liquid paraffin (MEDKHIM, Russia). The tissue
samples were embedded in the paraffin medium
Histomix (BioVitrum, Russia), and thin sections
(5—6 um) were made using an HM355 S automatic
microtome (Thermo Scientific, USA). The sections
were stained with hematoxylin and eosin (BioVitrum,
Russia).

The presence of CD68+ cells in the adipose
tissue was detected using an immunohistochemical
method. Thin sections of the adipose tissue were
deparaffinized in xylene and rinsed sequentially in
96% and 70% ethanol and then in distilled water.
Subsequently, antigen retrieval was performed in
a retrieval buffer (Target Retrieval Solution, pH
9.0, Dako, USA) using a water bath at 96°C. After
cooling, the sections were sequentially treated with
a peroxidase block (Peroxidase-Blocking Reagent,
Dako, USA) and incubated for 45 minutes with the
primary antibody (PAS5-78996, Invitrogen, Thermo
Fisher Scientific, USA) at a 1:100 dilution under the

conditions recommended by the manufacturer. The
samples were then washed twice with phosphate
buffer and incubated for 30 minutes with a secondary
antibody (Rabbit IgG (H+L), HRP, 31460, Invitrogen,
Thermo Fisher Scientific, USA). The EnVision FLEX
system (Dako, USA) was used for visualization,
with diaminobenzidine solution (Liquid DAB+,
Dako, USA) employed as the chromogenic substrate;
the nuclei were counterstained with hematoxylin
(BioVitrum, Russia). Cell counting was performed
in 30 fields of view for each sample, obtained using
the EVOS M7000 system (Thermo Fisher Scientific,
USA).

The level of CD68 gene expression was determined.
For this purpose, total nRNA was extracted from WAT
fragments using the RNeasy Lipid Tissue Mini Kit
(Qiagen, Germany), followed by quantitative mRNA
analysis on the Agilent 4150 TapeStation automated
gel electrophoresis system (Agilent Technologies,
USA). Complementary DNA (cDNA) was then
synthesized from the mRNA template using the
M-MuLV-RH reverse transcriptase kit (Biolabmix,
Russia). Quantitative real-time polymerase chain
reaction (QPCR) was performed using the BioMaster
HS-qPCR (2%) kit (Biolabmix, Russia). The analysis
was carried out using the 224 method relative to the
expression level of the housekeeping gene B-actin
(ACTB). Primers and probes for the ACTB and CD68
genes were synthesized by DNA-Sintez LLC (Russia)
(Table 1).

Table 1

Sequences of Primers and Probes for the ACTB and CD68 Genes

Gene Primer sequences (F&R)

Probe sequences (FAM/BHQ1)

ACTB 5" ATAGCACAGCCTGGATAGCAA 3’

5" GAGAAGATGACCCAGATCATGTT 3’

5" AGACCTTCAACACCCCAGCCAT 3’

5" GACACTTCGGGCCATGCT 3’

CDos 5’ TAACGCAGAAGGCAATGAG 3’

Statistical analysis was performed using SPSS
Statistics 23 software. Data consistent with a normal
distribution are described as mean and standard
deviation (M £+ SD), while data not consistent with
a normal distribution were presented as median and
interquartile range (Me (Q,;Q,)). Difference analysis
was conducted using the Student’s t-test or the
Mann—Whitney U-test. Differences were considered
statistically significant at p < 0.05. To assess the
relationship between parameters, the Spearman’s rank
correlation coefficient (r) was determined.

5" CCAATCTCTCTTGCTGCCTCTCATC 3’

RESULTS

It was found that the animals in the experimental
group exhibited an increase in body weight (485.1 +
33.8 g vs. 430.3 £ 25.4 g in the control group (p =
0.005)), as well as in the relative mass of visceral fat,
which was 4.6 £ 0.5 g in the experimental group and
2.1 £0.3 g in the control group (p = 0.002).

In the experimental group of rats subjected to the
12-week HFHCD, statistically significant changes
in blood biochemical parameters were observed
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compared to the corresponding values in the control
group animals. Specifically, there was an increase in
the concentration of glucose and TAG (on average, 1.4-
fold, p < 0.05) and cholesterol of more than 1.6-fold
(»=0.009). These detected changes were accompanied
by a marked increase in blood levels of insulin and
leptin (Table 2). It was found that in rats fed with
the HFHCD, a positive correlation was established
between the increase in adipose tissue mass and the
increase in serum concentrations of leptin (» = 0.57,
p = 0.005), glucose (r = 0.62, p < 0.001), and insulin
(r=0.61,p<0.001).

Table 2

Biochemical Parameters of Rats fed a Standard diet
or HFHCD, M + SD

Control grou Experimental
Parameter (n= ng) P groﬁp (n=12) P
Glucose, mM 5.1+0.5 6.6+0.2 0.005
Insulin, pM 12.9+0.7 22.3+5.9 0.002
Leptin, ng/ml 2.240.2 6.9£1.3 0.003
HOMA-IR 2.9+0.2 6.5+0.4 0.012
Triacylglycerols, mM 1.840.3 2.6+0.4 0.014
Total cholesterol, mM 2.9+0.3 4.8+0.4 0.009

Here and in Tables 3, 4: p — level of statistical significance of the
differences.

According to ELISA of conditioned medium
samples from cultured WAT fragments, it was
found that in the experimental group of rats, the
concentration of proinflammatory cytokines IL-
6, TNFo, and MCP-1 exceeded that in the control
group, whereas the level of anti-inflammatory
IL-10, on the contrary, was lower than the control
values (Table 3). Along with this, the samples from
the experimental animal group showed a statistically
significant increase in leptin concentration (on average
3-fold, p = 0.004), but a decrease in adiponectin
concentration (on average 1.4-fold, p = 0.018).

Histological examination of WAT sections
revealed that in the control group rats, the
WAT consisted of large lobules composed of
large adipocytes of regular rounded shape and

approximately uniform size; the connective tissue
interlobular septa were poorly developed, contained
blood vessels of normal structure, and showed no
signs of congestion (Fig. 1, A). In the animals of
the experimental group, the adipose tissue also
has a lobular structure. However, the lobules were
smaller than those in the control group animals, were
irregularly rounded in shape, and the adipocyte size
varied significantly. The interlobular connective
tissue septa were more pronounced, with areas of
vascular congestion (engorgement of blood vessels)
observed within them (Fig. 1, B). Thus, the adipose
tissue of the rats in the experimental group exhibited
pathomorphological signs of impaired circulation,
hypertrophy, and hyperplasia of fat cells.

According to the immunohistochemical analysis
results (Fig. 2, A), it was found that the experimental
group showed an increase in the number of cells with
a CD68 phenotype compared to the control: 158.6
(142.3; 178.1) vs. 52.4 (45; 62.5) (p = 0.001).

A comparative assessment of the CD68 gene
expression level by cellular elements of the adipose
tissue (Fig. 2, B) revealed an approximately
2-fold increase in its level in the samples from the
experimental group animals compared to the control
samples: 1.6 (0.9; 2.5) vs. 4.6 (2.7; 5.8) relative units

(p=0.001).
Correlation analysis revealed a statistically
significant  positive association between the

concentrations of cytokines I1L-6, TNFa, MCP-1 and
the level of CD68 gene expression in rat adipose tissue
(Table 4).

Along with this, it was established that an increase in
the concentration of leptin from adipose tissue samples
in the conditioned medium positively correlated with
the level of produced pro-inflammatory cytokines;
whereas for adiponectin, an inverse correlation with
the same cytokines was revealed (Table 4). A positive
relationship was also found between an increase in the
CD68 gene expression level and the concentration of
leptin ( = 0.58, p = 0.001) and serum insulin in rats
with MetS (r = 0.65, p = 0.001).

Table 3
Concentration of Adipocyte Hormones and Cytokines in the Conditioned Medium of WAT, Me (Q,.; O..)

Parameter Control group (n =12) Experimental group (n=12) p

Leptin, ng/ml 0.3 (0.1;0.5) 0.9 (0.7;1.1) 0.024

Adiponectin, ng/ml 8.4 (7.9;8.8) 6.1 (5.8;6.9) 0.018

IL-6, pg/ml 107.5 (100.4;129.7) 169.57 (148.4;198.2) 0.017

IL-10, pg/ml 119.8 (90.7;135.8) 84.5 (69.2;100.6) 0.021

TNFoa, pg/ml 0.9 (0.5;1.2) 2.3 (1.9;2.8) 0.003

MCP-1, pg/ml 135.9 (110.6;176.6) 272.7 (161.6;309.1) 0.005
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Table 4

Spearman’s Rank Correlation Coefficients (R) between WAT Secretory Activity Parameters and CD68 Gene Expression Level
in Rat adipose Tissue

Parameters Concentration of cytokines, pg/ml
IL-6 IL-10 TNF-o MCP-1
Concentration of leptin, ng/ml 0.61, p=0.001 —0.32, p=0.006 0.58, p=0.001 0.55, p=0.001
Concentration of adiponectin, ng/ml -0.41, p=0.003 0.51, p=0.001 —0.48, p=0.002 —0.53, p=0.001
CDG68 gene mRNA expression, r.u. 0.65, p=10.001 —-0.29, p=0.008 0.51, p=10.002 0.64, p=0.001
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Fig. 1. Morphological features of visceral adipose tissue: 4 — fragment of white adipose tissue from a rat in the control group.
Adipocytes (a) and blood vessels (b), x200. B — fragment of white adipose tissue from a rat in the experimental group. Anisocytosis
of adipocytes (a) and venous vessel congestion (b), x200.
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Fig. 2. Evaluation of CD68 expression by adipose tissue cells: @ — immunohistochemical reaction for CD68-positive cells in a white
adipose tissue sample of a rat from the experimental group. Diaminobenzidine and hematoxylin counterstain. x400; b — Relative
CD68 mRNA expression in control and experimental samples of rat adipose tissue; p — level of statistical significance of differences.

DISCUSSION accumulation of the extracellular matrix due to
increased activity of collagen-producing fibroblasts.

A number of studies have established that lipid This results in a significant reduction in tissue
overload in adipose tissue leads to structural and elasticity, impaired blood supply, and the development
functional alterations. These are characterized not of hypoxia and oxidative stress reactions [10, 11]. The

only by adipocyte hypertrophy but also by excessive results of our own pathomorphological study of adipose
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tissue samples confirm these findings. Specifically, the
animals in the experimental group exhibited adipocyte
hypertrophy and anisocytosis, impaired blood supply,
engorgement of venous vessels, and thickening of the
interlobular connective tissue layer.

Excessive  secretion of  pro-inflammatory
adipocyte hormones (leptin, visfatin, and chemerin)
and chemokines (MCP-1, chemokine (C-X-C motif)
ligand 12 (CXCL12)) by hypertrophied adipocytes
contributes to the initiation and maintenance of
inflammation [3, 12]. Our studies have shown that the
increase in adipose tissue mass in animals fed with a
HFHCD for 12 weeks correlates with elevated serum
concentrations of leptin and insulin. Furthermore, the
leptin level was statistically significantly increased
in the conditioned medium of the rat WAT from the
experimental group. Leptin, which is overproduced
by hypertrophied adipocytes, is known to be actively
involved in the pathogenesis of insulin resistance
through the activation of pro-inflammatory cytokine
(TNFa and IL-6) production, the enhancement of
oxidative stress reactions, and a direct effect on insulin-
secreting cells [13]. Thus, a vicious cycle emerges —
leptin resistance and insulin resistance mutually
reinforce each other, contributing to the progression
of metabolic disorders.

The inflammation of adipose tissue developing in
this context is characterized by increased infiltration by
immune cells (macrophages and lymphocytes) and the
secretion of inflammatory mediators — reactive oxygen
species, cytokines, chemokines, non-enzymatic
cationic proteins, etc. [14]. Our study demonstrated
that in the experimental group of rats, the production
of pro-inflammatory cytokines IL-6, TNFa, and MCP-
1 by adipose tissue cells increased, while the level of
the anti-inflammatory cytokine IL-10 decreased.

The shift in the functional profile of resident
and recruited macrophages from the M2 to the M1
phenotype, which is characterized by increased
secretion of the pro-inflammatory cytokines TNFa, IL-
6, and IL-1p, contributes to the enhancement of pro-
inflammatory activity in adipose tissue [15]. It is noted
that macrophages expressing the CD68 surface marker
play a key role as the primary cellular component of
adipose tissue, regulating the inflammatory response
and modulating the secretion and differentiation of
various cytokines [16, 17]. Moreover, their quantity
is positively correlated with the insulin resistance
index. At the same time, a study of the adipocyte
microenvironment in obesity revealed a “crown-like
structure” zone containing MIl-polarized CD68+

macrophages and CD8+ T-lymphocytes [18]. We
demonstrated that the animals in the experimental
group exhibited an increase in the number of CD68-
positive cells in the visceral adipose tissue samples,
which is supported by the upregulation of the CD68
gene. Furthermore, the active production of pro-
inflammatory cytokines (IL-6, TNFa, and MCP-1)
and leptin by visceral adipose tissue cells in rats with
MetS directly correlates with the level of CD68 gene
expression. As established, IL-6 stimulates monocyte
migration into adipose tissue by increasing the
expression of adhesion molecules (VCAM-1/ICAM-
1) and enhances macrophage polarization towards the
M1 phenotype [19], while MCP-1 is a key chemokine
that recruits monocytes through the activation of the
CCR2 receptor [20]. Leptin, acting through the Ob-
Rb receptor and the JAK2/STAT3 signaling pathway,
directly stimulates the proliferation of CD68+ cells in
visceral fat [21]. Our study also revealed a positive
correlation between the increased CD68 gene
expression level and the rising concentrations of leptin
and insulin in the serum of rats with MetS.

As mentioned, T-lymphocytes are also actively
involved in the inflammatory response, particularly
cytotoxic cells (CD8+) and T-helper 17 cells (Th17),
whereas the tissue pool of regulatory T-lymphocytes
(Treg), on the contrary, becomes depleted [22, 23].
One of the mechanisms driving the progression of
inflammation in adipose tissue is the activation of
the NLRP3 inflammasome complex (NLR family
pyrin domain containing 3) in macrophages. This
activation mediates the increased production of pro-
inflammatory cytokines IL-13 and IL-18, stimulates
pyroptosis of adipose tissue cells, and enhances fibrosis
due to increased production of transforming growth
factor beta (TGFp) [24]. Studying the transition of
macrophages from the anti-inflammatory phenotype
(M2) to the proinflammatory phenotype (M1) in the
context of adipose tissue inflammation, particularly
through the modulation of cytokine secretion alongside
the activation of the JNK/NF-kB signaling pathway
and the NLRP3 inflammasome complex, is crucial for
understanding the pathogenesis mechanisms of MetS
and obesity.

CONCLUSION

Thus, the study found that in experimental
diet-induced MetS, adipose tissue acquires pro-
inflammatory activity through adipocyte hypertrophy,
infiltration by CD68+ macrophages, and increased
secretion of proinflammatory chemokines and
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adipokines (TNFa, IL-6, MCP-1, and leptin). All of
this contributes to the development and maintenance
of chronic systemic inflammation, insulin resistance,
and exacerbates metabolic disorders. Undoubtedly,
a detailed study of the molecular and cellular
mechanisms of adipose tissue dysfunction in MetS
and obesity is of key importance for understanding the
pathogenesis of these conditions and for developing
new diagnostic methods and personalized treatment
approaches for their associated complications.
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ABSTRACT

Aim. To experimentally test the hypothesis of the participation of MEK1/2 and ERK1/2 kinases in the mechanism
of the probiotic cardioprotection in the implementation of the signaling stage of the cardioprotective response to the
administration of probiotic strains in the systemic inflammatory response in rats.

Materials and methods. The experiments were performed on male Wistar rats using a model of systemic
inflammatory response syndrome, which includes obesity and chemically induced colitis. To provide probiotic
cardioprotective effects, the animals were administered probiotic strains LA-5 and BB-12 orally. An inhibitor of
MEK1/2 kinase and its associated ERK1/2 kinase PD98059 at a dose of 0.3 mg/kg were administered intravenously
20 minutes before the start of Langendorff perfusion of an isolated heart. The size of the necrosis zone (SNZ) was
histochemically determined after 30 minutes of global ischemia and 90 minutes of reperfusion were simulated.
Markers of the systemic inflammatory response (SIR) were detected in the blood.

Results. In the group of rats with a model of SIR in comparison with the control, a significant increase in the
number of leukocytes and an increase in the level of proinflammatory cytokines in the blood, as well as a significant
increase in SNZ were found (by 39% in relation to CTR, p < 0.05). In the group with probiotic correction, a
significantly smaller SNZ was noted in relation to SIR, whereas in rats with the introduction of probiotics and the
substance PD98059, SNZ was significantly bigger, i.e. the cancellation of the cardioprotective effect of probiotic
therapy occurred.

Conclusion. Based on the conclusion that the cardioprotective effect was abolished by PD98059 administration, it
can be assumed that the probiotic effect is provided by the MEK1/2 and ERK /2 kinase pathways.

Keywords: myocardium, ischemia-reperfusion, cardioprotection, systemic inflammatory response, probiotics,
MEK1/2 and ERK1/2 kinases, PD 98059
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B peanunsauunm KapanonpoTeKTMBHOro s¢p¢dpexKra npobnoTnyecknx
LWTaMMOB NPy CUCTEMHOM BOCMaNNTENIbHOM OTBETE Y KpbIC
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3 Iepsoiti Cankm-ITlemepbypeckuti 2ocyoapcmeennviii meouyunckui ynueepcumem (IICII6IMY) um. axao. U.I1. Iasnosa
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PE3IOME

ens. DxcnepuMeHTANBHO IPOBEPUTH runore3y o6 yyactun knunaz MEK1/2 u ERK1/2 B peannzanny curHajibHoO-
T0 ITarna KapJIHOIPOTEKTHBHOTO OTBETA Ha BBEJICHUE CMECH IIPOONOTHIECKUX ITaMMOB Lactobacillus acidophilus
(LA-5) u Bifidobacterium animalis subsp. lactis (BB-12) npu cucTeMHOM BOCIaJIHTEIILHOM OTBETE Y KPBIC.

MaTtepuaJbl 1 MeTOIbl. DKCIIEPHMEHTHI BHIIIOJHEHBI HAa caMIlaX KPbIC CTOKa Bucrap Ha Mojenu cHHApOMa CH-
CTEMHOTO BOCIIJIUTEIBHOTO OTBETA, BKIIFOYAIOIIECH O)KHUPEHHE M XMMHYECKU HHAYIMPOBAHHBIA KoauT. s obe-
CIICUCHHS MPOOUOTHYECKOIT KapANOIPOTEKIINH KUBOTHBIM BHYTPHIKEITYJOUHO BBOJMIN NPOOHOTHYECKHE IIITaM-
Mel LA-5 u BB-12. Uaruburop MEK1/2 xunassr u conpsbkenHoit ¢ Heit ERK1/2 xunazer PD98059 B noze 0,3
MT/KT' BBOAWJIM BHYTPUOPIOIIMHHO 32 20 MUH 10 Havaja neppy3ud H30JMPOBaHHOTO cepana mo Jlanrenmopdy.
Mogenuposanu 30 MuH riobansHON niemun u 90 MuH penepdy3uu, IOCKe Yer0 THCTOXUMHUYECKH OPeeIIsLTH
pasmep 30HBI Hekposa (P3H). B kpoBu onpenensiim MapKepsl CHCTEMHOTO BocnanuTenpHoro oteera (CBO).

Pesyabtarsl. B rpynne kpbic Ha Moaenu CBO 1o OTHOIICHHIO K KOHTPOJIKO OTMEYEHO 3HAUYHMOE yBEIIMYCHUE
YyciIa JeHKOLUTOB U MOBBIILIEHHE YPOBHS MPOBOCIIAIMTENbHBIX IIMTOKUHOB B KPOBH, a TAK)KE 3HAUMMOE yBeJIHYe-
uue P3H (1a 39% no otnomenuto k KTP, p < 0,05). B rpymnne ¢ npobuoTndexoit Koppekiueil OoTMEUeH 3HaYMMO
Mmenblnid P3H no otHomenuto k CBO, Toraa kak y KpeIc ¢ BBeAeHHEM NMpobuoTukos u Bemectsa PDI98059 P3H
ObLJT 3HAYUMO BbILIE, T.€. IPOU30IILIA OTMEHA KapAHONPOTEKTUBHOIO 3¢ dexTa mpoOHOTHYECKOIT TepanuH.

3akmouenne. Ha monenn CBO npoOHOTHK-MHAYIUPOBaHHAS KApAUOIPOTEKIMS 00ECIICUHBACTCS P YYaCTUH CHT-

HAJILHOTO MyTH KWHA3, PEIOTBPALIAOIINX penepdy3noHHoe oBpexkacHue, BKmoyas MEK1/2 u ERK1/2 kuHa3br.

KuroueBble ciioBa: Muokapz, uieMus-pernepdy3usi, KapAHOMPOTEKINs, CUCTEMHbBI BOCHAIUTEIbHBII OTBET,
npobuotuky, knHassl MEK1/2 1 ERK1/2, PD 98059

KOHq).]'Il/lKT HUHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U NOTCHIHUAJIBHBIX KOH(l)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6J'[PIKaIlPIeI>i JIAaHHOM CTaThH.

Hcrounuk punancuposanus. VcciaenoBaHue BBIIOIHEHO 3a cYeT rpaHTa Poccuiickoro HayuHoro ¢onza (mpo-
ekt Ne 23-15-00139), https://rscf.ru/project/23-15-00139.

CooTBeTcTBME NPUHLMIIAM ITHKH. VcciemoBanune oq0OpEHO JIOKaNbHBIM STHYECKHMM KomuteTroM HMUIL
uM. B.A. Anmasosa (mpotokon Ne [1323 9 V2 ot 06.09.2023).

Jast uutupoBanus: bopues H0.10., Munacsn C.M., Byposenko W.YO., I'opnees A./l., bopmes B.1O., bopie-
Ba O.B., lNamarynza M.M. Buyrpukierounsiii curaansaenii myts MEK1/2-ERK1/2 ygacTByer B peanusanun kap-
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INTRODUCTION

According to the Fourth Universal Definition of
Myocardial Infarction (MI), most cases of the disease
belong to type 1, which occurs spontaneously as a
result of destabilization of an atherosclerotic plaque,
the development of thrombosis, and atherothrombotic
and atherothrombotic occlusion of a coronary artery.
Early myocardial revascularization in MI is associated
with a significant improvement in prognosis; however,
restoration of blood flow through the infarct-related
artery leads to the myocardial reperfusion injury.
Under specific circumstances, reperfusion injury
may be irreversible and result in a twofold increase
in infarct size compared to the volume observed at
the time of ischemia cessation [1]. The mechanisms
of early ischemia — reperfusion injury (IRI) of the
myocardium include oxidative stress, hypercontracture
of cardiomyocytes, calcium overload, and opening
of the mitochondrial permeability transition pore
(mPTP). Experimental studies have demonstrated the
effectiveness of numerous pharmacological and non-
pharmacological interventions that reduce myocardial
IRI. Nevertheless, the results of randomized clinical
trials of different types of myocardial conditioning, as
well as pharmacological cardioprotectors reproducing
the effects of brief ischemia — reperfusion cycles,
have been less convincing [2]. These facts encourage
the ongoing search for new non-invasive and safe
methods to induce a cardioprotective response. One
such approach is targeted modulation of the intestinal
microbiota composition — a new direction in non-
pharmacological cardioprotection that has emerged
over the past 1015 years [3]. One possible explanation
for the insufficiently effective transfer of experimental
data on cardioprotection into clinical practice is the
reduced efficacy of cardioprotective interventions
with age and in the presence of comorbidities. In our
previous studies, administration of the probiotic strains
Lactobacillus acidophilus (LA-5) and Bifidobacterium
animalis subsp. lactis (BB-12) to animals with
systemic inflammatory response (SIR) led to a
reduction in infarct size, which was associated with
specific qualitative changes in the intestinal microbiota
composition and decreased plasma concentrations of
proinflammatory cytokines [4]. Other authors have
shown that administration of Bifidobacterium animalis
subsp. lactis 420 (B420) to mice with dysbiosis
induced by a high-fat diet resulted in a significant
decrease in infarct size caused by 30-minute coronary
artery occlusion followed by reperfusion in vivo
[5]. Investigation of the molecular mechanisms of

probiotic-induced cardioprotection is at an early stage.
It has been suggested that the reduction in MI size
after probiotic administration may be due to decreased
intestinal epithelial permeability accompanied by
reduced microbial translocation, altered production of
several gut microbial metabolites — primarily short-
chain fatty acids — and increased bile acid levels [3].
At the same time, the similarity between the molecular
mechanisms of intracellular protective signaling in the
myocardium during classical cardioprotection (e.g.,
ischemic conditioning) and those during probiotic-
induced protection remains poorly studied. It is known
that classical cardioprotective stimuli activate the
reperfusion injury salvage kinase (RISK) pathway,
which includes phosphatidylinositol-3-OH kinase
(PI3K) and extracellular signal-regulated kinases 1/2
(ERK1/2), as well as the survivor activating factor
enhancement (SAFE) pathway [6]. Activated kinase
cascades affect end effectors, such as ATP-sensitive
potassium channels and the mitochondrial pore, thereby
directly reducing IRI [7].

The present study is aimed at examining the
dependence of the infarct-limiting effect of probiotic
cardioprotection, induced by LA-5 and BB-12
administration to rats with SIR, on activation of one
branch of the RISK signaling pathway — specifically,
the MEK1/2 - ERKI1/2 kinases. To achieve this
goal, pharmacological inhibition of the interaction
between phosphorylated MEK1/2 and inactive
ERK1/2 was performed using the noncompetitive
cyclic inhibitor PD98059 containing an amino group.
The ERK1/2 inhibitor PD98059 was administered
to animals exhibiting a previously formed probiotic
cardioprotective response immediately before the start
of isolated heart perfusion and simulation of global
myocardial ischemia — reperfusion.

MATERIALS AND METHODS

The study was conducted on male Wistar rats
obtained from the Nursery for Laboratory Animals,
branch of the Institute of Bioorganic Chemistry,
Russian Academy of Sciences (Pushchino, Russia),
in compliance with the principles of humane
treatment of laboratory animals. The protocol was
approved by the Animal Care and Use Committee
of the Almazov National Medical Research Center,
Ministry of Healthcare of the Russian Federation
(Minutes No. PZ23 9 V2 dated September 6, 2023).
The animals were randomly divided into four groups:
1) control group (CTR, n=9): rats kept under standard
vivarium conditions with a regular laboratory diet
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and free access to drinking water; 2) systemic
inflammatory response (SIR, n = 9): after modeling
of SIR [8], animals received 1 mL of normal saline
orally once daily for 7 days. Twenty minutes before
heart removal, 0.2 mL of water for injection was
administered intravenously; 3) SIR + probiotic
correction (SIR+PRC, n = 9) — after SIR modeling,
the rats were intragastrically administered a a mixture
of probiotic strains Lactobacillus acidophilus (LA-5)
and Bifidobacterium animalis subsp. lactis (BB-12) at
a dose of 108 CFU per animal for 7 days. Intravenous
injection of 0.2 mL water was performed according to
the previous protocol; 4) SIR + probiotic correction +
PD98059 inhibitor (SIR+PRC+IPD, n = 9) — animals
underwent the same procedures as the SIR+PRC group
but received an intravenous injection of the MEK1/2
and ERK1/2 kinase inhibitor PD98059 at a dose
of 0.3 mg/kg 20 minutes before heart removal in 0.2
mL of water for injection [9].

Global ischemia — reperfusion of the isolated
heart was modeled using the Langendorff technique
of isolated heart perfusion. One day before the
completion of the experiment, under short-term
anesthesia, 1.5 mL of whole blood was collected
from the large subcutaneous vein for hematological
and immunological analyses. A complete blood count
was performed using an automated veterinary three-
differential hematology analyzer (URIT-3000 Vet
Plus, URIT Medical Electronic, China). The levels
of tumor necrosis factor-alpha (TNFa), interleukin
(IL)-1pB, IL-6, and interferon-gamma (IFNy) were
determined by enzyme-linked immunosorbent assay
(ELISA) (MR-96A, Mindray, China). Using the
PhysExp hardware-software system (Cardioprotect
LLC, Russia), the following parameters were recorded
after 15 minutes of stabilization and at 15, 30, 45, 60,
75, and 90 minutes of reperfusion: left ventricular
systolic pressure (LVSP, mm Hg), heart rate (HR,
bpmin), and coronary flow (CF, mL/min). Infarct size
was determined planimetrically after staining heart
slices with 1% 2,3,5-triphenyltetrazolium chloride
(TTC) for 15 minutes at 37 °C. The 1.5-2.0-mm-
thick slices were photographed from both sides. The
unstained (TTC-negative) area was calculated as a
percentage of the total slice area. The mean size of
necrotic zone (SNZ) for each heart was expressed as a
percentage of the total analyzed area.

Statistical analysis was performed using the
STATISTICA 12.0 software package. The Shapiro—
Wilk and Kolmogorov—Smirnov tests were used to
assess normality. To address the issue of multiple

comparisons, three initial groups were formed at
the experimental planning stage: CTR (n = 9), SIR
(n=9), and SIR+PRC (n = 18). On the final day, after
administration of water or the inhibitor, the SIR+PRC
(n = 9) and SIR+PRCHIPD (n = 9) groups were
formed. Considering the small sample size and the
lack of normal distribution for several variables, blood
parameters were analyzed using the nonparametric
Kruskal-Wallis ANOVA by ranks, followed by post-
hoc multiple comparisons (Kruskal-Wallis ANOVA
and median test). The size of the necrosis zone (SNZ,
%) was analyzed using the same statistical approach
as for blood parameters. Data in tables and text were
presented as median (Me) with interquartile range (25%;
75%). For hemodynamic measurements, Repeated
Measures ANOVA followed by Tukey’s post-hoc test
was applied. Hemodynamic data were presented as
mean = standard error of the mean (SEM). A p-value
< 0.05 was considered statistically significant.

RESULTS

Animals in the SIR group had significantly lower
body weight at the end of observation compared with
the control group (326 + 19 g vs. 350+ 8 g, p <0.01).
The changes in body weight did not differ between
the SIR, SIR+PRC (323 £ 13 g), and SIR+PRC+IPD
(318 = 12 g) groups. In the SIR group, the total
leukocyte count was significantly higher than in the
control group — by 43%, with lymphocytes increased
by 46%, monocytes — by 56%, and granulocytes —
by 39% (p <0.05). Inthe SIR+PRC and SIR+PRC+IPD
groups, no significant differences were observed
compared with CTR and SIR, except for a reduction
in total leukocyte count in the SIR+PRC+IPD group
relative to SIR (p < 0.05).

In the SIR group compared with CTR, levels of
TNFa increased by 48%, IL-1B — by 507%, IL-6 — by
75%., and IFNy — by 342% (p < 0.05). In the SIR+PRC
and SIR+PRC+IPD groups, cytokine levels were
close to control values, showing significant decreases
relative to SIR, except for persistently elevated IL-1[3
by 350% and 407%, respectively (p < 0.05, Table 2).

Hemodynamic parameters did not differ
significantly between groups at baseline. During the
entire reperfusion period, the SIR group showed a
pronounced increase in LVSP and CF by the end of
observation. In the probiotic-treated groups, LVSP
remained at the control level. At the end of reperfusion,
CF was higher in the SIR+PRC group relative to CTR,
while in SIR+PRC+IPD, it was reduced compared
with SIR (Table 3).
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Table 1
Hematological Parameters, Me [25; 75]

Group CTR SIR SIR+PRC SIR+PRC+IPD
Leukocytes, 10°/L 12(7;13) 21(19;23)* 13(10;17) 13(9;14)#
Lymphocytes, 10°/L 2.7(1.5;3.2) 5.0(4.1;5.5)* 3.7(2.6;4.1) 3.2(2.4;4.4)
Monocytes, 10°/L 1.1(0.8;1.4) 2.5(1.5;5.7)* 2.1(1.1;2.4) 1.4(1.1;1.9)
Granulocytes, 10°/L 7.3(5.9;8.0) 11.9(11.5;13.1)* 8.3(6.8;10.6) 8.1(6.3;8.3)
Erythrocytes, 10'%/L 4.0(3.7;4.3) 4.2(4.0;4.3) 4.2(3.6;4.4) 3.2(3.2;3.3)
Platelets, 10°/L 305(218;373) 310(286;400) 433(238;469) 415(358;463)

* p<0.05 vs. CTR; # p < 0.05 vs. SIR (Mann—Whitney U test).
Table 2
Levels of TNFa, IL-18, IL-6, and IFNy, Me [25; 75]

Group Analyte CTR SIR SIR+PRC SIR+PRC+IPD
TNFa 9.8(8.1;11.3) 19.0(17.0;20.4)* 12.6(10.1;14.0)# 13.1(12.7;13.5)#
IL-1B 14(11;20) 85(57;119)* 63(30;81)* 76(48;85)*

IL-6 6.9(6.8;7.8) 12.1(8.3;14.0)* 7.8(7.3;9.0)# 6.3(5.7;6.6)#
IFNy 6.1(5.3;9.8) 27(25;48) * 7.0(4.8;32)# 6.8(5.3;35.0)#

* p<0.05 vs. CTR; # p <0.05 vs. SIR (Mann—Whitney U test).

Table 3
Hemodynamic Parameters, M £ SEM
. reperfusion

Group Hemodynamic parameters Basel. 15 min. 30 min. 45 min. 60 min. 75 min. 90 min.
LVSP 129+24 93+3 84+4 7942 772 7542 73+1.3

CTR HR (bpm) 291+10 394439 377422 367+11 290+19 304+37 371423
CF (mL/min) 11.0£1.6 6.0+£0.9 5.0+0.5 4.0+0.1 3.5+0.6 3.1£0.4 2.3£0.3
LVSP 140+13 158£27* 149+25% 143+£24%* 145£21% 144+23* 141£23*

SIR HR (bpm) 244+43 280+29 274+23 320+32 310+27 318+15 345+29
CF (mL/min) 8.6+0.6 4.9+0.5 4.6+0.5 4.4+0.4 4.1£0.4 3.8+0.3 3.4+0.3*

SIR+ LVSP 128+15 89+3# 83+3.5# T8+4# 75+3# T4+3# 72+3#
PRC HR (bpm) 232420 461£51 214+38 353431 341422 338+24 313+17
CF (mL/min) 10.1+1.2 5.4£0.5 4.9+0.4 5.0£0.5 4.4+0.4 4.4+0.4* 3.8+0.4*

SIR+ LVSP 132+10 95+4# 88+5# 85+4# 83L5# 82+5# 79+5#
PRC+ HR (bpm) 259+25 314451 373422 343127 35627 34421 337+24
IPD CF (mL/min) 9.3+0.9 4.840.5 3.6£0.4 3.2+0.2 2.340.5# 2.4+0.4# 2.3+0.4#

* p<0.05vs. CTR; # p < 0.05 vs. SIR (Tukey’s post-hoc test).

In the CTR, SIR, SIR+PRC, and SIR+PRC+IPD
groups, the necrotic zone occupied 37(37;45)%,
61(57;64)%, 49(45;53)%, and 56(53;60)% of the
total slice area, respectively. This indicates a 39%
increase in SNZ in the SIR group compared with CTR
(p <0.05) and a 20% reduction in the SIR+PRC group
compared with SIR (p < 0.05).

DISCUSSION

In this study, a model of systemic inflammation
was used as a comorbid background for the analysis
of cardioprotection. This model was based on an

increase in visceral adipose tissue mass due to feeding
the animals with a high-fat diet in combination with
acute inflammation of the large intestine, induced
by chemical injury to the mucosa. In fact, such a
combination of low-grade and acute inflammation
is accompanied by the development of systemic
inflammatory response syndrome (SIRS), the presence
of which was confirmed by an increased leukocyte
count in peripheral blood, negative body weight
dynamics, and a marked elevation of proinflammatory
cytokines (TNFa, IL-1B, IL-6, and IFNy) in the
blood. Our findings of more pronounced myocardial
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damage during global ischemia — reperfusion under
SIRS conditions are generally consistent with the
literature. Thus, in a clinical study by J. Odeberg et al.
(2016), it was shown that pre-existing inflammation,
verified by elevated C-reactive protein levels and
leukocyte count, was associated with higher incidence
of myocardial infarction in patients with unstable
angina and with a less favorable clinical course [10].
Experimental studies also indicate that the severity of
myocardial IRI increases in the presence of systemic
inflammation, for example in a model of dextran
sulfate-induced inflammatory bowel disease in mice
[11]. There is no doubt that a key role in reducing
myocardial resistance to IRI under SIRS conditions
belongs to the effects of proinflammatory cytokines
and chemokines on cardiomyocytes. It is known that
cytokines such as TNFo and IL-1p mediate receptor-
dependent damaging effects on cardiomyocytes,
which include the activation of programmed cell death
pathways, enhanced production of reactive oxygen
species, and other mechanisms [12]. This is supported
by the fact that genetic or pharmacological blockade
of proinflammatory cytokines is accompanied by a
reduction in infarct size and leukocyte infiltration, as
well as attenuation of left ventricular dilatation and
dysfunction [13].

Probiotic therapy with Lactobacillus acidophilus
(LA-5) and Bifidobacterium animalis subsp. lactis
(BB-12) administered for seven days to animals with
SIRS was associated with a reduction in infarct size.
Atthe same time, the use of probiotics led to a decrease
in TNFo and IL-1B concentrations. The pathways
by which the protective changes in gut microbiota
composition are transferre from the intestine to the
heart during IRI are of particular interest. In addition to
attenuating the deleterious effects of proinflammatory
cytokines, current literature considers mechanisms
of direct influence of substances secreted by the
intestinal microbiota and entering the circulation.
Such humoral molecular signals may include short-
chain fatty acids acting on free fatty acid receptor 3
(FFAR3), as well as bile acids, which affect target
cells through the nuclear farnesoid X receptor (FXR)
and the G protein-coupled bile acid receptor 1 (TGRS)
[14]. A neurogenic pathway of cardioprotective
signal transmission resulting from activation of the
microbiota — gut — brain axis is also not excluded
[15]. However, in the context of the present work,
the main focus was not on the mechanisms of signal
transfer from the intestine with an altered microbiota
composition to the heart or on the receptor systems

of cardiomyocytes that perceive these stimuli,
but rather on the intracellular signaling systems
responsible for increasing cardiomyocyte resistance
to IRI. Traditionally, the molecular mechanisms of
cardioprotection are considered in terms of three
successive stages: 1) the trigger stage, associated
with receptor and non-receptor actions of signaling
molecules on molecular targets in the cardiomyocyte;
2) the mediator stage, which includes activation of
several intracellular signaling kinase cascades; and
3) the effector stage, involving changes in the activity
of several terminal effectors of cardioprotection, such
as mitochondrial and sarcolemmal ATP-sensitive
potassium channelsand themitochondrial permeability
transition pore. A pivotal role in the description of
intracellular cardioprotective signaling pathways
was played by the discovery of the RISK pathway by
D.M. Yellon et al. [16]. This pathway is activated
by many endogenous ligands, including adipokines,
growth factors, hormones, and otherbiologically active
substances. The circulating levels of some of these
mediators may change upon probiotic administration
or other interventions targeting gut microbiota
composition, such as microbiota transplantation or
metabolic surgery. The RISK signaling pathway is
also activated during ischemic preconditioning of the
myocardium; its activation persists throughout the
ischemic phase of injury and exerts a cardioprotective
effect in the reperfusion phase by limiting opening
of the mitochondrial permeability transition pore
[17]. This leads to reduced apoptosis, attenuation of
oxidative stress, decreased mitochondrial calcium
overload, and other effects that contribute to the
mitigation of myocardial IRI [18]. The RISK pathway
has two branches that converge on p70S6 kinase,
phosphorylating and activating it; activated p70S6
kinase in turn suppresses glycogen synthase kinase-3[3
(GSK-3p) activity. One branch of the RISK pathway
is represented by phosphatidylinositol-3-kinase
(PI3K) and protein kinase B (Akt), and the other — by
the mitogen-activated protein kinases MEK1/2 and
ERK1/2. There is a reciprocal relationship between
these two branches, since inhibition of one cascade
leads to activation of the other, and vice versa [19]. As
active GSK-3p promotes opening of the mitochondrial
permeability transition pore, suppression of its
activity as a result of RISK pathway activation has
pronounced cardioprotective consequences [20].
In recent years, it has been shown that inhibition
of GSK-3B can elicit cardioprotection not only by
suppressing opening of the mitochondrial pore but
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also through other mechanisms, such as modulation
of autophagy [21].

In the present study, we tested the hypothesis
that the cardioprotective action of altered intestinal
microbiota composition resulting from regular
administration of probiotic strains is mediated at the
level of intracellular signaling involving components
of the RISK pathway, specifically through its cascade
associated with MEK1/2 and ERKI1/2 kinases.
Blockade of signaling at the MEK1/2 - ERKI1/2
level using PD98059 led to the loss of the infarct-
limiting effect of probiotic cardioprotection under
systemic inflammation, which indicates the key role
of this signaling cascade in mediating the effects of
probiotics on the heart. Apparently, the RISK pathway
represents a non-specific, common terminal cell
signaling pathway aimed at increasing myocardial
resistance to IRI.

CONCLUSION

This study demonstrated that repeated gastric
administration of probiotic bacterial strains to rats
with systemic inflammatory response produced a
cardioprotective effect manifested by a reduction
in infarct size. Pharmacological inhibition of the
MEK1/2 - ERK1/2 signaling pathway, belonging to
the broader RISK pathway, abolished the probiotic-
induced cardioprotection. These findings indicate that
maintaining ERK1/2 activity during reperfusion is
essential for protection against ischemia — reperfusion
injury induced by gut microbiota modulation.
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ABSTRACT

Aim. To evaluate the association between the expression levels of sirtuin 1 (S/RT]) splicing isoforms and the genes
associated with mitochondrial homeostasis (PGC-1a, PPAR-y, PPAR-a, TFAM, MFN2, OPAl, and DRP]I) in the
liver of patients with type 2 diabetes mellitus (T2DM).

Material and methods. The study included 59 patients who were divided into two groups: 1) control group, body
mass index (BMI) < 30 kg/m?, without cardio-metabolic disorders; 2) patients with T2DM, BMI > 30 kg/m?. A
biochemical analysis of the patients’ blood parameters was performed, and the expression level of the genes of
interest in the liver tissue was studied using quantitative RT-PCR.

Results. It was found that the SIRT! splicing isoforms V1, V2, and V3 were stably expressed in the liver of patients
with T2DM. SIRT] isoforms occur not only individually, but also in various combinations. The expression of
the SIRTI V3 isoform was significantly increased in the group of patients, while the remaining analytes did not
significantly differ between the groups. The SIRT! V3 isoform positively correlated with glucose levels. It is
worth noting that the total SIRT did not show significant correlations with the genes of interest and biochemical
parameters, which only confirms the need to study the expression of isoforms separately.

Conclusion. SIRT! isoforms were stably expressed in the liver, and the expression level of SIRT! V3 isoform
was significantly higher in patients with T2DM. The results of this work can serve as a basis for further studies of
interactions between SIRT1 splicing isoforms and mitochondrial homeostasis proteins at the post-translational level.
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WccnepoBaHme ypoBHel SKCNpeccnn cnlancnHrosbix nsopopm SIRT1
M reHOB — peryifiTopoB MUTOXOHAPWANIbHOIO roMeocTasa B NeyeHu
60/bHbIX CaXapHbIM AniabeToM 2-ro TUNA N OXKNUPEHNEM

BopoHoBa C.C., borpasa M.M., Top6aueBa A.M., Bynb¢ M.A., lazatoBa H.., iuteuHosa J1.C.

banmuiickuii pedepanvuviii ynusepcumem (bDY) um. U. Kanma

Poccus, 236041. 2. Kanununepao, ya. A. Heeckoeo, 14

PE3IOME

Heab. Ouenka acconuanuyd MeXIy ypoBHeM 3kcrpeccuu mu3opopMm cuptyuHa 1 (SIRTI) u reHamu OeNKoOB,
CBSI3aHHBIX ¢ MUTOXOHIpPUATBHBEIM TomeoctazoM (PGC-1o, PPAR-y, PPAR-o, TFAM, MFN2, OPAIl, DRPI) B
nedeHn OOJIBHBIX caxapHbIM nuadetoM Broporo tuma (C/12).

Matepuaisl 1 MeToabl. B nccienoBanue BKIIOYEHO 59 MalMeHTOB, KOTOPBIE ObUTH pa3/esieHbl Ha ABE TPYIIIILL:
1) koHTpOJIBHAS Tpyma, HHAeKe Macchl Tena (MMT) menee 30 kr/m2, 6e3 KapJHOMeTa0oIMIeCKUX HapyLIIeHun; 2)
narmentsl ¢ CI2, UMT Gonee 30 kr/m2 BhIMOmHsIICS OHOXUMHYECKHI aHAIN3 MTOKa3aTeNei KPOBH MAIeHTOB, a
YPOBEHb 3KCIPECCUU ['€HOB HHTEpeca B IEUEHOYHOH TKaHU U3yYalld ¢ TOMOIIbIO KOJIMUECTBEHHOH MoIMMepa3HOn
LIETHOI peakiyel ¢ 00paTHOH TPaHCKPHUIIIUEH.

Pe3yasTaTsl. OOHapyXeHO, UTO cIuIaicHHroBbIe M30(hopmbl SIRTI V1, V2 u V3 cTaGUIBHO SKCIIPECCUPOBATUCEH
B neyeHu y OonpHbIX CJI2. BesBieno, uro nzodopmer SIRT! BcTpedyaroTcs HE TOJBKO 10 OTAEIBHOCTH, HO M
B Pa3IMYHBIX cOYETaHUsX. Dkcrupeccus n3ohopmsl SIRT! V3 3HauMMO MOBBIIANACHE B IPyMIIEe OOJIBHBEIX, B TO
BpeMsI KaK OCTAJIbHBIE aHATUTHI 3HAYNMO HE passIMyanch Mexy rpymmnamu. Mzodopma SIRT! V3 ON0KATETBHO
KOppEIUpOBalia C YPOBHEM TIOKO3bl. CTOUT OTMETUTB, uTo 0Ot S/RT] He TOKa3aJl 3HAYUMBIX KOPPEIISIIUi
C TeHaMH HHTepeca M OHOXUMUYECKHMH IOKA3aTeJsIMH, YTO TOJIBKO MOATBEPKAAeT HEOOXOJUMOCTh MU3YUYEHHS
9KCIIPECCUH U30(OPM OTIEIBHO.

3axumouenne. M3odopmer SIRT] cTaOMIIBHO 3KCIIPECCUPOBANHCH B TIEYEHHU, YPOBEHBb JKCIPECCHU H30(OPMBI
SIRTI V3 6b01 3HaUMMO BBITIE y 001mbHBIX C/12. Pe3ynbpraThl paboThl MOTYT IMOCTYKHUTh OCHOBOM IS NATbHEHIIINX,
0oyiee TOYEUHBIX HCCIEIOBAHHN B3aMMOICHCTBHHA MEXIy CIUIAiiCHHTOBHIMH m3opopmamu SIRTI ¢ OGenkamu
MHTOXOHJIPHATEHOTO TOMEOCTa3a Ha MOCTTPAHCIIIIMOHHOM YPOBHE.

KnroueBble cioBa: caxapHbli nuaber 2-ro THINA, AIBTEPHATHUBHBIA CIUIAMCHHT, H30(OpMBI CUpPTyHHa |1,
MUTOXOH/IpUAJIbHBII FOMeOCTa3, MUTOXOHIpUAJIbHAs JUHAMUIKA

KoHpanKT nHTepecoB. ABTOPHI ACKIApPUPYIOT OTCYTCTBHE SBHBIX M HOTEHIHAIbHBIX KOH(IUKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIMKalUel HaCTOsIIeH CTaTbH.

Hcrounnk ¢punancupoBanus. VccienoBaHue BBIIOIHEHO NP HOJJAEPAKKE IPaHTa FOCYJAPCTBEHHOIO 3aaHuUs
FZWM-2024-0012.

CooTBeTCTBHE NPUHIUMIAM THKH. Bce HalMeHThl MoAnMcaid MHGOPMHUPOBAHHOE COTNIACHE HA YydacTHE B
uccneoBaHu. lccienoBaHue OM00pEHO JIOKAIBHBIM JTHYECKHM KOMHTETOM banrmiickoro ¢enepaibHOro
yauBepcutera uM. M. Kanra (3akmouenne Ne 40 ot 26.06.2023).

Jst mutupoBanus: Boponosa C.C., borpas M.M., 'opb6ayea A.M., Byned M.A., T'azatosa H./., JIutBuHO-
Ba JI.C. UccnenoBanue ypoBHeil skcripeccuu cruiailciHroBeix n3ohopm SIRT1 1 reHoB — peryssiTopoB MUTOXOH-
JIPUAILHOTO TOMEOCTa3a B MCUCHU OOJIBHBIX CaXapHbIM IrabeToM 2-ro Tuna u oxupenuem/ JJuddepeniuponou-
HBII CTaTyC KJIETOK paKa MOJIOYHOM JKeJIe3bl, €ro COIPSDKEHHOCTh C METacTa3MPOBAHUEM U C MPOIYKIHEH OITyXo-
JIbIO IUTOKMHOB IPH Pa3JIMYHBIX MOJICKYJISTHBIX HOATHIAX. brornemens cubupckoii meouyunst. 2026;26(1):32-42.
https://doi.org/10.20538/1682-0363-2026-1-32-42.

INTRODUCTION

The incidence of type 2 diabetes mellitus (T2DM)
has increased alarmingly over the last 40 years [1].
The liver is particularly affected by T2DM, recent
meta-analyses confirm that patients with T2DM
develop steatosis, steatohepatitis, and fibrosis of

the liver tissue in around 60% of cases [2]. Insulin
resistance combined with adipose tissue dysfunction
is considered to be the main cause of the development
of comorbid liver pathology in T2DM [3]. Active
lipolysis, which occurs as a result of adipose tissue
dysfunction [3], leads to an increase in the amount of
free fatty acids (FFA) in the bloodstream [4].
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The liver actively accumulates FFA, but their
excess is associated not only with steatosis but also
with the development of oxidative stress. Thus, the
increased f-oxidation of FFA leads to the accumulation
of reactive oxygen species (ROS) in hepatocytes [5].
Oxidative stress is an integral part of T2DM [6] and
has a detrimental effect on the cell. Oxidative stress
leads to a violation of mitochondrial homeostasis [7]
and the development of mitochondrial dysfunction
in the form of dysregulation of mitophagy [8] and
mitochondrial dynamics (MD) [9], a decrease in the
copy number of mitochondrial DNA (mtDNA) [10],
and mitochondrial biogenesis [11].

It is well known that mitochondrial dysfunction
plays a key role in the pathogenesis of T2DM, as
insulin resistance and hyperglycemia eventually lead
to dysregulation of energy substrate consumption
in all body tissues [12]. This not only destabilizes
energy homeostasis, but subsequently also impairs the
formation of ROS, MD, and apoptosis: an imbalance of
these processes in T2DM subsequently leads to a lack
of vital functions, including disruption of hepatocytes
and cardiac muscle cells, hindered production of
insulin by beta cells, impaired homeostasis of neurons,
etc. [13].

Mitochondrial homeostasis is a complex
process controlled at many molecular levels: by
MD (mitochondrial fusion/division), mitophagy,
mitochondrial dissociation, and antioxidant systems
[12]. Certain other processes also have recently
become the focus of research: mtDNA heteroplasmy,
the non-coding RNAs, and their epigenetic regulation
of the mitochondrial genome and transcriptome
[13]. From this perspective, the phenomenon
of mitochondrial hormesis (a slight increase in
ROS concentration leading to an improvement in
mitochondrial homeostasis) is also interesting. It
has been shown that mitochondrial hormesis can
activate AMPK and PGC-1a through SIRTI/3, thus
restoring normal mitochondrial homeostasis [14].
Therefore, investigating the molecular mechanisms of
mitochondrial homeostasis maintenance/disruption is
an important task in the context of investigating the
pathogenesis of T2DM comorbidities.

Mitochondrial homeostasis in the cell is regulated
by both the nuclear and mitochondrial genomes [7].
Thus, the main players are: 1) transcription factors
— TFAM, NRF-1, and NRF-2, which control the
expression of mtDNA genes [7]; 2) receptors activated
by peroxisome proliferators (PPARs), which belong to
the nuclear hormone receptor superfamily [7, 15]. As

a transcription factor, PPARa regulates the expression
of genes encoding enzymes that metabolize fatty
acids and the activity of mitochondrial B-oxidation
in the liver [16]. PPARYy, in turn, stimulates de novo
lipogenesis [17]; 3) PGC-1 family transcriptional
coactivators (PGC-la, PGC-1b, and PRC) that
contribute to the maintenance of mitochondrial
biogenesis [18], particularly PGC-1a [19]; 4) proteins
associated with mitochondrial division (DRP1) and
fusion [20] (MFNI, MFN2, and OPAI).

Many researchers are now focusing on the obvious
aspects of impaired mitochondrial homeostasis in the
liver, such as the role of transcription factors associated
with mitochondrial biogenesis [21] or the expression of
genes that regulate oxidative phosphorylation [22]. Of
course, these are important links in the pathogenesis of
mitochondrial homeostasis disorders, but it is equally
important to investigate regulators at a higher level,
in particular the histone deacetylase sirtuin 1 (SIRT1).

SIRTI has been extensively studied in the context of
T2DM and its comorbidities [23, 24]. SIRT is known
to regulate the work of many proteins associated with
mitochondrial homeostasis at the post-translational
level [25]. Deacetylation increases the activity of the
transcriptional coactivator PGC-Ia [26, 27] and the
transcription factor PPARa [28] and represses the
activity of PPARy [29, 30]. Deacetylation, also by
SIRT family proteins (SIRT! and SIRT3), is associated
with the regulation of balance in the MD. It is known
that deacetylation of DRPI leads to a reduction in the
activity of this protein, suppressing mitochondrial
division [31], while deacetylation of MFN2 [32] and
OPAI [33], on the contrary, stimulates their active
fusion. Furthermore, it has been shown that SIRTI
splicing isoforms may be involved in the regulation
of oxidative phosphorylation and ATP formation
by deacetylation of mitochondrial respiratory chain
complex 1 [34].

Indeed, particular attention should be paid to the
fact that the SIRTI gene is a multi-exon gene that
undergoes alternative splicing [35]. Three isoforms
of SIRTI are distinguished (Fig. 1). The first isoform
(V1, transcript identifier ENST00000212015.11) is
canonical and consists of nine exons (ex1-9) and has a
length of 747 amino acid (AA) residues. This isoform
contains two nuclear localization signal sites (NLS),
encoded in ex1 and ex3, and two nuclear export signal
sites (NES)in ex1 and ex7, respectively. Neither the
second (/72) nor the third isoform (/3) has the first or
third exon. These isoforms are therefore exclusively
cytoplasmic, which has also been confirmed [35].
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The second isoform (ENST00000432464.5) has
a shortened N-terminus and consists of 452 AA
residues. The transcript encoding V2 has 8 exons: 7
exons similar to those of V7 (ex2 and ex4-9) and one
exon unique to this isoform (ex1’). However, since the
reading frame covers the range from ex4 to ex9, V2
differs from V1 only by the shortened N-terminus and
has no unique segments.

The third isoform (ENST00000406900.5) is the
shortest with a length of 444 AA. V3 has a unique
sequence of 11 AA residues at the N-terminus. This is
due to the fact that V3, like V2, has a variable exon, but
unlike the second isoform, this exon (ex4”) is included
in the reading frame.

It is assumed [34] that these differences influence
not only the localization of the isoforms but also their
functional activity. However, this question has not yet
been considered in the context of human liver tissue.
Therefore, the aim of our study was to investigate
the relationship between the expression level of
SIRTI isoforms and the genes of proteins associated
with mitochondrial homeostasis (PGC-1a, PPARy,
PPARo, TFAM, MFN2, OPA1, and DRPI) in the liver
of patients with T2DM.

MATERIALS AND METHODS

The study participants were diagnosed by the
assigned healthcare providers and admitted to
Kaliningrad Regional Clinical Hospital. Before the
elective abdominal surgery, which was performed
under general anesthesia, the participants underwent a
standard dietary adjustment. All obese patients stopped
taking medication that affects carbohydrate and lipid
metabolism 36 hours before the surgery. On the day of
the surgery, venous blood samples were taken in the
morning following overnight fasting. During surgery,
liver samples up to 0.5 cm® in volume were collected
for RNA isolation (biopsies were preserved in 600 pl
RNAlater solution (Ambion, Waltham, Massachusetts,
USA)). The study was conducted in accordance with

exB

- II R

. S BX9 e
Fig. 1. Structure of SIRT1 isoforms
LB ey [35]. Abbreviations: NLS — nuclear
localization signal, NES — nuclear
exd exd

export signal

the Declaration of Helsinki of the World Medical
Association (2000) and the Protocol to the Convention
on Human Rights and Biomedicine (1999). The study
was approved by the local Ethics Committee of
Immanuel Kant Baltic Federal University (Decision
of the Ethics Committee of IKBFU No. 40 dated June
26, 2023). All participants signed a consent form to
participate in the study.

Inclusion criteria were as follows: individuals
over 21 years of age referred for elective abdominal
surgery for various indications: hernioplasty, gastric
resection, and pathology of the gallbladder and biliary
tract (cholelithiasis, cholecystitis, polyposis, cyst,
etc.). Participants had to confirm their willingness
to participate in the study by providing a written
informed consent.

Exclusion criteria were the following: infectious
liver diseases, concurrent somatic-symptom and
infectious diseases in the acute inflammatory stage, a
known infection with the human immunodeficiency
virus or any malignant or benign neoplasms.
Individuals under the age of 21 or those who refused to
undergo medical and laboratory examinations during
the study or to sign a consent form were also excluded.

The study enrolled 59 patients with a mean age
of 49.15 £ 10.96 years; 23 men and 36 women),
who were divided into two groups: 1) control group
(n = 28: 13 men and 15 women) with body mass
index (BMI) less than 30 kg/m? and without cardio-
metabolic disorders; 2) patients with type 2 diabetes
mellitus (z = 31: 10 men and 21 women) with BMI
exceeding 30 kg/m?.

The material for the biochemical tests was blood
obtained the morning before surgery following
overnight fasting by puncturing the ulnar vein in
vacuum tubes with a clot-forming activator. The
biochemical parameters of the blood were analyzed
with a Furuno CA-180 analyzer (Furuno Electric
Company, Japan) using DiaSys test systems (DiaSys
Diagnostic Systems, Holzheim, Germany).
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Biopsies of liver tissue were used as material
for analyzing the expression of genes of interest.
Total RNA was isolated from a liver biopsy with a
volume of approximately 100 pl using ExtractRNA
(Evrogen, Russia) according to the manufacturer’s
protocol. The isolated total RNA was eluted in 50 pl
of RNase-free water. The RNA concentration was
measured immediately after isolation using an Implen
NanoPhotometer N (Implen, Germany). Samples were
stored at —80°C until reverse transcription, followed
by real-time polymerase chain reaction (RT-PCR).

Universal reverse transcription was performed using
the MMLV RT kit (Eurogen, Moscow, Russia) with
the addition of RiboCare RNase inhibitor (Eurogen,
Moscow, Russia) according to the manufacturer’s
protocol. HS-SYBR PCR (Eurogen, Moscow, Russia)
was used for quantitative PCR. The primer sequences
are listed in the text below, the annealing temperature
of all primers was 62°C. PCR results were amplified
and read using a CFX96 thermal cycler (Bio-Rad,
Hercules, CA, USA). After amplification, the melting
curves were analyzed to verify the specificity of the
reactions.

To normalize the gene expression data, the
reference gene RPLP( was used as an internal control.
The following primer sequences were used:

SIRTI-F: AGGAGCAGATTAGTAGGCGGC,
SIRTI-R: TGGACTCTGGCATGTCCCAC,
Vi-F: AGGGCGAGGAGGAGGAAGAG,
VI-R: GTCCAGTCACTAGAGCTTGCA,
V2-F: TTCGCTCTTTTCCTCCGTCC,

V2-R: ACAGAAGGTTATCTGGCTGCT,
V3-F: CTGTGCAGTGGAAGGAAAACA,
V3-R: GATTCCCGCAACCTGTTCCA,
PPAR-y-F: GATGACAGCGACTTGGCAATA,
PPAR-y-R: GGCTTGTAGCAGGTTGTCTT,

PPAR-a-F: GCCCTGTCTGCTCTGTGGA,
PPAR-a-R: GCCGAGCTCCAAGCTACTCTT,
PGC-lo-F: TGCTCGGAGCTTCTCAAATATC,
PGC-10-R: CCCAAGGGTAGCTCAGTTTATC,
MFN2-F: CCAGCGTCCCATCCCTCT,
MFN2-R: TCCACACCACTCCTCCAACA,
DRPI-F: TCTGGAGGTGGTGGGGTTG,
DRPI-R: TGGGTTTTGATTTTTCTTCTGCTAAT,
OPAI-F: ATCTGTGGATGCTGAACGCA,
OPAI-R: GAATCCTGCTTGGACTGGCT,
PRKAAI-F: ACAGAGATCGGGATCAGTTAG,
PRKAAI-R:GAGGTCACAGATGAGGTAAGA,
TFAM-F: CGCTCCCCCTTCAGTTTTGT,
TFAM-R: TACCTGCCACTCCGCCCTAT,
RPLPO-F: GGCGACCTGGAAGTCCAACT,
RPLPO-R: CCATCAGCACCACAGCCTTC.

Transcripts cycle of thresholds (Ct) were converted
to relative expression values using the 2-“* method and
then transformed to Log,, for normalization. Outliers
were identified and excluded using the ROUT method
(Q=1%). The normality of the data distribution was
assessed using the Shapiro—Wilk test. If the data
conformed to a normal distribution, the hypothesis of
equality of sample means was tested using the Welch’s
t-test, otherwise the non-parametric Mann—Whitney
test was used. The difference in the occurrence of
transcript combinations of S/IRT! isoforms between
the groups was assessed using the chi-square test
(y* test). Correlations were determined using the
Spearman’s rank correlation coefficient. Differences
were considered significant at p < 0.05. Statistical
data processing was performed using GraphPad Prism
9.3.1 software.

Primers were designed for the SIRT! isoforms and
SIRT]I total (Fig. 2) so that they were only annealed at
isoform-specific sites.

sieTivr ex),... XK ex2 _ex3 _exa X_ex5 ex6 ex7.....ex8 ... .. ex9
»>— — & —_— >— —
SIRTI V2 extiex2 X exd X ex5 ex6 ex7 ex8 ex9
— o— —il
SIRT1 V3 ex4 exd ex5 ex6 exy exs ... ex9
——a — [—

Legend

o—— forward primer

i SIRTT
——*® reverse primer — imn ir:m
SIRTT mRNA SIRTT V2
----- transcript &—— SIRT1 V3

Primers for SIRT1 isoforms

Fig. 2. Design of the primers for the SIRT! isoforms. SIRTI V1-V3 — SIRTI isoforms and specific primers for them; SIRT] total —
primers annealed to all STRT isoforms; ex1-9 — exons of the SIRTI gene
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RESULTS

A comparative analysis of the clinical and
biochemical parameters of the groups involved in the
study is shown in Table 1. The control group differed
significantly from the study group in terms of BMI,
fasting glucose, triglycerides, and HDL. The groups
did not differ significantly in other anthropometric and
biochemical parameters.

The expression level of the genes of interest
in liver biopsies was investigated. We found no
significant differences in the mRNA expression of the

transcription factors PGC-1a (p = 0.1275), PPARy
(p = 0.8047), and PPARa (p = 0.7927) (Figure 3, a).
The expression level of genes associated with MD
TFAM (p = 0.4188), MFN2 (p = 0.6295), OPAI (p
=0.5149), and DRPI (p = 0.7507) also did not differ
significantly (Fig. 3, a). The expression level of the
AMPK subunit PRKAAI (p = 0.1430) and of SIRT!
total (p = 0.5609) and isoforms VI (p = 0.3166) and
V2 (p = 0.2254) did not change significantly, but the
expression of isoform V3 was significantly increased
in patients with T2DM compared to the control group
(1.3-fold change; p = 0.0009) (Fig. 3, b).

@  ,,PGC-1a PPAR-a PPAR-y PRKAAT TFAM MFN2 OPA1 DRP1 b SIRTI v1 v2 v3
QUD00E
e od '
= T
™ N
= A (=1
e, | o 2 é ? ‘
g 8
— B 1 =
< .
= = .
4 E
E o
Fe
L] L] L| T T T L] L] L| T T T T L| T T T T T T T T T T

T2DM Cont TZDM Cont T2DM Cont TZDM Cont TZDM Cont T2DM Cont T2DM Cont TZDM Cont
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Fig. 3. Expression level of genes of interest: @ — Genes related to mitochondrial homeostasis PGC-1a, PPARa, PPARy, and PRKAAI

and MD TFAM, MFN2, OPA1, and DRPI; b — SIRTI and its isoforms. Statistical analysis was performed using the Shapiro-Wilk

test, the unpaired Mann—Whitney test and the Welch’s t-test. Abbreviations: Cont — conditionally healthy donors, T2DM — patients
with type 2 diabetes mellitus.

Table 1
Clinical and Kiochemical Parameters of the Studied Groups, M £+ SD

Control group, n = 28 T2DM, n =31 p-value
BMI, kg/m? 24.12 +3.78 49.49 +10.61 <0.0001"™"
Age, years 51.07 + 13.43 47.22+7.52 0.2009"
Sex (men / women) 13/15 10/21 0.2965™"
Fasting glucose, mmol/l 4.56 +0.54 7.45+1.98 <0.0001"
Total cholesterol (TC), mmol/l 527+1.10 530+0.91 0.9066™
Triglycerides (TG), mmol/l 1.17+£0.44 2.01 £1.09 <0.0001"
High-density lipoproteins (HDL), mmol/l 1.44 +0.37 1.23+0.73 0.0036"
Low-density lipoproteins (LDL), mmol/l 3.18+0.84 2.97+0.71 0.5544"
Alanine aminotransferase (ALT), mmol/I 17.85+13.87 22.45+15.07 0.2010"
Aspartate aminotransferase (AST), mmol/l 24.27+15.23 21.00 + 8.36 0.2040°

* the analysis was performed using the unpair ed Mann—Whitney test, ** the analysis was performed using the Welch’s t-test,

*** the analysis was performed using the Fisher’s exact test

When investigating the expression of SIRTI
isoforms, it was found that SIRTI isoforms occurred
not only individually, but also in various combinations.
The occurrence of transcript combinations of SIRT!
isoforms was analyzed in different groups (Fig. 4).

It was found that the V2 isoform did not occur
individually in patients with T2DM, while, in contrast,
the V3 isoform alone was only found in patients with
T2DM, and the combination of 2 + V3 isoforms was
not found in either patients or healthy individuals.
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None of the SIRTI isoforms was detected in 15
individuals. The combination of isoforms differed
significantly between patients with T2DM and the
control group (p = 0.0047) (Fig. 4). The processes that
control the expression patterns of the SIRT! isoforms
have not yet been investigated.

Isoforms combination
= 1+2+3
B 1+2
T20M o E M
§ (o
Cont 3
0 10 20

Fig. 4. Analysis of the combination of isoforms depending on
the study group. The statistical analysis was performed using
the 2 test.

The results of the correlation analysis are shown
in Figure 5. It is worth noting that SIRT total did not
show significant correlations with the genes of interest

(PGC-1a, PPARy, PPARo, TFAM, MFN2, OPAl, and
DRPI), which only confirms the need to study the
expression of the isoforms separately. In contrast to
the SIRTI total, SIRTI splicing isoforms correlated
differently with genes related to mitochondrial
homeostasis.

The expression level of the V'] isoform correlated
significantly with the expression level of PGC-Ia,
PPARa, and PPARy (r =0.73, r = 0.73, and r = 0.45,
respectively, p < 0.05) and with PRKAAI (r = 0.50,
p < 0.05) as well as with the expression level of the
MD genes MFN2, OPA1, and DRPI (r=0.45,r=0.50,
and r = 0.45, respectively, p < 0.05). The expression
level of the V2 isoform correlated positively with the
expression level of PGC-1a (r = 0.69, p < 0.05), as
well as with PRKAAI (» = 0.58, p <0.05) and the MD
genes MFN2, OPAl, and DRPI (r = 0.74, r = 0.65,
and » = 0.57, respectively; p < 0.05). In contrast, the
expression level of the V3 correlated significantly
only with the expression level of MFN2 (r = 0.53,
p<0.05). In addition, a strong positive correlation was
found between V'3 and FBG levels (= 0.68, p <0.05).

Ezzgswﬁhh
S $§ s FE5 880058 B8ypupd
SIRT1 0.38
V1 0.45 045 | 050 | 0.45 | 038
v2
V3

Fig. 5. Correlation matrix. Spearman’s rank correlation coefficient, only significant correlations are shown (p <0.05). Abbreviations:
ALT — alanine aminotransferase; AST — aspartate aminotransferase; FBG — fasting blood glucose; TC — total cholesterol; HDL —
high-density lipoproteins; TG — triglycerides

DISCUSSION

In this work, the expression of the histone
deacetylase SIRT! in liver samples from patients with
T2DM and obesity and apparently healthy donors was
comprehensively investigated for the first time, taking
into account the different S/RT! splicing isoforms
and their relationship to the expression of the main
signaling-associated genes.

The transcription factors PGC-1a, PPARy, PPARo.,
and TFAM, which are associated with mitochondrial
biogenesis and ATP synthesis, as well as the MD
genes MFN2, DRP1, and OPA1 were studied in detail
in the context of T2DM and its comorbidities. For
example, it was shown that the expression of PGC-1a

38

was suppressed in the skeletal muscle of patients with
T2DM [36, 37].

In mouse models of hepatic steatosis, it was shown
that the level of PGC-1a expression and production
in the liver decreased significantly, resulting in
suppression of the expression of the mitochondrial
transcription factor TFAM [21], and the level of
PPARo expression also reduced significantly, while
the level of PPARy expression increased [38].

Using a cellular model of hepatic steatosis (HepG2
+ oleic acid) in vitro, it was found that the production
of SIRTI and PGC-la decreased significantly,
while a decrease in SIRTI levels directly suppressed
mitochondrial division due to a decrease in MFF protein
levels [39]. It was found that in the oxidative stress model
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(HepG2 + tret-butylhydroperoxide), the expression of
TFAM, DRPI, and MFN2 was significantly reduced
[40]. Consistent with these results, the expression and
production of MFN2 in the liver were reduced in a rat
model of insulin resistance [41].

Our study showed that the expression level of
all listed genes remained unchanged in the liver of
patients with T2DM and obesity.

There are few such data on studies performed on
human liver tissue (for T2DM or its comorbidities,
especially steatosis and steatohepatitis).

Thus, in the English-language literature, no
information was found on the nature of the expression
of the PRKAAI, TFAM, MFN2, DRPI, and OPAl
genes in the human liver in T2DM. At the same
time, the expression of PGC-la was found to be
significantly decreased in the liver tissue of patients
with obesity and T2DM [42]. The same pattern of
expression changes was observed in hepatic steatosis
[43], which was associated with an increase in the
degree of methylation of the promoter of this gene.
In another study, PPARo levels in human liver tissue
negatively correlated with the degree of steatosis and
the presence of steatohepatitis and positively correlated
with adiponectin level [44]. In contrast, PPARy levels
were elevated in individuals with NAFLD [45]. The
reasons why the expression of these genes did not
change in our study are not entirely clear and require
further investigation.

However, unique results were obtained for SIRT].
Previously, it was shown in animal models that
SIRT1 expression significantly decreased in T2DM
or its concomitant diseases [46, 47]. In general,
the role of SIRTI in insulin resistance in the liver is
defined as protective as it enhances the regulation of
gluconeogenesis and mitochondrial biogenesis [48].
Data on SIRTI expression in human liver are limited,
but suggest that the pattern of S/IRTI expression is
generally similar to cellular and mouse models of
T2DM, with a decreasing trend [49, 50]. We have
shown that the expression of SIRT! in the liver did not
change in patients with T2DM and obesity compared
to the control group. However, this does not apply to
the individual SIRT! isoforms. Thus, V3 expression
was significantly increased in patients with T2DM
(»=0.0009). In addition, V'3 expression level correlated
positively with FBG levels (r=0.68, p<0.05), indicating
a fundamental, completely unexplored relationship of
this subunit with the pathogenesis of T2DM.

Differences in the expression patterns of SIRTI
transcripts were found between the study groups. In

both groups, a combination of all three isoforms was
most frequently observed. However, the V2 isoform
was only expressed alone in the control group, while
the V'3 isoform was only found individually in patients
with T2DM. In general, the occurrence of transcript
combinations of the SIRTI isoforms differed
significantly between the control group and the study
group (y*test, p = 0.0047).

The correlation analysis data showed that SIRT!
total did not correlate significantly with the genes of
interest. This is an unexpected and interesting result
that only confirms the need to study the SIRT1 splicing
isoforms separately. At the same time, the individual
SIRTI isoforms showed positive correlations with
many genes of interest. Most importantly, the SIRT]
isoforms had slightly different correlation signatures.
Nuclear V1 and cytoplasmic }2 isoforms were similar
in their association with MD gene expression levels
(positively correlated with MFN2, DRP1, and OPAI)
and with PGC-1a and PRKAAI, but differed in their
association with the transcription factors PPARy
and PPARa: V1 significantly correlated with them,
whereas V2 did not. At the same time, V3 showed a
correlation only with MFN2, which further underlines
the presumed special function of /3 in the liver.

Thus, the SIRTI isoforms may represent novel
links in the regulation of mitochondrial homeostasis
in T2DM. It is particularly important to study the
isoforms separately as they have different expression
patterns and probably regulate metabolic processes
in the cell in different ways, including mitochondrial
homeostasis.

CONCLUSION

SIRTI VI, V2, and V3 splicing isoforms were
stably expressed in the liver of patients with T2DM,
and the expression level of SIRT'I V3 was significantly
increased in the liver of patients with T2DM. Studying
the SIRT! splicing isoforms thoroughly is necessary
in the context of the molecular mechanisms of
disruption/maintenance of mitochondrial homeostasis
as it is likely that SIRT'] isoforms regulate this process
in different ways. The resulting correlation map can
be used for further selective studies of interactions
between SIRTI isoforms and mitochondrial
homeostasis proteins.
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ABSTRACT

Aim. The research aims to systematize current data on the prevalence, diagnosis, and clinical significance of iron
deficiency (ID) in patients with acute decompensated heart failure (ADHF).

Materials and methods. A systematic analysis of studies from 2019 to 2024 in PubMed and eLibrary databases
was conducted, including data from 6,500 patients with ADHF. Selection criteria were as follows: confirmed
ADHF diagnosis, assessment of iron status using standard parameters (ferritin and transferrin saturation (TSAT)),
and availability of clinical outcome data.

Results. To differentiate the type of iron deficiency, optimal diagnostics of simultaneous assessment of ferritin
and TSAT levels requires: ferritin < 100 pug/L — absolute ID; ferritin 100-299 pg/L in combination with TSAT
< 20% — functional ID. ID was found in 45-89% of ADHF patients and was associated with: more severe disease
progression (functional class III-IV according to the New York Heart Association system in 68% of cases), elevated
NT-proBNP levels (35% higher compared to non-ID patients), reduced exercise tolerance (six-minute walk test:
278445 m vs 342438 m in non-ID group).

Conclusion. Iron deficiency is an independent prognostic factor in ADHF. Early diagnosis and correction,
particularly through intravenous ferric carboxymaltose administration, may improve clinical outcomes and reduce
hospital readmission rates.

Keywords: heart failure, acute decompensated heart failure, iron deficiency, prevalence, clinical outcomes,
prognosis
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PE3IOME

Hens. CucreMaTn3upoBaTh COBPEMEHHBIE JAHHBIE O PACIPOCTPAHEHHOCTH, THATHOCTHKE M KIMHUYECKOM 3Ha-
yeHnn aedurmra xenesa (J)K) y manuenTos ¢ octpoii nexommencanuei cepaednoi Hexocrarounoctr (OJICH).
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MatepuaJnbl 1 MeTobI. [IpoBeieH ccTeMaTHIECKH aHAIN3 HcclienoBanuii 3a meprox ¢ 2019 mo 2024 r. B 6azax
PubMed u eLIBRARY, Brmouatomuii nanaeie 6 500 nmarmuenToB ¢ OJACH. Kpurtepun oT60pa: moaTBEp:KACHHBII
nmuarHo3 OJICH, omeHka cTaryca jkene3a 1o CTaHAapTHBIM mapamerpaM ((pepputuH, k03hUIIMEHT HaCHIIICHUS
TpaHceppuHa xene3oM (KHTXK)), Hanndre naHHBIX O KIIWHIYECKUX ACXOIaX.

Pesyabrarsl. s pasrpanudeHus TUna JedHITa Kejle3a ONTUMalIbHas AUarHOCTHKA TpeOyeT 0JTHOBPEMEHHOI
oneHkH yposHs ¢pepputnna u KHTX: ¢pepputun menee 100 mxr/n — abcomotasiid JK; deppurun 100-299 mxr/n
B komruiekce ¢ KHTXK menee 20% — ynxunonansHsiii XK. Yceranosneno, uto XK Berpeuaercs y 45-89% ma-
nuentoB ¢ OJICH u accouumnpoBas ¢ 6osee TsKeIbIM TeueHreM 3a0osaeBanust (GpyHkroHanbHeIl kiace [II-1V mo
xnaccudukanun Hpro-Hopkekoit KapIHoIoruaeckoi acconuamuu B 68% ciyqacs), OBBIIICHHEM YPOBHs N-KOH-
LIEBOTO MPOTMENTHAa HaTpuitypeTndeckoro nentuaa tuna B (B cpeqnem Ha 35% 1o cpaBHEHUIO € MAMEHTaMH 0e3
JIK), cHIKeHneM TOJEepaHTHOCTU K (PU3MUECKON Harpyske (TecT MIECTUMMHYTHON XoAbObl: 278 + 45 M npoTuB
342 + 38 M B rpynme 6e3 J1K).

3akaouenne. Jleduur xeneza — He3aBUCHMBIH TporHoctdeckuii ¢paxrop npu OJICH. Ero pannss auarHoctu-
Ka M KOPPEKIHs, B YaCTHOCTH BHYTPHBEHHBIM BBEJICHHEM JKelle3a KapOOKCHMallbT03aTa, MOTYT YJIy4IIUTh IpO-
THO3 ¥ CHU3UTh YaCTOTY NOBTOPHBIX TOCIUTATM3ALUH.

KiioueBble ciioBa: cepedHasi He0CTaATOYHOCTb, OCTPast JACKOMIICHCAIINS CePACYHON HeJ0CTaTOYHOCTH, AedHu-
LIUT KeJIe3a, PACIPOCTPAHEHHOCTh, KIIMHMYECKNUE UCXObI, TPOTHO3

KOHq).]'IPIKT HHTEPECOB. ABTOpLI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIUAJIBHBIX KOHq).III/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6III/IKaIII/IeI71 HACTOSIIEH CTaThH.

Hcrounuk ¢puHAHCHPOBAaHUS. ABTOPBI 3asBJISIOT 00 OTCYTCTBMH (MHAHCHPOBAHMS IPH NPOBEACHUH MCCIIENO-
BaHUSL.

Jns nutupoBanusi: ['ycenpaukoBa 0.1, [leuepuna T.B., bap6apam O.JI. PacnipocTpaHeHHOCTh AedUITUTa Ke-
ne3a y OOJBHBIX C OCTPOU JCKOMIICHCALUEH CEepCUHON HEeIOCTATOUHOCTH. Diosiemensb cubupcKol MeOuyunsl.

Prevalence of Iron Deficiency in Patients with Acute Decompensated Heart Failure

2026;26(1):43-53. https://doi.org/10.20538/1682-0363-2026-1-43-53.

INTRODUCTION

Heart failure (HF) represents one of the most
significant challenges in modern cardiology. Its
global prevalence ranges from 1 to 2% among the
adult population, increasing with age: from less
than 1% in individuals under 55 years to over 10%
in those over 70 years. The true prevalence of HF
is believed to be significantly higher, especially
among patients with heart failure with preserved
ejection fraction (HFpEF) [1].

In the Russian Federation, epidemiological
studies indicate that the prevalence of chronic
heart failure (CHF) in the general population
reaches 7% (12.35 million people), including
4.5% of cases with clinically manifested CHF
[2]. Particular attention is paid to patients with
acute decompensated heart failure (ADHF), who
have an extremely poor prognosis, high rates of
readmission, and, consequently, impose significant
financial burdens — making them a critical public
health issue. The 5-year mortality rate following
an ADHF episode can be as high as 75% [3, 4].

Numerous studies support the concept that
hospitalization for ADHF often signifies a sharp

turn in the natural history of HF. The rate of
rehospitalization or death reaches 50% within 6
months after the initial ADHF event, which is
considerably higher than the event rates observed
after acute myocardial infarction [5, 6]. By 2030, the
annual number of patients hospitalized with ADHF
is projected to rise from 1.5 million to 8 million,
with associated financial costs steadily increasing
by over 50% compared to previous periods [7].
According to the independent Russian ORACUL-
RF registry, following an ADHF hospitalization
episode, the 30-day readmission rate was 31%, and
all-cause mortality was 13%, increasing to 43% at
one year of follow-up [8].

Iron deficiency (ID) and anemia are among the
most common comorbidities in CHF, associated
with an unfavorable prognosis, reduced exercise
tolerance, and impaired quality of life [9]. ID is
significantly more prevalent in HF patients than
anemia, being diagnosed in 60% of outpatients and
80% of inpatients with HF. Literature data suggest
that ID occurs in over 80% of hospitalized patients in
Russia [10]. Recently, ID has come to be viewed not
merely as a concomitant disease but as an integral
component involved in the pathophysiology of HF
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development and progression [11-13]. Growing
evidence supports a key role for ID in adverse long-
term outcomes in HF patients.

Optimal HF therapy, including a comprehensive
pharmacological approach, contributes to areduction
in the frequency of ID, even without direct iron
supplementation. However, despite a substantial
number of conducted studies, the significance of
ID in the post-ADHF patient population remains
uncertain, posing a challenge for the scientific
community to continue optimizing algorithms for
timely diagnosis and effective correction strategies
[14].

The aim of this review is to systematize current
data on the prevalence of ID in patients with ADHF
and to assess its impact on the disease course and
outcomes. The article will review key studies
conducted in this field and present data on the
frequency of ID in this patient population.

MATERIALS AND METHODS

A systematic approach was chosen to review
the literature on ID in patients with ADHF. The
methodology included the following steps:

Formulating research questions: defining key
questions the review should answer, including the
prevalence of ID and its impact on patient status.

Study selection criteria: inclusion of studies
published in Russian and English over the last 5
years (2019 to 2024). Works lacking empirical data
or not relevant to the review topic were excluded.

Source search: utilizing medical databases, such
as PubMed and eLibrary with specialized search
queries, including keywords like “iron deficiency”
and “acute decompensated heart failure.”

Data collection and analysis: reviewing and
synthesizing data from selected studies to identify
common trends and differences in methodologies
and results.

Results synthesis: integrating the obtained data
into a unified analytical review reflecting the current
state of knowledge on the problem.

IRON DEFICIENCY AND ITS SIGNIFICANCE
IN HEART FAILURE

Iron is one of the most essential micronutrients,
an integral component of many enzymes and
proteins playing a central role in functions, such as
cellular respiration, cell proliferation, biosynthesis

of oxygen-transporting molecules, synthesis and
repair of nucleic acids, and as a cofactor in numerous
other enzymatic reactions [15, 16].

Iron deficiency is defined as “a health-related
condition in which iron availability is insufficient
to meet the body’s needs and which can be present
with or without anemia.” In most clinical situations,
diagnosing ID requires the determination of two
parameters: serum ferritin level and transferrin
saturation (TSAT) [17].

In patients with CHF, iron deficiency is defined
as a serum ferritin level < 100 pg/L (absolute ID)
or a ferritin level in the range of 100-299 pg/L
(functional ID) in combination with transferrin
saturation < 20%, alongside a decrease in serum
iron to a level less than 13 pmol/L with TSAT
< 20% [19]. According to the Russian Society of
Cardiology Guidelines for CHF, all HF patients
should undergo regular screening for anemia and
ID with a complete blood count, measurement of
serum ferritin concentration, and TSAT (Class of
recommendation I, Level of evidence C) [2].

It is known that in the absence of inflammation
or chronic disease, serum ferritin correclates with
body iron stores, and a serum ferritin level of 100
pg/L corresponds to approximately 1g of tissue
iron. In healthy individuals, a ferritin level below 30
pg/L and TSAT below 16% define iron deficiency
[9]. In inflammation, including HF, the ferritin
level is non-specifically elevated as an acute-phase
reactant, making the identification of absolute or
functional ID challenging [20]. For this reason,
various clinical trials on ID correction in HF patients
have used ferritin levels < 100 pg/L or < 300 pg/L
if TSAT < 20% to identify patients with absolute
and functional ID [21, 22].

Ferritin is the primary storage protein for iron in
tissues. There is a direct correlation between iron
stores in the reticuloendothelial system and the
serum ferritin level, allowing the latter to be used
as a marker of iron reserves. A serum ferritin level
<30 pg/L indicates low iron stores and is diagnostic
for ID in patients without chronic inflammatory or
infectious diseases [20]. However, the properties
of ferritin as an acute-phase protein mean its
level increases in inflammatory conditions, such
as chronic kidney disease, HF, liver disease, and
cancer. Consequently, higher threshold ferritin
concentrations are used to define ID in HF patients
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compared to healthy individuals. Under these
conditions, ferritin levels within the normal range
differ from those mentioned above (Table 1).

Table 1
Diagnostic Criteria for Iron Deficiency [20]
Condition Serum ferritin, pg/L TSAT, %
Preoperative CRP <5 mg/L: <30 0

Iron Deficiency CRP >5 mg/L: <100

Iron Deficiency <100 <20 (if serum ferritin
in HF is 100299 pg/L)

Iron Deficiency | CKD Stage C3—C5: <100
in CKD CKD Stage C5D: <200

<20

Note. TSAT — transferrin saturation, HF — heart failure, CKD —
chronic kidney disease, CRP — C-reactive protein

In chronic inflammatory or infectious diseases,
measuring serum ferritin alone may not always
suffice to diagnose ID. Under these circumstances,
calculating TSAT is also necessary. Transferrin
saturation represents the ratio of serum iron to total
iron-binding capacity, expressed as a percentage,
and reflects the proportion of active sites on
serum transferrin occupied by iron atoms [27].
TSAT values < 20% are accepted as thresholds
for diagnosing ID in chronic somatic-symptom
diseases, such as HF or chronic kidney disease
(Table 1).

Some studies emphasize the more significant
role of TSAT compared to ferritin as a key
indicator of ID and adverse outcomes [14,
23]. For instance, the 2021 study by P. Palau et
al. assessed the association between potential
markers of ID — TSAT and serum ferritin — and
the risk of readmission (RA) within 30 days or
death in patients with ADHF. Over 30 days, 177
events (10.4%) were recorded (95 deaths and
85 HF-related readmissions). After multivariate
adjustment, lower TSAT was associated with an
increased risk of short-term events (p = 0.009),
while no such association was found for ferritin
levels (HR 1.00; 95% C10.99 1.00, p =0.347) [23].

These diagnostic criteria for ID in HF patients
are presented in the 2021 European guidelines,
which is consistent with the opinion of Russian
experts [20]. It is important to remember that serum
iron concentration can exhibit significant diurnal
variations in HF patients; therefore, this laboratory
parameter cannot be used independently to diagnose
ID in this patient category.

Another proposed marker, suggested as an
accessible and cost-effective tool for identifying
ID in ADHF patients, is reticulocyte hemoglobin
content (Ret-He) [24]. Reticulocytes now offer
a rapid way to assess iron status. Unlike mature
erythrocytes, which have a lifespan of 120 days,
reticulocytes are renewed in the bone marrow every
2—4 days. This feature provides current data on the
quality of the cellular pool and iron availability at
the time of testing, unlike a standard complete blood
count, which reflects the state of hematopoiesis
with a significant time delay. Unlike traditional
parameters (serum iron, ferritin, and transferrin),
Ret-He levels are not influenced by inflammatory
processes, making it a reliable indicator of current
iron bioavailability.

Dynamic monitoring of this parameter allows
for an objective assessment of the effectiveness
of therapy for ID states: an increase in
Ret-He values indicates a positive response to
treatment [25]. A unified Ret-He threshold value
of 32.4 pg for ID screening, based on two criteria
(TSAT < 20% and serum ferritin <100 pg/L),
underscores its potential as a universal indicator
for diagnosing ID in this patient population.
This approach may improve clinical outcomes
in patients hospitalized with ADHF by enabling
faster, more accurate, and accessible determination
of ID, both in the inpatient setting and during
subsequent outpatient visits [24].

PREVALENCE OF IRON DEFICIENCY
AMONG ADHF PATIENTS

The first studies exploring the relationship
between ID and HF appeared in the scientific
literature in the late 20™ century. However,
a deeper understanding of this link and its
clinical significance became a subject of active
investigation only in the early 21* century. Since
2010, following large-scale clinical trials and meta-
analyses, the topic of ID in HF has seen significant
development. These works have provided a better
understanding of the mechanisms through which
ID affects myocardial function and its role in HF
progression [26-28].

One of the key studies addressing ID in ADHF
patients was work by international researchers
published in 2019. In this study conducted at a
leading medical center, ID was diagnosed based

46 Bulletin of Siberian Medicine. 2026; 25 (1): 43-53



Original Articles

on a serum ferritin level < 100 pg/L or TSAT
<20% with a ferritin level of 100-299 ng/L. Among
the 503 included patients, 270 (55%) had heart
failure with preserved ejection fraction (HFpEF),
160 (33%) had heart failure with reduced ejection
fraction (HFrEF), and 57 (12%) had HFmrEF.
ID was identified in 54% of patients with HFrEF
and 56% of patients with HFpEF. The authors
emphasized the high prevalence of ID among
ADHF patients, regardless of HF type [29].

In 2023, the study “Ferric Carboxymaltose
in Patients with Acute Decompensated Heart
Failure and Iron Deficiency: A Real-Life Study”
investigated the efficacy of ID correction using
ferric carboxymaltose in ADHF patients. Among
104 hospitalized patients (mean age 84 years,
53.5% with HFpEF), 90 underwent a complete iron
status assessment. ID was diagnosed in 73 (81.1%)
patients [30].

In 2022, data covering the period from January
2013 to December 2018 were published, showing
that among 1,863 patients hospitalized with ADHF
(both HFTEF and HFpEF), 840 (45%) had laboratory
signs of ID (absolute or functional), meeting the
inclusion criteria [31].

In the study by D.H.Van Dalen et al. (2022),
the prevalence and dynamics of ID in ADHF
patients were examined. At hospitalization (TO0),
ID was detected in 71.8% of patients (44.1% had
absolute 1D, 27.7% — functional ID). After clinical
stabilization prior to discharge (T1) and 10 + 6
weeks post-discharge (T2), ID persisted in 56.4%
and 50.3% of patients, respectively. Absolute
ID persisted from TO to T2 in 66% of patients,
whereas functional ID resolved in 56% of patients.
Ferritin, transferrin saturation, and serum iron
levels increased significantly from TO to T1 and
from T1 to T2, even without iron supplementation.
The authors concluded that ID was highly prevalent
in ADHF patients but may resolve spontanecously
during treatment in some. Absolute ID resolved
more often, while functional ID frequently resolved
with ADHF therapy [32].

In the study by K.AlAayedi (2023), current
practices for diagnosing and treating ID in
hospitalized ADHF patients with HFpEF were
evaluated. Among 111 patients, 74% (82) had
their iron status analyzed, and ID was diagnosed in
63% (52) of them according to European Society

of Cardiology (ESC) criteria. Among patients with
ID, 54% (28) also had anemia. ID correction was
prescribed to 34 out of 52 patients (65%), indicating
insufficient clinician awareness of the importance
of treating ID [36].

In the retrospective multicenter study “Iron
Deficiency and Short-term Adverse Events in
Patients with Decompensated Heart Failure”
(P. Palau et al.,, 2021), which included 1,701
patients, ID was identified in 1,246 (73.3%) patients
according to the ESC definition [23].

The research conducted by V.Yu.Mareev et al.
demonstrated a high prevalence of ID among HF
patients. In an extensive analysis encompassing
498 patients (198 women and 300 men), ID was
detected in 83.1% of those examined. Patients with
ID were older and had more pronounced functional
myocardial changes: median age was 70.0 [63.0;
79.0] years compared to 66.0 [57.0; 75.2] years
in the non-ID group (p = 0.009). Notably, anemia
was diagnosed in only 43.5% of patients with
ID, highlighting the independence of these two
conditions [33]. In the study by Smirnova et al.,
the prevalence of iron deficiency was analyzed
among 294 patients with chronic heart failure
(mean age 71.3+0.4 years) hospitalized due to
decompensation in coronary artery disease and/or
arterial hypertension, and worsening HF symptoms.
The results demonstrated a progressive decrease in
serum iron levels and transferrin saturation with
increasing NYHA functional class. Iron deficiency
was diagnosed in 72% of examined patients (n =
213), with a pronounced gender imbalance (78% of
cases in women vs. 22% in men). The combination
of ID and anemia was observed in 25% of cases,
whereas isolated anemia without ID was found in
16% [34].

In the study by E.A.Smirnova et al., data from
80 patients with ADHF revealed a high prevalence
of ID — 80% of cases. Absolute ID was diagnosed
in 82.8% of patients, while functional ID was
observed in only 17.2% of cases. Concomitant
anemia of varying severity was detected in 35%
of those examined: mild degree was registered in
64.3%, moderate and severe — in 25 and 10.7%
of patients, respectively. Importantly, in 89.3% of
cases, anemia was iron-deficient, while anemia of
chronic disease occurred in only 10.7% of cases.
The combination of ID and anemia was noted in
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31.2% of patients, while normal iron metabolism
and hemoglobin levels were recorded in only 16.3%
of patients [10].

The study conducted by Zh.D. Kobalava et
al. investigated the prevalence and prognostic
significance of ID in patients with ADHF. The
results showed that the frequency of ID ranged from
70% to 89% depending on the diagnostic criteria
used. Using Criterion A (ferritin level < 100 pg/L
or ferritin 100-299 pg/L in combination with TSAT
< 20%), ID was detected in 89% of patients,
including absolute ID in 153 (69%) and functional
ID in 46 (20%). Criterion B (TSAT < 20% and
serum iron level < 13 umol/L) showed ID in 70%
of patients [35].

Analysis of data obtained from 223 ADHF
patients demonstrated that according to Criterion
A, ID without anemia was observed in 106 (47%)
patients, ID with anemia — in 93 (42%), and anemia
without ID —in 9 patients (4%). Fifteen (7%) patients
had normal hemoglobin and serum iron metabolism
markers. Using Criterion B, ID without anemia was
identified in 77 (35%) patients, ID with anemia —
in 79 patients (35%), and anemia without ID — in
24 cases (11%). Forty-three (19%) patients had no
abnormalities in hemoglobin content or serum iron
metabolism markers. The study underscores the
high prevalence of ID among ADHF patients and
its independence from the presence of anemia. The
authors also noted that the choice of diagnostic
criteria significantly affected ID detection rates,
highlighting the need for standardized diagnostic
approaches [14, 35].

Studies show that ID is a common condition
among patients with ADHF. Across various studies,
the prevalence of ID ranges from 45% to 89%
(Table 2).

IMPACT OF IRON DEFICIENCY ON CLINICAL
PARAMETERS

According to the available data, patients with
ADHF and concomitant ID have distinct clinical
characteristics indicating a more severe disease
course and a less favorable prognosis.

1. Patients with ID cover a shorter distance in the
six-minute walk test (6MWT) compared to patients
without ID, indicating worse physical endurance.

Data from the Russian multicenter cross-sectional
screening study (2023) determined that the mean

6MWT distance in CHF patients with concomitant
ID was 1559 + 84.0 m versus 239.6 £ 82.7 m
in the group without iron metabolism disorders
(» = 0.01) [10]. These results are corroborated by
the study of V.Yu.Mareev et al. (2022), which also
found a significant reduction in the 6MWT distance
in ID (250 [170;320] m vs. 299 [210;358] m in the
non-ID group, p <0.001) [33].

2. Patients with ID have lower scores on the
visual analog scale (VAS), indicating a lower
quality of life.

As shown by the study by E.A. Smirnova et al.,
organized by the Russian Heart Failure Society,
the mean VAS score in the ID patient group was
36.4 + 16.3 versus 46.3 + 20.7 in the group without
iron metabolism disorders (p = 0.036), indicating a
substantial deterioration in quality of life associated
with concomitant ID [10].

3. The level of N-terminal pro-B-type natriuretic
peptide (NT-proBNP) is significantly higher
in patients with ID, which may indicate more
pronounced heart failure symptoms.

In the study led by V.Yu. Mareev et al. (2022),
it was shown that each 100 pg/mL increase in
NT-proBNP level was associated with an increased
likelihood of having ID (OR 1.006 [1.002—1.011],
p = 0.0152) [33]. These data correlate with the
results of E.A. Smirnova et al., where patients with
ID had significantly higher NT-proBNP levels
(5,155.5[3,267.3;9,786.3] pg/mL) compared to the
group without ID (2,055.5 [708.8; 2,839] pg/mL,
p<0.001). Interestingly, the presence of concomitant
anemia did not have an additional impact on
NT-proBNP levels in patients with ID (5,683.0
[3,494.5; 7,863.5] pg/mL in ID with anemia vs.
5,110.0 [2,779.0; 10,140.0] pg/mL in isolated ID,
p=20.799) [10].

Additional evidence of the link between ID
and HF progression and myocardial fibrosis was
obtainedinthe study by Zh.D.Kobalavaetal. (2022).
In this work, patients with ID had significantly
higher levels of C-reactive protein (15.1 mg/L vs.
6.2 mg/L in the control group, p < 0.001), NT-
proBNP (5,422 pg/mL vs. 2,380 pg/mL, p <0.001),
and soluble suppression of tumorigenicity 2 receptor
(sST2) (59.6 ng/mL vs. 42 ng/mL, p = 0.02). The
observed elevation in sST2, a specific marker of
myocardial fibrosis, is of particular significance.
The obtained data suggest that patients with ID
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exhibit more pronounced myocardial remodeling
compared to patients without iron metabolism
disorders. These results align with the general
trend observed in the study by T.B. Pecherina et
al., where sST2 and NT-proBNP demonstrated
high prognostic value for assessing the risk of
myocardial fibrosis [18, 35].

4. Significantly more patients with ID have
NYHA functional class IV heart failure, indicating
a more severe disease course.

Studies show that ID correlates with CHF
functional class. Research by Zh.D.Kobalava et
al. (2022) and E.A. Smirnova et al. (2023) found
that patients with ID had higher NYHA functional
classes [10, 35]. M. Smirnova and P. Chizhov
identified ID in 68% of patients with NYHA
functional class III-IV CHF and in 58% of patients
with stage I[IB-III CHF according to the Strazhesko-
Vasilenko classification [34].

5. According to the EUROQOL GROUP EQ-
5D questionnaire, patients with ID more frequently
experience difficulties with mobility and daily
activities and report significant discomfort.

Within the Russian multicenter screening study,
analysis of the EUROQOL EQ-5D questionnaire
data revealed that patients with ID experienced
significantly more pronounced limitations: 41.3%
reported an inability to walk independently (vs. 6.3%
in the non-ID group, p < 0.001) and 49.2% reported
significant difficulties in daily activities (vs. 18.8%,
p < 0.01). The presence of ID was associated with
more severe clinical manifestations of CHF, reduced
exercise tolerance, and a substantial deterioration in
quality of life indicators [10].

6. Patients with ID more frequently present with
edema, pulmonary rales, hydrothorax, and other
manifestations of heart failure.

According to data from the study by
E.A. Smirnova, patients with ID had significantly
more frequent signs of congestion in the pulmonary
circulation (46.9% of cases) manifesting as cardiac
asthma (43.8%) and pulmonary edema (6.3%),
as well as pronounced symptoms of systemic
congestion (96.9% of cases), including lower
extremity edema (84.4%), hydrothorax (65.6%
vs. 31.3% in the non-ID group; p = 0.012), ascites
(29.7%), hydropericardium (18.8%), and anasarca
(15.6%, with a complete absence of this symptom
in patients without ID) [10].

7. Patients with ID receive higher initial doses of
intravenous diuretics, which may be associated with
a more severe condition.

In the study conducted by E.A. Smirnova et al.,
ID was more common in patients with frailty, which
also required the prescription of higher initial doses
of intravenous diuretics. These data underscore
the need for an individualized treatment approach
for this patient category, with special attention to
ID correction, to improve treatment outcomes and
quality of life [10].

8. The length of hospital stay (LOS) for patients
with ID is slightly higher, but the difference is
insignificant and comparable to patients without ID.

A 2023 Russian study assessed the prognostic
significance of ID in patients suffering from
ADHEF. ID was associated with an increased risk of
readmission and death, once again emphasizing the
importance of considering this parameter [14]. In a
2009 study by international colleagues (published
in 2019), the problem of ID in ADHF patients
was examined. The study aimed to characterize
ID and determine its association with dyspnea
class, length of hospitalization, biomarker levels,
and echocardiographic parameters of diastolic
function in patients with reduced and preserved left
ventricular ejection fraction.

Among the 503 enrolled patients, 270 (55%)
had HFpEF, 160 (33%) had HFrEF, and 57
(12%) had HFmrEF. ID was identified in 54% of
HFrEF patients and 56% of HFpEF patients. In
the HFpEF patient group, ID was associated with
increased LOS (11 £+ 7.7 days vs. 9 + 6 days in
patients without ID, *p* = 0.036) and remained
an independent predictor of increased LOS after
adjusting for comorbidities, age, and ID status.
The finding of increased LOS specifically in
HFpEF patients, which was not observed in
HFrEF patients, is particularly significant. This
may indicate a more pronounced role of ID in the
pathogenesis of HFpEF [29].

The work by K. AlAayedi also evaluated the
significance of ID in hospitalized ADHF patients
with HFpEF: the mean length of hospitalization
for patients with ID was 13.8 days versus 11.2
days for patients without ID [36]. These findings
highlight the need for further study of ID as a
potential therapeutic target in the treatment of
ADHF, especially in patients with HFpEF, and
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could significantly impact clinical practice and the
direction of future research in cardiology.

CONCLUSION

The conducted analysis has shown that ID is
an extremely prevalent (45-89% of cases) and
clinically significant condition in patients with
ADHF. Differentiating between absolute and
functional iron deficiency against the background
of chronic inflammation characteristic of HF poses
a particular diagnostic challenge, necessitating
the use of comprehensive criteria that include not
only traditional parameters (ferritin and transferrin
saturation) but also modern markers, such as soluble
transferrin receptors, hepcidin, and reticulocyte
hemoglobin.

Intravenous iron administration, particularly
ferric carboxymaltose, has demonstrated efficacy
in reducing the risk of hospital readmissions and
improving patients’ functional capacity. However,
questions remain regarding the long-term impact of
ID correction on survival, optimal treatment regimens
for different HF phenotypes, and the role of new
biomarkers in predicting structural and functional
myocardial changes. Promising directions for future
research include investigating the mechanisms of
ID influence on remodeling processes, developing
personalized diagnostic and treatment algorithms
considering individual HF course characteristics,
and assessing the cost-effectiveness of ID screening
in routine clinical practice.
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The Role of IL-1f8 and RANK-L in the Pathogenesis of Chronic Periodontitis

Davidovich N.V., Galieva A.S., Sabanaev M.A., Solovieva N.V., Bazhukova T.A.

Northern State Medical University of the Ministry of Healthcare of the Russian Federation
51 Troitskiy Ave., 163000 Arkhangelsk, Russian Federation

ABSTRACT

Aim. To establish the role of interleukin 1B (IL-1p) and receptor activator of nuclear factor kB ligand (RANK-L)
in combination with microbial invasion in chronic periodontitis.

Materials and methods. The clinical material was the gingival fluid of patients with chronic periodontitis (60
people) and with an intact periodontium (28 people). The content of IL-1p and RANK-L was determined using
enzyme-linked immunosorbent assay (ELISA). Markers of periodontopathogenic bacteria were isolated during
real-time polymerase chain reaction (PCR). Statistical data processing was carried out using the STATA v.14
software package.

Results. In the group of patients with chronic periodontitis, the levels of IL-1 and RANK-L were significantly
higher than in individuals with intact periodontium (median 37.1 [32.9; 41.3] pg/ml versus 2.5 [1.9; 3.4], p <
0.001) and median 6.3 [4.2; 10.4] pg/ml versus 0.0 [0.0; 0.7], p < 0.001), respectively). In patients with chronic
periodontitis, periodontopathogens were detected in 100.0% of the cases (4. actinomycetemcomitans — 81.7%,
P. gingivalis — 76.7%, T. forsythia — 70.0%, associations — 60.0%), while in the group with intact periodontium,
periodontopathogenic bacteria were isolated in only 32.1%. In the group of patients with periodontitis, the
quantitative content of IL-1p and RANK ligand positively correlated with all periodontopathogens of the first order,
while the strongest correlations were found with an average degree of destruction of periodontal tissues.

Conclusion. The presence of relationships between A. actinomycetemcomitans, P. gingivalis, and T. forsythia with
an increased content of the proinflammatory cytokine IL-1f and the immune mediator RANK-L and the severity of
bone tissue destruction may indicate a key synergistic effect of these cytokines in the inflammatory and bone-plastic
events of the pathogenesis of chronic periodontitis.
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Ponb IL-13 n RANK-L B natoreHese XpoHN4eCKOro napoAoHTUTA

Aasnposuy H.B., F'anueBa A.C., CabaHaeB M.A., ConoBbeBa H.B., bBaxxykoBa T.A.

CegepHutii cocydapcmeenuviii meduyunckuti yuusepcumem (CI'MY)

Poccus, 163000, e. Apxanzenvck, np. Tpouykuii, 51

PE3IOME

Henw. YcranoButh pons unrepineiikuna 1B (IL-1P) u nuranna aktuBatopa perentopa simepHoro dakropa kB
(RANK-L) Ha ¢oHe MUKPOOHOIT HHBa3UH B MATOTeHE3e XPOHUYECKOTO MAPOIOHTHUTA.

MatepuaJjibl 4 MeToAbl. KIMHUYECKUM MaTepualloM IOCIYXUa AeCHEBas )KUIKOCTh NAllUEHTOB ¢ XPOHUYECKUM
napofoHTHTOM (60 4eIoBEK) M ¢ MHTAKTHBIM MapoJoHToM (28 denosek). C moMombl0 HIMMYHO(EPMEHTHOTO aHa-
nm3a onpenensu conepkanue IL-18 1 RANK-L. Mapkepbl mapogoHTONAaTOreHHBIX OaKTepHii BBIAEISIIN B XO/€
MOJIMMEepPa3HOit LEMHOI peakIvy B peXXuMe peajbHoro BpeMeHu. CtatiucTideckas 00paboTKa JaHHBIX POBe/IeHa
¢ nomolnkto nakera nporpamMm STATA v. 14.

Pe3yabTaThl. B rpymme manueHTOB ¢ XpoHHYEeCKHM mapogoHTuToM ypoBHH IL-1B m RANK-L Obumn 3Ha4m-
TEJNBHO BBINIE, YEM Y JIMII ¢ MHTAaKTHBIM IapogoHToMm (37,1 [32,9; 41,3] nr/mi npotus 2,5 [1,9; 3,4], p < 0,001)
u 6,3 [4,2; 10,4] ur/ma nporus 0,0 [0,0; 0,7], p < 0,001) cooTBeTCTBEHHO). Y MAIMEHTOB C XPOHUYECKUM I1a-
POIOHTHTOM 4YacTOTa BBIABICHUS mapogoHTonaroreHoB coctaBmwia 100,0% (4. actinomycetemcomitans —
81,7%, P. gingivalis — 76,7%, T. forsythia — 70,0%, accoumamuu — 60,0%), Toraa Kak B TpyIIe ¢ MHTAKTHBIM I1a-
POIOHTOM ITapOIOHTONATOTeHHBIE OAaKTEPHH BBIICISUIACH UG y 32,1%. B rpymnme manueHToB ¢ MapogoHTUTOM
KomaecTBeHHoe conepkanue [L-1p u muranga RANK monoxuTeisHO KOppeIrpoBaio cO BCEMH ITapOAOHTOIIATO-
reHamu | mopsika, Ipu 3TOM HanOoJIee CHITbHBIC KOPPEISIIH ObLITH BBISBICHBI ITPH CPETHEH CTETIEHN ASCTPYKIIUU
TKaHEH MapoOHTA.

3akaoyenne. Hammane B3auMocBsizeil MexIy BBIICICHHEM MApOJOHTONATOTEHOB A. actinomycetemcomitans,
P. gingivalis, T. forsythia ¢ TOBBIIIEHHBIM COAEPKaHUEM MPOBOCHATUTENbHOrO uTokHHA IL-1B n mMMyHHOTO
menuatopa RANK-L, a Taxoke BBIpaXEHHOCTBIO CTETICHH JECTPYKIIMU KOCTHOM TKaHH MOXKET CBHIETEIbCTBOBAThH
0 KJIOUYEBOM CHHEPTUIHOM 3 deKTe JaHHBIX IIMTOKMHOB B BOCHIAJIUTENBHBIX H AECTPYKTHBHBIX MPOIIECccax Mmaro-
reHe3a XPOHUUECKOTO MapOJOHTHUTA.

KiaroueBrbie ciioBa: IUTOKHHBI, [TAPOAOHTOIATOICHHBIC 6aKTCpI/II/I, XpOHI/I‘{SCKI/Iﬁ NapOaAOHTHUT

KOHq).]'Il/lKT HHTEPECOB. ABTOpBI JACKIIApUPYIOT OTCYTCTBUE SIBHBIX U NOTCHIUAJIBHBIX KOH(i)J'II/IKTOB UHTEPECOB,
CBA3aHHBIX C l'[y6J'[I/IKaIII/I€I7I HaCTOS{H_[ei/’I CTaTbH.

Hcrounnk punancupoBanus. Pabora BeImonHeHa npyu (GHHAHCOBOH moaepkke « BHyTpeHHETo KOHKypca rpaH-
TOB JUTS MOJIOJBIX YUEHBIX MO MPUOPHTETHHIM HampasiieHHsM pazButus PI'EOY BO CI'MY r. ApxaHrenbck»
Ne 162 ot 05.02.2021, mpoekt «MoOHUTOPUHT HOPMHUPOBAHHS AaHTHOMOTHKOPE3UCTEHTHOCTH MUKPOOHBIX OHOTO-
OB TIOJIOCTH PTa U ONTHUMHU3ANNS TATOTCHETHYECKHUX MOAXOA0B B JICUEHUH BOCTIATHTEIILHBIX 3200JICBaHIH Tapo-
JIOHTaY.

CooTBeTcTBHE IPUHIMIIAM 3THKH. Bee MalueHTs MoAmcan HHPOPMUPOBAHHOE COTIacHe Ha y4acTHe B UCCIe-
nosanuu. VccnenoBanue ogoOpeHo ToKaabHBIM 3THYeckuM komuTeToM CI'MY (mpotokon Ne 8/11 ot 28.11.2018).

Jns nuruposanus: Jasunosnd H.B., ['anneBa A.C., CabanaeB M.A., ConosseBa H.B., baxykosa T.A. Ponp IL-
1p 1 RANK-L B narorenesze XpoHHUYECKOTO MMAPOJAOHTUTA. broiemend cubupckoil meduyurvl. 2026;26(1):54—60.
https://doi.org/10.20538/1682-0363-2026-1-54-60.

INTRODUCTION

The multifactorial etiology of periodontal diseases
determines the complexity of their pathogenesis
and requires a systematic approach to study the
mechanisms driving pathology development. A
key link in the pathogenic chain is an imbalance in
the immune response system, which leads to an

inappropriate inflammatory response to the invasion
of periodontopathogenic microbiota [1]. Cytokines
play a central role in the pathogenesis of periodontal
diseases, acting as the main mediators of intercellular
interactions and the activation of immune and stromal
cells, leading to local inflammation and tissue damage,
including the destruction of periodontal ligaments,
gingiva, and alveolar bone resorption [2].
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Immunopathological mechanisms of periodontitis
development are characterized by a response to micro-
bial invasion by periodontopathogenic microorganisms
(mainly P. gingivalis, A. actinomycetemcomitans,
and 7. denticola) and by an imbalance between pro-
and anti-inflammatory cytokines, which leads to the
development of chronic inflammation [3]. A number
of studies have demonstrated that interleukin 18 (IL-
1B), IL-6, and tumor necrosis factor-alpha (TNFa)
may play a key role in the mechanisms driving
periodontitis development [4, 5].

Chronic periodontitis is characterized by alveolar
boneresorption caused by the proliferation ofimmature
osteoclast precursors and their differentiation into
mature osteoclasts, which promotes the degradation
of organic and inorganic bone components.
Osteoclast differentiation is primarily regulated by
the receptor activator of nuclear factor kB (RANK),
RANK ligand (RANK-L), and osteoprotegerin.
RANK-L, also known as osteoclast differentiation
factor, osteoprotegerin ligand, and TNF-associated
activating cytokine, is the most potent known inducer
of osteoclastogenesis [6].

Although IL-1B was one of the first cytokines
proposed as a relevant biomarker for the early
diagnosis of periodontitis [2], its relationship with
RANK-L, periodontopathogenic microflora, and
the degree of periodontal tissue destruction remains
poorly understood. Therefore, the aim of this study
was to establish the role of IL-1p and RANK-L in
the pathogenesis of chronic periodontitis caused by
microbial invasion.

MATERIALS AND METHODS

The analysis included data from clinical and
laboratory examinations of 88 patients (men and
women aged 18—45 years) who visited a periodontist at
the Severodvinsk Dental Polyclinic, State Autonomous
Healthcare Institution of the Arkhangelsk Region.
These included 60 patients with a confirmed diagnosis
of chronic periodontitis (according to ICD-10 - K05.3)
and 28 patients with clinically healthy periodontium.
The study was cross-sectional in design.

In accordance with the World Medical Association
Declaration of Helsinki (last revision at WMA General
Assembly, Fortaleza, Brazil, October 2013), each
patient provided a written voluntary informed consent
to participate in the study. A positive conclusion was
received from the local Ethics Committee of Northern
State Medical University (Arkhangelsk) (Minutes No.
8/11dated November 28, 2018).

The study inclusion criteria were as follows:
a signed written informed consent, “young age”
according to the WHO, a diagnosis of “K05.3 — chronic
periodontitis,” and no antimicrobial use in the past
six months. Exclusion criteria were lack of a signed
informed consent, age under 18 or over 45 years,
and orthodontic treatment at the time of the study.
Participants were excluded from the study if they had
other inflammatory oral diseases, any concomitant
somatic-symptom pathology in the decompensation
stage, pregnancy or lactation, or received antibacterial
therapy in the past six months.

The clinical material consisted of periodontal
pocket fluid collected using a paper absorbent point
during a dental examination. The resulting samples
were centrifuged at 1,500 rpm for 20 minutes. Aliquots
of the samples were frozen and stored at —80°C until
molecular genetic and immunological testing were
conducted.

The Russell’s Periodontal Index (PI, 1956) was
used to assess the presence and depth of the periodontal
pocket, the degree of tooth mobility, and the severity
of gum inflammation. The technique included the
assessment of each tooth using a periodontal probe.
The result was entered into the periodontogram as
a score: 0 points — no inflammation; 1 point — mild
degree, inflammation does not surround the entire
tooth; 2 points — inflammation surrounds the tooth,
without damage to the epithelial attachment; 4 points
— initial degree of resorption of the apices of the
interdental septa; 6 points — presence of a periodontal
pocket, the tooth is stable; 8 points — severe destruction
of periodontal tissues, the tooth is mobile. The index
is calculated using the formula: PI = sum of teeth / n;
where 7 is the number of examined teeth. The index
value of 0.1-1.5 points is stage 1 of the disease, 1.5—
4.0 points is stage 2 and 4.0-8.0 points is stage 3.

Bone density was assessed using the Fuchs Index
(FD). By analyzing orthopantomograms, the root of
each tooth was assessed, divided into three parts,
and a score was assigned according to the following
formula: 0 points — the tooth is outside the bone or was
removed due to periodontal disease; 1 point — bone
loss exceeding two-thirds of the root length; 2 points
— from one-third to two-thirds of the root length; 3
points — up to one-third of the root length; and 4 points
—no bone loss detected, or the tooth was removed due
to complicated caries. The result was calculated using
the formula: sum of the scores / n * 4, where n is the
number of teeth in the oral cavity. An FI value of 0
points indicates bone tissue resorption up to the root
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tips, 0.25-0.5 points corresponds to resorption at 2/3
of the root length, 0.5—0.75 implies resorption at half
of the root length, > 0.75 corresponds to resorption at
1/3 of the root length, and 1 point indicates normal
bone tissue condition.

The RANK-L and IL-1p levels in gingival fluid
were determined using enzyme-linked immunosorbent
assay (ELISA) in thawed samples according to the kit
instructions provided by Wuhan Fine Biotech Co., Ltd.
(China). The optical density of the wells was measured
andrecordedusingaMultiscan EX photometer (Thermo
Fisher Scientific, USA). The results were evaluated
according to the kit instructions using calibration
curves constructed based on standard measurements.
Molecular genetic methods included the determination
of marker periodontal pathogens Aggregatibacter
actinomycetemcomitans, Porphyromonas gingivalis,
and Tannerella forsythia (periodontopathogens of
the first order), Treponema denticola and Prevotella
intermedia (periodontopathogens of the second
order), and Candida albicans fungi using the real-time
polymerase chain reaction (RT-PCR) in accordance
with the instructions for the manufacturer’s kits
(ParodontoScreen, DNA-Technology LLC, Russia).

Statistical processing of the obtained results,
assessment of the distribution of indicators, and
comparative analysis of samples were performed
using the STATA v.14 software package for statistical
data processing (College Station, TX: StataCorp LP.,
USA). The normality of distribution was assessed
using the Shapiro—Wilk test. Quantitative data for
normal distribution were presented as the arithmetic
mean and standard deviation M + SD, and in the case of
abnormal distribution, as the median and interquartile
range Me [Q,;Q,]. For statistical comparison of
RANK-L and IL-1 levels in two independent groups,
the nonparametric Mann—Whitney test was chosen.
Spearman’s rank correlation coefficient was used
to search for intragroup relationships between the
levels of individual parameters. The critical level of
significance at all stages of the statistical analysis was
taken as p < 0.05.

RESULTS

In a study of gingival fluid samples from patients
with chronic periodontitis and a control group with
intact periodontium, the levels of the proinflammatory
cytokine IL-1f and the receptor activator of nuclear
factor kappa-B ligand were determined (Table 1). Thus,
in patients with chronic periodontitis, a significant
increase in IL-1f content was found compared to those

in the control group (median — 37.1 [32.9; 41.3] pg/ml
versus 2.5 [1.9; 3.4], p <0.001). The concentration of
RANK-L in gingival fluid was also higher in patients
with chronic periodontitis (median 6.3 [4.2; 10.4] pg/
ml versus 0.0 [0.0; 0.7], p < 0.001).

In a group of patients with chronic periodontitis, the
levels of bone destruction varied among individuals.
The average FI was 0.83 £ 0.03 in patients with mild
chronic periodontitis and 0.71 £+ 0.05 in those with
moderate chronic periodontitis.

Analysis of IL-1p concentrations in patients with
chronic periodontitis showed that in the subgroup
with a moderate degree of bone tissue destruction, its
content was 3.7 (p = 0.042) times higher than in the
subgroup of patients with a mild degree. Similarly, the
RANK-L indicator in patients with a moderate degree
of destruction was 2.5 times higher than in patients
with a mild degree (p = 0.037). Correlations were
established between the content of IL-1p and RANK-L
with the degree of bone tissue destruction: » = 0.562
(»p =0.025) and » = 0,408 (p = 0.033), respectively.

Table 1

The Levels of IL-18 and RANK-L (pg/ml) in Individuals with
Chronic Periodontitis and Intact Periodontium, Me [Q,; O. ]

Parameter Chronic periodontitis VIntact.
periodontium
IL-1B 37.1[32.9; 41.3] 2.5[1.9;3.4]
RANK-L 6.3[4.2;10.4] 0.0 [0.0;0.7]
p<0.001

A study of the frequency of periodontopathogenic
microbiota in gingival fluid samples obtained
from examined people revealed significant
group differences. Thus, in patients with chronic
periodontitis, the frequency of detection of one
or more periodontopathogens was 100.0% (60
individuals), whereas in the group of subjects with an
intact periodontium, periodontopathogenic bacteria
were isolated in only 32.1% (9 individuals). In the
chronic periodontitis group, the following first-order
periodontopathogens were isolated with the highest
frequency: A. actinomycetemcomitans (81.7%),
P. gingivalis (76.7%), and T. forsythia (70.0%),
and associations of periodontopathogens (60.0%).
Periodontopathogenic species of the second order
were isolated with a lower frequency: T. denticola
(63.3%), P. intermedia (56.7%), and C. albicans
(30.0%). While periodontopathogens of the first order
were not isolated in the examined individuals of the
control group, periodontopathogenic bacteria of the
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second order predominated: 7. denticola — 17.8% and
P. intermedia — 10.7%. The fungi C. albicans were
also isolated in one examined individual.

In order to identify the relationships between
the gingival microbiota and cytokines, a correlation
analysis was performed, with statistically significant
correlations being found only in the group with
chronic periodontitis (Table 2).

The quantitative content of both proinflammatory
cytokines IL-1p and RANK ligand positively
correlated with all representatives of the group of
periodontopathogenic bacteria of the first order,

with the strongest correlations being found at the
moderate degree of periodontal tissue destruction.
For periodontopathogenic bacteria of the second
order, direct correlations of weak strength were
revealed, with the exception of a correlation between
T. denticola and RANK-L (» = 0.452, p = 0.029) at
the moderate degree of periodontal tissue destruction.
Associations of periodontopathogens positively
correlated with the content of both cytokines at both
degrees of periodontal tissue destruction, but the
moderate strength of correlations was established at
the moderate degree of destructive changes.

Table 2

Correlation Matrix of Cytokines IL-1p, RANK-L and Periodontopathogenic Bacteria of Gingival Fluid in Patients with Chronic
Periodontitis with Varying Degrees of Bone Tissue Destruction

IL-1B RANK-L
Parameter Mild degree of destruction Moderate degree Mild degree Moderate degree
(Fuchs index) of destruction of destruction of destruction
P. gingivalis r=0.548* (p =0.003) r=0.618* (p=0.008) | r=0.232(p=0.04) | r=0.612* (p =0.016)
A. actinomycetemcomitans r=0.485* (p = 0.032) r=0.539*% (p=0.002) | r=0.342 (p=0.028) | r=0.553* (p =0.042)

T. forsythia #=0.188 (p = 0.052)

r=0.423* (p =0.037)

r=0.118 (p = 0.048)

r=10.618* (p = 0.006)

T. denticola r=0.267 (p=0.035)

r=0.231 (p = 0.04)

7=0.152 (p = 0.029)

r=0.452* (p = 0.029)

P. intermedia r=0.278 (p =0.047)

r=0.134 (p = 0.026)

r=10.243 (p =0.0212

r=0.243 (p = 0.034)

C. albicans r=0.218 (p =0.48)

r=0.175 (p = 0.041)

7=0.134 (p = 0.016)

r=0.168 (p = 0.013)

Periodontopathogenic associations r=0.318 (p = 0.006)

*moderate strength of correlation r at p <0.05

DISCUSSION

Destruction of periodontal tissues is caused by a
non-specific inflammatory response, leading to a shift
in the dynamic balance of inflammatory mediators,
among which cytokines play a leading role [7].

IL-1B belongs to the family of proinflammatory
cytokines and has potent immunoregulatory functions in
chronic periodontitis [8, 9]. Released during periodontal
cell damage and immune cell activation, IL-1f is
involved in innate immunity mechanisms, inflammasome
activation processes, and the T-cell-mediated immune
response mechanism. This cytokine ensures control of
the spread of inflammation to deeper areas of connective
tissue; high levels of IL-1P are associated with loss of
connective tissue attachment, osteoclast activation, and
subsequent alveolar bone loss [8].

Our study revealed an increased content of the
cytokine IL-1p in the gingival fluid of patients with
chronic periodontitis, as compared to those in the
control group with an intact periodontium, which
may indicate increased activity of immunocompetent
cells and a shift in the immune homeostasis of
periodontal tissues with a predominant production of

r=0.452* (p = 0.042)

r=0.288 (p = 0.034)

r=10.589* (p = 0.002)

proinflammatory cytokines, which is consistent with
data from previous studies [10, 11].

RANK-L, a member of the TNF family of
cytokines, plays a key role in bone resorption: when
it binds to the NF-kB receptor activator, a membrane
receptor primarily produced by osteoclasts and their
progenitor cells, it both induces the differentiation of
progenitor cells into osteoclasts and stimulates the
activity of mature osteoclasts.

Previous studies have shown that RANK-L levels
are the highest in patients with severe periodontitis
compared with those with moderate to mild
periodontitis or with an intact periodontium [1]. In
our study, RANK-L concentrations in gingival fluid
were also higher in patients with chronic periodontitis
compared to those with an intact periodontium
(median 6.3 [4.2;10.4] pg/ml vs. 0.0 [0.0; 0.7], p <
0.001). It is worth noting the correlations identified in
our study: IL-1B and RANK-L positively correlated
with the degree of bone tissue destruction in patients
with chronic periodontitis. These cytokines likely
control key pleiotropic pathways that are crucial for
the homeostasis of bone and connective tissue in the
periodontium.
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However, the microbial component, namely
the imbalance of the gingival microbiota with a
predominance of periodontopathogenic flora, may be
a key link in the development of the initial nonspecific
inflammatory process, which deepens into the
gingival sulcus, subsequently forming a periodontal
pocket [2, 12]. In our study, in patients with chronic
periodontitis, the frequency of detection of one or
more periodontopathogens was 100.0%, whereas in
the group of subjects with an intact periodontium,
periodontopathogenic bacteria were isolated in only
32.1%.

In the chronic periodontitis group, periodonto-
pathogensofthefirstorder were isolated withthe highest
frequency: A. actinomycetemcomitans, P. gingivalis,
T. forsythia, and associations of periodontopathogens.
The periodontopathogenic bacteria isolated by us
exhibit the greatest bone-resorptive activity. Thus,
P. gingivalis is one of the key pathogens that activates
osteoclasts via the TLR4 system and enhances
the production of proinflammatory cytokines,
including IL-1p and RANK-L, as well as TNFa
and IL-6. T. forsythia promotes increased osteoclast
activation and suppression of bone formation, and
A. actinomycetemcomitans stimulates the production
of matrix metalloproteinases and proinflammatory
factors, which also leads to bone resorption [13].

The presence in our study of a large number of
positive correlations of moderate strength between the
content ofboth the proinflammatory cytokine IL-1p and
the RANK ligand with a group of periodontopathogenic
bacteria of the first order, identified in the group
of patients with a moderate degree of bone tissue
destruction, may indicate that these bacteria trigger a
cascade of inflammatory reactions leading to increased
secretion of proinflammatory cytokines, activation of
osteoclastogenesis, suppression of osteogenesis, and
increased destruction of bone tissue [14].

These periodontopathogens probably do not act in
isolation, but as part of a biofilm, where their combined
effect significantly enhances the destructive potential,
and the presence of correlations between the isolated
associations of periodontopathogens with cytokines
confirms this assumption. The presence of these
correlations may also indicate an imbalance between
bone formation and resorption in favor of the latter,
which leads to progressive bone loss in periodontitis.
Also, the identified correlation of the second-order
periodontopathogen 7. denticola with RANK-L
of moderate strength (r = 0.452, p = 0.029) with an
average degree of periodontal tissue destruction may

reflect the presence of many virulence factors in
this bacterium, such as the production of proteolytic
enzymes (oligopeptidase, dentipain, dentilisin, etc.),
which also have a destructive effect on periodontal
tissues.

CONCLUSION

The pathogenesis of chronic periodontitis is
determined by a number of factors, with a key role
played by the interaction of periodontopathogenic
bacteria and their aggressive factors with gingival
epithelial cells, which leads to the stimulation of
mediator production in the inflammatory zone.
Mediators detected in gingival crevicular fluid are
primarily proinflammatory cytokines, including IL-
1B and the immune mediator RANK-L, which are
central to soft tissue destruction and periodontal bone
resorption.

These mediators likely acting in synergy participate
in the cytokine cascade, promoting the degradation of
collagen and other extracellular matrix components
enhancing osteoclast activation and differentiation,
and binding to the RANK receptor on the osteoclast
surface, thereby leading to increased alveolar
bone resorption and disrupting bone remodeling
processes. Conversely, proteolytic bacterial enzymes
(oligopeptidases,  dentipains, dentilisins) and
endotoxins can directly disrupt periodontal tissue
homeostasis by suppressing periodontal ligament
cell function and inducing nitric oxide secretion by
macrophages, which promotes bone resorption.

Thus, the associations between the periodonto-
pathogenic bacteria A. actinomycetemcomitans, P. gin-
givalis, and T. forsythia, and their associations with
elevated cytokine levels and the severity of bone
tissue destruction, may indicate a key joint role of
the proinflammatory cytokine IL-1p and the immune
mediator RANK-L in the inflammatory and bone-
destructive processes in the pathogenesis of chronic
periodontitis. RANK-L in combination with IL-1p
may also serve as a valuable diagnostic biomarker
for periodontitis, reflecting the progression of the
pathological process.
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Assessment of Ovarian Function in Infertile Women with Compensated
Autoimmune Thyroiditis and Premature Ovarian Insufficiency without
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ABSTRACT

Aim. To assess the ovarian reserve and ovarian response to controlled ovarian hyperstimulation (COS) in patients
in assisted reproductive technology (ART) programs with compensated chronic autoimmune thyroiditis (CAIT)
and with predicted premature ovarian insufficiency (POI).

Materials and methods. We performed a retrospective study of 166 patients with infertility and compensated
CAIT (group I, n = 44), predicted signs of POI (group II, n = 62), tubal infertility factor (group III, n = 66), includ-
ing a comparative analysis of clinical and patient history data, indicators of ovarian reserve, and the effectiveness
of COS (number of oocytes retrieved). The groups were divided by age into subgroups: patients younger than 35
years of age and 35 years and older (Ia, Ib, IIb, IIb, I1Ia, and IIIb, respectively).

Results. Significant differences in the values of follicle-stimulating hormone (FSH) anti-mullerian hormone
(AMH) were revealed in the study groups under 35 years of age: FSH (7.24 (6.0-9.63) mIU/I and 10.35 (10.13—
11.01) mIU/L, respectively; p < 0.001) and AMH (3,2 (1.48—6.80) ng/ml and 0.68 (0.44-2.91 ng/ml), respectively;
p=0.015). The poor ovarian response in COS programs is most often obtained in patients under of 35 years of age
with infertility with occult POL. In the age groups 35 years and older, the poor ovarian response to COS was equally
common in groups I and II. Estradiol levels in the groups of 35 years of age and older were lower in patients with
occult POL

Conclusion. In groups of patients under 35 years of age with compensated CAIT and with tubal infertility factor,
higher rates of ovarian reserve and the effectiveness of COS were recorded than in the groups with occult POIL.
A decrease in estradiol in patients aged 35 years and older with occult POI and older indirectly indicates a lesion of
the ovarian somatic cells, probably as a result of autoimmune aggression.

Keywords: chronic autoimmune thyroiditis, autoimmune oophoritis, premature ovarian insufficiency, "poor
ovarian response”, assisted reproductive technologies, ovarian reserve
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OueHKa PyHKLM ANYHNKOB Y XKeHLVH ¢ 6ecnnognem

npu KOMNEHCMPOBaHHOM ayTOMMMYHHOM TUpeongnuTe

N npeXxaeBpeMeHHON HeJ0CTaTOYHOCTU ANYHNKOB 6e3 KNMHNYeCKnX
AebviHNYNN

Omutpuena M.J1., Tuxonockasa O.A., NMetpos U.A., JlorsuHoB C.B., Tumodeena O.C.,
NacykoBa T.B., Ak6aweBa O.E., MuxeeHnko I'.A.

Cubupckuii 2ocydapcmeennviii meouyunckuu ynugeepcumem (Cu6l’ MY),
Poccus, 634050, 2. Tomck, yr. Mockosckuu mpaxm, 2

PE3IOME

Hesb. OueHka oBapHanbHOIO pe3epBa U OTBETAa SUYHMKOB Ha KOHTPOJIUPYEMYIO MHAYKIMIO CYNEpOBYJIALUN
(KMCO) y manneHToB B IporpaMMmax BCIIOMOTaTeNbHBIX PerpoyKTHBHBIX TexHosoruii (BPT) ¢ komneHcupoBan-
HBIM XPOHUYECKHM ayTOMMMYHHBIM THpeonauToM (XAWT) u npu nporHo3upyeMoii pexjeBpeMeHHOH HelocTa-
ToyHocTH stmaHUKOB (I[THS).

MatepuaJsl 1 MeToAbI. PeTpocniekTiBHOE ncciaenoBanue 166 manueHToB ¢ 6ecruiogueM U KOMIEHCHPOBAHHBIM
XAUT (rpymna I, n = 44), «okkynsTHOM» Qopmoii I[THA (rpynma II, n = 62), TpyOHBIM daxTopoM Oecruionus
(rpynma III, #n = 66), BKiIIOUaronee cpaBHUTEIbHBIA aHAIN3 KIMHUKO-aHAMHECTHYECKUX NaHHBIX, ITOKa3aTesnei
OBapHaJIbHOrO pe3epsa, pe3ynpTatuBHOCTH KNUCO (Konn4ecTBO MOMyYEHHBIX OOLUTOB). I'pymnIiel pa3aeneHsl Mo
BO3pacTy Ha moArpymmsl: 10 35 ger u 35 ner u crapiue (Ia, Ib, IIb, IIb, IIa, IIIb cooTBeTCTBEHHO).

Pe3yanTaTsl. BeIsIBIEHB! JOCTOBEpHBIE OTIINYMS B 3HaUCHUSIX (orutukynoctumynupyiomero (PCI') n anTumron-
nepoBoro (AMI') ropmoHOB B rpynmax uccienosanus 1o 35 ner: OCI (7,24 (6,0-9,63) MME/n u 10,35 (10,13—
11,01) MME/n cootBetctBenHo; p < 0,001) u AMI (3,2 (1,48-6,80) ur/mi u 0,68 (0,44-2,91 Hr/™Mi) cooTBeT-
ctBeHHO; p = 0,015). «benusiii orBer» B nporpamMmax KMCO nHambosnee gyacTo MoTydeH y HaleHTOK a0 35 jer
IIpH OECIIONNH ¢ «OKKYIbTHOM» opmoit [THS. B Bo3pacTHBIX rpynmax 35 net u crapuie «6exubnii orse» KUCO
BCTpedascst oxuHakoBo dacto B I u I rpymmax. DcTpanuon y nanueHToB 35 JIeT U crapiie ObUT HIDKE Y TTallieHTOB
¢ Gopmupyrommmes ITHS.

3akiaouenne. B rpynnax nanuenToB a0 35 net ¢ komneHcupoBaHHbIM XAUWT u ¢ TpyOHBIM (akTopoM Gecruioaus
3auKCUpOBaHbl 0OJIee BBHICOKHME MOKAa3aTesld OBapHaibHOTro pesepBa u 3ddexruBHocts KUCO, uem B rpymme
KEHIIMH C «OKKYJIbTHOMI» (opmoii ITHS. CHmxenue sctpaanona y ManueHToB 35 JeT ¢ «OKKYJIbTHOI» hopMoit
ITHAI u crapiiie KOCBEHHO CBUAETENBCTBYET O MOPAXKEHHN OBOCOMATHYECKOTO THCTHOHA, BEPOSATHO, B pE3yNIbTaTe
ayTOMMMYHHOMW arpeccuu.

KnrodeBble cj10Ba: XpOHUIECKHUH ayTOMMMYHHBIH THPEOUAUT, Ay TONMMYHHBIH 00()OPHT, IPEKAEBPEMEHHAS He-
JIOCTaTOYHOCTh SINYHHUKOB, «OCIHBIN OTBET» SMYHUKOB, BCIIOMOTaTEIbHBIC PEIPOTYKTUBHEIE TEXHOIOTHH, OBAPHU-
aJbHBII pe3epB

KoHpauKT nHTepecoB. ABTOPHI ACKIapUPYIOT OTCYTCTBHE SIBHBIX M MOTEHIMAIBHBIX KOH(IIUKTOB HHTEPECOB,
CBSI3aHHBIX C MyONMKanuel HaCTOosIIeH CTaThu.

Hcrounuxn punancuposanus. [Ipoekt mognepkan KOHKypcHOH komuccneir Cu6I'MY (mpoTokon 3acemaHus
ot 27.06.2022) B cooTBeTCTBUU C monoxeHueM ot 16.05.2022 Ne 51 «O mopaepskke HaAy9IHO-MCCIEI0BATEIbCKAX
MIPOEKTOB, BHITIOJHIEMBIX MOJIOABIME yueHbIMH SibMed.Scholary.

CooTBeTcTBHE NPUHIMNAM 3THKH. Bce manueHThl Moamucaan MHGOPMHUPOBAHHOE COIJIACHE HA Y4acTHE B
uccrnenosanuu. HMccnenoanue ogo0peHo J0KaTbHBIM 3THYECKUM KoMuTeToM CubI'MY (mportokon Ne 9308 ot
15.12.2022).

Jist uutupoBanus: imurpuesa M.JL., Tuxonosckas O.A., [Tlerpos U.A., Jlorsunos C.B., Tumodeesa O.C., Jlacy-
kxoBa T.B., AkbameBa O.E., Muxeenko I".A. OnieHka QyHKIUH SMYHAKOB Y )KEHIHH ¢ OECIUIOIUEM ITPH KOMITCHCH-
POBaHHOM ayTOMMMYHHOM THPEOHIUTE H IIPEKACBPEMEHHOM HEIOCTATOYHOCTH SUIHUKOB 0€3 KIIMHIYECKUX Ae(H-
HUIWH. Broanemens cubupckoii meouyunsvl. 2026;26(1):61-68. https://doi.org/10.20538/1682-0363-2026-1-61-68.
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INTRODUCTION

The outcome of the autoimmune inflammatory
process in the gonads is endocrine and reproductive
dysfunction of the ovarian follicles and premature
ovarian insufficiency (POI), which leads to infertility
and complications associated with hormone deficiency.
Autoimmune POI in the population is much more
common in women with other autoimmune diseases
[1], including autoimmune thyroid diseases (14—
32.7%) [2-4].

Chronic autoimmune thyroiditis (CAIT) is the
most common cause of thyroid dysfunction in
women of reproductive age [5]. It is known that
thyroid dysfunction can exacerbate a decrease in
ovarian reserve [3], which reduces the effectiveness
of assisted reproductive technology (ART) programs.
Y.T. Hsieh and J.Y.T.Ho published data on a high
risk of POI development in patients with autoimmune
thyroiditis [6]. A condition for overcoming infertility
is a hormone-compensated CAIT. Euthyroidism in
the absence of other detectable causes of infertility
is not a guarantee of successful controlled ovarian
hyperstimulation (COH) in ART programs. Since
2006-2008, Nelson and Welt have proposed to use
the term occult (i.e. latent) form without clinical
definitions. Currently, signs of early onset of POI
without typical clinical manifestations have not been
established. The problems of idiopathic infertility and
poor ovarian response to COH remain very relevant in
reproductive medicine, in which autoimmune gonadal
damage is possible.

The aim of the study was to assess ovarian reserve
and ovarian response to COH in patients in assisted
reproductive technology (ART) programs with
compensated CAIT and with occult POI.

MATERIALS AND METHODS

The present work is a retrospective study. The
medical records of patients with infertility who were
treated at the ART center of Siberian State Medical
University from 2017 to 2022 were studied. The
research work was approved by the local Ethics
Committee of Siberian State Medical University
(Minutes No. 9308 dated December 15, 2022).

The study included 166 patients. Main group
I consisted of patients aged 18—40 years with infertility
with a history of CAIT compensated with hormone
therapy (n =44), who were divided into 2 age-adjusted
subgroups: [A — patients under 35 years of age
(n = 22), IB — patients 35 years of age and older
(n = 44). Main group II consisted of patients with

infertility, in whom hormonal examination revealed
signs of occult POI (concentration of follicle-
stimulating hormone (FSH) in blood serum was 10—
12 mlIU/l) without established thyroid pathology
(n = 62) (IIA is a subgroup of patients under aged
35 years (n = 28), 1IB is a subgroup of patients
35 years of age and older (n = 34)) [6]. The comparison
group consisted of patients with tubal infertility
(bilateral salpingectomy) (n = 60) (IIIA is a subgroup
of patients younger than 35 years of age (n = 33),
I11B is a subgroup of patients aged 35 years and older
(n=27)). The division by age was performed to make
the study groups uniform, taking into account the
age-related features of the hormonal functioning of
the ovaries, which are described in the POSEIDON
stratification [7].

Inclusion criteria for the study were as follows: 1) age
from 18 to 40 years; 2) tubal factor infertility. Exclusion
criteria were: 1) non-compliance with the inclusion
criteria; 2) CAIT without hormonal compensation;
3) uterine factor infertility; 4) history of ovarian
surgery; 5) endocrine diseases (hyperprolactinemia,
diabetes mellitus, and obesity of any degree); 6) gyne-
cological diseases requiring surgical treatment;
7) endometriosis of any localization; 8) precancerous
and malignant diseases; 9) any extragenital pathology
associated with immune and endocrine manifestations;
10) the presence of contraindications for treatment as
part of in vitro fertilization (IVF) (Order of the Ministry
of Health of the Russian Federation dated July 31, 2020
No. 803n “On the Procedure for the Use of Assisted
Reproductive Technologies, Contraindications and
Restrictions to Their Use”). According to the patient
management protocols, superovulation was stimulated
in a fixed gonadotropin-releasing hormone antagonist
protocol (recombinant and menopausal gonadotropins).

Statistical processing was performed using the
computer program SPSS® 26.0. The normality of the
data distribution in each of the groups was checked
using the Kolmogorov—Smirnov and Shapiro—Wilk
tests. Quantitative data that did not obey the law of
normal distribution were presented as the median and
the interquartile range Me (Q —Q,). The significance of
the differences was calculated using a nonparametric
method for three or more independent groups using the
Kruskal-Wallis test (H-test), and post hoc comparison
was performed using the Mann—Whitney test. To solve
the problem of multiple comparisons, the Bonferroni
correction was applied, the significance level was
set according to the formula p = 1-0.95"", where n
is the number of comparisons. Qualitative variables
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were analyzed using Pearson’s chi-squared test, and
the results were described using the criterion value,
significance level, relative risk (RR), and confidence
interval (CI).

RESULTS

The clinical and patient history characteristics of
the analyzed parameters of patients with infertility
of the main groups and the comparison group are
presented in Table 1. In statistical calculations, the
body mass index (BMI) and age of menarche did not

differ between the groups (Table 1). The average age
of women in the main group I was 34.5 (30.0-38.0)
years, in the main group 11-36.0 (33.0-38,0) years old,
and in the comparison group — 33.5 (29.0-36.0) years.
When patients were divided into subgroups, their age
distribution remained uniform across all subgroups..

The duration of infertility was longer in main
group II than in the comparison group (p = 0.011).
The number of IVF attempts in the history of women
in main group I and main group II was higher than in
the comparison group.

Table 1

Comparative Analysis of Clinical and Patient History Data of the Main Groups and Comparison Group, Me (0,-0,),
Mann—Whitney Test

P, main group mp 1’1 mﬁlzn d p, main group |
Parameters Main group I I and compari- Main group II ‘(i omp arison Comparison group | and comparison
son group P group
group
Age, years 34.5 (30.0-38.0) 0.774 36.0 (33.0-38.0) 0.024 33.5(29.0-36.0) 0.827
BMI 21.60 (20.06-25.96) 0.589 23.10 (20.08-25.65) 0.402 23.70 (20.28-27.30) 0.286
Age at menarche, 13.0
years 13.0 (13.0-14.0) 0.776 14.0 (12.0-14.0) 0.294 (12.0-14.0) 0.477
Duration of infertili- 4.5(2.0-9.3) 0.118 8.0 (2.0-13.0) 0.011 4.0 (2.0-7.0) 0.510
ty, years
IVF in the anamnesis 1.0 (1.0-1.25) 0.052 2.0 (1.0-3.0) <0.001 0 <0.001

Note. BMI is body mass index; IVF is in vitro fertilization.

The analysis revealed the following infertility
profile: 9.6% of patients (16 out of 166) with combined
infertility (male factor) and 7.2% of patients (12 out of
166) with combined infertility (anovulation). Primary
and secondary infertility was recorded in 45.8% of
patients (76 out of 166) and 54.2% of patients (90 out
of 166), respectively. In the statistical analysis, the

main groups and the comparison group were uniform
according to the above criteria.

We compared the average concentrations of FSH,
estradiol, anti-Miillerian hormone (AMH), the antral
follicles count (AFC), as well as the number of oocytes
obtained to calculate the poor ovarian response. The
results are presented in Tables 2 and 3.

Table 2

Hormonal and Ultrasound Status of Women in the Main Groups and Comparison Group, the Number of Oocytes Obtained after
Ovarian Puncture in the ART Program, Me (Q,-0,)

Main group I Main group II Comparison group
Parameters

1A 1B 1A 1IB 1ITA 111B
FSH, mME/ml| 7.24 (6.0-9.63) 8.28 (6.7-15.7) 10.35(10.13-11.01) | 11.1(10.29-11.63) | 8.1 (5.49-11.15 |7.57 (3.93-12.6)
Estradiol, 108.0 118.5 132.5 119.0 140 215.0
pmol/l (50.0-190.0) (68.25-234.4) (89.51-195.09) (65.78-218.89) (85.0-200,0) (138.0-275.0)
AMH, ng/ml 3.2 (1.48-6.80) 1.19 (0.72-2.23) 0.68 (0.44-2.91) 1.14 (0.65-1.84) | 4.07 (1.56-5.10) | 2.41 (0.83-3.91)
AFC 14.0 (11.0-17.0) 9.0 (5.0-14.0) 9.0 (4.5-13.5) 6.0 (5.0-16.0) 11.0 (9.0-17.5) | 9.0 (6.0-15.0)
Oocytes 10.0 (4.0-15.0) 4.0 (2.0-8.0) 1.0 (2.5-10.0) 3.0 (2.0-5.0) 5.0 (4.5-9.0) 5.0 (4.0-8.0)

Note. Here and in Table 3: FSH — follicle-stimulating hormone, AMH — anti-Miillerian hormone, AFC — antral follicle count.
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Table 3

Post Hoc Comparisons of Hormonal and Ultrasound Status of Patients in the Main Groups and Comparison Group, the Number
of Oocytes Obtained after Ovarian Puncture in the ART Program Using the Mann—Whitney Test

FSH, mME/ml Estradiol, pmol/l AMH, ng/ml AFC Oocytes

p,IA and IB 0.243 0.654 0.023 0.193 0.116
p, IIA and 11B 0.118 0.728 0.544 0.934 1.0

p, IIA and 11IB 0.672 0.009 0.025 0.248 0.231
p, IA and TTIA <0.001 0.501 0.015 0.072 0.044
p, IA and TITA 0.380 0.641 0.946 0.063 0.450
p, IB and [IB 0.091 1.0 0.711 0.926 0.329
p, IA and IIIA 0.010 0.968 0.002 0.056 0.137
p, IB and I1IB 0.293 0.068 0.123 0.465 0.546
p, 1B and 11IB 0.099 0.025 0.014 0.270 0.031

The concentration of FSH in patients of the IA
subgroup was within the limits of the reference
laboratory values for the follicular phase in women
of reproductive age. This indicator was significantly
higher in patients of subgroup IIA (p <0.001) (Tables
2, 3). Also, in patients of the IIA subgroup with
occult POI, it was significantly higher than in the
comparison group of IIIA patients with tubal factor
infertility (»p = 0.010). There were no statistically
significant differences in FSH in patients aged 35 and
older in the main groups and the comparison group
(Table 3).

The concentration of estradiol was comparable
between the subgroups of main group 1 with CAIT
and main group 2 with occult POI. In the comparison
group, significant differences were found between the
subgroups in patients after salpingectomy, estradiol
prevailed in patients aged 35 years and older (p =
0.009). It was noted that the level of estradiol in group
IIB with an occult POI tended to decrease compared
to group IIIB with tubal infertility factor (p = 0.024)
(Tables 2, 3).

The median AMH of the IB subgroup was
lower than in the IA subgroup, probably due to age
characteristics (p =0.023) (Table 2). In the main group
of patients with occult POI, this indicator had equally
low values both in patients under the age of 35 and in
those aged 35 years and older, which indicates a small
ovarian reserve. The level of AMH in patients under
35 in the comparison group with occult POI (subgroup
IIA) was significantly lower than that in patients in the
main group with compensated hypertension (subgroup
IA) (p = 0.015), whereas in patients aged 35 and older
with compensated CAIT (subgroup IB) and with
occult POI (subgroup 1IB), there were no significant
differences (p = 0.711). It was noted that in patients
under 35 and those aged 35 years and older, the level

of AMH in the main group with an occult POI was
significantly lower than in the comparison group with
tubal infertility factor.

Thus, the greatest decrease in the level of AMH was
determined in the main group of patients with occult
POL. Post hoc comparisons for AFC are provided for
review, as the Kruskal-Wallis test showed insignificant
results (Table 3). However, the highest value of AFC
was noted in patients under 35 years of age in the main
group with compensated CAIT.

The analysis of the effectiveness of COH in the
main group with CAIT between the subgroups did
not reveal statistically significant differences in the
number of oocytes obtained, as well as between the
subgroups in the main group with the occult POI and
the comparison group (Tables 2, 3). In the main group
with CAIT, the number of oocytes obtained tended to
increase compared with the main group with occult
POI (p = 0.044). In addition, there was a trend towards
a decrease in the number of oocytes obtained in
patients aged 35 and older in the main group with an
occult POI, in contrast to the comparison group with
tubal factor infertility (p = 0.031).

The proportion of poor ovarian response, as
measured by the number of oocytes obtained after
puncture in the main group with CAIT was 32% (14
out of 44), in the main group with occult POI — 58%
(36 out of 62), in the comparison group with tubal
factor infertility — only 10% (6 out of 60).

The proportion of poor ovarian response in
women under 35 years of age in the main group
(IA subgroup) was 18.2% (4 out of 22), in the
comparison group with occult POI (IIA subgroup)
— 57% (16 out of 28), (3.896, p = 0.048 with the
main group; RR = 0.32, 95% CI: 0.12-0.82) and in
the comparison group with tubal factor infertility
(ITITA subgroup) — 6% (2 out of 33) (1.995, p = 0.158
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with the main group; RR = 3.0 95% CI: 0.6-15.0).
In patients aged 35 and older, the proportion of poor
ovarian response in the main group (IB subgroup)
was 46% (10 out of 22), in the comparison group
with occult POI (IIB subgroup) — 59% (20 out of
34) (0.480, p = 0.700 with the main group; RR =
0.773, 95% CI: 0.45-1.32), and in the comparison
group with tubal factor infertility (II[B subgroup) —
15% (4 out of 27) (5.576, p = 0.018 with the main
group; RR = 3.07 95% CI: 1.11-8.46). Thus, our
data indicate a decrease in the effectiveness of
superovulation stimulation in patients under 35 years
with occult POI, whereas the most effective COH was
in the comparison group with tubal factor infertility.

DISCUSSION

The question of the effect of CAIT on the ovarian
reserve and reproductive function remains open. The
relationship between thyroid and ovarian function is
complex and interrelated [8]. Thyroid hormones are
involved in the functioning of granulosa cells and the
growth of follicles. With inflammatory changes in the
thyroid gland of a low degree of activity, as in CAIT,
the microenvironment of the ovarian somatic cells is
disrupted, which leads to adecrease in ovarian function.
Unambiguous studies indicating a close relationship
between CAIT and ovarian insufficiency have not
been published, however, there is evidence indicating
lower AMH values in subclinical hypothyroidism and
CAIT [9] and a decrease in ovarian reserve in CAIT
[10-13].

A limitation in the work is the fact that the ART
program does not include patients without thyroid
function compensation. Thus, the main group consisted
of patients receiving hormone replacement therapy
and having an euthyroid condition at the time of the
COH. Not all patients had medical history data on the
duration of CAIT and hormone therapy, which did not
allow us to assess the duration of the inflammatory
process in the thyroid gland. However, compensation
of thyroid function does not affect the activity of the
autoimmune process.

The results of a comparative analysis of ovarian
reserve and ovarian response to COH are of interest
in groups of patients under 35 years of age. The
ovarian reserve in the main group of patients with
compensated CAIT was higher than in the main group
with occult POI and did not differ from that in the
comparison group with tubal factor infertility. The
ovarian response to COH was lower in the main group
with occult POI compared to the main group with

compensated CAIT and the comparison group with
tubal infertility.

Thus, the most significant indicator for predicting
the ovarian response to stimulation according to the
results of this study is not the presence of antibodies
to thyroid tissue, but transitional FSH values (10—
12 mIU/ml). It can be assumed that under the age
of 35, the compensation of CAIT and the short-term
effect of the autoimmune process of low activity do
not achieve a significant effect on ovarian function.

It was found that the presence of CAIT
compensated by hormonal therapy or occult POI in
patients aged 35 years and older was not associated
with diminished ovarian reserve. The decrease in
ovarian reserve at the age of 35 years and older is due
to the age-related features of folliculogenesis. Also,
in the group of patients aged 35 years and older, no
significant differences were found in the indicators
of ovarian reserve in the main group with CAIT and
the comparison group with tubal factor infertility. The
most interesting fact was the differences in hormonal
profile indicators in patients of main group II and the
comparison group aged 35 years and older. The levels
of estradiol and AMH were significantly higher in the
comparison group with tubal factor infertility. At the
same time, the number of oocytes obtained was smaller
in patients with occult POI (main group I). Thus, in
patients with occult POI aged 35 years and older with
FSH levels of 10-12 mlIU/l, the ovarian response
to stimulation was diminished due to a decrease in
ovarian reserve, which was indirectly confirmed by
a decrease in estradiol levels compared to the group
of patients after salpingectomy. The median estradiol
index in the main group with CAIT is comparable to
that in the main group in patients with occult POI.
Estradiol is not a reliable marker of the assessment
of ovarian reserve; however, its relative decrease may
be an early marker of impaired functioning of ovarian
somatic cells in autoimmune ovarian damage.

According to the two-cell theory of ovarian
steroidogenesis, the synthesis of androgens and
estrogens is compartmentalized. It is known that
in autoimmune oophoritis, the aggression of
immunocompetent cells in the early stages is aimed
at damaging the theca cells. So, subsequently, the
destruction of the internal theca leads to a decrease in
the synthesis of estradiol in granulosa cells. According
to the data of this study, the trend towards a decrease
in the level of estradiol in main group I aged 35 years
and older may be a consequence of the described
pathogenetic mechanism, while an increase in FSH
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concentration is secondary. Further prospective
clinical studies are needed to confirm the data.

The results of this study are the closest to the results
of a single-center cross-sectional study conducted
in 2024 by M. Pan et al. (China), which studied the
association of thyroid peroxidase autoantibodies
and antithyroglobulin autoantibodies with infertility
and AMH levels. Thus, the authors identified the
association of a high titer of thyroid peroxidase
autoantibodies with anovulatory infertility, but
did not establish a significant correlation with
the level of AMH. On the contrary, a high titer of
antithyroglobulin autoantibodies was not associated
with anovulatory infertility and with the level of
AMH [14].

Analyzing the results of this study and the existing
understanding of ovarian function in women with
CAIT, it can be concluded that compromised ovarian
function of unclear etiology with FSH values above
the reference reduces the results of COH. It is of
interest to study markers of autoimmune oophoritis
in patients with occult POI, since the preservation of
estradiol synthesis in women under 35 and a decrease
in estradiol levels in women aged 35 years and
older may be the basis for the hypothesis of gradual
destruction of follicles as a result of partial damage
to the internal theca, as is possible with autoimmune
oophoritis. It is possible to confirm the hypothesis in
a prospective clinical trial with the study of markers
of autoimmune oophoritis both in blood serum and in
histological examination of ovarian biopsies as a more
reliable diagnostic method.

CONCLUSION

In the group of patients under 35 years of age with
compensated CAIT and with tubal factor infertility,
higher rates of ovarian reserve and the effectiveness of
COH were recorded than in the group of women with
occult POI. In patients aged 35 years and older with
compensated CAIT and occult POI, in the absence of
significant differences in FSH, there was a downward
trend in the concentration of estradiol, which may
indicate damage to ovarian somatic cells, probably as
a result of autoimmune aggression. The data obtained
will have an applied value in reproductology, but
require further research.
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ABSTRACT

Aim. To study the proliferative activity of non-small cell lung cancer with tumor spread through air spaces.

Materials and methods. The study included 88 patients with stage IA-IIIA non-small cell lung cancer.
The operative material was evaluated. Histologic and immunohistochemical examination was performed according
to the standard technique. Antibodies to Ki67 (clone SP6, Cell Marque) were used. On digitized preparations using
automated system Pannoramic MIDI with software Slide Viver V2.8. and multi-module platform Quant Center (3D
HISTECH, Hungary) we counted the percentage of cells with positive nuclear expression of Ki67 in the tumor as
a whole and in the area of spreading. Statistical processing was performed using the STATISTICA 10.0 software
package. Differences at p < 0.05 were considered statistically significant.

Results. The percentage of Ki67 expression in the tissue of the primary tumor node was higher in cases with the
presence of tumor spread through air spaces, including stage IA lung adenocarcinoma. The percentage of Ki67
expression in the area of air space spread of the tumor was higher compared to the percentage of expression in the
tumor as a whole. Higher proliferative activity in the zone of tumor air space spread was observed in cases with
extensive spread compared to cases with a limited variant of air space spread.

Conclusion. The results obtained complement the existing data on the mechanisms of tumor spread through air
spaces as a form of invasive growth and one of the variants of tumor progression characteristic of lung cancer.

Keywords: lung cancer, spread through air spaces, proliferative activity, Ki67
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Oco6eHHOCTN NponndepaTUBHON aKTUBHOCTU HEMENIKOK/IETOYHOTO paKa
Nerkoro npu pacnpocTpaHeHn onyxonv No BO3AYWHbIM NPOCTPaHCTBaM

3aBbanosa M.B."?, [lypoBa A.A.%, 3aBbanoB A.B.2, Munnep C.B.', Kpaxmanb H.B." 2,
Mucomennbin A1.C." 2, TenernHa H.C.%, BropywuH C.B."?, NepenbmyTep B.M.’

! Hayuno-uccreoosamenvckuit uncmumym (HHUH) onxonozuu, TomcKkull HQYUOHAIbHBIIL UCCIC008AMENbCKULL
meduyunckuu yeump (HUMIL]) Poccuiickou akademuu HayK
Poccus 634009, 2. Tomck, nep. Koonepamusnuwiii, 5

2 Cubupcruil 2ocydapemeennviii meouyunckuil ynueepcumem (Cubl’ MY)
Poccus 634050, 2. Tomck, Mockosckuii mpaxkm, 2

PE3IOME

HCJIL HCCIICTOBAHUS. I/ISquTL nponnd)epaTnBHy}o AKTUBHOCTb HEMEJIKOKJICTOYHOT'O paKa JICTKOIr'o IIpu pacrpo-
CTPaHCHUU OIYXOJIX 110 BO3AYIIHBIM IIPOCTPAHCTBAM.

MarepuaJjbl 1 MeTObI. B ricciiefoBaHne BKIIIOUCHE! 88 MAIEHTOB ¢ HEMEJIKOKJIETOYHBIM PaKOM JIETKOTO CTa (K
IA-IITA. OueHuBaics onepaluoHHbIM MaTtepuall. ['HCTonornueckoe 1 UIMMYHOTHCTOXMMUYECKOE UCCIICA0BAHUE
BBIMOJTHSUTUCH 10 CTaHIapTHO# MeToauke. [Ipumensunck anturena k Ki67 (kmon SP6, Cell Marque). B omudpo-
BaHHBIX IIperaparax ¢ IpUMEHEHHEM aBTOMAaTH3UPOBAaHHOH cucteMsl Pannoramic MIDI ¢ nmporpaMmubIM obecrie-
gyexueM Slide Viver V2.8. u MmEHoromoxynsHoit miardopmsr Quant Center (3D HISTECH, Benrpust) moncuunrsiBa-
Jack oIS KIIETOK (%) ¢ O3UTUBHOM siiepHOH skcnpeccueit Ki67 B omyXoiy B LIEJIOM U B 30HE PacHpOCTPAHEHUS
[0 BO3IYIIHBIM IIpocTpancTBaM. CraTucTHdeckas oOpaboTka MPOBOAMIACH C IPHMEHEHHEM IaKeTa IPOTrpaMM
Statistica 10.0. CraTucTHuecky 3HAUUMBIMHU CUUTANN pa3iamdus mpu p < 0,05.

Pe3yabTathl. Oxcrpeccus Ki67 (%) B TKaHH HEPBUYHOTO OITyXOJICBOTO y371a ObLIA BBIIIE B CIIyJasX ¢ HATHIUEM
pacpoCTpaHEHHs ONMYXOJH 110 BO3AYLIHBIM IPOCTPAHCTBAM, B TOM YHCIE M HPH CTaguu IA aleHOKapLUHOMBI
nerkoro. Oxcnpeccus Ki67 (%) B 30He pacnpoCTpaHEHHUsI OIMyXOJIH IO BO3MYIIHBIM IPOCTPAHCTBAM ObLIA BBIIIE
B CPaBHEHHH C SKCIIPECCHEH B OIyX0JH B 11esIoM. bonee Bricokas mponudepaTuBHas akTHBHOCTb B 30HE PacIpo-
CTpaHEHHSI OIYXOJIH II0 BO3YIIHBIM IPOCTPAHCTBAM Ha0JI0/1a1ach B CIy4asx ¢ OOIIMPHBIM PacIPOCTPaHEHHEM B
CPaBHEHHH CO CIIy4asiMU C OTPAaHMYCHHBIM BapUAHTOM PACIIPOCTPAHEHUS IO BO3AYLIHBIM IIPOCTPAHCTBAM.

3axuouyenue. IlonyueHHble pe3yabTaThl JOMOIHAIOT CBEACHUS O MEXaHHW3MaX pPaclpOCTPaHEHHs OIYXOJIH I10
BO3/YIIHBIM MTPOCTPAHCTBaM Kak ()OPMBbI HHBa3UBHOTO POCTA U OJIHOTO W3 BapUAHTOB OIYXOJECBOW MPOTPECCHH,
XapaKTEPHOTO JUIS paKa JIETKOro.

KuroueBble ci10Ba: pak JErkoro, paclpoCTpaHEHHEe 10 BO3AYIIHBIM IIPOCTPAHCTBAM, IPONU(epaTHBHAS aKTHB-
HOCTB, Ki67

Konpaukt unTepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBUH KOH(UIMKTA MHTEPECOB, CBSI3aHHBIX C MyOnuKanuen
HACTOSILIECH CTaTbU.

Hcrounuk ¢puHaHCHPOBaHUS. ABTOPBI 3asBJIAIOT 00 OTCYTCTBHH (MHAHCHPOBAHMS IPH NPOBEACHUH MCCIIENO-
BaHUSL.

CooTBeTcTBHE NPUHIMINIAM 3THKH. Bee nnna noanucany nHGOPMUPOBAHHOE COIJIACHE HAa Y4acTHE B HCCIIEI0Ba-
uuu. McenenoBanue 0100peHO TOKaIBHBIM 3THUYECKUM KomuTeToM Cubl MY (mipotokos Ne 8455/1 ot 28.06.2020).

Jns uutupoBanus: 3aBesiioBa M.B., JlypoBa A.A., 3aBbsoB A.B., Mmtep C.B., Kpaxmans H.B., [Tucemen-
weiit J1.C., Teneruna H.C., Bropymmu C.B., [lepensmyTtep B.M. OcobGerHocTH mposm@epaTuBHON aKTHBHOCTH
HEMEJIKOKJIETOYHOTO paKa JIErKoro MpH PAacIpPOCTPAHCHNUH OIyXOJIH MO BO3AYLIHBIM POCTPAHCTBAM. broieneHs
cubupcroii meouyunst. 2026;26(1):69-76. https://doi.org/10.20538/1682-0363-2026-1-69-76.

INTRODUCTION considered as an artifact resulting from mechanical
spread of tumor cells during surgical interventions or

Tumor spread through air spaces (STAS) is tissue resection [1].
defined as the presence of tumor cells in the alveolar Currently, STAS is assessed as an invasion
spaces beyond the margin of the primary tumor node. criterion associated with a high risk of recurrence
For a long time, this morphological picture was in patients with early non-small cell lung cancer
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after lung resection [2, 3]. However, most studies
are devoted to lung adenocarcinoma. The presence
of STAS in patients with lung adenocarcinoma was
associated with decreased overall and recurrence-free
survival after segmental resection [4].

Given that STAS has been consistently associated
with a high risk of recurrence after segmental resection
in patients with early-stage lung cancer, this prompted
the need to study the biological characteristics of this
phenomenon.

There is evidence of an association between STAS
and the histological subtype of adenocarcinoma, size,
degree of differentiation of the primary tumor, certain
ALK mutations, and PD-L1 status of the primary
tumor [5, 6].

A.Hashinokuchi et al. classified STAS as limited
(with a maximum spread distance of <1000 pm) and
extensive (with a maximum spread distance >1000
pm). In cases of extensive STAS, a more advanced
disease stage, vascular invasion, and shorter overall
and recurrence-free survival were more frequently
observed [7].

There are data on the association of STAS with the
proliferative activity of non-small cell lung cancer.
At the same time, the association of this feature with
prognosis remains ambiguous. According to several
authors, in patients with lung adenocarcinoma with a
poor outcome, a high percentage of Ki67 expression
was noted, while in patients with squamous cell
carcinoma, a low percentage of Ki67 expression was
found. Low proliferative activity insquamous cell lung
cancer is associated with epithelial — mesenchymal
transition, immunosuppressive microenvironment,
angiogenesis, and higher frequency of metastasis [8,
9].

Currently, more and more data are emerging
indicating the need to classify STAS as a special
variant of tumor progression. In this regard, studying
the proliferative activity in the STAS zone is of
interest.

The aim of the study was to investigate the
proliferative activity of non-small cell lung cancer in
tumor spread through air spaces.

MATERIALS AND METHODS

Surgical material from 88 patients with non-
small cell lung cancer T1-3N0-1MO, stages TA-IIIA,
who underwent pneumonectomy or lobectomy in
the Thoracoabdominal Unit of the Cancer Research
Institute of Tomsk National Research Medical Center
was studied. The disease severity was determined

according to the international TNM classification
system (8" Edition, 2017). The histological type of
the tumor was established based on the World Health
Organization classification (5" Edition, 2021). The
study included only cases with invasive non-mucinous
adenocarcinoma or squamous cell carcinoma with
central localization.

Surgical material was evaluated, including the
primary tumor nodule with adjacent lung tissue and all
removed lymph nodes. The material was fixed ina 10—
12% solution of neutral buffered formalin. Material
processing was carried out using a histological

processing machine (Leica, Germany).
The characteristics of the main parameters of the
study patient groups are presented in the table (Table 1).

Table 1

Characteristics of the Study Groups of Patients
with Non-Small Cell Lung Cancer

. Squamous Cell
Parameters Adenocircmoma, Carcinoma, P
n=39

n=49

Age,Me [Q,; Q] | 60.0[56.0;64.0] | 60.0[53.0;65.0] | 0.821
Sex, n (%)
Men 28 (72%) 46 (94%) 0.005
Women 11 (28%) 3 (6%)
Characteristics of the primary tumor nodule, n (%)
T1 20 (51%) 8 (16%)
T2 10 (26%) 24 (49%) 0.002
T3 9 (23%) 17 (35%)
Characteristics of lymphogenous metastases, 7 (%)
NO 22 (56%) 27 (55%) 0.902
N1 17 (44%) 22 (45%)
Stage, n (%)
IA (T1cNOMO) 13 (33%) 6 (13%)
IB (T2aNOMO) 5 (13%) 9 (18%)
1B (T1cN1MO, 0.093
T2aN1MO, 16 (41%) 29 (59%)
T3NOMO)
IIIA (T3N1MO) 5 (13%) 5 (%)
Grade of malignancy, n (%)
Grade 1 11 (28%) 2 (4%)
Grade 2 17 (44%) 33 (67%) 0.005
Grade 3 11 (28%) 14 (29%)
STAS, n (%)
No 26 (67%) 31 (63%) 0.740
Yes 13 (33%) 18 (37%)
Type of STAS, n (%)

Limited 4 (31%) 12 (67%) 0.048
Extensive 9 (69%) 6 (33%)

Histological preparations were made using the

standard method with a rotary microtome HM300
(Thermo Fisher Scientific, USA) and a water bath for
flattening sections Leica HI1210 (Leica, Germany).
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The preparations were stained with hematoxylin and
eosin using a staining machine (Shandon Varistain
Gemini, USA). Histological examination was
performed using a light microscope Axio Scope
Al (Carl Zeiss, Germany). The degree of tumor
differentiation was assessed: grade 1 — high; grade 2 —
moderate; grade 3 — low.

In the lung tissue adjacent to the main tumor nodule,
the presence of tumor fragments and individual tumor
cells was determined. In cases of their detection, the
presence of STAS was confirmed. The type of spread
was established: limited if spread was at a distance of
less than or equal to 1,000 pm and extensive if spread
was at a distance greater than 1,000 pm.

Immunohistochemical analysis was performed
using antibodies Ki67 (clone SP6, Cell Marque)
(Figures 1, 2). Ki67 expression was evaluated on slides
digitized by whole-slide scanning using the automated
Pannoramic MIDI system with SlideViewer V2.8
software and the multi-module QuantCenter platform
(3D HISTECH, Hungary). The percentage of tumor
cells with positive nuclear Ki67 expression was
counted both in the overall tumor tissue and separately
in the STAS zone (Fig. 1-4).

Statistical analysis was performed using the
STATISTICA 10.0 software package. The Shapiro—
Wilk test was used to assess the normality of
distribution. Due to the non-normal distribution of
the variables studied, the significance of differences
between medians of two independent samples was
tested using the nonparametric Mann—Whitney test.
For three or more independent samples, the Kruskal—
Wallis test was applied.
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Fig. 1. Positive Ki67 expression in lung adenocarcinoma.
Immunohistochemical analysis using antibodies Ki67 (clone
SP6, Cell Marque). Magnification x400.

WA S0 :
o . = LH .
P ¥ AR - N
- I
L] e . ;
o L o .
[ ot ey "
Lt w ; swang en
x T I T R et
£ s ;‘f "
7 " y
- .-" "i. _'_ - s A %
g TR
iy o . m
. a 5 L 4 i A "
: e i
_ v .
- F 4 . e .’:'j E
:_- =y ‘: - i’-_;_ L N
- AT R o -
-~ e s .l t
L f i BB W T e
s k" -
---;ﬁ‘"-" " . 2 JJ, 5 ot ]
L e W
1 - » =
o Yt | L) v :
s Y L 4 Lol St . ik 4 #

Fig. 2. Positive Ki67 expression in lung adenocarcinoma

within the tumor spread through air spaces (STAS) area.

Immunohistochemical analysis using antibodies Ki67 (clone
SP6, Cell Marque). Magnification x400.

3 P A > gt Al el
Tolin, g N3 £y FETa I P i
T AEL 3 i ‘1 .
i ‘1;-;| 3 A e SN % -
Ly s o S o e
fh ¥ . Fing LI i 5y E_..a s
i ek e
. #z\ &P s F 4
¥ A Lot -
= i » ".1";: Fap e '31. :
: hoii VAN ]“;Iﬂ '{
x » F . Er g 1‘ i
[ .. L 3 B Lt
AEIREY £ S R L
i e e { R ; |
B i = L o
E Saw A0 V3 i
- -t L
- . _!;'. b S 5, Pl
'ﬁr = - I A A T
[ s # i L b o F
P L ) ? 8 Wy e
= ; . L} L - L
LAt S R
=l by L] - =\ L : ]
L Ay St A : e e T B

Fig. 3. Positive Ki67 expression in squamous cell lung
carcinoma. Immunohistochemical analysis using antibodies
Ki67 (clone SP6, Cell Marque). Magnification x400
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Fig. 4. Positive Ki67 expression in squamous cell lung

carcinoma within the tumor spread through air spaces (STAS)

area. Immunohistochemical analysis using antibodies Ki67
(clone SP6, Cell Marque). Magnification x400.
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The Pearson’s chi-square () test was used for
comparison of qualitative data. Quantitative data
were presented as median and interquartile range Me
[O,; O,]; qualitative data were presented as absolute
numbers and percentages (%). Differences were
considered statistically significant at p < 0.05.

RESULTS

In the study of proliferative activity of non-small
cell lung cancer, it was found that in both the group
of patients with adenocarcinoma and those with
squamous cell carcinoma, the percentage of Ki67
expression in the tumor was higher in cases with
STAS compared to cases without STAS (Table 2).

Table 2

Proliferative Activity of the Primary Tumor in Groups of
Patients with Adenocarcinoma and Squamous Cell Lung
Carcinoma, Taking into Account STAS, Me [Q; O ], %o

Table 3

Proliferative Activity of the Primary Tumor Considering STAS
and Main Clinical and Pathological Parameters in the Group
of Patients with Lung Adenocarcinoma, Me [Q; O ], %

Ki67
Parameter p
Without STAS With STAS
. 20.5 [8.0; 30.3] 65.5[54.5;75.9]
Adenocarcinoma (n=26) (n=13) 0.001
Squamous Cell 37.6 [8.2;51.5] 71.3 [62.6; 82.6] 0.001
Carcinoma (n=31) (n=18) ’

The study of proliferative activity of the primary
tumor considering STAS and the main clinical and
pathological parameters in groups of patients with lung
adenocarcinoma or squamous cell carcinoma was of
interest. In the group of patients with adenocarcinoma
without STAS, the percentage of Ki67 expression
was higher in cases with T2 and T3 compared to T1
cases. However, in the presence of STAS, this pattern
disappeared due to extremely high proliferative
activity observed in T1 cases.

Both in NO and N1 cases, proliferative activity
was higher in tumor tissue with STAS. A similar
pattern was observed regarding the degree of
adenocarcinoma differentiation. Concerning the
disease stage, in the absence of STAS, proliferative
activity was higher at stage IIIA than at stages [A
or IIB; however, this association was absent when
STAS was present due to high proliferative activity
in IA stage cases (Table 3).

In the group of patients with squamous cell lung
carcinoma, the proliferative activity of the primary
tumor was higher in cases with STAS compared to
those without STAS, regardless of T stage, N stage,
disease stage, and degree of squamous cell carcinoma
differentiation (Table 4).

Ki67
Parameter Without STAS With STAS P
(n=26) (n=13)
Characteristics of the primary tumor nodule, %
T1 10.2 [6.3; 21.9] 73.5 [54.5; 75.9] 0.001
T2 26.7 [10.8; 32.7] 41.1[17.8; 79.8] 0.254
T3 27.6 [19.1; 50.7] 60.8 [58.5; 77.2] 0.156
)4 0.019 0.697 -
Characteristics of lymphogenous metastases, %
NO 20.5[10.8; 31.5] 53.9[34.9; 73.5] 0.006
N1 16.6 [6.4; 26.7] 75.9 [58.5; 79.8] 0.005
p 0.693 0.074 —
Stage, %
IA 11.9 [8.0; 22.0] 73.5[34.9; 74.8] 0.014
(T1cNOMO) ? ’
1B
(T2aNOMO) 32.7 [30.3; 39.6] 32.4[17.8] 1.000
1B
T1cNIMO,
(T2aN1M0, 11.6 [6.4; 26.3] 70.7 [60.8; 79.8] 0.001
T3NOMO)
1A 50.7 [22.4; 92.9] 67.9 [58.5; 77.2] 0.773
(T3N1MO) ’ ’
p 0.019 0.202 -
Grade of malignancy, %
Grade 1 22.8[12.4;32.7] 76.6 [75.9; 77.2] 0.045
Grade 2 10.9 [6.6; 26.5] 73.5 [65.5; 74.8] 0.002
Grade 3 19.1 [12.4; 22.4] 56.5[34.9; 60.8] 0.171
P 0.365 0.206 -
Table 4

Proliferative Activity of the Primary Tumor Considering STAS
and Main Clinical and Pathological Parameters in the Group of
Patients with Squamous Cell Lung Carcinoma, Me [Q,; O ], %

Ki67
Parameter Without STAS, With STAS, p
n=31 n=18
Characteristics of the primary tumor nodule, %
T1 28.5 [24.8; 43.8] 66.4 [60.0; 72.8] 0.067
T2 26.9 [7.6; 54.8] 76.5 [63.0; 82.9] 0.001
T3 43.5[14.6; 53.8] 62.6 [62.3; 73.5] 0.031
)4 0.704 0.448 -
Characteristics of lymphogenous metastases, %
NO 26.9 [7.6; 44.4] 62.5[59.7; 69.7] 0.011
N1 41.9 [23.4; 56.0] 76.6 [65.6; 86.2] 0.001
P 0.254 0.028 —
Stage, %

IA
(T1eNOMO) 28.5[24.8; 43.8] - -
1B
(T2aNOMO) 11.3[4.7; 26.9] 69.7 [33.8; 76.5] 1.000
1B

T1cN1MO,
EFZaNlMO, 42.8[10.4; 61.9] 68.2 [62.6; 82.6] 0.004
T3NOMO)

73
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End of table 4

and in the tumor overall, taking into account the main
clinical and pathological parameters, in the group of
patients with squamous cell lung carcinoma (Table 8).

Table 7

Proliferative Activity in the STAS Area and in the Tumor
Overall, Considering the Main Clinical and Pathological
Parameters in Patients with Lung Adenocarcinoma,
MeQ; Q). %

Ki67
Parameter Without STAS, With STAS, P
n=31 n=18
1A 43.8 [23.4; 56.0] 84.4[73.5;95.2] 0.149
(T3N1MO) ’ ’
p 0.338 0.319 -
Grade of malignancy, %
Grade 1 3.1[3.1;3.1] 69.7 [69.7; 69.7] 1.000
Grade 2 41.3[13.9; 51.5] 68.2 [62.3; 79.7] 0.007
Grade 3 20.5[9.6; 47.5] 74.7 [62.6; 82.9] 0.028
)4 0.182 0.822 -

It was of interest to evaluate the proliferative
activity of non-small cell lung cancer directly in the
STAS zone and in the tumor as a whole. In STAS, the
percentage of Ki67 expression was higher compared
to the proliferative activity of the tumor as a whole
(Table 5).

Table 5

Proliferative Activity of Non-Small Cell Lung Cancer in Cases
with Spread Through Air Spaces in the Tumor as a Whole and
in the Spread through Air Spaces Zone, Me [Q,; O.], %o

Ki67
In the tumor as a whole, n =31 69.7 [60.0; 79.7]
In the STAS zone, n =31 79.6 [71.5; 87.5]
P 0.007

Localization

Comparison of tumor proliferative activity in the
STAS zone with proliferative activity in the tumor
tissue as a whole, considering the histotype of non-
small cell lung cancer represented by adenocarcinoma
or squamous cell carcinoma, demonstrated differences
at the level of a pronounced trend (Table 6).

Table 6

Proliferative Activity of the Tumor in Cases with Spread
through Air Spaces in the Tumor as a Whole and in the Spread
through Air Spaces zone, Considering the Histotype
of Non-Small Cell Lung Cancer, Me [Q; O], %

Ki67
Adenocarcinoma,
n=13
65.5 [54.5; 75.9]
79.6 [65.2; 84.5]
p=0.059

Localization Squamous cell
carcinoma, n =18
71.3 [62.6; 82.6]
79.9 [72.5; 88.5]

p=0.054

In the tumor as a whole
In the STAS zone
Level of significance

The study of proliferative activity in the STAS area
and in the tumor overall among patients with lung
adenocarcinoma, taking into account the main clinical
and pathological parameters, revealed no statistically
significant differences in the percentage of Ki67
expression (Table 7).

No statistically significant differences were found
in the percentage of Ki67 expression in the STAS area

Ki67
Parameter In the STAS zone, | In the tumor as a p
n=13 whole, n =13
Characteristics of the primary tumor nodule, %
T1 81.6[73.2;84.5] | 73.5[54.5;75.9] | 0.193
T2 65.2 [56.4;87.5] | 47.1[17.8;79.8] | 0.347
T3 73.5[62.3;86.5] | 60.8[58.5;77.2] | 0.400
p 0.831 0.697 -
Characteristics of lymphogenous metastases, %
NO 69.4 [56.4;81.6] | 53.9[34.9;73.5] | 0.123
N1 84.5[73.2;87.5] | 75.9[58.5;79.8] | 0.177
p 0.100 0.074 —
Stage, %
IA (T1cNOMO) | 81.6[54.8;83.5] | 73.5[34.9;74.8] | 0.488
IB (T2aNOMO) | 60.8 [56.4;65.2] | 32.5[17.8;47.1] | 0.205
1IB (T1cN1MO,
T2aN1MO, 82.1[73.5;87.5] | 70.7[60.8;79.8] | 0.142
T3NOMO)
ITITA (T3N1MO) | 74.4[62.3;86.5] | 67.9[58.5;77.2] | 0.710
p 0.303 0.202 —
Grade of malignancy, %
Grade 1 85.5[84.5;86.5] | 76.6[75.9;77.2] | 0.017
Grade 2 81.6[73.2;83.5] | 73.5[65.5;74.8] | 0.188
Grade 3 67.9 [56.4;79.6] | 56.5[34.9;60.8] | 0.190
p 0.243 0.206 -
Table 8

Proliferative Activity in the STAS Area and in the Tumor
Overall, Considering the Main Clinical and Pathological
Parameters in Patients with Squamous Cell Lung Carcinoma,
Me[Q,; 0, %

Ki67
Parameter In the STAS zone, | In the tumor as a p
n=18 whole, n =18
Characteristics of the primary tumor nodule, %
T1 79.9 [78.5; 81.3] | 66.4[60.0; 72.8] | 0.175
T2 87.5[72.5;91.3] | 76.5[63,0;82.9] | 0.201
T3 76.5[71.5;86.5] | 62.6[62.3;73.5] | 0.378
)4 0.831 0.697 —
Characteristics of lymphogenous metastases, %
NO 72.0 [62.5;76.5] | 62.5[59.7;69.7] | 0.191
N1 87.0[76.9;91.4] | 76.6 [65.6; 86.2] | 0.081
)4 0.100 0.074 —
Stage, %
IA (T1cNOMO) — — —
1B (T2aNOMO) 72.5[56.5;87.6] | 69.7[33.8;76.5] | 0.488
IIB (T1cN1MO,
T2aN1MO, 78.5[72.5;88.5] | 68.2[62.6;82.6] | 0.073
T3NOMO)
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End of table 8

Ki67
Parameter In the STAS zone, | In the tumor as a p
n=18 whole, n =18
IIIA (T3N1MO) 92.5[86.5;98.5] | 84.4[73.5;95.2]| 0.578
p 0.303 0.202 -
Grade of malignancy, %

Grade 1 72.5[72.5;72.5] | 69.7[69.7;69.7] —
Grade 2 76.5(71.2;87.5] | 68.2[62.3;79.7] | 0.208
Grade 3 84.5[72.5;91.5] | 74.7[62.6;82.9] | 0.167
P 0.243 0.089 -

The study of the percentage of Ki67 expression
in non-small cell lung cancer tissue in patient groups
with different types of STAS showed that while
proliferative activity in the tumor overall did not differ,
in the STAS area proliferative activity was higher in
cases with extensive spread compared to cases with
limited STAS (Table 9).

Table 9

Proliferative Activity of Non-Small Cell Lung Cancer

in the Tumor Overall and in the STAS Area with Different
Types of Spread, Me [Q,; O], %

Ki67
Limited STAS, |Extensive STAS,| p
n=16 n=15
In the tumor as a whole | 62.8 [59.9; 71.6] | 75.9 [62.7; 79.8]| 0.123
In the STAS zone 73.4[66.9; 82.5]| 84.5 [79.6; 87.6] | 0.049

Localization

No statistically significant differences were found
in the level of proliferative activity in the tumor
overall and in the STAS area with different types of
spread in cases of adenocarcinoma and squamous cell
carcinoma.

DISCUSSION

The conducted study showed that STAS as a form
of invasive growth in lung carcinomas is associated
with higher proliferative activity in the primary
tumor in both adenocarcinoma and squamous cell
lung cancer. Moreover, tumor cells in the presence
of STAS are characterized by high proliferative
activity in cases of stage IA disease, which is more
pronounced in adenocarcinoma. In the absence of
STAS, proliferative activity increases from stage 1A
to IIIA. This may be due to the temporal selection of
more aggressive clones of tumor cells. Conversely,
high proliferative activity of tumor cells already at
stage IA may be caused by the emergence of such
clones at the early stages of carcinogenesis.

It has been shown for the first time that the
proliferative activity of non-small cell lung cancer in
the STAS area is higher compared to the proliferative

activity in the tumor overall, and moreover, higher
proliferative activity in STAS is observed in cases
with extensive spread compared to cases with limited
spread. Higher proliferative activity both in the tumor
and in the STAS area is characteristic already at the
early stages of carcinoma development.

This phenomenon indicates that STAS is based
on active tumor growth in air spaces. This is further
confirmed by the fact that with a greater degree of
STAS, proliferative activity in the tumor tissue is
higher than with limited STAS. The obtained results
are a strong argument in favor of STAS being a true
form of invasive tumor growth, rather than an artifact.
The data on the association of STAS with proliferative
activity have fundamental significance.

CONCLUSION

The obtained results supplement the knowledge
about the mechanisms of STAS as a form of invasive
growth and one of the variants of tumor progression
characteristic of lung cancer.
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Heterogeneity of VEGF Dynamics in the Acute Period of Ischemic Stroke:
Association with Disease Severity and Short-term Outcomes
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ABSTRACT

Aim. To evaluate serum vascular endothelial growth factor (VEGF) levels in the dynamics of the acute period of
ischemic stroke in patients during clinical and functional recovery.

Material and methods. The study included 114 patients with ischemic stroke. Patient groups were the following:
Group 1 — mild stroke (n = 57 patients), Group 2 — moderate stroke (n = 25 patients), Group 3 — severe stroke
(n = 32 patients). Observation period was 14 days. Observation points included: I — the first 48—72 hours from
the onset of the disease; II — the 14" day. We used the following assessment scales: National Institute of Health
Stroke Scale (NIHSS) and the modified Rankin Scale (mRS). VEGF was determined in blood serum on a multiplex
analyzer. Statistical processing of the results was carried out using the Statistica 13.0 software package.

Results. Patients of groups 1 and 2 showed a statistically significant decrease in points on the NIHSS and mRs
scales (p < 0.001) in the dynamics of observation, in patients of group 3, no significant changes were found
(»=0.157 and p = 0.315, respectively). VEGF in the comparison group did not show reliable differences relative to
patients at points I (p, ,=0.73,p, ,=0.738, p, .= 0.129) and II of observation (p, , = 0.66, p, ,=0.817, p, ,=0.276).
Analysis of the dynamics of the marker revealed an increase in VEGF between points I and II of observation in
group 3 (p =0.021), AVEGF positively correlated with a higher score on the NIHSS scale at point I (r=0.691; p =
0.027). No relationships were found in group 1 (p, ;= 0.078, 7, . viniss 1= —0-294; P vorninss + = 0-237) and group
2 patients (pI—II =0.285, TaveGr-ninss 1~ —0.305; PaveGrnimss 1= 0.392)

Conclusion. Heterogeneity of ischemic stroke pathogenesis reduces the prognostic value of VEGF as an isolated
biomarker. A comprehensive analysis of the temporal patterns of VEGF regulation and other angiogenic factors is

needed to understand the dynamics of vascular remodeling and predict the outcomes of ischemic stroke.

Keywords: vascular endothelial growth factor, angiogenesis, biomarker, prognosis, clinical recovery
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FeTteporeHHocTb aAnHamukn VEGF B octpom nepuopge nwemmnyeckoro
MHCYNbTa: B3aMOCBA3b C TAXKECTbIO 3a001eBaHNA N KPAaTKOCPOUHbIMI
ncxogamm

Kyueposa K.C.', Koponésa E.C.', Anu¢uposa B.M.", bonko A.C.2,
bpasoBckasa H.I'.", UBaHoBa C.A.?

I Cubupckuii 2ocyoapcmeennuiii meouyunckuil ynugepcumem (Cu6I’ MY)
Poccus, 634050, 2. Tomck, Mockosckuti mpakm, 2

2 Hayuno-uccredosamenvcxuii uncmumym (HUH) ncuxuueckozo 300po6ws, Tomckuil HAYuOHAIbHbLI
uccredosamenvexull meouyurckull yeump (HHUMIL]) Poccutickoil akademuu Hayk
Poccus, 634014, 2. Tomck, yn. Aneymckas, 4

PE3IOME

Hens: omeHKa AMHAMUKH CHIBOPOTOYHOTO YpOBHS (hakTopa pocta sumorenust cocynos (VEGF) y namuenros B
OCTPOM TIEPHO/Ie HIIEMUIECKOTO HHCYIbTa B KOHTEKCTE KIMHUIECKOTO U (PyHKIIHOHAIFHOTO BOCCTAHOBIICHUS, C
AKIIEHTOM Ha Pa3JIMIHs MeX/y aTOTeHeTHIECKUMH OATHIIAMH U TSHKECTHIO 3a00JICBaHMS.

Matepuasl 1 MeToabl. Vccnenyemas BeiOopka coctaBuia 114 manueHToB ¢ UIIEMHYECKUM HHCYIBTOM T'OJIOB-
HOro Mo3ra. ['pynmnsl nanneHToB: 1-s rpymmna — JeTKuil uHCYIbT (7 = 57 malueHToB), 2-s1 TpyNIa — CpeaHel cTe-
MIEHH TsDKeCTH (n = 25 manuenToB), 3-51 rpymnmna — TSDKeNbId HHCYIbT (7 = 32 nmauuenta). [leprox HaOmoaeHus:
14 cyt. Touku HaOmonenus: I — mepBeie 48—72 u ot Havana 3aboneBanus; 1l — 14-e cyT. OLEHOUHBIE IIKAJIBL:
mKana uHCynbTa HarmpmonansHoro nactutyTa 310poBbs (NIHSS), monnduunpoBannas mkana Pankuaa (mRS).
VYposens VEGF onpenensinu B CBIBOPOTKE KPOBH Ha MYJIBTHIUIEKCHOM aHanu3aTope. CraTiuctiuueckas 00paboTka
Pe3yABTATOB MPOBOIMIIACH C HCIOIB30BAaHUEM MAKeTa NPUKIAIHBIX porpaMM Statistica 13.0.

Pe3yabTatsl. ¥V nauneHTtoB 1-i u 2-it rpynmn oOHapy»KeHO CTATUCTUYECKH 3HAYMMOE CHIDKEHHE KOIniecTBa Oaj-
noB 1o mkanam NIHSS u mRs (p < 0,001) B nuHamuke HaOIOCHNS, Y TAIIUEHTOB 3-if IPYIIIBI 3HAYMMBIX U3Me-
HeHuit He BbiBIeHO (p = 0,157 u p = 0,315 cootBercTBeHHO). YpoBeHs VEGF B rpyrmne cpaBHeHHs He Mmokasai
JOCTOBEPHBIX PA3IMYMA OTHOCUTENLHO nanuenToB B I (p, = 0,73; p, ,=0,738; p .= 0,129) u Bo II Touke Ha0J110-
nenus (p, = 0,66; p, ,= 0,817; p_,= 0,276). Ananu3 (MHAMUKU MapKepa BbIABMI yBenudeHue ypoBus VEGF
mexay I u Il Toukamu HaGmoaeHus y naruenTos 3-i rpymsl (p = 0,021), AVEGF nonoxurensHo Koppeanposaia
¢ 6onee BeicoknM Gayutom no mkane NIHSS B 1 touke (r = 0,691; p = 0,027). KoppensuoHHbIX B3aUMOCBsI3ei
B 1-ii rpynme (p, = 0,078, ¥ \VEGENIHSS 1 —0,294; PaveGE-Nmss 1 = 0,237) u 2-ii rpynne nauuentos (p, = 0,285;
rAVEGF-NIHSSfI = 70’305’ pAVEGF-NIHSSfI = 0’392) HE BBLIBJICHO.

3axino4eHne. I'eTeporeHHOCTh IATOreHe3a HMIIEMUYECKOr0 HMHCYJIbTA CHUXKACT IPOTHOCTUYECKYHO LEHHOCTh
VEGF xax u3onupoBanHoro 6nomapkepa. Heo6xoaum KOMIIIEKCHBIH aHaIH3 BPEMEHHBIX 3aKOHOMEPHOCTEH pe-
rymsimui VEGF u apyrux aHTHOTreHHBIX ()aKTOPOB JUTsl IIOHUMAaHUS ANHAMHUKH COCYIMCTOTO PEMOACINPOBAHHUS H

MIPOTHO3MPOBAHUA UCXOJ0B HIIEMHUYCCKOI'0 MHCYJIbTA I'OJIOBHOT'O MO3ra.

KiroueBblie ciioBa: (1)aKTOp POCTa SHAOTEIMUA COCYI0B, aHIT'MOI'CHE3, 6I/IOM3.pK6p, TIPOTrHO3, KIIMHUYECKOE BOCCTAHOB-
JICHUEC

KonpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMAIBHBIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaNKeil HaCTOSIIEeH CTaThH.

Hcrounuk ¢puHAHCHPOBAHUA. ABTOPHI 3asBIISIIOT 00 OTCYTCTBUH (DMHAHCUPOBAHUS IPH NMPOBEICHHU HUCCIEHO0-
BaHMUS.

CooTBeTcTBHE MPUHIOUNAM dTHKH. [l0 BKIIOUCHHS B HCCIEIOBAaHUE BCE CYOBEKTHI WM MX OJIDKAWIIHE POJI-
CTBEHHUKH OBUIA OCBEIIOMIJICHBI O XapaKTepe, IesX, BO3MOXKHBIX PHCKaX HUCCICIOBAHUS U AU JOOPOBOJIBHOE
MHPOPMUPOBAHHOE MUCEMEHHOE COTJIache Ha ydacThe. [IpOTOKOJI KITMHAYECKOTO HCCIIEOBaHUs pa3paboTaH B
COOTBETCTBHU ¢ TpeOoBaHmsMu HammonaneHoro crangapra PO 'OCT P52379-2005 «Hamrexamas KInHAYE-
ckast npaktuka» GCP (2005 r.) Good Clinical Practice n omo6peH stidueckum komureroM Cu6I'MY (3akimrouenue
Ne 8565/1 or 21.01.2021).

Jsa nurupoBanus: Kyueposa K.C., Koponésa E.C., Anuduposa B.M., boiiko A.C., bpa3osckas H.I'., MiBano-
Ba C.A. I'ereporennocts nuHamuku VEGF B ocTpoM mepuoze MIIEMHYECKOrO MHCYJbTA: B3aUMOCBS3b C TSKE-
CTBIO 3a00JI€BaHMUS M KPATKOCPOUHBIMU HCX0aMu. Bioiemens cubupcrou meduyunst. 2026;26(1):77-85. https://
doi.org/10.20538/1682-0363-2026-1-77-85.
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INTRODUCTION

Strokes consistently represent a key medical
and social problem worldwide, accounting for
their high morbidity and mortality rates, leading
to temporary disability and eventual permanent
disability [1]. Scientific communities are continually
developing and improving diagnostic algorithms
and management strategies for patients with
cerebral ischemia. However, issues of predicting
the clinical and functional outcomes of the disease
remain unsolved to this day. A comprehensive
understanding of the neurobiological processes
underlying ischemic stroke is crucial to develop
early diagnostic, prognostic, and therapeutic
approaches. Recently, particular attention has been
paid to growth factors, which play a key role in
neovascularization mechanisms and brain tissue
recovery after acute ischemia [2, 3].

Vascular endothelial growth factor (VEGF) is
one of the main growth factors, which is regulated
by hypoxia-inducible factor (HIF) in response
to acute cerebral ischemia. In cerebral stroke,
VEGF is expressed on the surface of astrocytes,
neurons, and endothelial cells in the infarct core
and in the ischemic penumbra. Outside the central
nervous system, VEGF is derived from a variety
of cells, including macrophages and platelets [4].
Experimental studies on models of acute cerebral
ischemia in rodents have shown that VEGF has a
pleiotropic effect. On the one hand, its activation
triggers angiogenesis and has a neuroprotective
effect [5, 6]. On the other hand, VEGF promotes
the disruption of the blood — brain barrier (BBB)
and increased vascular permeability, leading to the
progression of cerebral edema [7].

Despite the fact that VEGF has been studied
as a prognostic marker for ischemic stroke since
the 1970s, and a significant body of scientific data
has been accumulated, a consensus on the role
of this vascular factor in clinical and functional
recovery has still not been reached. A 2013 study by
R. Matsuo et al. demonstrated a sustained increase in
plasma VEGF levels over a 90-day period following
ischemic stroke in 171 patients, regardless of the
stroke pathogenetic subtype, compared to a control
group [8]. In contrast, a 2021 meta-analysis by
A. Seidkhani-Nahal et al. showed that serum VEGF
levels on day 1 and day 7 of acute cerebral ischemia

were not statistically different between 769 patients
and 621 controls [9].

The research team of A. Bhasin et al. in 2019
conducted a clinical and laboratory examination of
250 patients with cerebral ischemic stroke using the
National Institutes of Health Stroke Scale (NIHSS)
and the Modified Rankin Scale (mRS). In their work,
the authors identified an association between VEGF
levels and disease outcomes on day 7 and day 90 of
cerebral ischemia [10].

Thus, the current clinical data on the role of VEGF
as a potential marker for outcomes of ischemic stroke
do not allow for definitive conclusions. The study of
VEGF - a key factor in angiogenesis and vascular
remodeling in the recovery processes of patients
with ischemic stroke — is of significant scientific
and practical interest. Such research is important
both to understand the pathogenetic mechanisms
of cerebral ischemia and to find new effective tools
for forecasting rehabilitation potential, aiming for a
future personalized treatment approach.

The aim of the study was to assess the changes
in serum VEGF levels in patients during the acute
phase of ischemic stroke in the context of clinical
and functional recovery, with a focus on differences
between pathogenetic subtypes of stroke and disease
severity.

MATERIALS AND METHODS

This study was conducted at the Neurology and
Neurosurgery Division of the Siberian State Medical
University (SibSMU) in collaboration with the
Laboratory of Molecular Genetics and Biochemistry
at the Mental Health Research Institute, Tomsk
National Research Medical Center. The study included
114 patients (51 women, 63 men) with ischemic
stroke, hospitalized at the Regional Vascular Center
of Tomsk Regional Hospital within 48—72 hours after
the onset of focal neurological symptoms.

The median patient age was 65 (59; 70) years.
The diagnosis of stroke was verified according
to the WHO clinical criteria and confirmed by
neuroimaging data. The nosological form of
the disease was established in accordance with
the International Classification of Diseases, 10%
Revision (ICD-10). An informed consent was
obtained from the patients or their immediate family
members prior to inclusion in the study. Exclusion
criteria were as follows: transient ischemic attack,
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hemorrhagic stroke, history of stroke, nervous
system damage of other etiology (traumatic,
autoimmune, neurodegenerative, neoplastic, or
epilepsy), and extracranial pathology (connective
tissue diseases, musculoskeletal system diseases,
hereditary disorders, or neoplasms).The patient
population was divided into three groups based on
the severity of neurological deficit assessed using
the NIHSS scale (Goldstein et al., 2011): group 1 —
mild stroke (NIHSS score 1-6, n = 57); group 2 —

moderate stroke (NIHSS score 7-13, n = 25); group
3 — severe stroke (NIHSS score 14-42, n = 32)
[11]. The clinical and demographic characteristics
of the patient cohort are presented in Table 1. The
comparison group consisted of 13 volunteers with
a median age of 64 (58; 71) years, with no history
of cerebrovascular or other organic lesions of the
central nervous system, comparable to the study
population in terms of sex, age, and cardiovascular
risk factors.

Table 1
Clinical and Demographic Characteristics of the Study Population
Characteristic Group 1, n =57 Group 2, n =25 Group 3, n =32
Gender, n (%)
—men 34 (59.6%) 12 (48%) 17 (53.1%)
— women 23 (40.4%) 13 (52%) 15 (46.9%)
Age, years Me [0 ;0] 65 [59; 69] 66 [59; 68] 69 [62; 74]
Body mass index, kg/m?, Me [0,;0,] 28.26 [25.95; 30.85] 28.13 [25,25;35.14] 27.99 [23.15; 31.22]
Arterial hypertension, n (%) 57 (100%) 25 (100%) 32 (100%)
Atherosclerosis of the aorta and heart valves, n (%) 45 (78.9%) 15 (60%) 20 (62.5%)
Diabetes mellitus, n (%) 12 (21.1 %) 6 (24%) 8 (25%)
Coronary heart disease, n (%) 15 (26.3%) 7 (28%) 14 (43.8%)
Myocardial infarction, n (%) 6 (10.5%) 3 (12%) 5 (15.6%)
Stenting and artificial heart valves, n (%) 2 (3.5%) 1 (4%) 2 (6.3%)
Atrial fibrillation, n (%) 13 (22.8%) 3 (12%) 13 (40.6%)
Dyslipidemia, n (%) 48 (84.2%) 19 (76%) 18 (56.25%)
Smoking, n (%) 15 (26.3%) 5 (20%) 2 (6.3%)
Affected cerebral hemisphere
—right, n (%) 29 (50.9%) 15 (60%) 16 (50%)
— left, i (%) 28 (49.1%) 9 (40%) 16 (50%)
Stroke subtype according to TOAST criteria:
— atherothrombotic, n (%) 8 (14%) 8 (32%) 10 (31.3%)
— cardioembolic, n (%) 13 (22.8%) 3 (12%) 13 (40.6%)
— lacunar, n (%) 3 (5.3%) 1 (4%) 0
— other established etiology, n (%) 0 0 0
—unknown etiology, n (%) 33 (57.9%) 13 (52%) 9 (28.1%)

The observation period was 14 days. Assessment
time points were as follows: I — the acute stroke
period (first 48—72 hours), II — the subacute period
(day 14 of the disease). Neurological deficit was
assessed using the NIHSS, and functional disability
was evaluated with the mRS scale. Patient serum
was used as the biological material for analysis.
VEGF concentration was measured using the
MAGPIX multiplex analyzer (Luminex, USA) and
the HNDG3MAG-36K panel from MILLIPLEX
MAP (Merck, Darmstadt, Germany). The results
were expressed in pg/mL. Statistical analysis
was performed using the Statistica 13.0 software
package. The critical significance level for testing

statistical hypotheses was set at 0.05 (p is the
obtained significance level). Categorical variables
were presented as absolute numbers and relative
frequencies 7 (%). Quantitative and ordinal variables
were presented as median and interquartile range,
Me[Q, Q)]

The Kruskal-Wallis test was used to compare
multiple independent groups, with the Mann—
Whitney U test and Bonferroni correction used
for pairwise comparisons. Changes between the
two time points were assessed using the Wilcoxon
signed-rank test. Correlation analysis between
variables was performed using non-parametric
methods.
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Table 2
Dynamics of Clinical and Laboratory Parameters in Acute Ischemic Stroke across Observation Groups
Patient Groups Comparison
Criteria . 5 3 Evaluation (;)f dynamics, p, | Intergrpup
(n=57) (n=25) (n=32) roups comparison,
1 2 3 Piss
mRs I 31[2;3] 414; 5] 51[5;5] <0.001*
<0.001* | <0.001* 0.157
mRs I 2[1;2] 41[3;4] 51[5;5] <0.001*
NIHSS I 413; 5] 10 [2; 3] 18 [16;21] <0.001*
= <0.001* | <0.001* 0.315
NIHSS 1T 31[2;3] 7[5; 8] 20 [12;23] <0.001*
VEGF I pg/mL 83.0[35.3; 113.6] | 70.2[47.6; 88.1] 53.5[25.4;90.6] 0.377
- 0.078 0.285 0.021*
VEGF_Il pg/mL | 90.3 [47.6; 150.2] | 100.1 [64.8; 113.6] | 110.9 [61.8;228.2] 0.724
A VEGF pg/mL 18 [-5; 53] 13 [5; 17] 68 [38; 105] 0.065
*p<0.05.
RESULTS A comparative analysis at observation point

During the study, patients at point I demonstrated
significant differences in the severity of neurological
deficit according to the NIHSS and functional
impairment according to the mRS across all
groups.

In patients of groups 1 (mild stroke) and 2
(moderate stroke), a statistically significant decrease
in NIHSS and mRS scores was found (p < 0.001),
indicating a regression of neurological deficit and
functional recovery by day 14 of the disease (Table 2).
Moderate positive correlations between ANIHSS and
AmRS further confirmed the clinical improvement
and functional independence of patients in groups
1 and 2 at the second observation point (r, = 0.645,
p, <0,001 and »,=0.507, p,=0.001, respectively).

In group 3 patients with severe stroke, no
significant quantitative changes in the studied scores
were found at the observation points (Table 2). At
the same time, ANTHSS significantly correlated with
mRs_II, reflecting the degree of disability in patients
with severe stroke in the absence of recorded clinical
improvement on day 14 of the disease (r, = 0.418,
p,=0.019).

The serum VEGF concentration in the comparison
group was 70.2 [47.6; 138.6] pg/mL and did not
statistically significantly differ in the patient groups,
either within the first 48—72 hours of ischemic stroke
(p,, =073, p,,= 0738, p,, = 0.129) or on day
14 of stroke (p, = 0.66, p,, = 0.817, p_, = 0.276).
No significant differences in the marker levels in the
peripheral blood of patients with varying severity of
ischemic stroke were found either (Table 2).

II revealed a significant increase in serum VEGF
concentrations during the dynamics of the acute
period in group 3 patients with severe stroke
(p,, = 0.021). Here, AVEGF was 68 [38; 105] pg/
mL and positively correlated with a higher NIHSS 1
score (r=0.691; p =0.027).

Within the study, patients were also divided
into stroke subtypes according to the TOAST
(Trial of ORG 10172 in Acute Stroke Treatment)
classification [12]. This resulted in the following
groups: atherothrombotic stroke (n = 26), cardio-
embolic stroke (n = 29), and a combined group
including patients with lacunar stroke and stroke of
unspecified etiology (n = 59), due to the insufficient
number of patients in the first category. No cases
of stroke of other established etiologies were
registered in the cohort.

The results of the comparative analysis showed
that in the group of patients with the cardioembolic
subtype of stroke, VEGF levels in the first 48—72
hours of the disease were significantly lower
compared to the control group (p = 0.039).

Correlation  analysis  revealed significant
relationships between clinical and laboratory
parameters exclusively in the group of patients
with atherothrombotic stroke, where AVEGF
was 10 [-22; 63] pg/mL and positively correlated
with the NIHSS score at both observation points
I (r =0.754; p = 0.012) and II (» = 0.695; p =
0.026). A similar correlation was found between
AVEGF and mRs_II (r = 0.695; p = 0.026). The
obtained results indicate the presence of a reliable
relationship between the changes in VEGF
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growth, the severity of neurological deficit, and the
degree of functional impairment by the end of the
14-day observation period.

DISCUSSION

In acute ischemic brain injury, VEGF is one of
the main regulators of angiogenesis and neuronal
survival, determining the clinical outcome of stroke
[13]. Immunohistochemical studies conducted on
experimental models of middle cerebral artery
occlusion in rats showed that VEGF expression in
astrocytes in the ischemic core increased after 2
hours and then gradually decreased over 6 hours.
Increased VEGF immunoreactivity in hypertrophied
astrocytes and endothelial cells was also detected in
the ischemic penumbra zone 24 hours after the onset
of ischemia and persisted for 14 days [14].

The results of the present study showed that serum
VEGF concentrations in patients during the first
4872 hours of ischemic stroke remained at a level
comparable to those in the comparison group. It is
likely that the neuroprotein content in the peripheral
blood does not reflect the level of expression in the
ischemic focus. VEGF produced locally in brain
tissue in response to ischemic injury does not reach
the systemic circulation in equal concentrations
during the first 48—72 hours, accumulating within the
infarct zone. Furthermore, the neuroinflammatory
process that develops during acute cerebral ischemia
can modulate VEGF expression, counteracting its
predicted increase [15]. Clinical studies presented
in the international literature demonstrate a negative
correlation between leukocyte levels and C-reactive
protein compared to angiogenic growth factors,
including VEGF, supporting the hypothesis of a
negative impact of neuroinflammatory responses on
angiogenesis [16].

Of particular interest are the differences in VEGF
changes depending on the subtype of ischemic
stroke. In cardioembolic stroke, hypoxia develops
rapidly, which can lead to suppression of VEGF
expression due to severe energy deficit in neurons
and glial cells. In contrast to atherothrombotic
stroke, in which occlusion develops gradually, the
sudden cessation of blood flow in cardioembolism
limits the activation time of HIF-la, a key
regulator of VEGF synthesis. As a result, in the
first 48—72 hours of cardioembolic stroke, VEGF-
dependent pathways likely remain functionally

inactive [17]. An additional pathogenetic factor
affecting VEGF expression in cardioembolic
stroke is the concomitant systemic inflammatory
response and hypercoagulability characteristic
of atrial fibrillation and other cardiac sources of
embolism. Elevated levels of proinflammatory
cytokines (in particular, interleukin-6 and tumor
necrosis factor-a) in combination with markers of
coagulation cascade activation (such as D-dimer)
create a microenvironment that suppresses
angiogenic processes, which further inhibits VEGF
production [18, 19]. In contrast, atherothrombotic
stroke, which develops against the background of
progressive stenosis of large cerebral arteries, is
characterized by chronic hypoxia, which induces
persistent compensatory VEGF expression. In
lacunar stroke, caused by damage to small arteries,
the ischemic response is minimal, which explains
the absence of significant changes in VEGF levels
[20, 21].

Of particular note is the observation that patients
with mild to moderate stroke demonstrated better
short-term outcomes of ischemic stroke on day 14 of
disease without a significant increase in VEGF over
time. This finding may indicate the activation of
alternative signaling pathways regulating neuronal
recovery and clinical outcomes that do not require
vascular remodeling and a significant increase in
VEGF expression. Recent research data support
the hypothesis that activation of neuronal plasticity
mechanisms, and in particular brain-derived
neurotrophic factor (BDNF), plays a key role in
the motor recovery of patients with ischemic stroke
during the first 14 days [22].

In patients with severe ischemic stroke, a
significant increase in VEGF in the absence of
significant clinical and functional recovery was
observed on the 14" day of disease. This increase
is likely due to the need for continuous VEGF
expression during the acute period to stimulate
angiogenesis and neurogenesis [23]. However,
angiogenesis may have limited efficacy in restoring
lost functions in the short term. In severe stroke,
accompanied by deeper damage to the conduction
pathways located below the ischemic focus, the
need for angiogenesis to restore impaired functions
is presumably higher compared to mild or moderate
strokes. Activation of angiogenic pathways in
response to neuronal damage during acute brain
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tissue ischemia likely requires a certain amount of
time, which explains the absence of a significant
increase in VEGF concentration in the peripheral
blood, indicating a delayed activation of vascular
remodeling reactions [24, 25]. Thus, VEGF may be
a potential marker of functional outcomes in more
remote periods of ischemic stroke (end of acute and
early recovery).

The identified relationship between increased
serum VEGF levels and worsening clinical and
functional outcomes in atherothrombotic stroke can
be explained by a complex of pathophysiological
mechanisms characteristic of this subtype of stroke.
The chronic nature of atherosclerotic vascular lesions
creates conditions for prolonged hypoxia, which leads
to sustained activation of HIF-la and continuous
expression of VEGF. This leads to the development
of vascular preconditioning manifested by increased
expression of VEGF-R2 receptors and changes in
their sensitivity, which, in combination with the
activation of matrix metalloproteinase-9 releasing
matrix-bound VEGF creates the preconditions for
increased vascular permeability [26, 27].

These changes contribute to the development
of vasogenic edema due to destabilization of
endothelial tight junctions and lead to extravasation
of proinflammatory cytokines, which increases the
risk of hemorrhagic transformation. It is important to
note that atherothrombotic lesions are accompanied
by pathological angiogenesis, producing functionally
immature vessels, which exacerbates ischemic
damage. Chronic hypoxia maintains constant
activation of VEGF-dependent signaling pathways,
which contributes to prolonged damage to the BBB
and more pronounced neurological deficits [20, 28].
Increased VEGF expression in patients with the
atherothrombotic subtype of ischemic stroke may
serve as a marker of persistent pathophysiological
processes, including a progressive increase in the
volume of the ischemic lesion [29]. This explains
the association we identified between increased
VEGF and worse clinical and functional outcomes
in this pathogenetic subtype of stroke.

CONCLUSION

The heterogeneity of the pathogenetic mecha-
nisms of ischemic stroke limits the prognostic value
of VEGF expression levels as a standalone biomarker
during the acute phase of the disease. The prognostic

value of VEGF is limited by the variability of the
response depending on the severity and pathogenetic
subtype of stroke. This study highlights the need to
investigate the temporal changes in VEGF regulation
and other angiogenic factors to understand the
mechanisms of vascular remodeling and functional
recovery after cerebral ischemia. Comprehensive
analysis of VEGF in combination with other neuron-
specific proteins may facilitate a more accurate
assessment of compensatory processes in ischemic
stroke and will become a valuable tool for predicting
disease outcomes.

REFERENCES

1. Shamalov N.A., Stakhovskaya L.V., Klochikhina O.A., Pol-
unina O.S., Polunina E.A.. An Analysis of the Dynamics of
the Main Types of Stroke and Pathogenetic Variants of Isch-
emic Stroke. S.S. Korsakov Journal of Neurology and Psychi-
atry. 2019;119(3-2):5-10. (In Russ.). DOIL: 10.17116/jnev-
r020191190325.

2. Kini S., Memon F., Asgaonkar D. Outcome in Survivors of
Middle Cerebral Artery Territory Ischemic Stroke: Can it be
predicted? Journal of the Association of Physicians of India.
2019;67(4):46-50.

3. Moon S., Chang M.S., Koh S.H., Choi Y.K. Repair Mecha-
nisms of the Neurovascular Unit after Ischemic Stroke with
a Focus on VEGF. Int. J. Mol. Sci. 2021;22(16):8543. DOI:
10.3390/ijms22168543.

4. Guan W., Somanath P.R., Kozak A. Vascular protection
by angiotensin receptor antagonism involves differential
VEGF expression in both hemispheres after experimental
stroke. PLoS One. 2011;6(9):24551. DOI: 10.1371/journal.
pone.0024551.

5. Choi Y.H., Hsu M., Laaker C., Herbath M., Yang H., Cis-
maru P. et al. Dual role of Vascular Endothelial Growth
Factor-C  (VEGF-C) in post-stroke recovery. bioRxiv.
2023;8(30):555144. DOI: 10.1101/2023.08.30.555144.

6. Zhang W., Wu Y., Chen H., Yu D., Zhao J., Chen J. Neuropro-
tective effects of SOXS against ischemic stroke by regulating
VEGF/PI3K/AKT pathway. Gene. 2021;767(14):5148. DOI:
10.1016/j.gene.2020.145148.

7. Geiseler S.J., Morland C. The Janus Face of VEGF in Stroke.
Int. J. Mol. Sci. 2018;19(5):1362. DOI: 10.3390/ijms19051362.

8. Matsuo R., Ago T., Kamouchi M. Clinical significance of
plasma VEGF value in ischemic stroke — research for bio-
markers in ischemic stroke (REBIOS) study. BMC Neurology.
2013;13:32. DOIL: 10.1186/1471-2377-13-32.

9. Seidkhani-Nahal A., Khosravi A., Mirzaei A., Basati G., Ab-
basi M., Noori-Zadeh A. Serum vascular endothelial growth
factor (VEGF) levels in ischemic stroke patients: a systematic
review and meta-analysis of case-control studies. Neurol. Sci.
2021;42(5):1811-1820. DOI: 10.1007/s10072-020-04698-7.

10. Bhasin A., Srivastava M.V.P., Vivekanandhan S. Vascu-

lar Endothelial Growth Factor as Predictive Biomarker
for Stroke Severity and Outcome; An Evaluation of a New

BlonneteHb cMbupckoin meguumHebl. 2026; 25 (1): 77-85 83



Kucherova K.S., Koroleva E.S., Alifirova V.M. et al.

Heterogeneity of VEGF Dynamics in the Aute Period of Ischemic Stroke

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Clinical Module in Acute Ischemic Stroke. Neurology India.
2019;67(5):1280-1285. DOI: 10.4103/0028-3886.271241
Goldstein L.B., Samsa G.P. Reliability of the National Insti-
tutes of Health Stroke Scale. Extension to non-neurologists
in the context of a clinical trial. Stroke. 1997;28(2):307-310.
DOI: 10.1161/01.str.28.2.307.

Adams H.P. Jr., Bendixen B.H., Kappelle L.J. Classifica-
tion of subtype of acute ischemic stroke. Definitions for use
in a multicenter clinical trial. TOAST. Trial of Org 10172
in Acute Stroke Treatment. Stroke. 1993;24(1):35-41. DOI:
10.1161/01.str.24.1.35.

Koroleva E.S., Alifirova V.M. Mechanisms of Neurogenesis
and Angiogenesis in Ischaemic Stroke: Literature Review An-
nals of Clinical and Experimental Neurology. 2021;15(3):62—
71. (In Russ.). DOI: 10.54101/ACEN.2021.3.7.

Zhang Z.G., Zhang L., Tsang W. Correlation of VEGF and
angiopoietin expression with disruption of blood-brain barrier
and angiogenesis after focal cerebral ischemia. J. Cereb. Blood
Flow Metab. 2002;22(4):379-392. DOI: 10.1097/00004647-
200204000-00002.

Xu P., Zhang S., Kan X. Changes and roles of IL-17A,
VEGF-A and TNF-a in patients with cerebral infarction during
the acute phase and early stage of recovery. Clin. Biochem.
2022;107:67-72. DOI: 10.1016/j.clinbiochem.2022.05.001.
Golab-Janowska M., Paczkowska E., Machalinski B. Elevated
inflammatory parameter levels negatively impact populations
of circulating stem cells (CD133+), early endothelial progen-
itor cells (CD133+/VEGFR2+), and fibroblast growth factor
in stroke patients. Curr. Neurovasc. Res. 2019;16(1):19-26.
DOI: 10.2174/1567202616666190129164906.
Prodjohardjono A., Vidyanti A.N., Susianti N.A., Sudar-
manta, Sutarni S., Setyopranoto 1. Higher level of acute se-
rum VEGF and larger infarct volume are more frequently
associated with post-stroke cognitive impairment. PLoS One.
2020;15(10):239370. DOI: 10.1371/journal.pone.0239370.
Arboix A. Cardiovascular risk factors for acute stroke: Risk
profiles in the different subtypes of ischemic stroke. World
J. Clin. Cases. 2015;3(5):418-429. DOI:  10.12998/wjcc.
v3.i5.418.

Guo J., Tian M., Li Y. Exploring clinical indicator varia-
tions in stroke patients with multiple risk factors: focus on
hypertension and inflammatory reactions. Eur. J. Med. Res.
2024;29(1):81. DOI: 10.1186/s40001-024-01653-6.

Ogata T., Dohgu S., Takano K., Inoue T., Arima H., Takata F.

Author Contribution

21

22.

23.

24.

25.

26.

27.

28.

29.

et al. Increased plasma VEGF levels in patients with cere-
bral large artery disease are associated with cerebral mi-
crobleeds. Cerebrovasc. Dis. Extra. 2019;9(1):25-30. DOI:
10.1159/000497215.

. Ford B., Peela S., Roberts C. Secondary prevention of isch-

emic stroke: updated guidelines from AHA/ASA. Am. Fam.
Physician. 2022;105(1):99-102.

Koroleva E.S., Brazovskaya N.G., Levchuk L.A., Kazakov
S.D., Romadina N.Yu., Alifirova V.M. Assessment of the
Levels of Neuron-Specific Enolase and BDNF at the Stages
of Rehabilitation in the Acute and Early Recovery Periods
of Ischemic Stroke. S.S. Korsakov Journal of Neurology and
Psychiatry. 2020;120(8-2):30-36. (In Russ.). DOI: 10.17116/
jnevro202012008230.

Kirby E.D., Kuwahara A.A., Messer R.L., Wyss-Coray T.
Adult hippocampal neural stem and progenitor cells regu-
late the neurogenic niche by secreting VEGF. Proc. Natl.
Acad. Sci. U. S. A. 2015;112(13):4128-4133. DOI: 10.1073/
pnas.1422448112.

Kucherova K.S., Koroleva E.S., Alifirova V.M. Role of
VEGF in Angiogenesis and Motor Recovery After Ischemic
Stroke. Neurochemistry. 2023;40(4):331-337. (In Russ.) DOI:
10.31857/S1027813323040143.

Qin C., Yang S., Chu Y.H. Signaling pathways involved in
ischemic stroke: molecular mechanisms and therapeutic inter-
ventions. Sign. Transduct. Target. Ther. 2022;7(1):215. DOI:
10.1038/s41392-022-01064-1.

Zhu T., Zhan L., Liang D., Hu J., Lu Z., Zhu X. et al. Hypox-
ia-inducible factor 1o mediates neuroprotection of hypoxic
postconditioning against global cerebral ischemia. J. Neuro-
pathol. Exp. Neurol. 2014;73(10):975-986. DOI: 10.1097/
NEN.0000000000000118.

Wang X., Khalil R.A. Matrix metalloproteinases, vascu-
lar remodeling, and vascular disease. Adv. Pharmacol.
2018;81:241-330. DOI: 10.1016/bs.apha.2017.08.002.

Yang C., Hawkins K.E., Dor¢é S., Candelario-Jalil E. Neuroin-
flammatory mechanisms of blood-brain barrier damage in isch-
emic stroke. Am. J. Physiol. Cell Physiol. 2019;316(2):135—
153. DOI: 10.1152/ajpcell.00136.2018.

Slevin M., Krupinski J., Slowik A., Rubio F., Szczudlik A.,
Gaffney J. Activation of MAP kinase (ERK-1/ERK-2), ty-
rosine kinase and VEGF in the human brain following acute
ischaemic stroke. Neuroreport. 2000;11(12):2759-2764.
DOI:10.1097/00001756-200008210-00030.

Kucherova K.S. — conception and design, data interpretation. Koroleva E.S. — critical revision for important intellectual content.
Alifirova V.M. — final approval of the manuscript for publication. Boiko A.S. — laboratory research and analysis of the results. Brazov-
skaya N.G. — statistical processing of the data. Ivanova S.A. — laboratory research, final approval of the manuscript for publication.

84

Author Information

Kucherova Kristina S. — Assistant, Neurology and Neurosurgery Division, Siberian State Medical University, Tomsk, kristyajka@
ya.ru, https://orcid.org/0000-0003-4968-4012

Bulletin of Siberian Medicine. 2026; 25 (1): 77-85



Original Articles

Koroleva Ekaterina S. — Dr. Sci. (Med.), Professor, Neurology and Neurosurgery Division, Siberian State Medical University, Tomsk,
kattorina@list.ru, htpps://orcid.org/0000-0003-1911-166X

Alifirova Valentina M. — Dr. Sci. (Med.), Professor, Head of the Neurology and Neurosurgery Division, Siberian State Medical
University, Tomsk, v_alifirova@mail.ru, https://orcid.org/0000-0002-4140-3223

Boiko Anastasiya S. — Dr. Sci. (Med.), Leading Researcher, Laboratory of Molecular Genetics and Biochemistry, Mental Health
Research Institute, Tomsk, anastasya-iv@yandex.ru, https://orcid.org/0000-0002-7882-2093

Brazovskaya Nataliia G. — Cand. Sci. (Med.), Associate Professor, Medical and Biological Cybernetics Division, Siberian State
Medical University, Tomsk, brang@mail.ru, https://orcid.org/0000-0002-0706-9735

Ivanova Svetlana A. — Dr. Sci. (Med.), Professor, Deputy Director for Research, Head of the Laboratory of Molecular Genetics and
Biochemistry, Mental Health Research Institute; Professor, Psychiatry, Narcology and Psychotherapy Division, Siberian State Medical
University, Tomsk, ivanovaniipz@gmail.com, https://orcid.org/0000-0001-7078-323X

(b<) Kucherova Kristina S., kristyajka@ya.ru
Received on June 26, 2025;

approved after peer review on September 23, 2025;
accepted on October 16, 2025

BlonneteHb cMbupckoin meguumHebl. 2026; 25 (1): 77-85 85



YK 57.063.8:591.465.12
https://doi.org/10.20538/1682-0363-2026-1-86-95

Risk Assessment of Germline Transition of Adeno-associated Virus Vector
of Chimeric Serotype PHP.eB into Mouse Oocytes

Malikova A.D.', Zhanataev A.K.', Esmagambetov I.B.?, Anisina E.A.’, Pligina K.L.',
Chaika Z.V.’, Ryabova E.l.2, Dovgiy M.A.2, Hossain R.M., Durnev A.D.', Dorofeev V.L."

! Federal State Budgetary Research Institution Federal Research Center for Innovator and Emerging Biomedical
and Pharmaceutical Technologies
8 Baltiyskaya St., 125315 Moscow, Russian Federation

2 Federal State Budgetary Institution Gamaleya National Center for Epidemiology and Microbiology
18 Gamaleya St., 123098 Moscow, Russian Federation

ABSTRACT

Aim. To assess the risk of germline transmission of an adeno-associated virus vector of the chimeric serotype PHP.
eB into the germ cells of female mice based on the development of an original method for obtaining mouse oocytes
devoid of somatic cells and free vector particles.

Materials and methods. The vector under study was administered intravenously to female outbred CD-1 mice at
a dose of 5 x 10 vector genomes/mouse using an original technique which included hormonal superovulation of
exposed animals, oocyte isolation, their purification from contaminating somatic cells, and direct quantitative PCR
on lysed oocytes. The vector DNA content in the brain tissue, ovaries, and oocytes was assessed on days 1, 3, 7, 14,
30, and 90 after vector administration.

Results. Using the developed technique, we examined the ability of the adeno-associated virus vector of the
chimeric serotype PHP.eB to undergo germline transmission into mouse oocytes. It was established that, despite
persistence in brain and ovarian tissue for up to 3 months, vector DNA was not detected in oocytes at any time after
vector administration.

Conclusion. The obtained data demonstrate the absence of germline transmission of the studied genetic construct
into mouse oocytes. The detection of the adeno-associated vector in the ovaries, despite its absence in oocytes,
confirms the effectiveness of the developed technique for obtaining mouse oocytes devoid of somatic cells.

Keywords: adeno-associated vector, chimeric serotype PHP.eB, germline transmission, oocytes, mice, direct PCR
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I.Iem;. OIIBHI/ITL PUCK BEPTHUKAJIBHOTO IEPEHOCA aICHOACCONMHMPOBAHHOI'O BUPYCHOI'O BEKTOpa XUMEPHOI'O CC-
poruna PHP.eB B moJioBbIe KJISTKH CaMOK MBIIICH HA OCHOBE paSpa60TKI/I OPUTHHAJIBHOTO criocoba NOJIy4CHUA
OOLIMTOB MLIIIIBﬁ, HEKOHTAMHUHUPOBAHHBIX COMAaTUYCCKNMH KIICTKAaMU U CBOGOHHLIMI/I BEKTOPHBIMU HYaCTULIAMU.

Marepuajbl 4 MeToAbl. Viccienyemblii BEKTOp BBOIWIN BHYTPUBEHHO caMKaM ayTOpeaHbIX Mblmeit CD-1 B mo3e
5 % 10'° BeKTOpPHBIX TCHOMOB Ha MBIIIb. VICMONB30BaI OPUTHHAIBHYIO METOMOJIOTUIO, BKIIFOYAIOIIYI0 TOPMO-
HaJIbHYI0 CYNEPOBYJISIMIO 3KCIOHUPOBAHHBIX JKHBOTHBIX, BBIIEICHUE OOIUTOB, X OYMCTKY OT KOHTAMUHHPY-
IOIIUX COMAaTHYECKHX KJIETOK U MPSAMYIO KOJIMUECTBEHHYIO MOIMMepa3Hyo nenHyo peakuuio (I1LP) na musupo-
BaHHBIX oonuTax. Comepxanue BekTopHO# JIHK B TKaHU ro0BHOTO MO3ra, SIMYHHKOB U B OOLMTAX OLEHUBATIH
Ha 1, 3,7, 14, 30 u 90-e cyT mocine BBEJCHUS BEKTOpa.

PesyabTatel. C Hcnonb30BaHUEM pa3pabOTaHHOIO IMOJXOAA MCCIEN0BaHA CHOCOOHOCTh K BEPTHKAIBHOMY IIe-
PEHOCY B OOLMTHI MBIIIEH aJeHOACCOLMUPOBAaHHOIO BUPYCHOTO BekTopa xumepHoro ceporuna PHP.eB. Ycra-
HOBJICHO, YTO HECMOTPS Ha MEPCUCTEHIMIO B TKAaHU TOJIOBHOTO MO3ra U SIMYHUKOB 10 3 Mec, BekTopHas JJHK ne
BBIIBIISIETCS] B OOLIMTaX HU Ha OJJHOM M3 CPOKOB MOCIIE BBEJICHUS BEKTOPA.

3axinoyenne. [lonydennble JaHHbIE NEMOHCTPUPYIOT OTCYTCTBUE BEPTUKAIBHOIO IIEPEHOCA B OOLUTHI MbIIIEH
HCCIIeyeMOl TeHHOH KOHCTPYKIUH. BrIsBIeHNE aJeH0acCONMUPOBAHHOTO BEKTOPA B SUYHHUKAX IIPH €ro HeoO-
HapY>KeHHHU B OOLMTAX MOATBEPKAAET d(PPEKTHBHOCTH pa3pabOTaHHOH METOAMKH IOJIyIEeHHs] OOLMUTOB MBIIICH,
HEKOHTAaMUHHPOBAHHBIX COMaTHYECKUMH KJICTKAMH.

KuiroueBble cj10Ba: aJleHOACCOLIMUPOBAHHBIN BeKTOp, XuMepHslii cepotunn PHP.eB, BepTukansHblil nepenoc, 0o-
LUTHI, MbIIIH, ipsimast [TL[P

KonpaukTt uaTepecoB. ABTOPHI NEKIAPUPYIOT OTCYTCTBHE SIBHBIX U MOTEHIIMAIBHBIX KOHQOINKTOB HHTEPECOB,
CBSI3aHHBIX C ITyOJIMKanuel HaCTOSIIEH CTaThH.
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INTRODUCTION

Gene therapy is a cutting-edge, innovative method
for treating hereditary, oncological, cardiovascular,
hematological, and other diseases by means of
restoring the functions of defective genes or expressing

new genes in cells using genetically engineered
constructs based on recombinant nucleic acids [1, 2].
Like any drug therapy, gene therapy is associated with
certain risks that are specific to the nature of the active
agent. For DNA-based drugs designed for in vivo
gene therapy, one potential and significant safety risk
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is the germline (unintentional) transmission of vector
DNA sequences into germ cells [3—5]. The discovery
of the potential for germline transmission limits the
applicability of gene therapy drugs for patients with
reproductive potential [6, 7].

According to regulatory guidelines, if vector
DNA is detected in the gonads at three consecutive
time points (i.e., it persists) during a biodistribution
study, additional studies are required to determine
its transduction directly into germ cells [7-9]. The
irreversibility of transduction and, consequently, a
high risk of germline transmission are evidenced
by the persistence of vector DNA in spermatozoa
for more than 3 cycles of spermatogenesis [8, 9].
The identification of vector DNA in oocytes at any
time point is considered as a high risk of germline
transmission, since the entire non-renewable ovarian
reserve is affected [8, 9].

Despite strict regulatory restrictions on conducting
gene therapy when the risk of germline transmission
is identified, there is currently no scientifically based,
standardized methodology for its assessment. This
problem is particularly relevant for female germ cells,
since, unlike male germ cells, risk assessment for
them can be based only on data of preclinical studies
[9]. The EMA guidelines specifically note that the
development and validation of animal models for
these purposes are a pressing issue [9].

To identify target DNA sequences in germ cells,
nucleic acid amplification methods (polymerase chain
reaction (PCR) or more sensitive quantitative PCR) are
recommended [9]. Alternatively, in situ hybridization
or immunohistochemistry may be used, provided their
sensitivity and reliability are properly validated [9].
However, these methods are costly, labor-intensive,
and difficult to standardize. The main disadvantage of
PCR-based methods is the high risk of false-positive
results due to contamination of germ cells with free
vector particles and/or somatic cells (spermatozoa by
epididymal or vas deferens cells and oocytes by cumulus
cells of the oocyte-cumulus complex) when standard
isolation methods are used. In the case of oocytes, the
analysis is further complicated by the extremely small
amount of cellular material available for testing.

The aim of this study was to assess the risk of
germline transmission of an adeno-associated viral
vector of the chimeric serotype PHP.eB into the
germ cells of female mice based on the development
of an original method for obtaining mouse oocytes
uncontaminated with somatic cells and free vector
particles.

MATERIALS AND METHODS
Production of PHP.eB

In this study, we used the recombinant adeno-
associated virus rAAV9-PHP.eB-CASI-Luc, which is
an AAV of the chimeric PHP.eB serotype, constructed
in the laboratory of Dr. Viviana Gradinaru [10] and
carrying the firefly luciferase gene under the control of
a modified chicken B-actin (CASI) promoter.

The rAAVI9PHPeB-CASI-Luc  virus  was
constructed using the pAAV-CASI-Luc, pAAV2/9-
PHPeB, and pHelper Vector plasmids (Cell Biolabs,
USA). The pAAV-CASI-Luc was constructed using
the CASI promoter sequence together with the cloning
sites and the WPRE sequence and the polyadenylation
signal that were synthesized at Evrogen (Russia) with
subsequent cloning of the synthesized sequence into
the pAAV-CMV-Vector plasmid (Cell Biolabs, USA)
between the left and right ITRs, replacing the existing
expression cassette. Next, the codon-optimized
sequence of the firefly luciferase gene used in our
previous study [11] was cloned between the CASI
promoter sequence and the WPRE element sequence.
The pAAV2/9-PHPeB plasmid was derived from the
pREPCAP2/9 plasmid using insertional mutagenesis
by PCR with specific primers in order to introduce the
appropriate amino acid substitutions into the capsid
protein sequence of the serotype 9 AAV [10].

To produce the PHP.eB vector, the HEK293 cell
line (from the cell culture collection of Gamaleya
National Research Center for Epidemiology and
Microbiology) was used. Cultivation and transfection
were carried out under adherent conditions at
37°C and 5% CO2, as described previously [12,
13]. The PHP.eB Viral preparations were purified
using affinity chromatography (AC) on the
POROS™ CaptureSelect™ AAVX Affinity Resin
(Thermo Fisher Scientific, USA) according to the
manufacturer’s protocol. Additional purification and
buffer exchange were performed using size-exclusion
chromatography (SEC) on an XK 26/100 column
packed with Superdex 200 sorbent (Cytiva, USA).
Final vector formulation was performed on Amicon
Ultra-15 100 kDa centrifugal concentrators (Merck,
USA). The content of viral genomes in the preparation
was assessed as described previously [11-13].

Work with Laboratory Animals

The study was conducted on mature female
outbred CD-1 mice weighing 20-22 g and aged 8-9
weeks, obtained from Andreevka animal breeding
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facility (Scientific Center of Biomedical Technologies
of the Federal Medical and Biological Agency of
Russia). The animals were kept in the vivarium of the
Federal Research Center for Innovator and Emerging
Biomedical and Pharmaceutical Technologies with a
12-hour light cycle, free access to water, and a standard
complete diet. The conditions for animal housing
and working with the animals complied with the
requirements of Directive 2010/63/EU of the European
Parliament and the EU Council on the protection of
animals used for scientific purposes, as well as with
Recommendation No. 33 of the Eurasian Economic
Commission (November 14, 2023) “Guidelines for
Working with Laboratory (Experimental) Animals in
Preclinical (Non-Clinical) Studies”.

Administration of Vector to Mice

A suspension of PHP.eB vector particles at a dose
of 5x10'° vector genomes/mouse in a volume of 50 pl
was injected into mice via the lateral tail vein at a flow
rate of 70 pl/min using an MD-1001 BASi Bee Baby
syringe drive (BASi Corporate Headquarters, USA).

Mice were divided into 7 groups of 5—6 animals
each: I (control), II (1 day after injection), III (3 days
after injection), IV (7 days after injection), V (14
days after injection), VI (1 month after injection),
and VII (3 months after injection). Forty-eight hours
prior to vector injection, mice of group II were
intraperitoneally administered equine chorionic
gonadotropin (eCG, Folligon, MSD Animal Health,
Netherlands) at a dose of 5 IU/mouse. Seven hours
after vector injection, mice were intraperitoneally
administered human chorionic gonadotropin (hCG,
PG600, MSD Animal Health, Netherlands) at a dose
of 5 IU/mouse and euthanized 17 hours later. Mice of
group III were administered eCG together with vector
injection. After 55 hours, the mice were administered
hCG and euthanized 17 hours later. Mice of groups I,
IV, V, VI, and VII were administered PGFA and hCG
65 and 17 hours prior to euthanasia, respectively.

Isolation and Purification of Oocytes

The animals were euthanized by cervical
dislocation. Ovaries with oviducts were transferred
to drops of M2 medium (Sigma-Aldrich, USA) on a
Petri dish, and the oviduct ampullaec were dissected
using a dissecting needle under a stereomicroscope
(Stemi DV4, Carl Zeiss, Germany). For denudation,
oocytes released in the oocyte-cumulus complex were
transferred using an EZ-Grip microcapillary pipette
(RI, UK) into a 100 pl drop of medium containing

150 IU/ml hyaluronidase Type II (Sigma, USA) and
incubated for 20 min at room temperature. Oocytes
were washed from the enzyme and cumulus cells by
sequentially transferring them through 68 drops of
fresh M2 medium. To remove the zona pellucida,
oocytes were incubated in 0.025% collagenase Type
I solution (Sigma-Aldrich, USA) for 20 min, followed
by sequential washes in 6—8 drops of M2 medium to
remove the enzyme.

For final purification from cumulus cells, the oocytes
were transferred to the lower part of a drop of Percoll
(Sigma-Aldrich, USA) at varying concentrations (10—
70%) in a Petri dish and gently mixed with a circular
motion of the microcapillary tip (Fig. 1). Within
approximately 10 min, oocytes floated to the surface
of the drop, after which they were collected and
transferred to a fresh drop of Percoll, and the procedure
was repeated. The oocytes were then washed in a drop
of phosphate-buffered saline (pH 7.4), transferred to
microtubes in a minimal volume of the buffer, frozen
and stored at —20 °C until real-time PCR. To assess
contamination with somatic cells, a part of the oocytes
was fixed, stained, and examined under a microscope
according to a previously described protocol [14].

__I' -
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Fig. 1. Separation of oocytes and cumulus cells in a Percoll drop.
A 100 pl drop of Percoll solution is placed on a polystyrene
Petri dish, and the oocytes are transferred to the lower part of
the drop. Using the tip of a microcapillary positioned at an
angle of approximately 60°, the oocytes are gently distributed
throughout the lower part of the drop by circular motions.
After approximately 10 min, the oocytes that have floated to
the surface of the drop are collected.\

After the release of oocyte-cumulus complexes,
total DNA was extracted from ovaries with oviducts
and brain tissue using the D-Tissues kit (Biolabmix,
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Russia). The concentration of isolated DNA in the
samples was measured using the dsDNA BR kit on
a Qubit 4 minifluorometer (Thermo Fisher Scientific,
USA). DNA was frozen and stored at —20°C until real-
time PCR was performed.

Real-time PCR Procedure

To detect DNA sequences, direct PCR on lysed
oocytes was performed [15]. Microtubes containing
the oocyte suspension were thawed, an equal volume
of lysis solution (500 pug/ml polyadenylic acid, 20
mM EDTA-Na, 500 mM dithiothreitol, and 1%
N-lauryl sarcosine) was added, and the mixture was
incubated at 37°C for 30 min. The lysate was then

thoroughly resuspended and used for PCR. To assess
the efficiency of direct PCR on lysed oocytes, PCR
was performed for the sequences of both nuclear
DNA gene (Ptger2) and mitochondrial DNA gene
(Cox-1) of the mouse. The primer sequences are listed
in Table 1.

Real-time PCR was performed on a QuantStudio
5 Real-Time PCR System (Applied Biosystems,
USA). The reaction mixture included 1X qPCRmix-
HS LowROX mixture (Eurogen, Russia), 2 pM
SYBR Green I, 500 nM each of forward and reverse
primers (DNA Synthesis, Russia), 5 ul of lysed oocyte
suspension or 4 ng of DNA isolated from ovaries
(PCR control).

Table 1

Primers Used in the Study for Real-time PCR

Gene Name Primer Sequence Amplicon size (bp)
Pger2 Forward 5’-CCTGCTGCTTATCGTGGCTG-3’ 186
Reverse 5'-GCCAGGAGAATGAGGTGGTC-3’
Cox-1 Forward 5'-ATTACAGCCGTACTGCTCCTAT-3" 150
Reverse 5-CCCAAAGAATCAGAACAGATGC-3’
Luc Forward 5'-GAGGCGAACTGTGTGTGAGA-3’ 149
Reverse 5-GTGTTCGTCTTCGTCCCAGT-3’

Thermal cycling conditions were as follows: 98°C
for 1 min, then 35 cycles 0f 98 °C for 10 s, 6 1°C for 30
s, and 72 °C for 15 s. Melting curve was generated by
increasing the temperature from 65 °C to 95 °C within
1 min (HRM mode: 20 data points per 1 °C). PCR
efficiency (£, %) was calculated using the formula:

E=(10"(~1/a) - 1) x 100

where « is the slope of the regression line describing
the dependence of the threshold cycle Cq on the
logarithm of the number of oocytes in the reaction (5,
10, 20, 40, 80, and 160 oocytes).

To detect vector DNA in the ovaries and oocytes,
primers specific to the sequence of the luciferase
gene cloned into the vector were used (Table 1). The
reaction mixture included 1X BioMaster UDG HS-
gPCR Lo-ROX SYBR (2X) mixture (Biolabmix,
Russia), 600 nM each of forward and reverse primers
(DNA Synthesis, Russia), 4 ng of DNA isolated
from the ovaries or 5 ul of lysed oocyte suspension.
Thermocycling conditions were as follows: 50°C for
2 min (anti-contamination treatment), 95°C for 5 min
followed by 40 cycles of 95 °C for 15 s, 62 °C for 15
s, and 72 °C for 15 s. Melting curve was generated
by increasing the temperature from 65 °C to 95 °C
within 1 min (HRM mode: 20 data points per 1°C).
The number of vector genome copies per microgram
of total DNA (ovaries) or per haploid genome

(oocytes) was determined based on a calibration
curve constructed using control solutions with known
vector concentrations. PCR efficiency was calculated
using the formula provided above. The matrix effect
and recovery were determined in accordance with the
recommendations [16]. Amplification of the target
DNA sequence was confirmed by the melting curve
of the product.

RESULTS

In laboratory mice, the number of oocytes
ovulating during one estrous cycle ranges from 8 to
12, depending on the strain and age [17]. To obtain
a larger number of oocytes, hormonal superovulation
is induced by sequential administration of eCG which
stimulates follicle growth and hCG which resumes
meiotic divisions of oocytes and causes ovulation
[15]. In female CD-1 mice, the number of ovulated
oocytes under conditions of superovulation was
20.1 £ 6.4 per mouse.

If the standard isolation procedure is used, after
denudation the oocyte suspensions with an intact
zona pellucida contain a large number of cumulus
cells (Fig. 2, a). Removal of the zona pellucida
followed by repeated washing significantly reduces
contamination, but it does not allow to completely
remove cumulus cells from the suspension
(Fig. 2, b), since oocyte selection and transfer with
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a microcapillary are performed in a small amount of
medium/buffer. In a study by H. Okada et al. [18],
a method of centrifugation in 22.5% Percoll was
proposed for the purification of in vitro fertilized
oocytes and two-cell mouse embryos from cumulus
cells and spermatozoa. However, this approach was
found to be unsuitable for unfertilized oocytes with
removed zona pellucida. Centrifugation in Percoll
resulted in the loss of over 90% of oocytes due to
their mechanical destruction (own data).

In this study, we tested an approach based on
the separation of oocytes and cumulus cells using
differences in buoyancy in a Percoll drop (Fig. 1).
In 10, 20, 30, and 40% Percoll, oocytes remained

in the lower part of the drop, whereas in 50, 60,
and 70% Percoll, they floated to the surface within
approximately 10 min and remained on the surface of
the drop. Cumulus cells remained in the lower part of
the drop in all Percoll solutions. Collecting oocytes
from the surface of the drop using a microcapillary
proved to be most convenient in 70% Percoll, due to
the decrease in surface tension of the Percoll solution
with increasing density. To assess contamination, we
conducted a series of four experiments with oocyte
purification in 70% Percoll (a total of 119 oocytes).
In none of the cases were cumulus cells detected
on oocyte micropreparations after their purification
(Fig. 2, b).

Fig. 2. Cytogenetic preparations of mouse oocytes. a — with intact zona pellucida, b — after removing the zona pellucida, ¢ — after
washing in 70% Percoll. O — oocyte (metaphase MII), CC — cumulus cells. Stained with Hoechst 33258; magnification x400

Traditional DNA extraction methods (for PCR
analysis) are not applicable to oocytes due to the
limited availability of the material. To detect DNA (or
RNA) sequences in oocytes, it is advisable to perform
PCR directly on lysed cells. This method makes it
possible to analyze the entire pool of isolated cells
without loss, increasing the accuracy and sensitivity of
detection. We used the “spanning” protocol developed
by S.Tsuchita et al. [15], which involves cell lysis and
DNA deproteinization using the detergent N-lauryl
sarcosine at a concentration that does not inhibit PCR.
The authors demonstrated high efficiency and a low
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false-positive rate when using this protocol to amplify
DNA regions in single blastomeres and lymphocytes.

The amplification efficiency using oocyte lysate
as a template for the mitochondrial DNA gene
(Cox-1) and for the nuclear DNA gene (Ptger?)
comprised 98.2% and 90.3%, respectively. The
higher efficiency and earlier threshold cycles of
Cox-1 amplification are due to the large number of
mitochondrial DNA copies (200,000—400,000) in
mature oocytes [19]. PCR for the Ptger2 gene showed
linearity (R* = 0.975) with the number of oocytes in
the reaction ranging from 5 to 160 (Fig. 3). With the

Fig. 3. Amplification curves for the Ptger2
gene with ovarian DNA as a template (1), for
the Cox-1 gene with oocyte lysate (2), for the
g Cox-1 gene with ovarian DNA (3), and for
the Ptger2 gene with oocyte lysate (4). The
X-axis shows the amplification cycle, and
the Y-axis shows the normalized change in
the fluorescent signal at each amplification
cycle (ARn). The inset shows the curve of
dependence of the threshold cycle on the
logarithm of the number of oocytes in the

i, - g LY FLs T
A - - 1
L

0.001 |

o

aeyies 1 Fraties | Log)

reaction for the Prtger? gene (slope of the
regression line (slope), correlation coefficient

(B . it

18 20 22 24 26 28
Cycle

4 6 8 10 12 14 16

BlonneteHb cMbupckoi meguumHbl. 2026; 25 (1): 86-95

30 32

34 36 38 40

(R?), and reaction efficiency (E)).

91



Malikova A.D., Zhanataev A.K., Esmagambetov |.B. et al.

Risk Assessment of Germline Transition of Adeno-associated Virus Vector

number of oocytes less than 5, the linearity of the
reaction significantly decreased, although the signal
identified by the melting curve of the product was still
detectable even with 3 oocytes in the reaction, which
corresponds to the theoretically achievable sensitivity
of the quantitative PCR method [16, 20].

The amount of vector DNA in mouse brain and

ovarian tissues was similar at various time points
after vector administration (Fig. 4). On days 1 and 3,
vector genome copies were detected in all exposed
animals, while on day 7 —in 5 out of 6 animals. Vector
persistence was observed in both tissues for up to 3
months after administration. Vector DNA was not
detected in the oocytes of any of the animals.
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Fig. 4. The content of vector genomes (vg) in the ovaries and brain of mice. The numbers indicate the number of mice in which
vector DNA was detected, relative to the total number of animals in the group

DISCUSSION

Immature oocytes in primordial ovarian follicles
are protected from potentially dangerous agents by
regulated transport through the basal membrane and
the layer of granulosa cells, as well as by the absence
of direct vascularization [21]. As oocytes mature,
which is accompanied by structural and transport
changes in the follicles, the blood—follicle barrier is
progressively formed. The barrier includes the zona
pellucida and cumulus cells surrounding the oocyte,
as well as granulosa and theca cells of the antrum [21].
Theoretically, the “molecular sieve” of the blood—
follicle barrier is impermeable to viral vectors due to
their large size (total virion mass exceeds 5 MDa) [22].
However, AAVs have been shown to be capable of
passing through the zona pellucida and transducing pre-
implantation embryos [23, 24]. When injected into the
ovarian stroma, AAVs are capable of penetrating the
blood—follicle barrier via transcytosis and transducing
the cumulus cells surrounding the oocyte [25]. In antral
follicles, intercellular exchange between oocytes and
somatic cells, in addition to transzonal projections,

is carried out by circulating in the follicular fluid
extracellular vesicles (EVs) that can transfer large
molecules and viruses into the oocyte [21, 26]. For
instance, the capacity for germline transmission into
human oocytes and embryos has been demonstrated
for the hepatitis B virus [27]. Taken together, this
indicates a potential risk of germline transmission
of viral and non-viral vectors into female germ cells
and emphasizes the need to develop methodological
approaches to risk assessment. For this purpose, we
developed and validated an original methodology
that includes hormonal superovulation of vector-
exposed animals, oocyte isolation, their purification in
a Percoll drop, and direct quantitative PCR on lysed
oocytes.

Hormonal superovulation is a crucial step in the
study. The estrous cycle in mice lasts for 4-5 days
and culminates in the ovulation of 8-12 oocytes
[15]. Hormonal stimulation synchronizes ovulation,
allowing to collect an increased number of oocytes in
a narrow time frame. For maximum effectiveness, it is
recommended to design the experiment so that at the
time of superovulation induction the animals are in the
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diestrus phase, when the ovaries are most responsive to
hormonal stimulation [28]. In addition to the increased
number of oocytes, superovulation also results in
more than a twofold increase in the size of the ovaries
and oviducts, significantly simplifying their visual
identification and retrieval during necropsy.

Mature oocytes contain a significant amount of
lipids in the form of triglycerides in lipid droplets and
membrane phospholipids which together constitute
10 to 30% of the oocyte’s dry weight [29]. This
property, along with the low cytoplasmic density and
large size of oocytes, ensures their buoyancy in high-
concentration Percoll solutions, in which somatic cells
and free vector particles remain immobile. Purification
in a Percoll drop completely removes cumulus cells
that contaminate oocytes. As mentioned above,
vectors are capable of transducing cumulus cells,
which may lead to false-positive results. Performing
direct quantitative PCR without a DNA extraction
step allows to avoid material loss, which increases the
accuracy and sensitivity of the analysis and reduces
the likelihood of false-negative results [15, 16].

Using the developed methodology, we investigated
an AAV of the chimeric serotype PHP.eB capable
of effectively crossing the blood — brain barrier and
transducing brain and spinal cord cells in mice. The
choice of a synthetic AAV capsid was based on
the fact that AAV engineering is currently actively
developing and new variants of artificially created
chimeric AAV serotypes with cell-type- and tissue-
specific tropism appear every year [30]. In 2024, the
drug BEQVEZ™ (fidanacogene elaparvovec-dzkt)
based on the chimeric serotype rh74var was approved
for the treatment of hemophilia B.

Thus, the study of the tropism and biodistribution
of chimeric AAV serotypes is of particular scientific
interest. Considerable data have accumulated on the
efficacy of chimeric capsids of the PHP family in
penetrating the blood — brain barrier in various animal
species and even mouse strains [31]. However, there
are no data on the ability of such chimeric AAVs to
transduce oocytes or perform germline transmission.
In the present study, the vector under investigation
persisted for up to 3 months both in the targeted
brain tissue and in the ovaries; however, vector
DNA was not detected in oocytes at any time point
after the exposure. These findings indicate a low risk
of germline transmission of AAVs of the chimeric
serotype PHP.eB into female germ cells.

AAVs have high tropism for ovarian tissue [32].
J. Zhao et al. studied the biodistribution of AAV

of serotype 9 in mice using the high-precision
RNAscope® in situ hybridization method [33].
Following intravenous administration, vector DNA
was detected in the medulla and corpus luteum of the
ovaries, as well as in the theca cells of the follicles,
but not in oocytes. AAV of serotype 2 administered
intravenously or into the spleen was detected in the
ovaries and testes of mice but was not transmitted
to their offspring [34]. AAV of serotype 8 persisted
in the ovaries of mice for 150 days after intravenous
administration [35]. Using in situ hybridization,
vector DNA was identified in oocytes. However, a
study of the offspring of vector-exposed females did
not confirm the risk of germline transmission, raising
questions about the accuracy and reliability of in situ
hybridization for its assessment.

To date, there are only a few studies on the risk
assessment of germline transmission of viral and non-
viral vectors into female germ cells, which is obviously
due to the methodological challenges in conducting
such studies. For these purposes, the methodology we
developed and described in this article can be used.

CONCLUSION

An original methodology for preclinical assessment
of the risk of germline transmission of genetic
constructs into the germ cells of female mice was
developed and validated using an adeno-associated
viral (AAV) vector of the chimeric serotype PHP.
eB. The methodology is based on direct quantitative
PCR; it is characterized by high sensitivity,
accuracy, and relatively low labor intensity. It does
not require specialized equipment or materials and
can be integrated into biodistribution studies. With
appropriate adaptation, it can be used in experiments
on other mammalian species.
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Th1/Th17 Cytokines of the Inmune Response in Patients with Bronchial
Asthma after COVID-19

Prikhodko A.G., Pirogov A.B., Gassan D.A., Perelman J.M.

Far Eastern Scientific Center of Physiology and Pathology of Respiration
22 Kalinin St., 675000 Blagoveshchensk, Russian Federation

ABSTRACT

Aim. To study the content of interleukin 1p (IL-1B) in exhaled breath condensate (EBC) and interleukin 6 (IL-6)
and 17A (IL-17A) in the blood serum of patients with bronchial asthma who experienced COVID-19 of varying
severity.

Materials and methods. We examined 124 adult asthma patients of both sexes 6—12 months after COVID-19. The
design included a general examination to determine the objective status of patients, asthma severity and control,
assessment of the lung function, and measurement of IL-1f in EBC and IL-6, IL-17A in the serum of peripheral blood.

Results. The patients were divided into 2 groups. Group 1 consisted of 90 patients with mild persistent asthma.
Group 2 included 34 patients with moderate asthma. The content of IL-6 and IL-17A in the blood serum of patients
in group 1 was significantly lower than in group 2 (p = 0.047 and p = 0.049, respectively). The concentration of
IL-1P in the EBC of patients in group 1 was significantly higher than in group 2 (» = 0.019). COVID-19-associated
pneumonia was experienced by 40% of patients in group 1 and by 79% of patients in group 2. Post-COVID
pulmonary fibrosis was registered in 19 and 62% of cases, respectively. In group 1, a relationship was revealed
between the content of IL-17A and IL-6 in the blood (Rs = 0.69; p < 0.001). In group 2, a correlation was found
between the content of IL-17A and IL-6 in the blood (Rs = 0.32; p =0.025), as well as between the forced expiratory
flow at 75% of forced vital capacity (FEF_,), reflecting the patency of small bronchi, and the levels of IL-6 (Rs =
—0.32; p =0.023) and IL-1B (Rs = 0.49; p = 0.021).

Conclusion. In patients who experienced COVID-19, a rise in the content of Th1/Th17 cytokines was observed
as the severity of asthma increased. High concentrations of IL-17A and Th17-associated IL-1p and IL-6, which
activate neutrophilic inflammation, may increase the risk of systemic inflammation and the development of
pulmonary fibrosis.

Keywords: bronchial asthma, COVID-19, cytokines IL-1p, IL-6, and IL-17A, Th1/Th17-induced inflammation.
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Lutoknubl Th1/Th17 nmmyHHOro orseta y 601bHbIX 6pOHXNaNbHOMN
acTMOM nocsne nepeHeCeHHON KOpoHaBupycHon 6onesHmn 2019

Mpuxopabko A.l',, Muporos A.b., Naccan [1.A., NMepenbmat [0.M.

JanvHesocmounviii HayuHblil yermp guzuonoeuu u namonocuu ovixanus (JJHL] @I1/])
Poccus, 675000, Amypckas oba., e. Bracosewenck, yn. Kanununa, 22

PE3IOME

Henw. Uccnenosats copepxanue untepieikuna (IL) 15 6 kondencame gviovixaemoeo 6o30yxa (KBB) u IL-6, IL-
174 6 cbiopomxke kpogu 'y TallMEHTOB ¢ OpoHXuanbHOH acTMoii (BA), mepe6oneBIINX KOPOHABUPYCHOH O0IE3HBIO
2019 (coronavirus disease 2019, COVID-19) pa3Hoii cTeneHn TSHKECTH.

Marepnajbl 1 MeToabl. B3pocnsie namuenTs ¢ BA (n = 124) o6oero nona o6cienoBans! ciryctst 9—12 mec mo-
cie nepenecenHoit COVID-19. /Tuzaiin npeaycMaTpuBa O0IIHiA OCMOTP € ONpeieieHHeM 00bEeKTHBHOTO CTaTyca
OOJIBHBIX, CTEeNeHN TsDKecTH BA, ypoBHSI KOHTpPOJIS HaJl OOJIE3HBIO, OLEHKY BEHTHJIALMOHHON (QDYHKIMU JETKHX,
n3mepenue cogepkanust IL-13 8 KBB u IL-6, IL-17A B ceIBOpoTKe neprdeprnieckoil KpoBH.

Pe3yabTaThl. bonbHbIe pacnpeneneHs! Ha ABE TPYHIEL 1-10 rpymmy cocTaBmian 90 ManueHToB ¢ JEerKoi mepeu-
ctupyromeit BA, 2-1o rpynmy — 34 manuenTa co cpeguersokenoi BA. Conepxanne IL-6 n IL-17A B ceiBopoTke
KPOBH MAIMEHTOB 1-i rpyIITel OBLIO TOCTOBEPHO HIXKE, ueM Bo 2-if (p = 0,047 u p = 0,049 cooTtBercTBeHHO). KOH-
nentpanus IL-15 8 KBB y nauuenrtos 1-if rpynmsl Oblia CyIecTBEHHO BBIIIE, 4eM Bo 2-if rpynme (p = 0,019). B
1-# rpynme 40% GonpHbIX 1 79% Bo 2-if nepenecin COVID-19-acconumpoBaHHy 0 THEBMOHNUIO. I10CTKOBUIHBIH
MHEBMO(GHOPO3 3aperucTpupoBaH B 19 n 62% ciydaeB COOTBETCTBEHHO. B 1-if rpymme npociiexiBanach B3anMOC-
Bs13b Mexay conepxkanuem IL-17A u IL-6 B xpoBu (Rs = 0,69; p < 0,001), Bo 2-if rpyIme — MEXIy COAEpKaHHEM
IL-17A u IL-6 B kpoBH (Rs = 0,32; p = 0,025), a Taxke MeXIy MaKCUMaJIbHOW 0OBEMHON CKOPOCTHIO Ha YPOBHE
75% QopcupoBanHoi Ku3HEHHON emkocTh nerknx (MOC, ), oTpakaronielt TpOXOAMMOCTE MEJIKHX OPOHXOB, U
ypoBaeM IL-6 (Rs =-0,32; p = 0,023) u IL-1p (Rs = 0,49; p = 0,021).

3axiouenue. Y manuenTtos, neperecmux COVID-19, no mepe Hapactanus crenenu Tsbkectu BA Habmoganocs
yBenuueHne coaepykanust tuToknHoB Th1/Th17. Beicokne xoHuentpammu 1L-17A n Thl7-cBs3annsix IL-13 u
IL-6, akTHBHPYIOLINX HEHTPOGUIBHOE BOCHANICHHE, MOTYT ITOBBIIIATH PUCK CUCTEMHOT'O BOCIIAJICHUS U Pa3BUTHS
mHEeBMO(HOpo3a.

Kawuessle ciioBa: 6ponxuansaas actma, COVID-19, nwuroxunst IL-1f, IL-6 u IL-17A, Th1/Th17-uanyuuposan-
HO€E BOCIIAJICHHUE

KOHq).]'Il/lKT HUHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIUAJIBHBIX KOH(l)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C ny6n141<aunefz’1 HaCTOSIH.[efI CTaTbHu.

HcTounuk ¢puHAHCHPOBAHHUA. ABTOPHI 3asBIISIOT 00 OTCYTCTBHM (DHHAHCHPOBAHUS IPH MPOBEICHHN HUCCIEN0-
BaHMSI.

CooTBeTcTBHE NMPUHIMINIAM ITHKH. Bce mauneHTs! noamnucany HHGOPMUPOBAHHOE COTJIaCHE HA y4acTHE B HC-
cnenoBanuu. VccnenoBanue ogoOpeHO JokanbHBIM 3THUeckuM KomuteroM JIHIL ®II/I (mporokom Ne 137 ot
24.05.2022).

Jst uutupoBanus: [puxonsko A.I'., IInporoB A.B., I'accan JI.A., ITepensman FO.M. Luroknust Th1/Th17 um-
MYHHOTO OTBETa y OOJBHBIX OPOHXMAILHON acTMOM TOCIIe TIEPEHECEHHON KOpOHaBUpYCHOU Oone3nu 2019. bror-
semeHd cubupckou meouyunsvl. 2026;26(1):96—104. https://doi.org/10.20538/1682-0363-2026-1-96-104.

INTRODUCTION

Studies investigating the cooccurrence of bronchial
asthma (BA)and COVID-19 have shown that older age,
a large number of comorbidities, as well as eosinopenia
and lymphopenia significantly increase susceptibility
to SARS-CoV-2 infection [1]. It is hypothesized that

diabetes mellitus and hypertension may upregulate
the expression of angiotensin-converting enzyme 2
(ACE2), whereas the use of inhaled corticosteroids
contributes to its downregulation, thereby hindering
SARS-CoV-2 entry into the epithelium [2]. Significant
factors for mortality among patients with COVID-19
and BA include a history of asthma exacerbation
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within a year prior to COVID-19 and an increase in
asthma severity [3].

Of particular note is the increased susceptibility
to SARS-CoV-2 in patients with non-allergic BA.
This phenotype is frequently associated with severe
COVID-19, necessitating intensive care, mechanical
ventilation, and / or leading to a fatal outcome [4, 5].
This observation can be explained by higher ACE2
expression levels in these patients compared to those
with the allergic asthma phenotype [6, 7].

The critical course of COVID-19, driven by
the cytopathic effect of SARS-CoV-2 on target
cells expressing ACE2 receptors and coreceptors —
transmembrane serine protease TMPRSS2 and
cathepsin L —leads to the release of damage-associated
molecular patterns (DAMPs) and is accompanied by
the induction of cellular pyroptosis. The generation
of numerous inflammatory mediators, neutrophil
activation with the formation of neutrophil extracellular
traps (NETs) that contribute to lung epithelial cell
death, the development of macrophage activation
syndrome (MAS), hyperinflammation, and cytokine
storm are all associated with the overproduction of
IL-1B, IL-6, and IL-17 among other proinflammatory
cytokines [8—10]. In patients with non-allergic BA,
IL-1B, IL-6, and IL-17 act as central regulators of
Th2/Th17 or Th1/Th17 inflammatory patterns with
predominant bronchial neutrophilic infiltration [11].
Severe uncontrolled non-atopic asthma is dominated
by a Thl/Thl17 immune response and increased
production of proinflammatory cytokines in the
airways, which modify the respiratory tract structure,
potentiate remodeling and bronchial obstruction, and
cause a decrease in forced expiratory volume in 1
second (FEV ) [12, 13].

Since IL-1B, IL-6, and IL-17 are key players
in systemic inflammation and complications of
COVID-19, as well as in the Thl1/Thl7 immune
response in BA, profiling these cytokines in patients
with both diseases holds significant prognostic value.

The aim of the study was to investigate the levels
of IL-1PB in exhaled breath condensate and the levels
of IL-6 and IL-17A in serum in patients with BA of
varying severity who recovered from COVID-19.

MATERIALS AND METHODS

A total of 124 adult patients with BA were
enrolled in a single-center, observational, cross-
sectional, cohort study 9—12 months after a confirmed
COVID-19 infection. The diagnosis of BA was based
on the ICD-10 codes and the GINA criteria [14].

A prior COVID-19 infection was confirmed using
medical records, which documented the verification
of SARS-CoV-2 RNA in oropharyngeal and / or
nasopharyngeal swab specimens by nucleic acid
amplification tests or the detection of SARS-CoV-2
antigen by the immunochromatographic assay. The
COVID-19 diagnosis was established according to the
version of the temporary methodological guidelines
of the Russian Ministry of Health “Prevention,
Diagnosis, and Treatment of Novel Coronavirus
Infection (COVID-19)” that was in effect at the time
of the patient’s examination.

Clinical material was collected in 2022-2023
during patient visits at the Far Eastern Scientific
Center of Physiology and Pathology of Respiration.
The study was approved by the local Ethics Committee
at this Scientific Center (Minutes No.137 dated May

24,2022).
Inclusion criteria were the following: adult
individuals of both sexes; diagnosis of BA

corresponding to the ICD-10 codes J45.1, J45.8,
J45.9, persistent mild and moderate BA; a history
of COVID-19 of varying severity, confirmed by
laboratory methods; presentation for the study 9-12
months after the completion of COVID-19 therapy;
ability to technically correctly perform maneuvers
during instrumental testing; a written informed
consent to the examination.

Exclusion criteria: BA corresponding to the ICD-
10 code J45.0, severe BA; presence of comorbid
pathology and drug therapy that could lead to
distortion of the results of the collected biological
material analysis; lack of interest or failure to provide
a written informed consent.

Study design: patient selection at the stage of
presentation to the Far Eastern Scientific Center of
Physiology and Pathology of Respiration; general
examination with assessment of the objective status,
asthma severity, and level of disease control; evaluation
of lung function; collection of biological fluids —
peripheral blood and exhaled breath condensate (EBC).

Following the completion of sample collection, the
patients were divided into groups based on disease
severity: group 1 included 90 individuals with mild
persistent BA, and group 2 comprised 34 patients
with moderate disease severity. The main clinical
characteristics of the examined patients are presented
in Table 1.

BA symptoms were objectively assessed using the
validated questionnaires Asthma Control Test (ACT)
and Asthma Control Questionnaire (ACQ-5).
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Table 1
Main Clinical Parameters of Patients with Bronchial Asthma
Parameter Group 1 Group 2 p
Age, years,
42[31;53 50[49;65 <0.001
Me[0,: 0] B33 [49:63]
BMI, kg/m?
? ’ 26.6[23.2;30.5] | 29.3[26.1;32.7 0.007
Me[0,: 0,) [ 12931 ]
Sex (male/female), % 49/51 44/56 >0.05
Proportion of <0.05;
smokers, % 2 38 1=4.6
Smoking, pack —
i 12[5;20 17[3;30 >0.05
years, Me [Q; O] [5:20] [3:30]
ACT score
’ 18[15;21 12[10;13 0.002
Me[0;: 0] 521 0131
ACQ-5 score
? 2.0[1.0;3.0 2.8[2.4;3.2 0.057
Me[0,: 0] [1.0:39] [(24:32]
Sa0,, %, Me[Q; O] 97[96;98] 96[94;97] <0.001
IgE, IU/ml
’ ’ 32[13;74 160[48;266 <0.001
Me[0;; 0] [13:74] [45:266]

Note. BMI — body mass index; ACT — Asthma Control Test;
ACQ-5 — Asthma Control Questionnaire-5; SaO: — oxygen saturation;
IgE — immunoglobulin E, p — the significance level for differences
between group 1 and group 2 (here and further).

Lung function was evaluated by spirometry
using the Easy on-PC electronic spirometer (ndd
Medizintechnik AG, Switzerland) equipped with an
ultrasonic flow sensor based on ndd True Flow™
technology. The measured parameters included forced
vital capacity (FVC), forced expiratory volume in one
second (FEV,), maximum forced expiratory flow at
50% and 75% of FVC (FEF, and FEF_, respectively),
and mid-expiratory flow between 25% and 75% of
FVC (MEF, ). The measurement and analysis of
the recorded parameters followed the methodological
guidelines for conducting studies and interpreting
results and quality standards recommended by the
Russian Respiratory Society, which are in line with
the standards of the American Thoracic Society (ATS)
and the European Respiratory Society (ERS) [15,
16]. The patient’s actual values were expressed as a
percentage of predicted values based on the European
Community for Steel and Coal (ECSC) reference
values for individuals over 18 years. Reversibility
of obstructive abnormalities was assessed via a
bronchodilation test using a short-acting f3,-agonist
(salbutamol 400 mcg) [15].

Additionally, patients in group 1 with FEV greater
than 75% underwent a bronchoprovocation test with
3-minute isocapnic cold air hyperventilation (20 °C)
to verify cold air hyperresponsiveness [17].

EBC samples were collected wusing the
ECoScreen II device (VIASUS Healthcare GmbH,
Germany). Collection was performed once before
noon or sequentially before and after the cold air
hyperventilation challenge test. Prior to the procedure,
the patients rinsed their oral cavity twice with distilled
water. Subsequently, while breathing calmly through
a mouthpiece for 20 minutes, they ventilated air
through the device, with nasal breathing occluded
by a nose clip. Upon completion, the container
with the biological material was removed from the
device. Following thawing, the liquid condensate
was aliquoted in 1000-ul volumes into sterile 1.5 ml
Eppendorf-type plastic tubes using a Light DPOP-1-
100-1000 single-channel pipette dispenser (Thermo
Scientific). The tubes were sealed with airtight caps
and immediately placed in a freezer at approximately
—80 °C, where they were stored for no more than two
weeks until biochemical analysis. The concentration
of IL-1p (in pg/ml) in the EBC was determined
using commercial LEGENDplex™ Human T Helper
Cytokine Panel Version 2 kits on a FACS Canto 11
flow cytometer (Becton Dickinson, USA) with the
FACS Diva 6.0 software (Becton Dickinson, USA).

Peripheral blood was collected once from the
median cubital vein in the morning (before 9:00
AM). A 2 ml-volume of venous blood was drawn
into vacuum tubes containing a coagulation activator,
incubated for 30 minutes at room temperature, and
subsequently centrifuged at 3,000g for 10 minutes
at 4 °C. The obtained serum was stored at —20 °C
until analysis. Cytokine concentrations of IL-6 and
IL-17A (pg/ml) were measured using commercial
LEGENDplex™ Human T Helper Cytokine Panel
Version 2 kits on a FACS Canto II flow cytometer
(Becton Dickinson, USA) with the FACS Diva 6.0
software (Becton Dickinson, USA).

Statistical analysis was performed using the
Automated Medical Examination System software
(Russia) [18]. The normality of distribution was
assessed using the Kolmogorov — Smirnov test, the
Pearson — von Mises test, and measures of skewness
and kurtosis. For comparing two independent samples,
the Student’s #-test was applied when data followed
a normal distribution and group variances were
homogeneous according to the Fisher’s test; otherwise,
the Mann — Whitney U-test or Kolmogorov -
Smirnov test was used. For comparing two dependent
samples, the Wilcoxon signed-rank test was employed.
Quantitative parameters were presented as either
M £ SD (where M is the arithmetic mean and SD is
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the standard deviation) or as Me[Q;Q,] (where Me
is the median and Q —Q, is the interquartile range).
Frequencies of categorical variables were analyzed
using the ¥ (Pearsonys chi-squared) test. Correlation
between two random variables was determined using
the Spearman’s nonparametric correlation analysis
(Rs). The differences were considered to be statistically
significant at p < 0.05.

RESULTS

Analysis of the blood cytokine profile involved
in the Th1/Th17 immune response in BA patients
revealed significantly higher levels of IL-6 and IL-
17A in group 2 compared to group 1 (Table 2). In the
meantime, group 2 showed significantly lower levels
of IL-1B in EBC than group 1 (Figure). Notably, in
patients who underwent the cold air challenge test, IL-
1B levels increased after the test, suggesting the active
role of the cytokines in mediating the acute response
to cold air bronchoprovocation (Table 2).

This finding is consistent with our previous
research, which demonstrated an association between
IL-1pB and the non-atopic asthma phenotype, cold air
hyperresponsiveness, and the probable development
of a Th1/Th17 immune response, regulated by this
cytokine [19].

Table 2

Levels of IL-6 and IL-17A in Peripheral Blood of Asthma
Patients, pg/ml, Me [Q;; O]

Parameter Group 1 Group 2 )4
1L-6 6.70 [5.10;11.92] 10.20 [5.40;17.60] 0.047
1L-174 0.14 [0.04;0.36] 0.28 [0.18;0.46] 0.049

The assessment of clinical and functional data
revealed that patients in group 2 had poorer disease
control compared to those in group 1 (Table 1). Both
groups demonstrated low median ACT scores. In group
1, asthma was newly diagnosed in 60% of patients
and required therapeutic intervention. Poor disease
control was observed in 16% of cases, while only 24%
of individuals exhibited partially controlled disease.
Bronchospasm in response to cold air inhalation
during the isocapnic hyperventilation challenge was
detected in 36% of group 1 patients. In group 2,
asthma exacerbation was present in 50% of cases, with
uncontrolled disease, in 30% of cases and with partially
controlled disease, in only 20%. Notably, COVID-19-
associated pneumonia was reported in 40% of group 1
and 79% of group 2 patients. According to multispiral
computed tomography results, bilateral post-COVID
pulmonary fibrosis with polysegmental distribution

1400 pg/ml
p,=0.012 p=0.018
1200 @
[+]
1000
800
600

400 T o

200 T

| [
OIL-IB pcxogme | rpyoma
B IL-1B neene HTXE 1 rpynma

[ 0L-1B mexoame 2 rpyona

Fig. Level of IL-1B in exhaled breath condensate, pg/ml: p —

significance level for the differences (Mann — Whitney U-test)

between group 1 and group 2; p, — significance level for the

differences (Wilcoxon signed-rank test) between group 1

patients before and after the isocapnic cold air hyperventilation
challenge.

was documented in 62% of group 2 patients. Foci
of pulmonary fibrosis were also observed in 19% of
group 1 patients.

Comparison of key flow — volume curve parameters
(FEV,, FEV /FVC) and distal airway patency (FEF,,
FEF.,, MEF,, ) indicated significantly worse lung
function in group 2 patients compared to group 1

(Table 3).
Table 3

Flow — volume Curve Parameters of Forced Expiration and
Changes in FEV, (AFEV bd) after Short-acting f,-agonist
Inhalation, M +SD

Parameter Group 1 Group 2 p
FEV, % predicted 943+11.4 71.1+£22.2 | <0.001
FEV /FVC, % 74.7+7.6 64.9+99 | <0.001
FEF,, % predicted 62.0+332 42.8+20.4 | <0.001
FEF., % predicted 51.0+30.3 35.7+17.5 | <0.001
MEF,, _,, % predicted 58.0+£27.5 41.2+18.7 0.007
AFEV bd, % 7[3;12] 17[3;23] 0.004

Despite mean group values for FEV, and FEV /
FVC in mild BA patients falling within the normal
range, individual analysis revealed that 18% of
patients had FEV | below 80% of the predicted value
and the FEV /FVC ratio below 0.7. Furthermore,
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isolated small airway obstruction was observed in
17% of patients. High bronchial lability (AFEV bd),
exceeding 12% in the salbutamol test, was identified
in 27% of group 1 and 57% of Group 2 patients. Two
patients exhibited a paradoxical response to the short-
acting bronchodilator, with FEV, decreasing by 11
and 30%, respectively.

The correlation analysis revealed significant
associations between cytokine levels in EBC and serum
and impaired lung function. In group 1, significant
correlations were observed between serum IL-17A
levels and bronchial response (AFEV)) to the cold air
hyperventilation challenge (Rs =—0.40, p = 0.047), serum
IL-17A and IL-6 levels (Rs = 0.69, p < 0.001). In group
2, in addition to the positive correlation between serum
IL-17A and IL-6 levels (Rs = 0.32, p = 0.025) that was
also present in group 1, significant correlations were
found between small airway patency (FEF.,) and IL-6
(Rs = —0.32, p = 0.023) and IL-1B levels (Rs = 0.49,
p=0.021).

DISCUSSION

Our findings suggest that IL-1B-induced synthesis of
type 17 cytokines (IL-17A and IL-17F), whose primary
function is neutrophil recruitment and activation,
promotes the mobilization of the neutrophilic component
in non-Th2-mediated asthma inflammation [20, 21]. As
several authors contend, IL-1f plays a leading role in
polarizing CD4+ T cells into the CD4+ T-helper 17
(Th17) subset, with IL-6 serving to amplify this process
[22]. Furthermore, IL-1p-dependent IL-17 production is
associated with the stimulation of innate immune cells
belonging to specific minor subpopulations —namely,
vd T cells and group 3 innate lymphoid cells (ILC3s).
These cells emerge during the immune response to
pathogen invasion and possess the ability to produce
IL-17 to maintain immune homeostasis, particularly in
mucosal tissues [23].

According to another perspective, IL-1B further
amplifies the function of IL-6, which is crucial for
Th17 differentiation [24]. By inducing the expression
of the key Th17 transcription factor RORyt and the
related RORa in naive CD4+ T (To) cells, the content
of which is associated with STAT3 activity, IL-6,
acting via tyrosine residues of the signal transducer
(subunit of the IL-6 receptor) gp130, activates STAT3
[25]. Activation of the IL-6 — gp130/STAT3 signaling
pathway is considered as an IL-6/STAT3-dependent
mechanism of pulmonary neutrophilic inflammation,
making its components promising therapeutic targets
in BA [26].

Neutrophilic inflammation is most frequently
associated with elevated levels of IL-17A, the
primary effector chemoattractant for neutrophils
produced by the Th17 lineage. IL-17A is expressed
by Th17 cells, and ILC3s are considered as a risk
factor for the development of severe asthma [21,
27]. Key proinflammatory IL-17A-related cytokines
and chemokines associated with activation of the
transcription factor NF-xB — which is critical for
the development of chronic airway inflammation —
include IL-6, IL-1p, IL-8, and GM-CSF [23]. GM-CSF
enhances neutrophil survival, adhesion, migration, and
phagocytosis, promotes NET formation, stimulates
the secretion of IL-6 and IL-23 by monocytes /
macrophages, and participates in the expression of
RORyt (necessary for Th17 cell differentiation) and
CCL17/TARC, a key chemokine for recruiting these
cells to the airways [23, 28, 29].

Our study revealed a strong association between
BA severity and impaired lung function with elevated
levels of serum IL-17A and its functionally related
cytokine IL-6, both of which were significantly
higher in the group of patients with moderate BA.
It is reasonable to suggest the involvement of IL-
17A and IL-6 in this disease phenotype, potentially
mediated through neutrophil recruitment to the airway
inflammatory infiltrate driven by increased production
of these cytokines. This finding is supported by
multiple publications demonstrating correlations
between increased neutrophilic infiltration in the
bronchi and elevated IL-17A levels in sputum,
bronchoalveolar lavage fluid, and bronchial biopsy
specimens (including epithelial cells, the subepithelial
mucosal layer, and leiomyocytes) from patients with
moderate-to-severe non-atopic steroid-resistant BA
[13,21,27].

Previous studies have demonstrated a direct
correlation between the number of Thl7 cells in
peripheral blood, sputum, and bronchoalveolar lavage
fluid and the severity of airway remodeling in BA
patients [24]. The elevated levels of IL-17A and
IL-6 observed in group 2 patients, accompanied by
probable escalation of bronchial inflammation through
potential neutrophil mobilization and synthesis of
proinflammatory cytokines, may adversely affect
bronchial barrier function and stimulate airway
remodeling, thereby worsening BA severity. BA
severity is a factor that can exacerbate the infectious
process following SARS-CoV-2 infection. Moderate-
to-severe asthma is considered as a predictor of poor
COVID-19 prognosis, with evidence indicating
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a significantly higher mortality rate among these
patients compared to those with mild disease (13.8%
vs. 5.5%, p = 0.006) [3].

Based on multispiral computed tomography
findings, we identified a substantial number of patients
with post-COVID pulmonary fibrosis, particularly
among those with moderate BA. These fibrotic changes
in lung tissue should be considered in the context of
the development and outcome of polymorphonuclear
inflammation permeated by disintegrating neutrophils,
resulting from the organization of exudative pneumonia
foci caused by SARS-CoV-2. It is plausible that pre-
existing neutrophilic airway inflammation in asthma
patients — mediated by activation of Thl1/Th17
immune response cytokines prior to SARS-CoV-2
infection — could have contributed to more severe
lung damage during COVID-19.

The significance of neutrophilic infiltration as a
key structural component of exudative pneumonia is
supported by autopsy data from COVID-19 fatalities
[30]. Microscopic examination of lung tissue in most
cases revealed pronounced infiltration of interalveolar
septa by neutrophils and mononuclear cells. Alveolar
lumens, lined by hyaline membranes, contained
abundant fibrinopurulent exudate rich in macrophages.
Reactive hyperplasia and desquamation of alveolar
epithelium were observed, along with thrombosis
and hyalinosis of blood vessels in the pulmonary
interstitium, fibroblast proliferation, and features of
acute suppurative bronchiolitis with destruction and
metaplasia of the bronchiolar epithelium.

Neutrophilia, along with eosinopenia, lymphopenia,
and elevated levels of C-reactive protein in peripheral
blood, has been identified among potential predictors
of pulmonary fibrosis and long-term deterioration of
lung function in COVID-19 patients. Other indicators
associated with the risk of fibrotic remodeling and
abnormal residual lung function include: patient age,
severity of SARS-CoV-2 infection combined with
chronic internal organ diseases, duration of intensive
care unit stay for hospitalized patients, mechanical
ventilation, and markers of hyperinflammation [31].

Assuming that BA patients had elevated
concentrations of IL-1p, IL-6, and IL-17A prior to
COVID-19, it is highly plausible that these cytokines
contributed to the SARS-CoV-2-initiated lung
injury, pneumonia, and hyperinflammation. In severe
COVID-19, the cytopathic effect of SARS-CoV-2
triggers the release of damage-associated molecular
patterns (DAMPs) from target cells. Released
surface glycoproteins, ATP, and nucleic acids are

recognized by neighboring epithelial cells, endothelial
cells, and macrophages, stimulating pyroptosis — a
highly inflammatory form of programmed cell death
accompanied by IL-1B overproduction. Defects in
apoptosis, caused by reduced cytolytic activity of NK
cellsand CD8+ T lymphocytes, may prolong the survival
of virus-infected cells, leading to the accumulation
of hyperactivated immune cells in the lungs and
prolonged interaction between innate and adaptive
immune cells. This cascade results in the generation
of proinflammatory cytokines, cytokine storm, and
the development of macrophage activation syndrome
(MAS) [8, 10]. IL-1p and IL-6 serve as key inducers
of hyperinflammation and MAS, which manifests as
activation, uncontrolled expansion, and persistence of
macrophages; massive cytokine secretion; induction
of their synthesis by myeloid cells; hemophagocytosis;
fibrinolytic coagulopathy; and multiorgan failure [10,
32]. Pathogenetic mechanisms predisposing to MAS
include neutrophil hyperactivation, driven by the
recruitment of granulocytes to the inflammation site
via attractants, such as IL-7, IL-8, IFNy, IP-10, as well
as IL-1P, IL-6, and IL-17 from the Th1/Th17 subset.
Neutrophil degranulation and the formation of abundant
NETs promote inflammation escalation, damage to
the vascular endothelium of the lungs and internal
organs, and the development of microthromboses.
NETs induce macrophage expression of IL-1f —
a key mediator of MAS — which, in turn, activates
pulmonary neutrophilic infiltration, neutrophilia, and
NET formation [9, 10].

Thus, Th1/Thl7-dependent activation of the
neutrophilic component in the chronic airway
inflammatory infiltrate of BA patients most likely
contributes to the exacerbation of acute lung injury
during COVID-19, laying the foundation for
subsequent fibrotic replacement of respiratory tissue.

CONCLUSION

In asthma patients who have recovered from
COVID-19, disease severity is associated with
increased levels of Th1/Th17 cytokines in the blood.
In mild BA, elevated IL-1P levels in exhaled breath
condensate may be explained by its involvement
in regulating the Th1/Th17 immune response and
its contribution to cold air hyperresponsiveness. In
contrast, patients with moderate BA demonstrated
increased production of IL-6 and IL-17A, which was
associated with impaired small airway patency, poor
disease control, and likely activation of neutrophilic
airway inflammation. Elevated concentrations of IL-
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17A and related Th17 cytokines (IL-1B and IL-6)
may increase the risk of systemic inflammation and
pulmonary fibrosis development.
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ABSTRACT

Aim. To identify risk factors leading to a cognitive decline 5-7 years after CABG, and to develop a model for
predicting the development of POCD in patients in the long-term period of CABG.

Materials and methods. The observational prospective study included 146 patients; average follow-up period was
6.4 years. The patients underwent general clinical, neurological, and instrumental examinations 3—5 days before and
5-7 years after surgery. Neuropsychological testing included assessment of psychomotor and executive functions,
attention, and short-term memory. The method of binary logistic regression was used to build a predictive model.

Results. Cognitive decline was detected in 67 patients (45.9%) at 57 years after CABG. The presence of carotid
artery (CA) stenosis (p = 0.01), smoking (p = 0.005), reduced left ventricular ejection fraction (p = 0.039), and
high triglyceride levels (p = 0.011) were associated with a cognitive decline. The model's sensitivity was 0.61 and
specificity was 0.82, indicating a good quality. Results indicate that the model can accurately predict the presence
or absence of cognitive decline with a high level of accuracy.

Conclusion. Five to seven years following CABG, 46% of patients experienced a decrease in cognitive functions,
manifested in the form of neurodynamic dysfunction, as well as deterioration of short-term memory. The factors
included in the prognostic model were CA stenosis, reduced left ventricular ejection fraction, and high triglyceride
levels, as well as smoking. The findings indicate the need to improve approaches to postoperative follow-up of
patients who have undergone cardiac surgery in order to minimize adverse neurological consequences.

Keywords: cognitive functions, CA stenosis, coronary artery bypass grafting, long-term postoperative period
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(DaKTOpr PVNCKa KOrHUTUBHOIo CHNXXKeHNA y NalneHTOB
B OTAAJIEHHOM nepunoae KOpoHapHOro WyHTNpoBaHnA

CoipoBa U.AA.", TapacoBa U.B.", Tpy6Hukosa O.A.", CocHuHa A.C.',
MBaHoB B.W.%, bap6apauw O.J1."

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

2 Kemeposckuil 2ocyoapemeeniviil meouyunckuil ynusepcumem (Keml MY)
Poccus, 650000, 2. Kemeposo, yn. Bopowunosa, 22a

PE3IOME

Henw. BrisiBnenne $pakTopoB pucka CHIKEHHsT KOTHUTHBHBIX (yHKIHMi dyepe3 5—7 net mocie K1, a taxke pas-
paboTKa MPOrHOCTUYECKOH MOJIEITH, CIIOCOOHOM Ipe/icKa3aTh BeposTHOCTh pa3Butust [IOK]] y marueHToB B oTaa-
nernHoM nepuoze KIII.

Marepuajnbl 4 MeToABI. B HaGmr01aTETFHOE IPOCIICKTUBHOE UCCIICIOBAHNE BKITFOUCHBI 146 MAIlMEHTOB, CPEHUI
nepuo]] HaOJroIeHUs cocTaBmi 6,4 rona. [lanueHTsl mponuy oo0miee KITMHNYECKOe, HEBPOJIOTHIECKOE H HHCTPY-
MEHTaIbHBIC 00CIeI0BaHus 3a 3—5 HEH 70 1 yepe3 5—7 et nocie onepanu. Helponcuxonornaeckoe TeCTHpPO-
BaHHE BKJIFOYAJIO OIICHKY ICHXOMOTOPHBIX U UCTIOJIHUTEIBHBIX (DYHKI[HIA, BHUMAHUS U KPATKOBPEMCHHOMU MaMSITH.
JIyist MOCTpOCHHS IPOTHOCTUIECKOW MOJIEIH UCTIONB30BAJICS METO]] OMHAPHOM JIOTUCTUICCKOM PErPECCHH.

Pe3yabTaTsl. KornutusHOE CHIDKEHHE Yepe3 5—7 JIeT MocIie ONepaliy BEIABIEHO y 67 (45,9%) narueHToB. Ycra-
HOBJICHO, YTO HaJIM4Ue CTeHO30B COHHBIX aprepuii (CA) (p = 0,01), dakr kypenus (p = 0,005), HU3KHI ypOBEHBb
(paxuuu BeIOpoca seBoro xemynouka (p = 0,039) u Beicokuii ypoBeHb Tpuriuiepuaos (p = 0,011) Obutn acconn-
MPOBAHbI C Pa3BUTHEM KOTHUTHBHOTO CHIKEHHs depe3 5—7 net nocne nposenenus KIII. YpoBeHs 4yBCTBUTEb-
HoctH coctaBui 0,61; crmenuduanoctu — 0,82, obecrieurnBas yCIEIIHOE ONPEICIICHIE HANWYHS WIH OTCYTCTBHS
CHI)KEHHSI KOTHUTUBHBIX (DYHKIHI, 4YTO TOBOPHUT O XOPOLIEM Ka4eCTBE IPOrHOCTHYECKON MOJIEIH.

3akaodenne. Uepes 5-7 net nocne mposeaeHus oneparmu K1 y 46% nanueHToB HabmI0aeTCs CHIDKEHHE KOT-
HUTHBHBIX (yHKIIHMIT, IPOSBIAIONIEECS B BUE HEHPOAMHAMIYECKHX HApYILEHHH, a TaKXKe yXyAILEeH s KPaTKOBpe-
MeHHOH namsaTH. PakTopamu, BOLIEAIINMY B IIPOTHOCTUYECKYIO MOJIEIb, SBIIUCH CTeHO3bl CA, HU3KHUiT ypPOBEHb
(pakuun BEIOpOCa JIEBOTO JKETyJ0uKa M BBICOKUH YPOBEHb TPHUIJIMLEPHUIOB, a TAKKE KypPeHHE NMalUeHTOB. JTO
CBHCTENILCTBYET O HEOOXOJMMOCTH COBEPILICHCTBOBAHHUS MOAXOJOB K IOCIEONEPAlIOHHOMY HaOIIOACHHUIO 3a
NalUEHTaMH, TIEPEHECIIMMH KapAHOXHPYPTrHYECKHE ONEepaliy, ¢ 1IeJIbI0 MUHUMHM3AlUKH HeOIaronpHaTHBIX He-
BPOJIOTMYECKUX MOCIEACTBHUH.

KioueBble c10Ba: KOTHUTUBHBIE QYHKIMU, CTeHO3EI CA, KOpOHApHOE HIYHTHPOBAHUE, OTIAICHHBIH MTOCIeoIe-
PaIMOHHBIN TIEPHO.T

KOHq).]'IP[KT HUHTEPECOB. ABTOpI)I JACKIApUPYIOT OTCYTCTBUE ABHBIX U IMOTCHIIUAJIbBHBIX KOH(bJ'[I/IKTOB HUHTEPECOB, CBA-
3aHHBIX C r[y6m/11<au1/1ef?1 HACTOSIIICH CTAaThH.

Hcrounux punancuposanus. VccnenoBaHue BBIIOIHEHO B paMKax (hyHIaMEHTaIbHOTO HAyYHOTO HCCIIEIOBAHHUS
Ne 0419-2022-0002 «Pa3paboTka HHHOBAIIMOHHBIX MOJIENIEH YIIPaBICHUSI PHCKOM Pa3BUTHS OOJIE3HEH CHCTEMBI KpO-
BOOOpAILEHHS ¢ y4eTOM KOMOPOMIHOCTH Ha OCHOBE M3y4eHHs (yHIaMEHTaIbHBIX, KIMHUYECKUX, SIHIEMHOJIOrHYe-
CKHX MEXaHH3MOB U OPTaHU3alIMOHHBIX TEXHOJIOTHI MEIUIIMHCKON TOMOILH B YCJIOBHSX IPOMBIIUICHHOTO PErHOHa
Cubupmy.

CooTBeTCTBHE NPHMHIUNAM 3THKH. Bce manueHTs! noanucant MHGPOPMUPOBAHHOE COTJIacHE Ha ydacTHE B HC-
cnenoBanuu. MccnenoBanue yrBepskaeHo studeckum komuteroM GI'BHY HUM KIICC3 (mporoxon Ne 20 ot
25.01.2011).

Jost untuposanus: Ceiposa M. /1., Tapacosa U.B., Tpyounkosa O.A., Cocauna A.C., anos B.U., Bap6apam O.J1.
®DaxTophl pUCKa KOTHUTUBHOI'O CHIDKEHMS y MAIlMEHTOB B OTAAJIEHHOM [IE€PUOJC KOPOHAPHOIO LIYHTUPOBAHUS.
brwonnemens cubupckoii meduyunvt. 2026;26(1):105-112. https://doi.org/10.20538/1682-0363-2026-1-105-112.
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INTRODUCTION

Coronary artery bypass grafting (CABG) is
a cardiac surgical procedure with a high risk of
complications like postoperative cognitive dysfunction
(POCD) [1]. It can be either short-term or long-term
[2]. POCD is associated with an increase in medical
care costs, longer hospital stay, and an increase in one-
year mortality rate [3]. A significant part of patients
referred for myocardial revascularization have chronic
cerebral ischemia and are more vulnerable to cognitive
decline after surgery [4]. Chronic cerebral circulatory
insufficiency and impaired cardiac pumping function
are cited as the causes of cognitive impairment in the
cohort of patients who are considered as candidates
for elective CABG [5].

Identification of modifiable risk factors and
mechanisms contributing to the development of
POCD can help prevent this dangerous condition
and, as a result, improve the effectiveness of patient
treatment. There is a large number of studies on the
risk factors for cognitive decline in patients in the early
postoperative period of cardiac surgery [6-9]. It has
been shown that age, cardiopulmonary bypass (CPB)
time, and arterial hypertension can be significant
predictors of the development of POCD [10]. The role
of intraoperative hypoperfusion in the development of
POCD is particularly emphasized [7]. The brain and
kidneys are the organs most sensitive to changes in
blood pressure during CPB, however, optimal cerebral
perfusion pressure to maintain stable cerebral blood
flow is still a subject of discussion. [11].

The development and aggravation of postoperative
cognitive impairment in the long-term period largely
negates the success of cardiac surgery, leading to
disability, lower quality of life, and higher mortality
[12, 13]. The data obtained emphasize the importance
of timely identification of patients at high risk of
POCD both in the early and long-term period.

However, one should note that studies on the risk
factors for the development and aggravation of POCD
in the remote postoperative period of CABG are
scarce [14, 15]. It has been shown that the patient’s
age, smoking history, hypertension, diabetes mellitus,
heart failure, and preoperative cognitive impairment
are predictors of persistent POCD one year after CABG
[15]. However, it remains unclear whether these factors
will have the same significance in the long term, for
example, 57 years after surgery. Recurrent strokes
and progression of coronary stenosis, development of
atrial fibrillation, as well as the level of adherence to
treatment can also be considered as possible predictors

of the development of cognitive decline in the remote
postoperative period. In this regard, the aim of this
study was to identify risk factors for cognitive decline
5-7 years after CABG, as well as to develop a model
for predicting the likelihood of developing POCD in
patients in the long-term period of CABG.

MATERIALS AND METHODS

The selective observational prospective study was
performed to assess the neurological and cognitive
status of patients with coronary artery disease (CAD)
over a 5—7-year period after CABG, with an average
follow-up of 6.4 years. The study included 152 patients
with stable CAD who were admitted to an inpatient
unit to undergo a surgery. The study was conducted in
strict accordance with international standards of Good
Clinical Practice and the Declaration of Helsinki
(2008). The protocol of the study was approved by the
Institutional Review Board of the Research Institute
for Complex Issues of Cardiovascular Diseases
(Minutes No. 20 dated January 25, 2011). Prior to
inclusion in the study, all participants received all the
necessary information and provided their consent to
participate.

The inclusion criteria were as follows: age 45—69
years, male gender, normal or adjusted to normal vision
and hearing, elective primary CABG with CPB. The
exclusion criteria were: prior acute cerebrovascular
accident (CVA), traumatic brain injury, depression
(more than 8 points on the Beck's Depression
Inventory), dementia (less than 24 points according
to the Mini-Mental State Examination (MMSE),
carotid artery stenosis (CA) greater than 50%, severe
respiratory, renal and hepatic insufficiency, and
oncological diseases. The clinical and history data of
the patients are presented in Table 1.

Table 1

Preoperative Clinical Characteristics of Patients

. Patients
Characteristics n=1 52’
Age, years, Me [Q,; O] 57 [53; 61]
Arterial hypertension, n (%) 129 (85)
Carotid artery stenosis, n (%) 56 (37)
Duration of carotid artery stenosis, years, Me [0, Q] 412;8]
Coronary artery disease duration, years, Me [Q,;; O,]| 5[3; 8]
Myocardial infarction in history, n (%) 114 (75)
SYNTAX score, Me [Q,,; O,.] 23 [16; 28]
Number of affected arteries (coronary angiography), 2[2: 3]
Me[Q,; 0,]
Left ventricular ejection fraction, %, Me [Q,; O] 60 [51; 63]
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Comprehensive  examinations of  patients,
including clinical, neurological, and instrumental
diagnostics, were conducted both before surgery and
5-7 years after it MMSE and the Beck's Depression
Inventory were used as screening methods [16—
18]. Psychophysiological Complex software was
used for complex neuropsychological testing with
the determination of indicators of psychomotor
and executive functions, attention, and short-term
memory [19]. Changes in cognitive functions were
calculated using 13 parameters from a common set of
tests. Cognitive decline was determined by the “20—
20” criterion: postoperative indicators of cognitive
functions should be lower by 20% or more compared
to preoperative values in 20% of all the indicators
used in the study.

The patients were treated in accordance with the
general principles of therapy for patients with CAD,
chronic heart failure (CHF), and arterial hypertension.
The planned procedure was performed with CPB, with
normal body temperature and intravenous anesthesia
with propofol. The duration of CPB averaged
100.2 + 2 8.2 minutes, and the time of aortic cross
clamping was 62.8 + 16.86 minutes. The average
number of the grafts was 2.6 = 0.71. During the
surgical intervention, patients underwent invasive and
continuous hemodynamic monitoring and cerebral
oximetry (INVOS-3100, SOMANETICS, USA).
Outpatient follow-up at the place of residence was
conducted for all patients after discharge from the
hospital.

Statistical analysis was performed using IBM
SPSS Statistics 21 software. When describing the
analysis results, continuous variables were expressed
as median and interquartile range Me [Q,; O,] and
categorical variables were expressed in the form of
values and percentages of n (%), the Pearson’s and
Wilcoxon tests x2 were used to establish statistical
differences.

To build a predictive model, we used the binary
logistic regression method and regression coefficients.
The regression equation was as follows: y = a + b,
x X, +b,x X, +..b x X, where y — variable with
two values: 0 means no event; 1 stands for an event
occurred; a is constant; b, is regression coefficients;
X, stands for variables. The probability of cognitive
decline was determined according to a formula:
P=1/(1+e"y), where P is predicted probability, e
is exponent, the approximate value of which is 2.718.
A method based on the percent correctly reclassified
and the Somers'D measures were used to assess the
validity. The Hosmer—Lemeshow goodness-of-fit
test was used to verify the overall consistency of the
model with real data. The differences were considered
statistically significant at p < 0.05.

RESULTS

Analysis of the results of clinical examinations
revealed that 5—7 years after CABG, 8 patients (5.3%)
had myocardial infarction, and 7 (4.6%) had a stroke.
The majority of the study participants had CHF with
functional class (FC) no higher than II (Table 2).

Table 2
Clinical Characteristics of Patients, n (%)
L Patients, n = 152
Characteristics p
Before the procedure After 5 years

Class I-1I angina pectoris 86 (57) 30 (20) 0.0004
Class III angina pectoris 33 (22) 503) <0.0001
Class I-Il CHF 116 (77) 146 (96) 0.001
Class III CHF 36 (24) 6(4) 0.0007
Atrial fibrillation 503) 12 (8) 0.1
Type 2 diabetes mellitus 21 (14) 39 (26) 0.002
CA stenosis 56 (37) 86 (57) 0.0001

A total of 146 patients out of 152 participated in
a comprehensive neuropsychological testing using
the STATUS PF computer program 5-7 years after
CABG. Before the operation, three people dropped
out due to not scoring enough points on the MMSE
and Beck's Depression Inventory scales; three more
patients were unable to undergo comprehensive

neuropsychological testing due to cognitive im-
pairments after stroke and advanced dementia.
Cognitive decline, defined as a > 20% decrease
in postoperative cognitive indicators compared to
the baseline level in > 20% of tests from the entire
test battery, was detected 5-7 years after surgery
in 67 (45.9%) patients. Patients were most likely to
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exhibit deterioration in postoperative parameters
when performing neurodynamic (psychomotor speed
and executive functions) and short-term memory
tests. In the neurodynamic domain, 60.9% of patients
had an increasing number of missed signals. In tests
examining short-term memory (memorization of
numbers, syllables, words), deterioration occurred in
more than 20% of patients (Table 3).

Table 3

Prevalence of More than 20% Cognitive Decline in the Long-
term Postoperative Period, n (%)

Cognitive Parameters Patients,
domain n=146
Mean reaction time 24 (16.4)
Neurodynamics Errors 57 (39.0)
Missed signals 89 (60.9)
The Bourdon test, processed

Attention symbols: 12 (8.2)
—on the 1* minute 11 (7.5)

— on the 4" minute ’
10 numbers memory test 31 (21.2)
Memory 10 syllables memory test 30 (20.6)
10 words memory test 36 (24.7)

The next stage of the study aimed at identifying
the most significant risk factors for cognitive decline
5-7 years after CABG. For this purpose, we selected
patients with cognitive decline 5-7 years after surgery
(n = 67) and without cognitive decline (n = 79). The
following predictors that could potentially influence
the development of cognitive decline were included
in the analysis: stroke, old age, smoking, arterial
hypertension in history, heart failure with a left

ventricular ejection fraction (LVEF) of less than 50%,
CA stenosis, diabetes mellitus, impaired carbohydrate
tolerance, atrial fibrillation, compliance with a four-
component treatment regimen for CAD, achievement
oftarget blood pressure, indicators of lipid metabolism
and glucose in blood serum, and achievement of their
target values.

Possible predictors identified both before surgery
and during examination 57 years after CABG were
considered both in their original form and in the form
of binomial variables. Using the step-by-step inclusion
method, we build the regression model. As a result,
the following factors were the most significant in
terms of cognitive decline: stroke, CA stenosis present
5-7 years after CABG, preoperative LVEF, smoking
before surgery, cholesterol, HDL and triglyceride
levels detected during examination 5-7 years after
CABG (Table 4).

Analysis of the data presented in Table 4 allow us
to conclude that CVA, smoking, CA stenosis, reduced
LVEF, and high triglyceride and HDL cholesterol
levels detected during examination 5-7 years after
CABG increase the likelihood of cognitive decline in
patients in the long-term postoperative period.

The developed model correctly predicts the absence
of cognitive decline in 82.3% of cases and its presence
in 61.2% of cases (Table 5). With the cut-off threshold
equal to 0.5, we selected the most effective ratio of
sensitivity (0.61) and specificity (0.82), ensuring the
successful prediction of both the presence and absence
of cognitive decline and good quality of the model.

Table 4
The Main Results of Binary Logistic Regression Predicting the Development of Cognitive Decline
in Patients in the Long-term Period after Coronary Artery Bypass Grafting
Step 6 B coefficient RMSE Wald p Exp (B)
CVA 21.634 16644.068 0.000 0.999 2485603116.578
CA stenosis (5 years) 1.018 0.396 6.625 0.010 2.769
LVEF (before CABG) -0.925 0.448 4.273 0.039 0.396
Smoking (before CABG) 1.067 0.381 7.841 0.005 2.906
HDL cholesterol (5 years) 1.171 0.617 3.605 0.058 3.226
Triglycerides (5 years) 0.533 0.209 6.527 0.011 1.704
Constant -2.576 1.208 4.546 0.033 0.076
Table 5
Classification Matrix of the Predictive Model of Cognitive Decline in the Long-term Postoperative Period
Actual cognitive decline Predicted cognitive decline Percent correct classification, %
Absent Present
Absent 65 14 82.3
Present 26 41 61.2
Total percent of correct classification, % 72.6

Note. The cut—off threshold value is 0.5.
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DISCUSSION

The results of the study demonstrated that
cognitive decline 5—7 years after coronary bypass
grafting occurred in 46% of patients and in most cases
manifested in the form of neurodynamic dysfunction,
and disorders of verbal and symbolic short-term
memory.

As previously shown, the pathogenesis of
postoperative cognitive impairment is multifactorial
[20]. During cardiac surgery, a systemic inflammatory
reaction can lead to multiple organ failure, including
brain tissue injury. It has been established that some
CABG patients suffer blood — brain barrier disruption,
accompanied by an increase in systemic inflammation
detected in blood plasma, and the development of
subacute neuroinflammation [21]. The progression
of atherosclerosis is accompanied by changes in the
microcirculatory system, resulting in reduced vascular
elasticity [22]. In combination with decreased
myocardial contractility, patients may experience
a deterioration in blood supply to the brain during
surgery, which is reflected in the predictive model
developed in this study.

Other factors included in the predictive model
were smoking and elevated triglyceride levels
5-7 years after CABG, which may indicate low
patient adherence to prescribed treatment. There are
several known factors that contribute to low patient
adherence to prescribed treatment: lack of awareness,
tendency to self-medicate, non-compliance with
the medication regimen, and, most importantly, the
relationship between cognitive impairment and low
adherence [14, 23].

CA stenosis turned out to be a significant factor
determining the development of cognitive decline 5-7
years after CABG. The progression of carotid stenosis
increases the risk of developing cerebral circulatory
disorders, and is also an independent factor predicting
the likelihood of sudden cardiac death [24]. It has
been established that during CABG, the presence of
CA stenosis greater than 70% in a patient can lead
to ischemic stroke [25, 26]. Studies indicate that
patients suffering from cerebral atherosclerosis are
at increased risk of decreased blood supply to the
brain, atrophy of its tissues and cognitive decline [27].
There is a probability according to which patients
with asymptomatic CA stenosis may experience
decreased blood flow and microembolization of the
brain during surgery, which in turn causes impaired
adaptive mechanisms and deterioration of cognitive

functions [28]. Among the factors contributing to the
development of CA stenosis, surgical intervention
on the coronary arteries can cause an exacerbation of
the systemic inflammatory process and endothelial
dysfunction. These changes create favorable
conditions for the progression of the atherosclerotic
process [29].

CONCLUSION

The present study demonstrated that 5-7 years
after CABG, 46% of patients experience cognitive
decline which manifested in the form of neurodynamic
dysfunction and deterioration of verbal and symbolic
short-term memory. The factors included in the
predictive model are CA stenosis, reduced left
ventricular ejection fraction, high triglyceride levels,
and smoking in patients. The findings highlight the
need to improve approaches to postoperative follow-
up of patients who have undergone cardiac surgery in
order to minimize adverse neurological consequences.
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In vitro and in vivo Osteogenic Cell Response to High Temperature
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ABSTRACT

Aim. To evaluate the response of mesenchymal stromal/stem cells (MSCs) in vitro and the status of bone cells
(osteoblasts, osteocytes) during regeneration of the femoral bone after local thermoablation at 55-60 °C.

Materials and methods. Morphology and viability (MTT assay) of human adipose tissue-derived MSCs were
analyzed after incubation at 37 °C or 56 °C for 0—60 minutes. /n vivo, a heating cuff was applied to the femur of
anesthetized rabbits, and intraoperative thermoablation was performed for 30 minutes (bone marrow canal tempera-
ture: 55-60 °C). Bone tissue was histologically examined (hematoxylin — eosin and Einarson staining) immediately
and 14 days post-treatment. Quantitative morphometry was implemented in ImagelJ, with subsequent statistical
analysis performed in R.

Results. /n vitro, signs of massive MSC death were observed after 15 minutes of heating; at 30 minutes, viable
fibroblast-like cells were nearly absent. In vivo, local thermoablation caused direct death of osteoblasts and
osteocytes, evidenced by morphological signs of apoptosis and necrosis, as well as impaired DNA/RNA synthesis.
Morphological and molecular markers of cellular damage significantly increased by day 14 post-treatment.

Conclusion. Moderate thermoablation (55-60 °C) exerts significant direct and delayed damaging effects on
osteogenic cells, from stem to mature forms. These findings are relevant for combined treatment of tumor and
metastatic bone lesions.

Keywords: mesenchymal stromal/stem cells, cell culture, rabbit femurs, osteoblasts, osteocytes, thermalablation,
signs of cell death
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In vitro v in vivo peakumna oCTeOreHHbIX KNeTokK
Ha BbiCOKOTeMMnepaTypHoe BO3encTene

XnycoB U.A."?, Hacn6os T.D.", TopoxoBa A.B.’, Mopoxosa E.[l." 2, Kokopes O.B.",
JNleweHkoBa A.B.", PbikkoBa A.10.", MaxmypuH [.0." 2, AHncena U.N.>3, Cuthukos MN.K.>3,
MarTiowkos C.10.?

! Cubupckuii 2ocydapcmeennviii meouyunckuu ynueepcumem (Cu6l’ MY)
Poccus, 634050, 2. Tomck, Mockosckuti mpakm, 2

2 Tomcxuil 2ocyoapecmeenviil ynugepcumenm cucmem ynpasienust u paouosnekmponuxu (TYCYP)
Poccus, 634050, 2. Tomck, np. Jlenuna, 40

3 Hayuno-uccreoosamenvckuil uncmumym (HUH) onxonoeuu, gpunuan Tomcko2o HAYUOHATLHO20 UCCACO08AMENbCKO-
20 meouyunckozo yeumpa (HUML]) Poccuiickoii akademuu HayK
Poccus, 634009, 2. Tomck, nep. Koonepamugnuwiii, 5

PE3IOME

Hesn Hccaeq0BaHus: OICHUTD PEAKIINI0 ME3CHXUMHBIX CTPOMAIBHBIX/CTBONIOBBIX KieTok (MCK) in vitro u co-
CTOSIHUE KOCTHBIX KJIETOK (0CTE00JIaCTOB, OCTEOIUTOB) B IIPOLIECCE BOCCTAHOBIICHUS OSPEHHOI KOCTH MOCIIE JI0-
KaJNbHOI TepMoabisauy B quanazone 55-60 °C.

Marepuaansl u Metoabl. Mopdonoruro u xuznecnocoonocts (MTT-tect) kymbTypsr MCK, BBImenenHo# n3
JKUPOBOH TKaHM 4eIOBEKa, U3ydalld MU KyJIbTHUBUPOBaHUU B TepMocTarax npu 37 °C mnu 56 °C B quanasoHe
0-60 mun. Ha 6expeHHyr0 KOCTh HapKOTH3HPOBAHHBIX KPOJIMKOB HAKJIA IbIBATIH HArPEeBaTEIbHYIO MAHKETY H ITPO-
BOJIMJIM HHTPAOTIEPALlHOHHYIO TepMOadsInuio B TedeHue 30 MUH (TeMIiepaTypa B KOCTHO-MO3IOBOM KaHaie 55—60
°C). CocrostHHe KOCTHOM TKaHW aHAJIM3UPOBAIN THCTOIOTHYECKH (OKpacka TeMaTOKCHIMHOM M J03MHOM U IO
DitHapcoHy) cpa3y u uepe3 14 cyTt nocine Bo3nercTaus. [IpoBoauiIM KOMIBIOTEPHYIO MOP(HOMETPHIO C UCTIONH30-
BaHueM Image] u craTucTuueckuii ananus B R.

PesyabTaTthl. Mopdonormueckue mpuzHaku MaccoBoit tubenmn MCK B KynbType in vitro HaOIIOAIHCh Yepe3
15 muH HarpeBanus; yepe3 30 MuH xuBble HUOPOOIACTONONOOHBIE KIETKH MPAKTHIECKH OTCYTCTBOBaIH. [Ipu-
JKU3HEHHAs! JIOKANbHas TepMOadIsus OCAPEeHHONW KOCTH KPOJIHMKOB BBI3bIBAIA MPSAMYIO THOETHh 0CTe00IacTOB U
OCTEOLUTOB, 3aUKCHPOBAHHYIO IO MOP(OIOTHIECKHM IPHU3HAKAM aroNTo3a U HEKPO3a, a TakkKe HapyIICHHIO
cunre3a JJHK u PHK. Mopdonornueckue u MOJIEKyIIpHBIE MapKephl KIETOYHOTO MOBPEXKICHUS CTaTHCTHUCCKH
3HAYMMO yBEJIMYUBAINCH K 14-M CyT IOCIIe HarpeBaHHsI.

3aximioueHne. YMepeHHbIe pexuMbl TepMoadisaimn (55—60 °C) 061aar0T 3HAYHTEIBHBIM IPSIMBIM U OTCPOYCH-
HBIM HOBPEXXAAIONM 3((HEKTOM Ha OCTEOTeHHBIE KJIETKH OT CTBOJIOBBIX JI0 3penbiX (opM. [TomyueHHbIe pe3ysib-
TaTbl BAXXHbI AJId MPAKTUKHA KOMGHHI/IpOBaHHOFO JICUCHUS Ol'lyXOJ'leBbIX U MCTAaCTaTHYCCKHUX nopameHnﬁ KOCTHOM
TKaHH.

KnrodeBble c10Ba: ME3eHXUMHBIE CTPOMANbHBIE CTBOJIOBBIE KIETKH, KIETOYHAsl KyIbTypa, OelpeHHbIe KOCTH
KPOJIKA, OCT€00TACThI, OCTEOIUTHI, TEPMOAOISAINS, IPU3HAKY KIETOUHOW CMEPTH

KOHq).]'IPIKT HHTEPECOB. ABTOpI;I JACKIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIUAJIBHBIX KOHq).IH/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6III/IKaHI/IeI71 HaCTO}IHIeﬁ CTaTbHU.

Hcrounuk ¢punancupoBanus. PaboTa BeimonHeHa npu pUHAHCOBOH oAnepkke MUHHCTEPCTBA HAYKHU U BBICIIE-
ro obpaszoBanus Poccuiickoit @enepannu (Homep npoekta FEWM-2024-0003).

CooTtBercTBHE MpUHIOUNAM 3THKH. VccienoBanue oqodpeHo komuccueit IACUC CubI'MY (3aximouenne Ne 1
or 03.04.2023)-

Jns uutupoBanus: Xmycos U.A., Hacu6os T.®., 'opoxosa A.B., I[Topoxosa E.JI., Kokopes O.B., JlemeHn-
koBa A.B., PeokkoBa A.1O., [Taxmypun J[.O., Anucenst U.1., Cutnuxos I1.K., Mattomkos C.}O. In vitro u in
VIVO peaKIrsi OCTEOTCHHBIX KJIETOK Ha BBICOKOTEMIIEpATYpHOE BO3ACUCTBHE. Brosiemens cubUpCKot MeOUYUHDL.
2026;26(1):113-130. https://doi.org/10.20538/1682-0363-2026-1-113-130.
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INTRODUCTION

Optimal remodeling of skeletal tissues in case of
diseases and injuries, including those around implanted
materials and products, remains an unsolved problem
in traumatology, orthopedics, and surgical oncology.
The central role in the sequential, reparative, and
pathological regeneration of bone tissue is played by
mesenchymal stromal/stem cells (MSCs) [1, 2].

Currently,  various  pharmacological  and
physicochemical methods for controlling reparative
processes have been developed and tested in
experiments and clinical settings. One of the areas that
is being actively developed (primarily in oncology) is
the use of high temperatures. These temperatures can
be divided into two categories: hyperthermia (above
41 °C) and thermal ablation (above 55 °C) [3, 4].
Hyperthermia in the range of 43—46 °C enhances in
vivo osteogenesis [5] and bone tissue mineralization
[6] two weeks after heat stress [7]. We have previously
shown the ex vivo or in vivo effect of thermal ablation at
a local temperature of above 55 °C on the mechanical
strength of bones [8, 9], as well as the morphology of
bone tissue in experimental animals in the early periods
(up to 7 days) after high-temperature exposure [10].

MSCs and osteoblasts are considered to be
thermosensitive cells [11, 12] and a part of the tumor-
associated microenvironment [12]. The response
of these cells to heating determines the outcome of
therapeutic manipulations and reparative processes
under clinical thermal ablation conditions.

It should be noted that most studies on cells were
performed under hyperthermic conditions (up to 45
°C). At the same time, thermal ablation is mainly used
in the combined treatment of benign and malignant
tumors and metastatic lesions of bone tissue [13, 14].

It is well known that direct thermal ablation has a
direct effect on cells, leading to the development of
coagulation necrosis [15]. This is accompanied by
protein denaturation and disruption of the integrity
and permeability of cell membranes [15]. Some
researchers, such as [4], suggested that indirect
thermal effects are associated with the reaction of
the immune system. This, in line with the concept
of osteoimmunology, has a significant impact on
metabolic and reparative processes in bone tissue both
under normal and pathological conditions or extreme
influences [16].

However, the specific consequences of the
immediate and delayed effects of high-temperature
exposure on bone tissue are still poorly understood.

This can be seen from our searches for the keywords
“MSC thermoablation”, “osteoblast thermoablation”
or “osteocyte thermoablation”, which did not return
any results in the PubMed database (https://pubmed.
ncbi.nlm.nih.gov/).

In light of this, the aim of the study was to
investigate the response of MSCs in vitro and the state
of bone cells (osteoblasts and osteocytes) in vivo after
local thermal ablation at temperatures between 55 °C
and 60 °C.

MATERIALS AND METHODS

In vitro Study of the Effect of Thermal Ablation
on the MSC Culture

MSCs were obtained after four-passage stromal
vascular fraction (SVF) expansion, isolated from
adipose tissue lipoaspirate from an apparently healthy
donor, as described previously by our group [17]. The
presence of MSCs in the SVF was confirmed according
to the minimal morphological criteria established by
the International Society for Cellular Therapy (ISCT)
[18]. In our study, the following culture parameters
were used: 1) fibroblast-like morphology; 2) adhesion
to a surface of culture plastic; 3) viability of 93% in
the test with 0.4% trypan blue solution; 4) positive
expression of CD73, CD90, and CD105 (95%); 5)
low expression (1.3%) of hematopoietic cell markers
CD45, CD14, CD20, and CD34 according to flow
cytometry.

The isolated cells were cultured in a concentration
of 5x10* living cells per 1 ml of a nutrient medium
with the following composition: 90% Dulbecco’s
modified Eagle’s medium (DMEM) (Servicebio,
China), 10% fetal bovine serum (FBS) (Technozero,
Russia), antibiotics (100 units / ml penicillin and
100 mg / ml streptomycin (Capricon scientific GmbH,
Germany) and 2 mM L-glutamine (PanEco Company,
Russia). The cultures were maintained at 5% CO: and
100% humidity in 24-well plates (Corning, USA).
Exothermic exposure of MSC cultures was performed
in two dry-air thermostats (Smolensk SKTB SPU,
Russia) set to 37 °C or 56 °C (thermal ablation) for
different time intervals. The experimental groups
for in vitro thermal ablation were divided into the
following categories based on external heating times:
1) 37 °C for 60 min (control group); 2) 37 °C + 56 °C
in different combinations: 45 + 15, 30 + 30, 15 + 45
or 0 + 60 min, respectively. Five wells were used for
each time group. The cells were then incubated in a
CO, incubator (MCO-1701, Alphavita Bio-Scientific,

bionneteHb cMbupcko meanumHbl. 2026; 25 (1): 113-130 115



Khlusov I.A., Nasibov T.F., Gorokhova A.V. et al.

In vitro and in vivo Osteogenic Cell Response to High Temperature Exposure

China) for up to 20 h at 37 °C, 5% CO,, and 100%
humidity.

After cultivation, the viability of the cell cultures
was determined using the MTT test recommended by
GOST ISO 10993-5-2023, as described previously
[19]. Four hours before the end of 2-hour culture,
the cells were removed using a 0.25% trypsin-EDTA
solution (PanEco, Moscow, Russia), centrifuged
at 1,500 rpm for 10 min and washed twice with
phosphate-buffered-saline. A 0.5% solution of
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) (NeoFroxx, Germany) in a complete
growth medium was then added to each well, and the
samples were incubated for 4 hours at 37 °C. After
incubation, the supernatant was carefully removed and
a solubilizing solution (10% dodecyl sulfate (SDS) in
0.01 M HCI) was added to dissolve formazan crystals.
The index of cytotoxicity (IC) was determined by
spectrophotometric analysis of the samples at 540
nm using a Picon spectrophotometer (Picon, Uniplan,
Russia) with a reference wavelength of 630 nm.

Cell morphology was analyzed using an ADF 1350
phase-contrast inverted microscope (ADF Optics
Co Ltd, China) with a built-in digital camera and
corresponding software.

In vivo Study of the Effect of Thermal Ablation
on the Bone

The design of the experiment was approved by
the Institutional Animal Care and Use Committee
(IACUC) of the Central Research Laboratory of
Siberian State Medical University (SibSMU) (Minutes
No. 1 dated April 3, 2023). The study was conducted
in the vivarium at the Central Research Laboratory
(CRL) of SibSMU on 6 healthy mongrel rabbits
aged 15 weeks and weighing 3—4 kg after a 7-day
quarantine period in ambient conditions. The rabbits
were randomly divided into two experimental groups.
The criteria for exclusion from the experiment were
signs of illness of an animal, which were detected by
a veterinarian through a physical examination. These
signs included lethargy, lack of appetite, hair loss,
itching, redness of the skin, mucosal redness, and the
presence of ear mites. Rabbits that underwent thermal
ablation were also excluded from further observation
if they had pathological fractures of their femurs.

Thermal Effects on Laboratory Animals

The procedure of local controlled intraoperative
thermal ablation of the right femur in all rabbits was
performed for 30 min, as described in detail previously

[10], using the Phoenix-2 local hyperthermia complex
(PromEl LLC, Tomsk), developed at Tomsk State
University of Control Systems and Radioelectronics
[20].

The animals were euthanized using carbon
dioxide asphyxiation. Group 1 (Int 0 days 55—
60 °C — contralateral limb; Temp 0 days 55-60 °C —
limb exposed to thermal effects) was euthanized
immediately after thermal ablation (n = 3). Group
2 (Int 14 days 55-60 °C; Temp 14 days 55—60 °C) was
euthanized 14 days after thermal ablation (n = 3).

Histological Study

A histological study of rabbit femurs was conducted
according to the method described in detail in [10] at
the Division of Morphology and General Pathology
of Siberian State Medical University (Tomsk). Whole
femurs were extracted from each animal (heated and
intact), fixed in 10% buffered formalin solution (pH
7.4, Biovitrum, Russia), and decalcified using the
modified Gripp method [21]. The decalcified bone
fragments were then placed in a 10% sodium sulfate
solution (LenReaktiv JSC, Russia) for 24 hours,
dehydrated using 6 changes of an IsoPrep isopropanol-
based solution (Biovitrum, Russia), and embedded in
HISTOMIX paraffin mixture (Biovitrum, Russia).
Histological slides of bones (5—7-um thick) were
prepared using a semiautomatic microtome MZP
01 (Tekhnom, Russia) and mounted on glass slides.
The preparations of the contralateral femur and the
femur subjected to thermal ablation were stained with
Gill’s hematoxylin (Biovitrum, Russia) and eosin
(Biovitrum, Russia) and according to the Einarson
method [22]. The Einarson technique is highly specific
for staining nucleic acids, especially under conditions
of increased acidity in the environment [23].

Histological slides were examined using an
Axioscope 40 light microscope (Zeiss, Germany).
Digital photographs were taken under fixed lighting
conditions using a Canon PowerShot A2200 camera
(14.1 MP resolution; Canon Inc., China) and
AxioVision 4.8 software (Zeiss, Germany).

The area, circularity index (CI), and conventional
units of optical density (c.u.o.p.) of the stained zones
of interest (nucleus, cytoplasm) were estimated
according to the method of computer morphometry
of digital images [24] using the tools of the Imagel]
program (version 1.38, National Institutes of Health,
Bethesda, USA; https://www.rsb.info.nih.gov/ij). To
estimate CI, the following formula was used: , where
S'is the area and P is the perimeter of the selected area.
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The number © was rounded to 7 decimal places (t =
3.1415926). A CI value of 1 corresponds to a regular
circle, while a value close to zero corresponds to a
highly elongated polygon. The method of measuring
optical density allows for obtaining photometric
quantitative characteristics of an opaque object. For
this purpose, the background brightness (SF) and the
brightness of the studied area of the cell or tissue (ST)
were determined in the image in grayscale mode. The
optical density of the object (D) can be calculated
using the formula: .

Statistical Data Analysis

Statistical analysis of the data was conducted using
the R programming language (version 4.4.0) and
the RStudio environment (version 2023.12.0+369).
The MVN [25], stats [26], and brunnermunzel [27]
packages were used. The normality of distribution
of quantitative characteristics was tested using the
Shapiro — Wilk test with the Royston correction [28].
The data were presented as M = SD for normally
distributed data and as Me (Q,; Q,) for non-normally
distributed data.

To compare the means of two samples, the Smith —
Welch — Satterthwaite test [29-31] was used as a more
powerful criterion than the Student’s #-test possessing
good control over type I errors [32-34]. For rank
and non-normally distributed quantitative data, the
Brunner — Munzel test was used [35, 36], which
does not require equal variances or distributions
like the Mann — Whitney U-test and is reliable when
these assumptions are met [37, 38]. Comparison of
categorical features was performed using the Fisher’s
exact test with the Holm — Sidak correction for
multiple comparisons.

Since the study groups included non-inbred
rabbits whose bone conditions varied significantly,
a personalized statistical approach was used. In this
approach, values were standardized and compared to
those of the intact contralateral femur, which did not
undergo local thermal ablation.

RESULTS

In vitro Study of the Effect of Thermal Ablation
on the MSC Culture

Cells in the control group (37 °C for 60 min) had an
elongated, spindle-like or polygonal shape, as well as a
large, regular, round or oval nucleus (Fig. 1, a), which
corresponds to the typical fibroblast-like morphology
of MSCs adhering to plastic. When assessing the

morphofunctional state of MSCs after thermal ablation
(56 °C, 15 min), the cell culture was represented by
single cells adhered to the bottom of the well (Fig. 1,
b), with cell morphology similar to that in the control
group. Round cells of varying sizes with non-uniform,
foamy/bubbly cytoplasm were also observed (Fig. 1,
¢), with a moderate amount of cell debris between the
cells. A decrease in cell size, changes in the state of the
cytoplasm, loss of pseudopodia and rounding suggest
cell death by anoikis, a special case of apoptosis [39].
This state of the culture indicates the damaging effect
of thermal ablation at 56 °C even after a 15-minute
exposure. Indeed, the MTT test revealed that the
average IC value was 62 + 3%.

A further increase in the duration of temperature
exposure up to 30 minutes or more (45—60 minutes) led
to complete disappearance of cells with fibroblast-like
morphology. The cells sharply decreased in size, the
cytoplasm became less homogeneous, pseudopodia
were absent, and a large number of cell debris were
detected (Fig. 1, d, ¢, f). The described morphological
changes indicate massive cell death after 30 minutes
of thermal ablation at 56 °C. The MTT test confirmed
these morphological changes, with IC for MSCs
reaching 96 + 2%.

Thus, the experiment conducted with external in
vitro thermal ablation of the MSC culture at 56 °C
demonstrated its high sensitivity to extreme effects.

In vivo Study of the Effect of Thermal Ablation
on the Bone

The State of Bone Tissue Immediately after Local
Thermal Ablation

The contralateral (relatively intact) left femurs of the
rabbits immediately after thermal ablation of the right
femurs showed no morphological signs of necrosis
or inflammation when stained with hematoxylin and
eosin (Fig. 2, a, ¢). The diaphysis was represented
by lamellar bone tissue, with the medullary canal
filled with red bone marrow. The bone was covered
by periosteum, to which muscle fibers were adjacent.
Numerous osteoblasts were visible in the endosteal
zone (Fig. 2, ¢, arrow).

In the area of direct heating of the diaphysis of
the right femurs (55-60 °C in the medullary canal
and 60-65 °C on the periosteum side), signs of
venous hyperemia in large bone marrow vessels were
observed (Fig. 2, b). The lamellar bone tissue of the
endosteum (Fig. 2, d) showed no obvious damage.

The microscopic examination of osteocytes in the
group immediately removed from the experiment
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Fig. 1. Morphological state of a 20-h culture of mesenchymal stromal/stem cells after heating at 56 °C; @ — control at 37 °C; thermal
ablation: b, ¢ — 15 min; d — 30 min; e — 45 min; f— 60 min followed by cultivation at 37 °C. Dark-field inverted microscopy, x 200.

(group 1) revealed numerous empty osteocyte lacunae
in the area of thermal ablation within the compact bone
substance. The number of these lacunae in the periosteal
zone significantly increased by 20% compared to
the contralateral, intact limb (Fisher’s exact test; p =
0.0042, Fig. 3, a). However, the morphometric analysis
of the compact bone close to the endosteum showed
that lacuna closure after thermal ablation had increased
but did not reach statistical significance (Fisher’s exact
test; p = 0.10; Fig. 3, a).

The emptying of the lacunae probably indicates
osteocyte denucleation and cytolysis, which are
the most significant morphological signs of cell
death through necrosis or apoptosis. Consequently,
30-minute thermal ablation at 55-60 °C (from the
endosteum side) and 60—65 °C under the heater cuff
from the periosteum side increased the direct death
of osteocytes in the diaphysis by 12-20% during the
procedure. A higher periosteum heating temperature
(~ 5 °C) also caused higher numbers (8%) of cell death.

When staining nucleic acids by the Einarson
method, the morphology of osteocyte nuclei (Fig.
2, g—) was visually different in the two groups. In
the control group, the osteocyte nuclei were large,
round or spindle-shaped, and intensely stained (Fig.
2, g, i; arrows); after thermal ablation, the nuclei
were less intensely stained and appeared spindle-
shaped or flattened (Fig. 2, 4, j; arrows). However,
the morphometric analysis of the morphofunctional
parameters (area, CI, and optical density) of the
osteocyte nuclei in the periosteum (Fig. 2, i, j) and
endosteum (Fig. 2, g, h) showed no significant

differences (Fig. 4, a, d, g, m, p) with the corresponding
zones of interest in the intact diaphysis.

Some increase in the median area of the osteocyte
nucleus near the endosteum (by 1.31 um?; Brunner —
Munzel test; p = 0.04; Fig. 4, j) may be associated with
their swelling after heating, as the optical density of
nucleic acid staining did not significantly decrease (Fig.
4, m). However, it is not possible to assess the state of
the osteocyte cytoplasm using optical microscopy, as it
is practically unstained using the Einarson method, and
the outer cytoplasmic membranes of the cells are in close
contact with the walls of the lacunae in many cases.

On the other hand, visual analysis (Fig. 2, e, f)
revealed pronounced differences in the state of
osteoblasts immediately after thermal ablation. In
intact bones, there were numerous osteoblasts with
signs of high synthetic activity, such as large basophilic
cytoplasm and apical location of the nucleus (Fig.
2, ¢, e; arrows). In contrast, in the thermal ablation
zone, osteoblasts were much fewer and showed low
synthetic activity (Fig. 2, f; arrow). These observations
were supported by the morphometric analysis. Cell
shrinkage (Welch’s t-test; p < 0.001; Fig. 5, a) and
a decrease in cytoplasmic optical density (Brunner —
Munzel test; p = 0.0036; Fig. 5, d) were observed.
The area of nuclei also decreased (to 79%) from the
intact value (Brunner — Munzel test; p <0.001; Fig. 5,
2), and their optical density increased to 171% of the
intact level (Welch’s #test; p <0.001; Fig. 5, j). These
changes can be interpreted as signs of karyopyknosis.

From the perspective of the modern interpretation
of the data obtained, it is possible to suggest that
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Fig. 2. Morphology of intact
femurs (a, ¢, e, g i) and bones
immediately  after  thermal
ablation (0 days) at 55-60 °C (b,
d, 1, h, j). In the diaphysis of intact
specimens (a, ¢, e, g, i): lamellar
bone tissue, red bone marrow
(a), numerous active osteoblasts
in the endosteum (c, e; arrows),
osteocytes with intensely stained
rounded (g; arrows) and fusiform
(Z; arrows) nuclei. After thermal
ablation (b, d, f, h, j): hyperemia
of bone marrow vessels (), bone
tissue in the endosteum zone
without pronounced changes
(d), single inactive osteoblasts
(f; arrow); osteocytes with less
intensely stained fusiform (4;
arrows) and flattened (j; arrows)
nuclei. Hematoxylin and eosin
staining (a—d), Einarson staining
(e—). x 50 (a, b), x 200 (c, d), x
630 (e—).
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osteoblast death occurs by apoptosis, which is
characterized by a decrease in cell size due to the
compaction and fragmentation of the nucleus, as well
as a loss of cellular integrity through the formation
of apoptotic bodies [39]. A decrease in the optical
density of the cytoplasm, when stained by the
Einarson method, indicates reduction in the content
of nucleic acids, primarily RNA molecules. As a
consequence, it can be assumed that the synthetic
activity of osteoblasts decreases immediately after the
direct thermal damage at temperatures ranging from
55 to 60 °C.

The State of Bone Tissue 14 Days after Local
Thermal Ablation

Standard histological analysis with hematoxylinand
eosin staining of the femur sections of the contralateral
bones (Fig. 6, a, ¢) revealed that the diaphysis retained
a generally normal structure 14 days after thermal
ablation. However, cavities containing tissue detritus
and granulation tissue were observed in the endosteal
zone (Fig. 6, a; arrows). These cavities were lined

with osteoblasts (Fig. 6, ¢; arrows), which had a high
content of nucleic acids when stained by the Einarson
method (Fig. 6, e; arrow), suggesting the presence
of bone tissue remodeling. These findings suggest
that there may be a distant damaging effect of local
heating mediated through biological environments
and integral systems of the body.

The visual assessment of the femoral diaphysis
under the heater cuff revealed extensive hemorrhages
(hematoma type) in the medullary canal and areas
adjacent to the endosteum (Fig. 6, b; arrows). At the
same time, the lamellar bone tissue of the endosteum
did not show any obvious signs of structural damage
or active regeneration when stained with hematoxylin
and eosin. Only single osteoblasts were visualized,
which were weakly stained according to the Einarson
technique (Fig. 6, d, f; arrows). The deterioration of the
morphofunctional state of osteoblasts in the heating
zone was quantitatively confirmed by computer
morphometry data.

Thus, a significant drop by 1.5-3 times was
noted in all measured parameters, including area and

Fig. 6. Morphology of intact femurs (q, ¢, e, g, ) and bones 14 days after thermal ablation at 55-60 °C (b, d, f; A, j). In the diaphysis
of the contralateral femurs (a, ¢, e, g, i): cavities with granulation tissue in the endosteal region (a; arrow); numerous active
osteoblasts in the endosteum and cavities (¢, e; arrows); osteocytes with large, intensely stained nuclei in the endosteal (g; arrows)
and periosteal (/; arrows) zones. After thermal ablation (b, d, £, &, j): hemorrhages in the medullary canal and at the endosteum (b;
arrows), single inactive osteoblasts (d, f; arrows), numerous empty osteocyte lacunae in the endosteal (4, arrows) and periosteal (j;
arrows) zones. Hematoxylin and eosin staining (a—d), Einarson staining (e—). x 50 (a, b), % 200 (¢, d), * 630 (e—)
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optical density of cytoplasm and nuclei (Fig. 5, b, e,
h, k). These morphofunctional changes in osteoblasts
can be interpreted as signs of apoptosis, a form of
programmed cell death in modern biology [39].

Therefore, delayed death of bone cells responsible
for bone tissue regeneration occurred within two
weeks after extreme exposure.

The morphometric analysis of the state of
osteocyte lacunae within the compact bone tissue
14 days post-exposure found that their desolation
under the periosteum (Fig. 6, j; arrows) increased
by 43% compared to that in the contralateral femur
(Fisher’s exact test; p < 0.001; Fig. 3, b). Close to
the endosteum, the desolation of lacunae following
thermal ablation (Fig. 6, A; arrows) showed similar
values (a decrease by 44% from the intact control,
Fisher’s exact test; p < 0.001; Fig. 3, b).

Fourteen days after the heating of the right femurs,
osteocytes were relatively evenly distributed in the
diaphysis of the contralateral bones. They had large,
round or spindle-shaped nuclei that stained intensely
for nucleic acids (Fig. 6, g, i; arrows). In contrast, in
the thermal ablation zone, there were numerous empty
osteocyte lacunae (Fig. 6, h, j, arrows). The few
surviving osteocytes in this area showed signs of cell
death, such as a decrease in size and nuclear staining
(Fig. 6, h, j).

Thequantitativeassessmentofthemorphofunctional
state of morphologically identifiable osteocytes in the
local heating zone of the diaphysis revealed a decrease
in the optical density of nuclear DNA staining both
under the periosteum and under the endosteum.
Under the periosteum, optical density decreased to
77% (Brunner — Munzel test; p < 0.001; Fig. 4, e)
and under the endosteum, it decreased to 85% of the
corresponding control (Welch’s #-test; p = 0.0038;
Fig. 4, n). In addition, under the endosteum, the area
of nuclei in mature bone cells decreased to 86% of the
control (Brunner — Munzel test; p < 0.001; Fig. 4, k).

Comparative Analysis of the State of Bone Tissue
Immediately (0 days) and 14 days after Local
Thermal Ablation

Since non-inbred rabbits were tested in the
study groups and their initial bone conditions were
significantly different, the dynamics of osteocyte
changes in the femurs were compared immediately (0
days) and 14 days after thermal ablation in relative
units (% of the corresponding value of the intact
contralateral femur). This allowed to a certain extent
to neutralize the influence of different initial (before

exposure) conditions, as well as indirect cell death
(for example, due to intoxication with tissue detritus
products) in bone tissue in groups of non-inbred
animals.

The results showed (Fig. 3, ¢) that the proportion
of empty lacunae with dead osteocytes significantly
increased by day 14 from 32 to 59% under the
endosteum (Fisher’s exact test; p < 0.001) and from
39 to 59% under the periosteum (Fisher’s exact test;
p=0.0043). In other words, there was delayed (indirect)
damage to the tissue structures of the compact bone that
were not destroyed during high-temperature heating.
Moreover, the morphofunctional signs of osteocyte
death increased after the cessation of hyperthermic
exposure, particularly near the endosteum, even
though the intramedullary temperature of thermal
ablation was approximately 5 °C lower than in
the periosteum area (under the heater cuff). Thus,
under the endosteum by day 14 of observation, in
comparison with day 0, there was a decrease in both
the area (Welch’s #-test; p < 0.001; Fig. 4, /) and
the intensity of staining for nucleic acids (Welch’s
t-test; p = 0.0019; Fig. 4, o) of osteocyte nuclei, as
well as an increase in their roundness (Welch’s #-test;
p = 0.0054; Fig. 4, r). At the same time, there was a
decrease in the staining (optical density) of nuclei for
nucleic acids under the periosteum (Brunner —-Munzel
test; p < 0.001; Fig. 4, /).

Thus, after thermal ablation of the femoral
diaphyses of the rabbits at 55-60 °C, increasing death
of osteocytes during the first 14 days after extreme
exposure was noted. In turn, when the histological
sections of the diaphysis were stained by the Einarson
method, the osteoblasts showed a pronounced
decrease in optical density both in the cytoplasm
and in the nucleus on day 14 compared to day 0. The
decrease was by 2.5 times for the cytoplasm (Brun-
ner — Munzel test; p < 0.001; Fig. 5, f) and by 3.4
times for the nucleus (Welch’s t-test; p < 0.001; Fig.
5, [). Apparently, functional disorders of the synthetic
processes in the dividing cells of bone tissue also
increased after the end of the thermal effect.

DISCUSSION

According to [40], the sensitivity of normal and
tumor cells to hyperthermia is approximately the same.
At the same time, other authors suggest that tumor
tissues may have lower tolerance to high-temperature
exposure. This is due not only to direct temperature
damage, but also to a combination of secondary
effects, such as stress-modulating effects on the
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immune system [41-43] and increased permeability
of a well-developed vascular network. Consequently,
both direct and indirect effects of heating make tumors
vulnerable to drugs and immune cells [44—48].

To date, there is limited information available
about the effects of high temperature on the structural
and functional state of healthy stem cells. Specifically,
culturing MSCs with intervals of hyperthermia at low
temperatures (up to 43 °C) has been shown to have
a positive effect on cell viability. In such cultures,
MSCs are characterized by increased proliferation
and resistance to stress factors, as well as a slower
rate of cellular aging [49]. Additionally, these cells
are able to actively differentiate into osteoblasts and
adipocytes [49].

The effect of higher temperatures has been
described in the literature fragmentarily. With short-
term (45 seconds) exposure to a temperature of 58
°C, irreversible changes occur in the cell membrane,
leading to the massive death of MSCs. However, the
paradox exists in that a longer (150 seconds) exposure
to 48 °C no longer has a significant effect on MSC
metabolism and viability [50]. In clinical practice,
osteosarcoma thermal ablation is performed by heating
for longer period of time (up to 2.5 hours). Given
this and ambiguous literature data, we conducted an
experimental study of the direct effect of an increase
in ambient temperature (up to 60 minutes exposure)
on MSC survival in vitro.

The results of the study showed (Fig. 1) that
exposure to exogenous thermal ablation at 56 °C
for even 15 minutes caused morphological changes
in MSCs, including loss of pseudopodia and cell
rounding, which are signs of apoptosis and / or
necrosis. The MTT assay also revealed intracellular
metabolic changes associated with decreased cell
viability. Further increases in the thermal ablation
time led to complete death of cells in the culture in
vitro (Fig. 1). These findings suggest that MSCs
may be targeted in the process of bone tissue heating
and their loss has significant implications for post-
traumatic regenerative dynamics.

The damaging effects on bone tissue occur not
only during therapeutic thermal ablation of primary
nodes and metastases of malignant tumors. During
osteosynthesis and endoprosthetic replacement of
large joints, the bone is exposed to high temperatures
caused by friction from surgical instruments, such as
automatic drills and saws [51, 52].

It is believed that bone tissue can maintain its
morphofunctional and biomechanical properties up to

60 °C[8, 9]. A subsequent increase in temperature leads
to denaturation of proteins involved in the formation of
the intercellular bone matrix [53-55], which may result
in disruption of bone integrity. However, damage to
bone cells has also been reported at lower temperatures,
such as 48 °C [56], where culturing osteoblasts leads to
irreversible changes in the cytoskeleton with subsequent
activation of apoptosis through p53 and JNK signaling
pathways. Lower temperatures, such as 42—45°C, not
only cause reversible changes in the structure of actin
filaments, but also a significant increase in heat shock
protein 70 (Hsp70) levels, which is responsible for cell
protection [56].

On the contrary, it has been established in vivo
that hyperthermia in the range of 43—46 °C promotes
osteogenesis [5] and mineralization of bone tissue [6];
The maximum effect occurs 2 weeks after exposure
to heat stress [7]. At the same time, to date there
is practically no data available on the state of bone
cells after local thermal exposure at temperatures
above 55 °C.

In this study, the object of in vivo research was
rabbits, which are often used to investigate the state of
bone tissue and joints during injuries and therapeutic
manipulations [57]. It should be emphasized that in the
work [60], significant variations in the morphometric
indicators of the femurs of rabbits that did not undergo
direct thermal ablation were revealed. In the study
[58], significant variability of bone tissue markers was
also revealed in humans. Therefore, when conducting
statistical analysis and comparing the outcomes of
local thermal ablation, we adhered to the principles
of personalized biomedicine. For each animal,
morphometric indices were normalized relative to the
corresponding values in the contralateral femur that
did not experience direct local thermal ablation, as we
previously described [10].

Osteocytes are a conservative cell population that
does nothave the ability to self-renew (mitotic division)
[59]. They are formed from osteoblast precursor cells
[59]. Despite their low level of synthetic activity, they
play a significant role in bone metabolism by actively
participating in the regulation of bone matrix renewal
through various mechanosensory mechanisms
[60]. Osteoblasts are another type of cell with high
synthetic activity. They are descendants of MSCs and
are located mainly in the endosteum and periosteum
[61]. Osteoblasts play a crucial role in the synthesis of
the extracellular bone matrix [61].

The obtained results revealed morphofunctional
changes (Fig. 3-5) in the zone of local thermal ablation
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of the femoral diaphysis immediately after heating
(5560 °C in the medullary canal, 6065 °C under the
cuff on the periosteum side), with standard staining
of sections with hematoxylin and eosin or according
to the Einarson method. These changes were more
pronounced in osteoblasts (Fig. 5), which can be
interpreted as cell death by apoptosis, accompanied
by a decrease in cell size due to nuclear compaction
and fragmentation of nuclei, loss of cellular integrity
through separation of apoptotic bodies [39], and a
decrease in nucleic acid synthesis.

At the same time, during the period of bone
tissue restoration (14 days after thermal exposure),
the synthetic processes in bone cells continued to
decrease. This is evident from a further decrease
in the optical density of the nuclei and cytoplasm
of cells compared to the values immediately after
heating (Fig. 3, ¢, 4,1, [, o, 7, 5, f, [). From the point
of view of morphological changes in bone cells,
identifying various forms of cell death (apoptosis,
autophagy, and types of necrosis) can be challenging
and is constantly evolving [62]. Nevertheless, the
above-mentioned signs of morphofunctional changes
in cells can be classified as apoptosis to a greater
extent. In turn, the increasing desolation of bone
lacunae during the 14-day observation period (Fig. 3,
¢) as a sign of osteocyte cytolysis is consistent with a
necrotic phenotype [39].

Thus, thermal ablation of the femoral diaphysis
of rabbits at an intramedullary temperature of 55-60
°C, in addition to the direct damaging effect “under
the beam”, has a long-term trace effect, manifested
by morphological and functional signs of death
of osteoblasts and osteocytes (primarily in the
endosteum). Consequently, the expected post-stress
recovery of bone tissue from the endosteum, despite
a lower heating temperature, should hypothetically
be slower compared to the periosteum. In fact, in the
previous study [10], we observed early regeneration
of bone tissue primarily in the periosteum, starting
from the area of the proximal metaphysis of the femur
that was not subjected to thermal ablation.

During thermal ablation of rabbit femoral diaphysis
at temperatures between 55 and 60 °C, we did not
observe any histological signs of femoral fracture in
the early postoperative period. However, progressive
14-day bone cell death was observed, which may have
implications for the long-term success of surgical
osteosynthesis and endoprosthetic procedures [63].

Thus, in vitro experiments have shown that MSCs
have high thermal sensitivity to a temperature of 56

°C already after the first 15 minutes of direct heating.
Under in vivo conditions, bone tissue appears to shield
the direct damaging effects of 30-minute thermal
ablation (55-60 °C in the medullary canal, 60—65 °C
under the cuff on the periosteum side) on osteocytes and
osteoblasts. This protective effect may be important
at short periods of bone heating, such as when using
electric drills and/or saws during orthopedic and
traumatological manipulations [64]. Nevertheless, 30
minutes of thermal ablation is sufficient to initiate the
mechanisms of delayed cell death.

In line with the concept of osteoimmunology,
delayed processes of bone cell death can be mediated
by proinflammatory macrophages, as was described
for chondrocytes [65]. In particular, pyroptosis is
characterized by the release of a large number of
intracellular peptide fragments into the extracellular
environment, which can interfere with cellular
adhesion [66, 67], which in turn leads to apoptosis of
intact osteoblasts [68].

Under conditions of thermal damage to MSCs,
a “vicious circle” of death and impaired bone
regeneration occurs, which can lead to a prolonged
period of restoration of bone cell populations in
the diaphysis of femurs subjected to local thermal
ablation at an intramedullary temperature of 55—
60 °C. As a consequence, the processes of bone
remodeling will be largely determined by the intensity
of osteoconductivity from undamaged areas, such as
the metaphysis, as we have previously noted [10].

CONCLUSION

With exothermic exposure, after only 15 minutes,
a decrease in cell size, a change in the state of the
cytoplasm, loss of pseudopodia and rounding were
observed in the culture of human MSCs, suggesting
that cell death by anoikis, a special type of apoptosis,
had occurred. After 30 minutes of heating, fibroblast-
like cells were practically not found.

In vivo, immediately after a single 30-minute local
heating of the femoral diaphysis in rabbits, a significant
increase in the number of empty osteocyte lacunae was
observed in the compact bone under the periosteum
compared to the contralateral femur. However, no
significant change was seen in the endosteum. A
higher heating temperature of the periosteum (~ 5 °C)
resulted in a higher number of cell deaths (by 8%)
compared to the endosteum. Additionally, there was
a decrease in osteoblast area and concentration of
nucleic acids (synthetic activity) in the cytoplasm,
along with a decrease in nuclear area and an increase in
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nuclear optical density, all of which can be interpreted
as morphological signs of apoptosis.

Interestingly, 14 days after local thermal ablation
of the femoral diaphysis of rabbits, signs of delayed
damage to bone lacunae increased. Morphometric
indices of bone cell death (osteoblasts and osteocytes)
also increased significantly. Osteocytes died
primarily in the endosteum and not the periosteum,
as observed immediately after direct hyperthermic
exposure.

Thus, even low levels of thermal ablation in the
temperature range of 55-65 °C have a significant
damaging potential for bone cells, from stem cells
to mature cells, which increases over the course
of 14 days of observation. These results should be
considered when planning the treatment of benign and
malignant tumors and metastases in bone tissue, as
the individual response of healthy and pathologically
altered cells to heat largely determines the success of
therapeutic interventions and repair processes from
the perspective of personalized medicine.
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ABSTRACT

Stroke can lead to motor, cognitive, and speech disorders that require long-term correction. Rehabilitation potential
(RP) indicates the level of maximum possible recovery of a patient in the given time period. Maintaining RP at
the second stage of medical rehabilitation (MR) is one of the important tasks of a medical psychologist. However,
current Russian scientific literature has not sufficiently disclosed the scope and theoretical foundation of such work.
The authors of this lecture analyzed the concept of RP from the theoretical and methodological perspectives of
Russian medical (clinical) psychology. In addition, they investigated current studies on the relationship between
psychological factors and neuroplasticity mechanisms. Scientific data allow to consider RP as a complex and
dynamically changing system formed due to various effects, including psychological ones. The theoretical and
methodological tradition of Russian medical (clinical) psychology gives grounds to regard illness perception (IP) as
a psychological component of the RP, which is 1) social in origin, 2) mediated in structure, 3) subject to voluntary
control. Within the second stage of MR of patients after stroke, formation and improvement of IP to maintain
the RP require joint efforts of a neuropsychologist and a pathopsychologist. Modern studies on the relationship
between psychological factors and neuroplasticity mechanisms provide scientific grounds for the methods of work
of a medical psychologist in medical rehabilitation.

Keywords: medical rehabilitation; rehabilitation potential; stroke; medical psychology; illness perception; activity
theory; consciousness; higher mental functions
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Ponb meanLMHCKOro Ncuxosiora B nogaepXaHnum peabunmraymoHHoro
noTeHLuana NnayMeHToB C OCTPbIM HapyLUeHneM MO3roBoro KpoBoobpa-
LeHNA Ha BTOPOM 3Tane MeauLuMHCKON peabunurauum

boraroBsa B.[."? Ky3HeuoBa A.M.10.’, Monses b.b." 3, Mukaase 10.B." %,
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PE3IOME

OcTtpoe HapylieHHe Mo3roBoro kpooobparienus (OHMK) MoxeT mprBOANTH K JBUraTE/IbHBIM, KOTHUTHBHBIM U
PCUCBBIM HAPYILICHUAM, KOTOPbIC TPEOYIOT MPOAOIKUTECIBHON KOPPEKIIMOHHOM paboThl. PeaOuITUTalMOHHBIN TT0-
tenuuan (PIT) sBisercst nokaszareneM ypoBHS MAKCUMAIILHO BO3MOXKHOTO BOCCTAHOBJICHUS MAI[IEHTa B HAMEYEH-
HbIH oTpe3ok BpemeHu. [lognepxkanue PI1 Ha BTOpom sTane menunuHckoi peabunnranuu (MP) — oiHa U3 BaxHbIX
3a1a4 paboThl MEIUIMHCKOro ncuxosora. OHAKO ee colepiKaHHe M TEOPeTHYSCKHH (GyHIaMEHT HEeIO0CTaTOYHO
PacKpBITHI B COBPEMEHHOI OT€YECTBEHHON HAy4YHOU JIUTEpaType.

ABTOpBI HACTOSIIEH JICKIUH NPOAHATU3UPOBAIM KOHIIETIHIO PeabHINTAIMOHHOTO IMOTEHIMAla C TEOPETHUKO-
METOOJIOTUIECKNX MO3UIUH OTEYECTBEHHONH MEANIMHCKON (KIMHHYECKOH) IICMXONorHd. beimm m3ydeHsI
aKTyaJbHBIE UCCIIEIOBAHUS CBSI3M NICHXOJIOTMUECKUX (haKTOPOB C MEXaHW3MaMH HelporuractudHocTH. HaydHble
CBEJIeHHs TO3BOJIAOT 3aKII0UUTh, 4To PII ABiIsieTCs CI0KHONM M AMHAMUYECKU U3MEHSIOLIEHCS CUCTEMOH, KOTopast
(hopMupyeTcs B pe3yJbTaTe JISHCTBUS Pa3IMIHBIX BIUSHUMA, B TOM YHCIIE ICHXOJIOTHIECKHX. TeopeTHKO-MeTon0-
JIOTUYeCKas TPaJHIHs OTeUSCTBEHHOH MeTUIIMHCKOHN (KJITMHIYIECKOH ) ICHXOJIOTUH JaeT OCHOBAHHUS pacCMaTPHBATD
BHyTpeHHIOI0 KaptuHy Oomesnu (BKDB) kak mncmxonmormueckmit xommoneHT PII, koropbni 1) commaneH mo
MIPOUCXOXKIEHHIO, 2) ONOCPEOBaH 110 CTPOCHUIO, 3) JOCTYIEH IIPOM3BOILHOMY KOHTPOJTIO.

B pamkax Broporo stana MP nannenros c OHMK pabota Hax popmupoBanueM u nossieHneM kauectsa BKB mist
noanaepxkanus PI1 TpeGyeT coBMEeCTHBIX yCHIHii HEWpOIIcHXoJiora i natoncuxonora. COBpeMeHHBIE NCCIICI0BAHMS
CBSI3H TICHXOJIOTHYECKHX (DAKTOPOB C MEXAaHM3MaMH HEWPOIIIACTUYHOCTH TIPEIIaraloT eCTeCTBEHHO-HAydJHbIC
OCHOBAHUS METOJ]aM PabOTHI MEJUIIMHCKOTO MICHXO0JIOTa B PAMKaX MEIHIIMHCKON peaOuINTaIHN.

KaroueBble cJ10Ba: MCIUIIMHCKAS pea6I/IJ'II/ITaL[I/I$I, pea6I/IHI/ITaL[I/IOHHI)II71 MOTeHIHAI, OCTPOC HAPYILICHHUEC MO3I'OBOI'O
KpOBOO6paHIeHI/I$I, MEIUIIUHCKAs IICUXOJIOrs, BHYTPCHHSASL KapTUHA 6OHC3HI/I, TeOpUs ACATCIBHOCTHU, CO3HAHUC,
BBICHIUEC IICUXHYCCKUC q)yHKHI/II/I

KOHq)JIP[KT HHTEPECOB. ABTOpBI JCKIApUPYIOT OTCYTCTBUE SIBHBIX U NOTCHIUAJIBHBIX KOH(bJ'II/IKTOB HHTEPECOB,
CBA3aHHBIX C Hy6HHKaHHCﬁ HaCTOﬂH.[eﬁ CTaTbHU.

HUcTounuk Q)nﬂancnponannﬂ. ABTOpBI 3asIBJIIOT 00 OTCYTCTBUU q)HHaHCI/IPOBaHI/IH IpH MPOBEACHUN UCCIIEN0-
BaHUA.

Jna uutupoBanus: borarosa B.J[., Kysnenosa A.M.1O., Ilonses b.b., Mukanze 10.B., I'opnees M.H., CyBo-
poB A.IO. Poinb MEIMIMHCKOTrO IICHUXOJIOTa B IOJJICPIKAHUH pPeadHIMTALMOHHOIO MOTEHIMAla HalHeHTOB
C OCTPBIM HapyIICHHEM MO3IOBOI0 KPOBOOOpAIIIEHHS HA BTOPOM dTalle MeIULUHCKON peabuiutauuu. boiiemens
cubupcroii meouyunsl. 2026;26(1):131-143. https://doi.org/10.20538/1682-0363-2026-1-131-143.
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INTRODUCTION

Progress in the state system of medical rehabilitation
(MR) actualizes the concept of rehabilitation potential
(RP) [1]. RP is the maximum possible level of
recovery' of a patient within the given time period
(Order of the Ministry of Health are of the Russian
Federation No. 788n dated July 31, 2020). One of the
primary targets of RP research is personalization of
medical services [2]. Explicit RP encourages a multi-
professional rehabilitation team (MPRT), a patient,
and patient’s social environment to expect a definitive
rehabilitation outcome. RP prospect reflects the
expectations of the MR participants and affects their
mindset and motivation. All these make it possible to
consider the significance of the psychological aspect of
the RP. It is of special importance for the second stage
of MR of patients who experienced stroke [3]. Being
the key reason for the working population disability,
stroke results in movement disturbances (with about
80% in the acute phase and around 40% in the first
6 months), speech (28-40%), cognitive (up to 72%),
and other disorders [4—6]. Therefore, special efforts
are required to overcome these difficulties, which
often leads to a shift in the patient’s way of living [7].
In this respect, analyzing the ways by which a medical
psychologist can support the RP of patients after
stroke at the second stage of MR is relevant.

The aim of this lecture was to study the concept
of RP from the theoretical and methodological
standpoints of Russian medical (clinical) psychology
as well as to review relevant studies on the association
between psychological factors and mechanisms of
neuroplasticity.

REHABILITATION POTENTIAL:
COMPLEXITY, MULTI-FACTOR AND
SYSTEMATIC NATURE OF THE CONCEPT

The term rehabilitation potential was coined in
the work of Herbert S. Whiting “Classification of
Rehabilitation Potential” (1950) [8]. Developing
ideas of Howard Rusk, the founder of American
rehabilitation medicine, H.S.Whiting proposes a
RP classification consisting of three components: 1)
physical rehabilitation potential, 2) potential at home,
and 3) professional potential. For the first component,
the author introduces a graduated approach including
five hierarchical levels [8].

With further MR development, the understanding
of the RP has changed [9]. Two main driving factors
for this transformation can be outlined from the
analysis of the current literature. Firstly, the progress
of neuroscience contributes to RP concept rethinking
[10]. As the understanding of the mechanisms of
recovery from dysfunction deepens, it increases the
efficiency of the related methods of rehabilitation [11].
The morphological and functional basis of mental
processes is being elucidated as well as their influence
on somatic changes [12, 13]. This contributes to
gradual abandonment of hyper-specific skill training
in MR. At the same time, approaches based on
patient systemic involvement in the recovery process
(sensory feedback (SFB) and biological feedback
(BFB), virtual and augmented reality (VR, AR), etc.)
become more important [14]. Due to that we need to
consider a constantly growing number of factors when
determining the RP. We are starting to appreciate the
complex structure and dynamic nature of the RP, as
well as its dependence on environmental factors and
patient’s personal characteristics [9].

Secondly, broader application of personalized
medicine [15] drives transformation of the goal behind
determining the RP. While in the mid-20th century, its
main task was to understand whether a patient should
be sent to a rehabilitation facility, today such an
approach is subject to criticism. [2]. A client-centered
approach requires assessing the RP to determine which
of the available rehabilitation services will provide the
greatest benefit to the patient in their life circumstances.

Following the analysis of the literature on the RP
from foreign scientific literature databases (Medline,
CINAHL and Embase), Priscilla Lam Wai Shun and
her colleagues (2022) outlined a scheme of the RP
for acquired brain injury (Fig. 1) [9]. [Ha pucyske:
B OBajie UI3MEHUTH Interpretating g Ha Interpreting; B
CaMOM HHWXXHEM IIpaBOM NPAMOYI'OJIbHUKEC 3aMCHUTDH
Socio-economical Ha Socio-economic!!]

This model suggests that the RP is not just a
property of a particular patient. On the contrary, it is
rather a reflection of the environment and peculiarities
of rehabilitation specialists. The experience,
competences as well as personal traits of clinicians
influence the way they perceive a patient and the
forecast they give in every particular case. The state of
the health care system, social stereotypes and mindset
related to certain diagnoses, cultural peculiarities of

! return to previous professional or other labor activities, maintaining the ability to carry out daily activities, and restoring the ability to

self-care.
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Fig. 1. Study of the RP, according to P. Lam Wai Shun et al. (2022) [9]

society, and other environmental factors determine
rehabilitation options that in turn can also dramatically
increase or decrease the patient’s RP.

Thus, studies of RP allow us to consider this
concept in terms of complex dynamic systems. This
is in excellent agreement with the view of modern
sciences on the subject in contemporary Russian
methodology [16]. In particular, it is in line with
ideas of complex self-developing systems as the
cognitive object of postnonclassical type of rationality
[17]. Unlike the usual object of medical and natural
sciences, a patient’s RP is inaccessible for visual
objective examination. It cannot be studied with the
use of classical empiric methods. The dictionary
definition of the term “potential” attributes it to the
category of the “possible” in contrast to the category
of the “present” [9]. The RP is a complex cognitive
and verbal construction created by MPRT members
based on the incoming information. Similarly to the
objects studied by synergetics and quantum physics,
it is characterized by the stochastic nature and a
spectrum of possible ways of further development.

All such properties allow to link the studies of RP
to the methodology of Russian clinical psychology for

134

which aforementioned conceptual grounds are inherent
[18]. Memory, thinking, imagination, representation,
etc. — the subjects matter of psychological
examination — always include the components of
subjective reality inaccessible for classical objective
research [19]. In order to make them empirically
visible, psychology developed the principles of
research design that include the combination of
qualitative and quantitative methods [20, 21]. From
the point of view of this conceptual approach, the
goal of rehabilitation is to “create psychologically
justified conditions for the potentiation of active self-
sustained personal development under newly emerged
illness-restricted conditions” [19, page 8]. Using the
term “potentiation” is illustrative in this context. It
places special emphasis on the fact that a systemic
psychological approach suggests not a static definition
of the RP but rather the process of its continuous
search in joint activity [7], creating conditions for its
revealing and maintenance. A medical psychologist
as a specialist aimed at the study and description of
subjective phenomena monitors a complex system
of psychic processes capable of restricting available
physical abilities and uncritically ignoring present
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issues. By establishing a contact and communication
with a patient, a medical psychologist seeks to provide
the conditions for the fullest possible understanding of:
a) the emergence and flow of thoughts, motives, and
emotions at any given moment in time; b) the value
of personal feelings and individual experience; c)
genuine existential needs; d) objective opportunities
for growth in the present situation. Therefore,
thanks to realization of the reflection potentials [22],
communication with a medical psychologist is aimed
at the formation, maintenance, and strengthening of
the patient’s RP. Modern studies of brain and psychic
describe the mechanisms providing the material basis
for these processes [23].

ILLNESS PERCEPTION AS A
PSYCHOLOGICAL COMPONENT
OF THE REHABILITATION POTENTIAL

One of the first foreign researchers who drew
attention to the psychological component of the RP
was S.Z. Nagi [24], the author of the social disability
model. In his publication “A study in the evaluation
of disability and rehabilitation potential: concepts,
methods, and procedures” (1964), he described the
psychological study of the RP along with medical,
ergotherapeutic, and professional studies. According
to S.Z. Nagi, the psychologcal evaluation of the RP
must be carried out with the use of a clinical interview
and psychometric testing. Together they elucidate
the psychologcal traits of a patient and his/her view
of the nature and repercussions of the disease [24].
Thus, the key psychological component of the RP was
something often referred to as illness perception (IP)
in modern psychological studies (Fig.2).

Discussing the approaches utilized by a medical
psychologist, S.Z. Nagi places emphasis on the
use of standard tests (Wechsler Adult Intelligence
Scale (WAIS), Minnesota Multiphasic Personality
Inventory (MMPI), etc.). Such a view of psychological
diagnostics is characteristic of the Western tradition
focused on the quantitative approach [25]. However,
unlike foreign researchers, since its early stages of
formation, Russian psychology has been inclined to
the so-called activity paradigm [26]. Its main feature
consists in assigning greater value to the qualitative
observation of execution of various tasks rather than
quantitative evaluation of the results. In this paradigm,
the psyche is perceived as a complex dynamic system
that exists and develops in close connection with the
instrumental activity of a person in the environment
[27] (Fig. 3).

Study of a particular person’s psyche requires
a qualitative description of their activity unfolding
in a real-world situation. This allows a medical
psychologist (Fig. 4) to determine: a) to which
representations a subject is referring in problem-
solving, b) how they are interconnected, and c¢) what
drives and guides these connections.

According to the activity approach and cultural —
historical concept of higher mental functions (HMF),
IP is treated by the Russian psychological school as
the result of the process of nosognosia, i.e. lifetime,
culturally determined development of the person’s
understanding of the disease during their lifetime [29].
The description of the semiotic model of IP is based on
such components of consciousness as sensible tissue,
meaning, and personal sense (Fig. 5).

Thus, the Russian model allows to analyze the
emergence and development of IP in patients after
stroke during the second stage of MR more precisely.

1. Sensible tissue. Depending on the volume and
localization of a lesion, stroke can lead to disturbance
in multidimensional sensual composition of particular
representations of reality [30]. Furthermore, the initial
stunning impact of stroke provokes the feeling of
extreme insecurity [31]. Patients feel loss of control
over their body that gives rise to intense frustration.
Thus, neuropsychological work on activation of
sensory representations and regaining control in the
flow of the perceived information of various modalities
is one of the components aimed at the improvement
of IP. However, for better support of the RP during
the second stage of MR, psychological interventions
aimed at emotion and affect regulation are just as
important [32, 33].

2. Meaning. The vocabulary of available means for
sensory experience provides its “initial designation”
[29]. It guides the flow of associations, gradually
building up a narrative that allows one to interpret
one’s experience in this way or another. Patients
suffering from various forms of aphasia due to stroke
experience particular difficulties in this respect. In
order to create the IP that maintains the RP within
MR, they first need neuropsychological and speech
therapy so as to restore disordered syntagmatic
and paradigmatic associations of verbal processes
[34]. However, with the speech function retained,
the meaning system can also require professional
attention. At the second stage of MR of patients
after stroke, a medical psychologist can deal with a
mixed differentiation of the vocabulary describing
mental processes (“Am I not that crazy yet?”, “I have
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become a dummy”, “My head does not work”, etc.).
Such general clichés result in negative emotional
experiences, self-assessment, and anxiety regarding
one’s own mental status that adversely affect the RP.
An interview with 57 adults in the early recovery
period of stroke detected the presence of subjective
cognitive complaints that were not associated with
psychometrical assessment of cognitive processes
[35]. The regression analysis of data has shown that
subjective complaints served as the most important
predictor of patient’s involvement in social activity.
Therefore, apart from neuropsychological work
with  speech, psycho-educational interventions
aimed at enrichment of the vocabulary describing
psychic functions and states are needed in order to
support the RP.

A feeling or experience described with a certain term
undergoes the process of the “secondary designation”
fitting into a discursive net of myths around a disease
that exist in the information space surrounding a
person. The narrative to which a subjective perception
of the disease refers guides their further mental
activity. It determines the direction of an associative
sign — symbolic process. Here stroke serves as one of
the well-articulated pathologies extensively discussed
in the modern media. Being a leading cause of
disability, stroke is rightfully considered to be highly
socially sensitive. As the world population grows, the
incidence of stroke is continuously increasing as well
(up to 12 million per year, according to the WHO in
2025) [3]. This contributes to the spread of myths,
concerns, and fears in the information space around the
topic of stroke that can have a negative effect, being
actualized and emotively loaded when a person faces
stroke [28] (Fig. 2). Instead, objective knowledge has a
positive effect on the recovery process. A longitudinal
study of 60 patients after stroke undergoing MR
showed a relationship between qualitative knowledge
and well-defined expectations from rehabilitation
with more successful results at the time of discharge
[36]. Thus, the work of a medical psychologist with
a patient’s IP is essential in the RP maintenance.
Therefore, neuropsychologists deal with the recovery
of general operational basics of semantic memory,
speech, and executive functions. In the meantime, a
pathopsychologist focuses on the conceptual part of
the patient’s perception of stroke and helps get rid of
irrational and dysfunctional beliefs by using different
psychotherapy methods.

3. Personal sense. The discursive structure
developed from socially framed language means and

meanings acquires a personal sense when subjected to
psychic activity of an involved biased individual. A
phenomenological study consisting of 73 interviews
conducted with six patients in the late recovery period
from stroke demonstrated that the participants tended
to focus on the social side of their symptoms rather
than on the state of a disturbed function itself [31]. As
a rule, the patients interpreted a physical deficiency
as a complete loss in an important area of live (for
example, incapability of going to a pub with friends).
Within this social side of their problems, such key
topics as change of roles and isolation surfaced as
well [31]. An ability to pursue the deep meaning of the
disease is associated with peculiarities of motivational
hierarchy and other personal traits of a patient. An
example of a successful solution to the “meaning
problem” [27] was provided by neurobiologist
Jill Bolte Taylor [37]. In her autobiographic book
“My Stroke of Insight: A Brain Scientist’s Personal
Journey”, she described her personal experience of
recovery from stroke as something that allowed her
to gain new knowledge of the human nature and
capabilities, to broaden the understanding of the
subject matter of brain science and led to the insight
and discovery of the internal source of harmony
and peace of mind. Creating the conditions for such
transformation of the personal sense of a disease is
an important task of a medical psychologist within
the second stage of MR of patients after stroke, since
it is the deep personal sense that motivates a person
to overcome difficulties and limitations [38, 39]. In
this context, neuropsychological interventions are
necessary for recovery of such HMFs as operational
basis of reflection (namely, functions of programming,
regulation and control, speech, memory, etc.). A
pathopsychological component of rehabilitation
consists in the creation of an environment encouraging
reflection of subjective experience by a person relying
on HMFs.

It is noteworthy that today the activity approach
to consciousness and the cultural — historical concept
of HMF are becoming increasingly important for
contemporary neuroscience [40]. Theoretical and
methodological concepts of Russian scientists get larger
empirical support in present-day objective experimental
studies of cognitive and affective processes [41—43]. In
neurorehabilitation practice, this means relying on the
International Classification of Functioning, Disability,
and Health (ICF). The structure of the ICF seeks to
describe the patient’s condition in a complex, multi-
factor fashion considering the influence of personal

138 Bulletin of Siberian Medicine. 2026; 25 (1): 131-143



Reviews and Lectures

and environmental factors. Defining the domains of
activity and participation (d) along with body functions
(b) makes it possible to draw some comparisons
between the ICF concept and the ideas of the levels
described in the activity theory by A.N. Leontev (Fig.
5) [44]. In turn, differentiation between realization and
capacity as the two components of the assessment of
activity and participation in the ICF corresponds to the
ideas of the “zone of proximal development” by L.S.
Vygotsky [45].

MECHANISMS OF INFLUENCE OF ILLNESS
PERCEPTION ON THE REHABILITATION
POTENTIAL OF PATIENTS AFTER STROKE
AT THE SECOND STAGE OF MEDICAL
REHABILITATION

In fundamental neuroscience, recent decades have
brought a large number of studies on the interrelation
between depressive patterns of thinking, emotions,
and behavior and changes in the mechanisms of brain
plasticity [46]. In the article published by Nature
Publishing Group, Rebecca Price and Ronald Duman

presented an integrative concept of neuroplasticity
that summarizes the results of experiments on
animals with clinical materials and studies involving
healthy participants (Table 1). This model describes
neuroplasticity as a multidomain neurobiological,
psychological, and social construct [46]. Depression,
low cognitive flexibility, and stereotype repertoire of
behavior were associated there with malfunction of
plasticity mechanisms in the nervous system disturbing
normal energy processes and comprehensive
integration of information they encode [47, 48]. On
the other hand, high motivation, flexible thinking,
and diverse behavior were associated with higher
neuroplasticity [13].

The review of studies of the impact of
neuroplasticity on stroke recovery published between
2000 and 2023 in such resources as PubMed, Embase,
and the Cochrane Library confirmed its substantial
prospects for the rehabilitation of patients after stroke
[49] (Table 2). Despite that, according to the authors of
the article, there are substantial individual differences
in neuroplasticity both due to personal experience and
to general sociocultural aspects.

Table 1

Neuroplasticity Markers across Levels of Analysis, according to R. B. Price and R. Duman (2020) [46]

Level of analysis Dysfunctional state

Treatment goal state

Molecular/cellular

| Synaptic number and function, neuronal atrophy

1 Synaptogenesis, T neurotrophic factors

Neural network

| PFC — limbic circuit connectivity

1 PFC — limbic connectivity and limbic system, 1
regulatory control over limbic regions

Cognitive function

| Flexibility, | cognitive control, | goal-directed inhibition /
excitation of lower-order functions

1 Flexibility and cognitive control, 1 goal-directed
inhibition/excitation capacity

Affective information
processing

Rigid negative biases in implicit information processing
(e.g., attention, memory, interpretations, self-representations)

Unbiased and flexible information processing

Clinical/self-report behaviors, depression

Perseverative negative thoughts, repetitive maladaptive

Novel positive thoughts/perceptions, diversified
behavioral repertoire, euthymic mood, improved
function/engagement

Table 2

Key Neuroplastic Changes Associated with Stroke Rehabilitation, according to N. Aderinto et al. (2023) [49]

Neuroplastic changes

Description of changes

Neural structures involved

Dendritic remodeling

Structural changes in dendrites, including sprouting and arborization

Affected and unaffected brain regions

Synaptic plasticity experience

Strengthening or weakening of synapses based on activity and

Neurotransmitter systems, cortical
and subcortical regions

Cortical reorganization | Changes in cortical maps and functional organization of brain regions | Motor and sensory cortices, association areas

Neurogenesis

Generation of new neurons in specific brain regions

Hippocampus, subventricular zone

Axonal sprouting

Formation of new connections or sprouting of existing axons

Corticospinal tract, other neural pathways
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Thus, Nicholas Aderinto and his colleagues
justified at the neurophysiological level the necessity
of personalized interventions and interdisciplinary
cooperation for the full use of the enormous potential
of neuroplasticity in stroke recovery [49].

When analyzing the options for the application of
knowledge about the mechanisms of neuroplasticity
in clinical practice, J. Shaffer emphasizes that
psychology enjoys unique opportunities for the
maximization of the “revolution aimed to transform
diagnostics and treatment of mental diseases and to
overcome the absence of significant progress in control
of underlying health conditions and mortality for the
last 100 years” [50, 51]. Referring to the writings of
Marian Diamond, one of the founders of studies on
neuroplasticity, J. Shaffer describes the key aspects
that ensure brain health maintenance. They include
novelty and challenges, physical activity and proper
nutrition, love, social acceptance, low stress level, as
well as healthy sleep [51]. J. Shaffer states that positive
psychology [52] can promote positive emotions, thus
strengthening interaction with enriched environment
and therefore potentially contribute to intensification
of the neuroplasticity in their central nervous system
(CNS) [13].

Many modern researchers of psychological
factors of brain plasticity pay special attention to
positive neurophysiological effects of meditation
and mindfulness [53]. Thus Isaac N. Treves and his
colleagues analyzed 68 correlation studies utilizing
structural MRI, fMRI with tasks, fMRI at rest, and
EEG. They presented a convincing body of evidence
for the relationship between mindfulness and a) reduced
reaction of the amygdaloid body to emotional stimuli, b)
increased cortical thickness in frontal and insular areas
of neocortex, ¢) increased differentiation of the brain
default mode network. According to many researchers,
the positive effects of meditation are as follows: 1)
changes in the brain activation patterns on fMRI, 2)
changes in visual evoked potentials (which reflects
the impact of meditation on attention), 3) changes
of amplitude and synchronicity of high-frequency
oscillations (probably playing an important role in
synchronization of brain large neuronal networks) [54].
It should be noted that from the neuropsychological
point of view, meditation and mindfulness practices
are effective methods of training executive functions
enabled by the activity of the prefrontal cortex [55]. Such
practices include inhibition of involuntary reactions
to stimuli and prolonged attention focusing on the
particular mental state. In terms of pathopsychology,

they can be treated as development of a regulatory
component of psychic activity and maintenance of the
complex hierarchy of motives.

Therefore, IP as a complex system of interrelated
subjective perceptions of the disease can be considered
as a psychological component of the RP. Based on the
properties of its elements, a person formulates their
personal view on the prospects of recovery. Emotional
processes corresponding to such perception are
associated with particular physiological processes that
affect the dynamics of neuroplasticity mechanisms in
one way or another. Therefore, maintaining the RP
during MR requires psychological therapy with IP
aimed at strengthening of positive feelings facilitating
neuroplasticity and contributing to recovery of CNS
malfunctions. At the same time, such IP should
refrain from supporting an infantile illusion of the
omnipotence of patients [56] but rather provide for
their objective acceptance of limitations and good
adherence to the MR program.

CONCLUSION

The rehabilitation potential is a complex dynamic
system influenced by many different factors, including
psychological ones. Just as the action potential of
a neuron depends on the integrity of its membrane
complex, the rehabilitation potential of a person is
determined to a great extent by the functions of their
consciousness as the specific boundary between
the outer and inner worlds [57]. According to the
theoretical and methodological tradition of Russian
medical psychology, the IP can be treated as a
psychological component of the RP that is 1) social
in origin, 2) mediated in structure, 3) accessible
to voluntary control. During the second stage of
MR of the patients after stroke, work on IP quality
improvement for the RP support requires joint efforts
of a neuropsychologist and a pathopsychologist. A
neuropsychologist is responsible for the recovery
of gnostic components of sensible tissue of
consciousness and associative connections within
the meaning system. A pathopsychologist works
on building conditions for the optimization and
regulation of affective components of sensible
tissue of consciousness and search for the personal
sense of the disease for a patient. Modern studies on
the relationships between cognitive and emotional
processes and neuroplasticity mechanisms provide
biological foundations for the methods of work of
a medical psychologist within rehabilitation from
stroke. They elucidate the brain processes which
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can be affected by carefully selected personalized

psychological techniques

in order to increase

intentionality and awareness in the patient.
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ABSTRACT

Infantile hemangioma (IH) is a significant and common interdisciplinary issue in the pediatric population. The
etiology of this condition is not fully understood. Several hypotheses exist regarding the origin of IH: the placental
hypothesis, genetic mutations, and the influence of external factors. Treatment approaches for IH are diverse and
include systemic pharmacotherapy, local treatment, and surgical intervention. Each of these methods has both
advantages and limitations, making it impossible to use any single approach as a universal solution for all patients.
The beta-blocker propranolol is currently recognized as the first-line medication. The authors of the lecture presented
a literature review of modern approaches to selecting treatment for IH, as well as predictors of propranolol efficacy
and its possible mechanism of action.
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MECTHOE ¥ XHpypruueckoe jgedeHue. Kaxapli 3 HuX o0nasaet Kak JOCTOMHCTBAMH, TaK M OTPAaHUYCHUSIMHU, YTO
JleNlaeT HEBO3MOXKHBIM HCIIOJIb30BaHUE OJHOTO M3 METOJIOB B KayeCTBE YHUBEPCAIBHOTO AJS BCEX IALUEHTOB.
[IpenapaToM repBoii JTMHUK B HACTOSIIEE BPeMs IPU3HAH [-aApeHOOI0KATOP MPOIIPAHOJION.

ABTOPBI JIEKIIMH TIPEJICTABUIIM JIMTEPATyPHBIH 0030p COBPEMEHHBIX MOIXOAO0B K BHIOOPY JeueHNs HH(DAHTIIBHBIX I'e-
MAaHTHOM, a TAKKe MPETUKTOPHI 3 PEKTHUBHOCTH MPHMEHEHHS IPOIIPAHOIIONA H €r0 BO3MOXKHBII MEXaHNU3M JICHCTBHSL.

KirioueBble ci1oBa: reMaHruoma, Majab(Gopmarys, 1eTH, IPOIPaHoIIoN

KonpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTEHIMAIBHBIX KOH()INKTOB HHTEPECOB,

CBSI3aHHBIX C MyOIUKaNneil HaCTOSIICH CTaThH.

UcTtounnkn puHaHCHpPOBaHUsI. ABTODBI 3asBIAIOT 00 OTCYTCTBUHM MCTOYHMKA (DMHAHCUPOBAHUS TIPH MPOBEIC-

HHUH UCCJICTOBAHMS.

Jns uurupoBanusi: bykosenkas M.C., KamanteiHoBa E.M. MHpaHTHIFHAS TeMaHTHOMA: COBPEMEHHBIH B3TIIA]
Ha MaToreHe3 U JIeUeHue. broiemend cubupckoi meouyunst. 2026;26(1):144—151. https://doi.org/10.20538/1682-

0363-2026-1-144-151.

INTRODUCTION

The aim of the lecture was to provide a literature
review of data on the pathogenesis and treatment
methods of infantile (neonatal) hemangioma (IH),
as well as to present the results of current research
on potential predictors of pharmacological therapy
efficacy.

IH represents a benign vascular tumor formed
through proliferation of vascular endothelial cells
resulting from impaired local angiogenesis. Among
all vascular pathologies, IH is the most prevalent,
occurring in 5-10% of children during their first
year of life [1]. The condition is more frequently
diagnosed in girls, Caucasian children, and twins. It
has been observed that I[H develops particularly often
in newborns with low birth weight and in preterm
infants. This makes the pathology a significant concern
in pediatric practice [2].

GENERAL INFORMATION

IH has a diverse localization, but in 60% of cases,
it occupies the head and neck region [3]. Clinical
manifestations usually begin in the first weeks of life.
A distinctive feature of IH is the dynamic nature of
the tumor. During the first six months of life, active
proliferation is observed, during which hemangioma
reaches its maximum size. At the age of 89 months,
a stabilization phase occurs, characterized by slowing
of the formation growth, followed by a regression
stage, which can last from one to several years [4].
The average age of spontaneous involution cessation
is 3.5 years [5]. To determine the treatment strategy,
it is important to differentiate IH from other vascular
anomalies presented in the ISSVA (International

Society for the Study of Vascular Anomalies)
classification of 2014 [6]. Differential diagnosis is
made between vascular malformations and rarer forms
of vascular tumors: congenital hemangioma, tufted
angioma, and kaposiform hemangioendothelioma
[2]. The diagnosis is made on the basis of anamnestic
data and a specific disease pattern. Ultrasound and
magnetic resonance imaging can be used as additional
diagnostic methods [5]. In complicated cases, the
immunohistochemical marker GLUT1 (glucose
transporter 1) allows for differentiating IH from other
vascular anomalies, except for verrucous venous
malformation. This protein is responsible for glucose
transportation and is expressed in any form of IH at all
stages of its development [7].

There are three clinical forms of IH: nodular,
appearing as a single locus (the most common form);
segmental, limited to an anatomical segment, and
multifocal, manifested by multiple hemangiomas with
visceral lesions, more often of the liver. Depending
on the depth of the skin lesion, the following forms
are distinguished: superficial, affecting only the upper
layers of the dermis and accounting for about 60% of
all IHs; subcutaneous, located in the deep layers of the
dermis and hypodermis, accounting for 15% of IHs;
and mixed, accounting for about 25% in the profile of
IHs [8].

Most hemangiomas are small asymptomatic
masses that tend to regress on their own. However,
about 10% of IHs can lead to local complications:
ulcers, hemorrhage, necrosis, cosmetic defect and
less often — to functional disorders of vital organs.
Complications occur in the proliferation phase and
are most typical of segmental forms of IH [9, 10].
Multifocal IH with liver damage can be accompanied
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by severe thrombocytopenia and lead to thyroid
hypofunction due to overexpression of type 3
iodothyronine deiodinase, inactivating thyroxine, and
secretion of TTH-like factor thyrotropin [3]. Facial
IHs are of particular concern because of possible
complications in the eyes, as well as respiratory
and swallowing disorders. Massive hemangiomas
in this region may be accompanied by pathologies
of the posterior fossa, cardiovascular, ophthalmic,
and endocrine abnormalities as part of the PHACES
syndrome (Posterior fossa, Hemangioma, Arterial
lesions, Cardiac abnormalities, Eye abnormalities,
Sternum). Among them, cerebrovascular abnormality
is found in 72% of cases [11]. Voluminous IH in the
sacrococcygeal and perineal region may be a symptom
of LUMBAR syndrome (Lower body, Urogenital
anomaly, Myelopathy, Bone deformities, Anorectal
malformations, Renal anomalies), characterized by a
combination of [H, urogenital anomalies, myelopathy,
bone deformities, and renal anomalies. Thirty
percent of patients with this syndrome have only one
associated anomaly, and the risk of ulcers is about
70% [12]. These syndromes are mostly found in girls,
with the prevalence of about 2% of all hemangiomas
[13]. Very rare, but the most dangerous complications
of [H can be disorders of vital functions. For example,
hemangiomas of the upper respiratory tract can cause
respiratory distress syndrome, mediastinal and liver
tumors can form heart failure, and hemangiomas on
the mucous membranes of the gastrointestinal tract
can cause massive intestinal bleeding [8]. Voluminous
hemangiomas after involution leave residual changes
in the form of telangiectasias, fibrofatty changes, and
skin atrophy, decreasing the quality of life of patients
[14]. Despite the interdisciplinary nature of the
problem, IHs often lack proper medical supervision
and timely treatment, which worsens the prognosis of
the disease and leads to the complications described
above.

ETIOLOGY AND PATHOGENESIS

The etiology of this disease is not completely
known and remains a subject of scientific research.
There are several hypotheses of IH origin, including
placental, following genetic mutations, and external
factors.

The hypothesis of placental origin is supported by
the expression of placental markers, such as laminin,
merosin, GLUT-1, Lewis Y antigen, and Fc gamma
receptor II (CD32) in the blood vessels of IH [15,
16]. According to this assumption, risk factors for [H

include chorionic villus sampling and amniocentesis
in pregnant women, in the course of which there may
be transfer of mesenchymal cells of chorionic villi
from the placenta into the fetal circulatory system
and further into susceptible tissues, which represents
the initiating stage of pathologic angiogenesis [17,
18]. According to a recent study by F. Moisan et al.,
endothelial cells of IH lack aquaporin-1 (AQP1), a
water channel modulated during tumor cell migration
and invasion, whereas endothelial cells derived from
placental tissue are AQP1-positive [17].

It is believed that hemangiomas occur as a result of
somatic mutation and clonal expansion of progenitor
cells. The presence of the stem cell-specific SALL4
gene in IH cells supports this assumption [19]. Genetic
predisposition to the development of hemangiomas
is currently unconfirmed, but it is also one of the
possible causes of IH development [7]. There are
data on monozygotic twins with almost identical
periorbital hemangiomas [20]. A number of scientific
works in recent years have considered mutations and
polymorphisms in genes regulating angiogenesis as
possible causes of IH development [21, 22].

In the last decade, the hypothesis of the influence of
external factors, such as hypoxia, increased estrogen
level, and inflammation, has been widely spread
[23]. Among them, the leading role is attributed to
fetal hypoxia resulting from: multiple pregnancies
and pregnancies complicated by preeclampsia,
gestational diabetes mellitus, placental abnormalities
or detachment, as well as late pregnancy,
prematurity, and low birth weight [22, 24, 25]. It is
not fully understood what mechanisms regulate the
development of IH in hypoxia, but many researchers
agree that the key process is the disturbance of
vasculogenesis and the predominance of angiogenic
factors over antiangiogenic ones [25, 27]. Vascular
endothelial growth factor (VEGF) and fibroblast
growth factor-2 (FGF-2) are currently considered to
be the main angiogenic factors [24, 28]. Hypoxia as a
root cause of I[H development is supported by the data
on the increased level of renin in premature and low
birth weight infants, which promotes differentiation of
tumor stem cells and leads to the growth of immature
vascular tissue [25]. The results of the studies by R.M.
Hyland and V. Praveen showed that retinopathy of
prematurity and IH have a common mechanism of
development — microvascular ischemia leading to
neovascularization [27, 28].

The increased level of estrogen in the
postpartum period and expression of its receptors
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on the endothelium of IH microvessels affect further
proliferation of endotheliocytes, probably due to the
effect on FGF-2 production [7]. The prevalence of
hemangiomas in girls also suggests a possible role of
estrogen in the etiology of the disease, by stimulating
angiogenesis through the expression of the angiogenic
factor VEGF [29, 30]. For the same reason, it is
thought that higher estrogen levels in pregnant women
may affect the vascularization process in the fetus and
lead to abnormal vascular proliferation [31]. It has
been shown that estrogen concentration in peripheral
blood increases in the proliferative phase of IH and
decreases in the involution phase, and in the profile of
hemangiomas, there are significantly more receptors
to estrogen than in unchanged vessels [30]. Thus, in
breast cancer, estrogen increases proliferation and
migration of endothelial cells [31]. Another study
demonstrated the effect of estrogen on the migration
of mast cell progenitors in IH tissue, where activated
mast cells secreted angiogenic factors VEGF and FGF-
2 [32]. In addition, these cells secrete chymotrypsin,
trypsin, and matrix metalloproteinases necessary for
the destruction of extracellular matrix, providing
space for IH vascular growth [31].

Despite the active study of etiology and
pathogenesis, none of the existing hypotheses yet
explains all the features of epidemiology, course, and
clinical manifestations of IH.

TREATMENT

Treatment approaches to IH are diverse and
include systemic pharmacotherapy, topical, and
surgical treatment [33]. Each of them has both
advantages and limitations, which makes it impossible
to use one method for all patients. Currently, a need
for a personalized approach based on individual
patient characteristics, the clinical presentation of the
disease, and potential risks associated with therapy is
increasingly emphasized [34].

Topical treatment of IH with a nonselective
B-blocker timolol is widely used for small superficial
skin lesions. It is generally well tolerated and can
produce excellent visual results [35, 36]. However,
therapy with this drug has side effects, such as
desquamation, erythema, local xerosis, ulceration, and
risk of secondary infection [37].

Surgical treatments include cryodestruction,
sclerotherapy, excision, and laser irradiation.
Cryodestruction has been known for a long time, but
with the advent of new techniques, its use has been
limited. Exposure to liquid nitrogen at —195.6 °C is

effective for superficial nodular hemangiomas. In
case of more diffuse tumors with abundant blood
supply, the method is not used due to a possible risk
of cosmetic defects and hemangioma regrowth [38].
Sclerotherapy is used for small superficial masses
with small feeding vessels. Its essence is to inject a
sclerosant into the feeding vessel of hemangioma,
which damages the endothelium and promotes
thrombus formation. Disadvantages of this treatment
method are risks of microcirculation disorder in tissues
around hemangioma, up to necrosis of the tumor.
Surgical excision is indicated in life-threatening
conditions associated with the localization of IH or
its complications and to eliminate residual changes
in the tumor after involution, such as excess tissue.
Laser irradiation is effective in eliminating residual
skin pigmentation [39, 40]. Despite the effectiveness
of topical and surgical treatments, they have a risk of
complications, including hypopigmentation, burns,
localized skin atrophy, and infection [41].

Systemic pharmacotherapy is wused mainly
for potentially dangerous forms of hemangiomas
associated with their localization, size or structural
features of the lesion area [42]. First-line drugs
currently encompass p-blockers, which proved highly
efficient in a multicenter randomized controlled trial
in 2015. They include non-selective B-blockers acting
on PBl-, B2-, and P3-adrenoreceptors and selective
drugs mainly blocking [l-adrenoreceptors [43].
Propranolol, a non-selective B-blocker, has become the
gold-standard therapy for [Hs due to its high efficacy
and satisfactory tolerability [44]. However, cases of
tumor resistance to therapy as well as tumor regrowth
after treatment completion have been reported [25,
45]. Due to non-selectivity of the drug, side effects
can develop, such as hypotension, bradycardia,
bronchospasm, hypoglycemia, and electrolyte balance
disorders.

The mechanism of B-blocker action in IH is not
fully understood. Currently, researchers agree that
the main role of propranolol is to trigger autophagy of
hemangioma cells. However, the specific molecular
mechanism and cellular stage of this process remain
unexplored [46]. There is evidence supporting the
effect of B-blockers on PB-adrenergic receptors of
IH mast cells, thereby promoting endotheliocyte
apoptosis [47]. It was also suggested that -blockers
can increase the production of angiogenic factor
VEGF-A. These studies are consistent with the
conclusion that the level of VEGF-A in blood
decreases in patients with IH upon propranolol
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administration [48, 49]. To date, much attention
has been paid to the role of glucose metabolism
in angiogenesis of endothelial cells. Oxidative
phosphorylation, pyruvate metabolism, and the
tricarboxylic acid cycle potentially play a key role in
the pathogenesis of IH. Propranolol in turn inhibits
pyruvate kinase activity, suppressing glycolysis and
thus inhibiting the growth of hemangiomas [50]. The
mechanism of action of B-blockers in IH requires
further study, as it may help develop new treatment
options and identify early factors of successful
therapy. In addition to B-blockers, other systemic
drugs, such as glucocorticoids and metronomic
chemotherapy with vinblastine / cyclophosphamide,
are also used in the treatment of IH. These methods
are usually used when first-line therapy is inefficient
or in addition to B-blockers in the treatment of severe
and complicated forms of hemangiomas [3].

PREDICTORS OF EFFECTIVE TREATMENT
WITH PROPRANOLOL

A number of studies have identified early signs
of effective treatment with [-blockers, namely
propranolol. A reduction in heart rate by more than
20% from baseline at the initiation of propranolol
therapy may be an early marker of a good response to
treatment [51].

Initiation of treatment in the first six months of
life is considered to be a determinant of successful
treatment. This is due to the fact that overexpression
of [Pl-adrenergic receptors is observed in the
proliferative phase of hemangioma, which, according
to the authors, contributes to the greatest efficacy of
the drug during this period [52].

Platelet-derived growth factor PDGF-BB may
be a potential marker of a response to propranolol
treatment, as its level significantly decreases during
therapy. However, these results were obtained on
a sample of five patients and require additional
studies [53]. Platelet-derived growth factor (PDGF)
is a family of cytokines consisting of four isoforms:
PDGF-A, PDGF-B, PDGF-C, and PDGF-D, which
are produced mainly by platelets, endothelial cells,
smooth muscle cells, and macrophages. The PDGF-
BB isoform plays an important role in angiogenesis
and tissue regeneration. Receptors to this protein are
located in the vascular wall on fibroblasts and smooth
muscle cells, through which a cascade of signals is
initiated, leading to the activation of cell proliferation
and the production of factors related to angiogenesis
and extracellular matrix remodeling [54].

The level of cytokines IGF-1, IL-6, IL-8, PIGF,
RANTES, and TGFB1 decreases in patients with
progressive IH growth and can be used as a predictor
of hemangioma growth and be a point of application
of immunotherapy as a new treatment approach
[55]. 1t should be taken into account that the sample
in this study was not representative and consisted of
three patients.

The results of scientific works devoted to the role of
VEGF in the process of hemangioma growth are rather
contradictory. Most authors come to the conclusion
that VEGF level determines the clinical course of IH
[56, 57], while others point to the absence of significant
changes in VEGF level depending on the stage of the
disease, which casts doubt on its use as a predictor of
a response to therapy [50]. VEGF is known to be a
potent mediator of angiogenesis and vasculogenesis in
fetuses, children, and adults. During embryogenesis,
it regulates proliferation, migration, and growth of
endothelial cells, thereby determining the density and
size of blood vessels. After birth, VEGF maintains the
integrity of endothelial cells and acts as a mitogen for
micro- and macrovascular endothelial cells [58].

Structural features of the tumor detected by
instrumental diagnostic methods may also be a
prognostic factor for successful treatment with
propranolol in IH. Hypervascularization of the tumor
according to the results of color Doppler imaging
before therapy and reduction of vascularization in
the early period of treatment may be a harbinger of
a good response. This is probably due to the fact
that propranolol induces vasoconstriction and has
an antiangiogenic effect, resulting in decreased
vascularization of hemangioma. The prominent fatty
component of hemangioma detected on magnetic
resonance imaging before treatment was more
common in patients with a poor response to therapy
thereafter [24].

CONCLUSION

Infantile hemangioma is a significant and
widespread problem of interdisciplinary nature in
the pediatric population, represented by clinical
forms ranging from superficial masses prone to
self-resolution to extensive tumors leading to local
complications or impairment of vital functions. The
etiology of this disease is not fully understood. The
leading role in the pathogenesis is attributed to the
hypoxic state of the fetus. For a timely and correct
choice of a treatment strategy for patients, it is
important to differentiate this disease with other
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vascular malformations. Diagnosis is usually made
on the basis of anamnestic and clinical data. The
choice of a treatment method should be based on
clinical evaluation, including individual patient
characteristics, localization and size of the lesion,
taking into account possible risks and complications
of the chosen approach. Monitoring the effectiveness
of therapy, especially in complex cases, should be
based not only on subjective clinical assessment,
but also on objective imaging and laboratory control
methods. Laboratory control may include monitoring
of biomarkers related to tumor activity and the
body’s response to therapy. An integrated approach
to the assessment of treatment dynamics facilitates
timely correction of therapy, reducing the risk of
complications and improving overall efficacy.
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ABSTRACT

The authors of this lecture performed a comprehensive analysis of possible mechanisms for stimulating reparative
processes after thermal skin damage using nanosecond repetitive pulsed microwave (RPM) radiation. The study
analyzes both thermal and non-thermal mechanisms of the biological action of electromagnetic radiation, with
special emphasis on the molecular aspects of the effects of nanosecond microwave pulses. Special attention is paid
to the role of membrane proteins, calcium-dependent signaling pathways, and extracellular matrix components
in realizing the regenerative potential of low-intensity microwave exposure. The study reveals the complex
relationships between the physical parameters of RPM radiation (intensity, frequency, duration of pulses) and the
activation of key cellular processes that ensure accelerated healing without scarring. The work uses experimental
data obtained on models of burn injuries in laboratory animals (Wistar rats) using spectrophotometric, hematological,
and histological methods. RPM radiation is a promising physical factor for stimulating skin regeneration, acting
through non-thermal mechanisms. The combination of RPMs with cell therapy and pharmacological agents can
become the basis of new protocols for the treatment of burns and other skin injuries. Further research is aimed at
developing personalized treatment regimens, taking into account phases of the injury.
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(CubI’'MY)

PE3IOME

ABTOpBI IPOAHATU3UPOBAIH BO3MOXKHBIE MEXaHU3Mbl CTUMYJIALMU PENapaTUBHBIX IPOLECCOB I10CIE TEPMUUCCKUX
MOBPEKACHUN KOXH C MOMOLIBIO JEHCTBHS HAHOCEKYHJHOTO HUMITYJIbCHO-IIEPUOJHUUYECKOIO MUKPOBOJIHOBOIO
nznyuenust (UTIMU). [IpoBesieH aHaiu3 Kak TEIIOBBIX, TAK U HETCILIOBBIX MEXaHU3MOB OHOJIOTHYECKOT0 ICHCTBUS
3JIEKTPOMArHUTHOTO M3JIyYeHHUs], C 0COOBIM aKIIEHTOM Ha BO3MOJKHBIE MOJIEKYJISIPHBIC aCIEKThl B3aUMOACHCTBHS
UIIMUM c¢ xieroynbiMu cTpykTypamu. Ocoboe BHHMaHHE YAEJICHO POJIM MeMOpaHHBIX OENKOB, KaJIbLWii-
3aBUCUMBIX CHUIHAJbHBIX IyT€ll M KOMIIOHEHTOB BHEKJIETOYHOIO MAaTpHUKCa B pealu3allid pereHepaTUBHOIO
[OTEHLIMaJIa HU3KOMHTEHCUBHOI'O MUKPOBOJIHOBOI'O BO3CHCTBUSL.

B paboTe packpbIBaoTCs CIOXKHBIE B3aHMOCBSI3H MeXKAy (pusndecknmu napamerpamu UIIMU (MHTEHCHBHOCTS,
9acToTa, JUIUTENHFHOCTh WMITYJIBCOB) M AaKTHBAIMeH KIIOYEBBIX KIETOYHBIX IIPOIECCOB, OOECHETHBAIONINX
YCKOpEHHOE 3akuBIIeHHEe Oe3 pyOmeBaHus. lIcnosp30BaHBI AHKCIEPHMCHTAIbHBIC NaHHBIE, MOTyYCHHBIE Ha
MOJENSAX 0’KOTOBBIX MOBPEXIECHHH y JJaOOPaTOPHBIX XHUBOTHBIX (KPBICHI JIMHUHU BucTap), ¢ IprIMEHEHHEM CIIeK-
TpPOoOTOMETPUIECKHX, TEMATOJIOTHIECKHIX U THCTOJIOTHIECKIX METO/IOB.
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CBSI3aHHBIX C MyOJUKaNneil HaCTOSIIEH CTaThH.

Hcrounuk puHancupoBaHus. PaboTa BINONIHEHA B paMKaX rOCyIapcTBEHHOTO 3aaHusl MUHUCTEpCTBA HAYKU U
BhIcIIero oopasosanus Poccuiickoit @enepannu (FWRM-2021-0002).

Jas umtupoBanus: Camoiinosa A.B., XKapkosa JLII., bonbmakos M.A., T'octioxuna A.A., 3aiiues K.B., Ko-
no6osrukoBa H0.B., PocroB B.B., Brixomues I1.B. MexaHu3Mbl BOCCTAaHOBIICHHSI M PETeHEPAIMH TEPMUUECKHX
MOBPEXIEHUN KOXKH ITOCPEACTBOM HAHOCEKYHIHBIX MUKPOBOJIHOBBIX UMITYJIECOB. broaremens cubupckoil meou-
yunot. 2026;26(1):152-162. https://doi.org/10.20538/1682-0363-2026-1-152-162.

INTRODUCTION

physical factors (in particular, low-intensity pulsed

electromagnetic radiation) [1-6], the problem of

Despite the significant number of studies on
developing methods for the treatment of skin injuries
(including thermal ones) using pharmacological
approaches, surgical methods, and the impact of

effective stimulation of regeneration remains relevant
inmodern medicine. This necessitates the development
of more effective methods that will allow to optimize
the time and quality of tissue repair.
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The aim of this lecture was to consider possible
mechanisms and modern ways to repair damaged
tissues, including after thermal injury.

EPIDEMIOLOGY OF BURN INJURIES AND
THEIR SOCIAL AND PSYCHOLOGICAL
CONSEQUENCES

According to statistical data, burns rank sixth in
the profile of injuries in patients admitted to medical
institutions of the Russian Federation, with the annual
incidence exceeding 300 thousand cases. In about 20%
of cases, thermal damage affects open areas of the body,
which determines high importance of rehabilitation of
post-burn deformities with subsequent prevention to
ensure a satisfactory quality of life and psychosocial
adaptation.

Clinically significant cosmetic defects following
burn injuries can lead to persistent maladaptation,
including disability, impaired social functioning,
and the development of psycho-emotional disorders,
which underscores the need for an integrated approach
to rehabilitation of this category of patients [7].

FORMATION OF SCARS AFTER THERMAL
INJURIES AND MODERN APPROACHES TO
THEIR ELIMINATION

According to the study [8], final burn scar
formation ends after an average of two months. The
degree of hypertrophic scar severity is determined
by a number of factors, including the depth and
area of burn injury, individual regenerative abilities
of the body, as well as timeliness and adequacy of
medical care at early stages of the injury. In case of
third-degree burns, the key task of treatment is to
prevent the development of gross scar deformities,
especially when injuries are localized in aesthetically
significant areas (facial region, limbs) or on the joints,
where excessive scarring can lead to contractures and
limited mobility [7]. In cases of delayed repair or
failure of natural epithelialization, surgical treatment
is indicated, including autologous skin grafting, aimed
at accelerating wound surface closure and minimizing
the risks of blood loss and infectious complications.

Modern protocols for prevention of keloid and
hypertrophic scars provide for comprehensive
conservative  therapy, which includes local
treatment with silicone gels (Kelo-Cote, Dermatix,
Contractubex, Mederma); intrascar injections of
glucocorticoids (Diprospan, Kenalog), physiotherapy
methods (electrophoresis with Fermencol or Lidase),

ultrasound therapy with hydrocortisone, magnetic
therapy, and balneotherapy as part of rehabilitation
programs. The specified measures are most effective
in the first 12-18 months after the injury, during
the period of active scar formation. Taking this into
account, optimizing duration of medical rehabilitation
of patients with burns seems to be the key direction
in reducing the risk of disabling consequences and
improving the quality of life [8].

MODERN ASPECTS OF THE BIOLOGICAL
ACTION OF REPETITIVE PULSED
MICROWAVE RADIATION ON
REGENERATIVE PROCESSES

Modern research demonstrates a growing
interest in the study of the biological activity of
various physical factors that are able to modulate
regenerative processes. Special attention is drawn
to nanosecond repetitive pulsed microwave (RPM)
radiation, which has a pronounced impact on various
levels of biological organization, from cellular
structures to the whole body [9-11]. The conducted
experimental studies allowed to reveal the key
patterns of the biological action of RPM radiation.
It was established that the nature and manifestation
of the observed effects are strictly dependent on the
impact parameters, including pulse repetition rate,
radiation intensity, number of applied pulses, and
total exposure duration [12].

The most important achievement of the conducted
research was confirmation of the RPM ability to
significantly accelerate the reparative processes in full-
thickness skin lesions [13]. In addition, a pronounced
reparative effect was revealed in experimental models
of ulcers of gastric mucosa (ethanol-induced and
neurogenic ulcers in laboratory animals), which
indicates the prospects for a local application of RPM
radiation in regenerative medicine [14].

Modern experimental data indicate a pronounced
regenerative ability of RPM radiation in thermal
skin lesions in laboratory animals (Wistar rats) [12].
Of particular interest is the combined use of RPM
radiation with injection of stem cells from red bone
marrow, demonstrating a synergistic effect that
manifests itself in accelerated and complete wound
healing with absence of keloid transformation of scar
tissue with minimal severity of the inflammatory
reaction [12].

The obtained results create the theoretical basis for
development of innovative reparative therapy methods
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for skin lesions. The supposed mechanism of observed
synergism may include activation of proliferative
processes with simultaneous stimulation of cell
migration and differentiation, as well as induction of
collagen remodeling and proliferation of endogenous
fibroblasts. Transformation of granulation tissue into
fibrous connective tissue, neogenesis of hair follicles
(the appearance of characteristic bulbs), and ultimately

UMD puem
3 e e E

complete restoration of the cytoarchitectonics of
the dermis are histological confirmation of the
effectiveness of the combined impact of stem cells
and nanosecond RPM radiation (Fig. 1) [6, 12].
These changes are reliable markers of the completed
regenerative process, which confirms the prospects for
further study of combined techniques using physical
factors and cellular technologies (Fig. 1).

200N

Fig. 1. Histological sections of skin regenerates of the Wistar laboratory rats on day 30 after modeling burn injury in the controls

with self-healing without correction (left) [12] and after the combined use of nanosecond RPM radiation and the injection of

cultured red bone marrow cells (right). / — newly formed epidermis; 2 — young granulation tissue; 3 — reticular dermis, represented

by powerful collagen fibers of dense irregular connective tissue; 4 — papillary dermis layer, represented by fibroblasts of loose
fibrous irregular connective tissue; 5 — hair follicles. Staining with modified Azan

In spite of the accumulated experimental material
demonstrating the stimulating effect of RPM radiation
on wound healing, there is still no unified concept
explaining the mechanisms of interaction of RPM
radiation with the structural components of the skin.
Due to bioethical limitations, such studies are possible
exclusively on animal models, which determined the
aim of this work: to study the primary mechanisms
of RPM energy absorption by damaged skin covers
and to analyze the stimulating effect of nanosecond
microwave pulses on regeneration in the experiment.

PHASE SPECIFICITY OF THE
PHYSIOTHERAPY IMPACT DURING
SKIN REGENERATION

To optimize therapeutic approaches using RPM
radiation, it is necessary to have detailed understanding
of the histological and molecular changes occurring
in damaged skin at various stages of regenerative
process, which sequentially replace one another with
partial temporary overlap.

According to literature data, skin is a complex
organ consisting of two main layers: epidermis
and dermis (Fig. 2) [15]. The epidermal layer is
characterized by pronounced structural organization,
including pilosebaceous units that combine follicular
structures and sebaceous glands associated with them
as well as interfollicular epithelium. The dermal
layer is morphologically subdivided into a superficial
papillary zone and a deeper reticular layer, with
the dermal papilla performing regulatory function
in relation to the hair follicle cycle and the muscle
attached to it ensuring motor activity of the hair.

The dermis contains numerous cellular elements
(fibroblasts, immunocompetent cells), vascular and
nervous structures, as well as dermal adipose tissue
(Fig. 2, a). Hypodermis, represented by subcutaneous
adipose tissue, is localized directly under the dermal
layer. Repair of skin lesions starts immediately after
injury and includes successive stages of hemostasis
and inflammatory reaction (Fig. 2, b). The forming
fibrin matrix not only prevents blood loss, but also
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creates structural basis for migration of various cell
populations. During the proliferative phase, it is
possible to observe active migration and proliferation
of keratinocytes, fibroblasts, and endothelial cells
with parallel reorganization of the extracellular
matrix (ECM) (Fig. 2, ¢). The remodeling phase is
characterized by structural transformation of collagen
fibers and elimination of temporary cellular elements
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(Fig. 2, ¢). It should be noted that, according to
experimental data [16] with small excision injuries in
laboratory mice, hair follicles do not fully regenerate,
and the defect is replaced with scar tissue (Fig. 2,
¢), whereas with extensive injuries, after completion
of epithelialization, it is possible to observe the
phenomenon of wound-induced hair follicle
neogenesis (WIHN).
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Fig. 2. Structural and functional arrangement of skin covers and dynamics of their repair and regeneration: from homeostatic
mechanisms to phases of the wound healing process. The scheme integrates modern concepts of the histological structure of the
skin and successive stages of its repair after injury (a—d), including the key cellular and molecular events. The dynamics of healing
reflects: phases of hemostasis and inflammation (a) with formation of a fibrin clot and migration of immune cells; proliferative phase
(b) with active re-epithelialization, angiogenesis, and formation of granulation tissue; as well as remodeling (c, d), demonstrating
either scarring of small wounds (c) or regeneration with neogenesis of hair follicles and sebaceous glands in cases of extensive
damage (d). The scheme emphasizes the role of dermal stem cells, the dynamics of ECM remodeling, and critical significance of
cell — cell interactions at each stage [15, 16]. I — epidermis, 2 — papillary layer of the dermis, 3 — reticular layer of the dermis, 4 —
white adipose tissue of the dermis, 5 — hair, 6 — sebaceous gland, 7 — muscle that pulls hair upright, 8 — hair bulb, 9 — blood vessels,
10— fibrin filaments, /7 — components of ECM (collagen, elastin) [15, 16]

THE MECHANISM OF ABSORPTION OF
NANOSECOND MICROWAVE PULSE
ENERGY

Experimental data obtained on a burn injury
model in Wistar rats show significant improvement in
regenerative processes both with local 4-fold exposure

to RPM radiation alone and with its combination with
the injection of cultured red bone marrow cells. The
effect is manifested through reducing the time of
complete epithelialization and, with optimal exposure
parameters, through scar-free skin regeneration. It is
important to note that the effectiveness of exposure
was strictly dependent on radiation parameters, such
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as the repetition frequency of microwave pulses, their
intensity, and total number [6, 12].

Fundamental research would suggest that
initiation of reparative processes is related to the
features of electromagnetic energy absorption by
biological tissues [17]. The physical mechanisms of
this phenomenon include generation of conduction
currents (caused by the movement of ions under the
effect of external radiation) and displacement currents
(caused by oscillations of dipole molecules). In this
case, the thermal component of the biological effect
associated with the heating of tissues during the
passage of induced currents is essential [18].

The complex histological organization of skin
covers and underlying structures, characterized by
pronounced  electrophysiological  heterogeneity,
leads to spatial unevenness in the distribution of
the induced electric field and, as a result, to local
temperature gradients. The theoretical foundations

of this phenomenon were laid in studies on bilayer
lipid membrane (BLM) models in the 1980s [19, 20].
It was experimentally established that the difference
in dielectric permittivity between the electrolyte (g of
solution) and the Teflon partition (g of Teflon) leads
to concentration of electromagnetic field in the area
of the membrane-forming hole, where the specific
absorption rate (SAR) can be 2—3 orders of magnitude
higher than the values in the surrounding solution
(Fig. 3) [19, 20].

A similar mechanism for focusing electromagnetic
energy can be implemented in microvessels of the skin,
where the heterogeneity of the electrical properties of
tissues creates conditions for local thermal effects. It
is worth noting that, according to the data [21], the
key factor contributing to the acceleration of repair
under extremely high-frequency electromagnetic
exposure (EMR of EHF) is precisely the improvement
of microcirculation in the perifocal area of damage.

AR profile plane in the membrane hole

Fig. 3. Specific absorption rate in the solution along the edges of the bilayer lipid membrane. Note: the excess SAR in the solution
filling the membrane (on the left) compared to the average overheating in the whole volume [19, 20]

A legitimate question arises about the applicability
of the thermal effect model to RPM radiation.
Experimental studies on the epididymal adipose tissue
model in laboratory mice [22] demonstrated that
exposure to 4,000 nanosecond pulses with peak power
flux density of 1,500 W/cm? caused a temperature
increase of no more than 0.08 °C. Taking into account
electrophysiological heterogeneity of biological tissues,
it can be assumed that even local overheating of blood in
microvessels unlikely exceeds 10 times the value of the
baseline temperature effect, which limits the maximum
local temperature increase to about 0.2 °C. Such
insignificant temperature gradient is physiologically
incapable of inducing significant vasodilation and, as a

result, cannot explain the observed improvement in the
trophism of regenerating tissues.

These data allow to exclude with a high degree of
probability the thermal mechanism as the main factor
responsible for stimulation of reparative processes
under the effect of RPM radiation and suggest
existence of alternative, non-thermal mechanisms of
biological action. One of the possible non-thermal
mechanisms may be indirect activation of skin mast
cells, leading to the release of histamine, which was
demonstrated in experiments with low-intensity (up to
50 uW/cm?) EMR of EHF [23].

It is known that histamine is able to modulate
expression of heat shock proteins, which, in turn,
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activates endothelial nitric oxide synthase (eNOS)
contributing to an increase in NO production [24].
The combination of these processes ensures the
development of a vasodilator effect and improvement
of the microcirculatory channel in the perifocal area
of the injury. The obtained data suggest that the
mechanism of the stimulating effect of low-intensity
nanosecond RPM on wound healing is a complex,
multilevel process involving both intracellular
signaling cascades and intercellular interactions,
which requires further detailed research.

ANALYSIS OF NON-THERMAL
MECHANISMS OF SKIN REGENERATION
BY LOW-INTENSITY RPM

In the process of skin injury repair, the crucial role
is attributed to the ECM and stem cells, which is a
complex dynamic system ensuring the structural and
functional integrity of tissue components (Fig. 4) [25].
The ECM performs multiple functions: it serves as a
mechanical framework of connective tissue, mediates
intercellular interactions, regulates transport of
substances and cell migration, and also acts as a depot
for growth factors, ensuring their controlled release in
accordance with the phases of regeneration. The most
important mechanism of stem cell regulation on the
part of the ECM is realized through the maintenance
of cellular polarity, orientation of the mitotic spindle,
and control of the asymmetry of cell division [26]. By
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binding growth factors and interacting with cellular
surface receptors, the ECM modulates the transmission
of molecular signals and regulation of transcriptional
activity, thereby determining the morphofunctional
characteristics of regenerating tissue [27].

Fibroblasts, as the main effector cells, exercise
strict control over synthesis and proteolytic
degradation of the ECM components, which directly
affects the processes of self-renewal, proliferation, and
differentiation of stem cells. Involvement of the ECM
in the formation of specialized stem cell niches, unique
microenvironments that support the pool of progenitor
cells, is of particular importance [28]. In these
niches, transmembrane integrin receptors mediate
transmission of signals from the ECM to stem cells,
regulating their proliferative activity and mobility
(Fig. 4) [28]. Integrins specifically interact with the
key ECM ligands, including fibroblast growth factor
(FGF), tumor necrosis factor (TNF a), interleukin (IL)
1, IL-6, and fibronectin fibers. Activation of integrin
receptors initiates a cascade of intracellular signals,
in particular through the PI3K/AKT pathway, that
stimulates migration and endothelial differentiation
of mesenchymal stem cells, significantly enhancing
their reparative potential [29]. Thus, modulation of
the dynamics of ECM remodeling and activation of
components of stem cell niches can be considered as
some of the key mechanisms of stimulation of wound
healing under the impact of RPM radiation.
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Fig. 4. Possible targets for the impact of nanosecond RPM, providing stimulation of skin lesion regeneration. Explanations are
contained in the text
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The impact of nanosecond RPM radiation is
potentially able to modulate affinity of interaction of
the ligands with integrin receptors, changing efficiency
of signal transmission and functional activity of
corresponding proteins. The similar mechanism can
be realized through Ca*-dependent processes in
accordance with the Adey model [30], which explains
the frequency dependence of biological effects
of electromagnetic actions. Under certain RPM
parameters, calcium ions that stabilize the liquid
crystal structure of cell membranes can dissociate
from surface receptors, increasing fluidity of the
membrane bilayer and conformational mobility
of integrins. Microwave pulse energy is sufficient
to transfer the key molecular components in the
active state, that leads to a change in the efficiency
of the total signal cascade.

Electromagnetic radiation of non-thermal
intensity, which includes nanosecond RPM
radiation, is able to influence intracellular

signaling pathways through several interrelated
mechanisms: changes in membrane permeability
for Ca** ions; modulation of calcium binding
to surface polyanionic structures; regulation
of calcium interaction with calcium-binding
proteins (calbindin, calretinin) [31] and matrix
metalloproteinases (MMP)[32]. MMPsplay the key
role in ECM remodeling by controlling processes
of cell adhesion, differentiation, and proliferation
in the wound zone, which promotes minimization
of scarring changes [28, 32]. Nanosecond RPM
radiation can alter calcium-dependent activity of
MMP, inducing controlled degradation of ECM
components (collagen, elastin). This process leads
to a decrease in the volume of scar tissue and
creation of space for migration and differentiation
of stem cells, which ultimately promotes full-
fledged regeneration of all skin layers.
Calcium-activated dual oxidase (DUOX), a
membrane enzyme involved in the generation
of reactive oxygen species (ROS), may be an
important molecular target of RPM radiation
[33]. It can be assumed that the impact of RPM
can modulate catalytic activity of DUOX,
changing the kinetics of conversion of molecular
oxygen in hydrogen peroxide, which acts as
an important paracrine messenger in cellular

signaling pathways. An increase in the local
concentration of hydrogen peroxide in wound area
initiates a cascade of physiological reactions:
increased leukocyte recruitment, activated
proinflammatory M1 macrophages, responsible
for cytokine production, and anti-inflammatory
M2 macrophages, promoting resolution of
inflammation and re-epithelialization [33].

The ability of DUOX to take part in realization
of “respiratory explosion” of immunocompetent
cells, the key mechanism of antimicrobial
protection in the wound, is of particular interest
[33]. This assumption is consistent with the results
of previous studies, which recorded changes in the
levels of peroxides, lipid peroxidation products,
and oxidative modification of proteins in the liver
and blood of the laboratory animals (outbred mice)
after the impact of RPM [34, 35].

Thus, it is possible to assume the existence
of a DUOX-mediated mechanism in which
RPM radiation, through activation of this
enzyme and subsequent generation of hydrogen
peroxide and other ROS, triggers a complex
network of signaling pathways regulating key
processes of wound healing: cell migration and
proliferation, differentiation of cellular elements,
neoangiogenesis, and mobilization of the stem cell
pool. This mechanism may explain the observed
acceleration of reparative processes under the
impact of RPM radiation, although additional
experimental studies are required to definitively
confirm this hypothesis.

CONCLUSION

The performed analysis of possible molecular
mechanisms of stimulation of reparative processes
in burn injuries of the skin under the effect of RPM
radiation of non-thermal intensity allows us to form
comprehensive understanding of the multilevel
regulation of regeneration processes. However,
it is necessary to take into account that existing
data do not exclude the presence of additional, yet
unexplored, pathways of biological action of RPM,
which can significantly contribute to the observed
therapeutic effect of accelerated and high-quality
healing without cicatricial complications.
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Systematic study of correlation dependences
between impact parameters (radiation intensity,
pulse repetition rate, number of pulses per session,
and total number of procedures) and dynamics of
reparative processes, that would allow to optimize
treatment protocols and maximize clinical
effectiveness, acquires particular importance.
Deep understanding of fundamental mechanisms
stimulating regeneration of thermally damaged
skin opens up prospects for the development of
combined therapeutic approaches combining the
effect of RPM radiation with cellular technologies
(injection of mesenchymal stem cells) or
pharmacological agents (cytokines, growth
factors).

Early initiation of comprehensive treatment
aimed at preventing functionally significant com-
plications of burn injury, in particular hypertrophic
scarring, using rational combinations of medical
therapy, surgical methods (dermotension,
autologous skin grafting), and physiotherapy
procedures is of particular importance. Such a
multimodal approach makes it possible not only to
improve the quality of the regenerated skin, but
also to significantly reduce rehabilitation time in
patients with burn injuries.

Accumulated experimental data create the
theoretical basis for the development of innovative
methods to stimulate healing of superficial skin
defects of various origins that can be widely
used both in burn medicine and in the treatment
of trophic ulcers, diabetic skin lesions, and other
pathological conditions accompanied by violation
of skin integrity. A promising direction of further
research is detailed decoding of molecular and
cellular mechanisms of synergistic action of RPM
in combination with biologically active substances
and cellular preparations, which will make it
possible to create personalized treatment protocols
taking into account features of pathological
process in a particular patient.
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ABSTRACT

Proteomic studies have made a significant contribution to the study of the pathogenesis of cardiovascular diseases,
creating the basis for the development of new potential biomarkers for assessing the risk of developing diseases
and their complications. We analyzed the main foreign and domestic publications over the past 15 years using
the PubMed/Medline and RSCl/elibrary.ru databases and summarized the available data on proteomic studies in
the field of atherosclerotic cardiovascular diseases and coronary atherosclerosis. In this literature review, priority
was given to studies on the search for new proteomic biomarkers of coronary atherosclerosis, including proteomic
markers of unstable atherosclerotic plaques. The data from our own proteomic studies on potential biomarkers of
coronary atherosclerosis are presented.
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MpoTeomHble nccnefoBaHNA NPU KOPOHAPHOM aTepocKiepose

CtaxnéBa E.M., Paruxo 10.., KawutaHoBa E.B., lNonoHckan f.B.

Hayuno-uccneoosamenvcruii uncmumym mepanuu u npoguiakmuyeckoi meduyunsl — puauan Pedepanvroeo
uccaedosamenvckoeo yeumpa « Mnemumym yumonocuu u eenemuxu CO PAH» (HUUTIIM — ¢punuan UL{ul” CO PAH)
Poccus, 630089, 2. Hosocubupck, ya. boeamkosa, 175/1

PE3IOME

[IpoTeoMHbIC HCCIICIOBAHIS BHECIH CYIICCTBCHHBII BKJIA/I B U3YUCHUE TIATOTCHE3a CePICYHO-COCYUCTRIX 3a00eBa-
HUH, CO3/1aBasi OCHOBY IS Pa3pabOTKH HOBBIX MOTCHIUAIBLHBIX OHOMAPKEPOB OLICHKU PHCKa Pa3BUTHS 3a00JICBaHUI
M UX OCJIO)KHCHHIA.

Hens ucciaenoBanus: 0000IMTE UMEIONHECS TaHHBIE O MPOTEOMHBIX HCCIICIOBAHUSX B O0JIACTH CEPAEUHO-COCY-
JICTBIX 3a00JIeBaHMII aTepOCKICPOTHIECKOr0O IreHe3a U KOPOHAPHOTOo aTepockiieposa. IIpoBeneH aHaM3 OCHOBHBIX
3apyOeKHBIX M OTEUYECTBEHHBIX HCTOYHMKOB IPEHMYILIECTBEHHO 3a mociennue 15 yer mo 6a3am maHHBIX PubMed/
Medline, PUHI/ELIBRARY .RU. Ilpnoputer ObUT OTIaH HCCIENOBAHMAM IO MOMCKY HOBBIX IPOTEOMHBIX OHO-
MapKepoB KOPOHAPHOTO aTepOCKIIEp03a, B TOM UHCIIE MPOTEOMHBIX MapKepOB HECTAOMIEHOW aTepOCKICPOTHIECKOH
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omsimkn. [IpuBeaeHbI JaHHBIE COOCTBEHHBIX MPOTEOMHBIX MCCICAOBAHHI MOTCHIIMAIBHBIX OHOMApPKEPOB B 00IaCTH

KOPOHApHOI'0 aT€POCKIICPO3a.

KiioueBble ci10Ba: aTepocKiIepos, MPOTEOMHKA, MAcC-CIIEKTPOMETpPHst, OMOMapKepsl, Makpodaru

KondaukTt naTepecoB. ABTOPHI NEKIAPUPYIOT OTCYTCTBHE SIBHBIX M IOTCHIMATBHBIX KOH(INKTOB HHTEPECOB, CBS-

3aHHBIX C r[y6m/n<au1/1e171 HACTOSIIICH CTAaThH.

Hcrounuk ¢puHancupoBanus. Pabora BhImonHEHa B paMKax OIOKETHON TEMBI IO TOCYIApCTBEHHOMY 33/IaHUIO

Ne FWNR-2024-0004.

Jass uurtupoBanms: Craxuésa E.M., Paruno FO.U., Kamranosa E.B., Ilononckas f.B. IIporeomubie uccie-
JIOBaHUS NIPU KOPOHAPHOM aTepockiepose. bioanemens cubupckou meduyunsl. 2026;26(1):163—175. https://doi.

org/10.20538/1682-0363-2026-1-163-175.

INTRODUCTION

In the modern world, the study of early
atherosclerosis and its complications is one of the most
relevant areas of scientific research on cardiovascular
diseases (CVD). Proteomic studies have made a
significant contribution to the study of the pathogenesis
of CVD, creating the basis for the development of
new potential biomarkers for assessing the risk of
developing diseases and their complications.

Atherosclerosis is a chronic  progressive
inflammatory disease of large and medium-
sized arteries characterized by the formation of
atherosclerotic plaques. Atherosclerotic lesions occur
as a result of abnormal lipid retention in the intima
of the arterial wall, which leads to the production of
cytokines and inflammatory mediators by vascular
cells, attracting circulating monocytes to the lesion
site [1, 2]. The progressive accumulation of lipids,
lipoproteins, and inflammatory cells leads to the
formation of a fatty strip, which subsequently
evolves into an extensive lesion and atheroma [3].
The pathology develops slowly, and, as a rule, the
symptoms of atherosclerosis do not appear for several
years. However, the continued growth of the plaque
reduces the lumen of blood vessels to the point where
obstruction of coronary blood flow begins, which
leads to stable angina pectoris. By itself, it rarely
causes death, but in obstructive and non-obstructive
atherosclerotic plaques, erosion or rupture can occur,
resulting in clinical complications, such as ischemia,
myocardial infarction, and death from cardiovascular
events [4].

Modern  research methods enhance the
understanding of the processes responsible for the
progression of atherosclerotic plaques. Thanks to the
currently available proteomic methods, new potential
biomarkers have been identified for predicting the

risks of developing adverse cardiovascular events
[5-71.

PROTEOMIC STUDIES OF
ATHEROSCLEROTIC PLAQUES

To study the involvement of proteins in the
pathological process of coronary atherosclerosis, it
is important to investigate the specific relationships
between proteins in the coronary arteries, protein
expression, and concentration. The proteomic profile
of the vascular wall in coronary atherosclerosis can
help identify possible diagnostically significant protein
structures or potential biomarkers of the disease and
develop new approaches to the diagnosis of coronary
atherosclerosis and its complications.

In the first large-scale proteomic study of human
coronary artery proteins and coronary atherosclerotic
plaques, 806 differentially expressed proteins were
identified. Some of them were involved in the
development of atherosclerosis, while others might be
involved in the progression of the disease. All of them
were divided into four groups: 1) extracellular matrix
proteins, 2) lipid-binding proteins and proteins related
to metabolism, 3) proteins related to inflammation,
and 4) phagocytic ligands and receptors of apoptotic
cells [8].

From the molecular biology perspective, coronary
artery disease can be defined as a community of
thousands of proteins that collectively alter cellular
processes and lead to a characteristic remodeling of
the local coronary artery environment. To characterize
the proteome of human coronary arteries, samples
of coronary arteries in two autopsy cases (men aged
64 and 69 years), divided into 20 segments, were
studied using proteomic research methods. One
hundred seventy-four differentially expressed proteins
were detected in pathological and healthy intima.
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The molecular functions of these proteins primarily
included: binding (41.47%), catalytic activity
(33.24%)), transporter activity (9.41%), and structural
molecular activity (7.06%) [9].

Serum amyloid P-component (SAP) is an acute
phase protein which plays a significant role in the
biological processes of the cardiovascular system,
such as inflammation and fibrosis. Increased
SAP expression was observed in hemorrhagic
atherosclerotic plaques of the carotid arteries
compared to fibrous plaques [10]. Annexin 5 is
found in the vascular endothelium and has anti-
inflammatory, anticoagulant, and anti-apoptotic
effects due to binding of phosphatidylserine
molecules [7]. It has been shown that the level of
annexin 5 in the blood increases significantly after
the destruction of the atherosclerotic plaque [11]. In
a later study, at the stage of unstable atherosclerotic
plaques of the coronary arteries, increased levels of
SAP and annexin 5 were noted [12].

The human arterial proteome and features
associated with early atherosclerosis of the coronary
arteries and aortic samples (sectional material from
100 people aged 15-55 years, 200 arterial samples)
were studied using mass spectrometry. Significant
differences were found in the prevalence of
mitochondrial protein, tumor necrosis factor a, insulin
receptor, PPAR-a and -y between coronary and aortic
samples, between atherosclerotic and healthy tissues.
It was shown that some biomarkers of tissue proteins
indicating early atherosclerosis predict anatomically
defined coronary atherosclerosis, thereby confirming
the possibility of using human tissue proteomics
for clinical and diagnostic purposes. The authors
concluded that the human arterial proteome can be
considered as a complex network, the architectural
features of which vary significantly depending on the
anatomical position and the presence or absence of
atherosclerosis [13].

Cyclin dependent kinases (CDK) are serine
/  threonine kinases which phosphorylate the
corresponding amino acid residues in proteins. There
are 11 known CDKs, each of which is activated by
one or more cyclins and other similar molecules
after reaching their critical concentration. CDK9
is activated by cyclins T1, T2a, T2b, and K. With
a decrease in intracellular cyclin concentration,
reversible CDK inactivation occurs. In the study,
patients with coronary atherosclerosis showed high
concentrations of CDK9 compared to the control
group. In addition, high enzyme values correlated with

a high content of CD14 and monocytes/macrophages
in the atherosclerotic focus. The authors suggest that
CDK9 may be a potential biomarker of atherosclerotic
inflammation [14].

In a proteomic study of atherosclerotic plaque
homogenates obtained during endarterectomy
in patients with carotid artery atherosclerosis,
the authors identified a group of 33 proteins
differentially —expressing stable and unstable
plaques. A steady increase in ferritin, SOD2, and
fibrinogen (fragment D) and a decrease in the levels
of glutathione transferase and SOD3 were found in
unstable plaques. The mass spectrometry data were
confirmed by Western blot analysis. The functional
importance of the different isoforms of SOD is not
yet clear. Increased fibrinogen levels (fragment D)
may contribute to the instability of atherosclerotic
plaques. In addition, positive correlations were
obtained between the level of ferritin in the blood and
in the homogenates of atherosclerotic plaques, which
allowed the authors to consider ferritin as a potential
marker of atherosclerosis progression [15].

Similar results were obtained by another group of
scientists. When comparing the proteomic profiles of
homogenates of stable and unstable atherosclerotic
plaques obtained from the same person, it was found
that the unstable plaques had high concentrations of
ferritin and fibrinogen, while the stable atherosclerotic
plaques were dominated by apoE, actin and L-lactate
dehydrogenase B. The identified proteins, according to
the authors, may be potential markers of complications
of atherosclerotic lesions [16].

Four hundred sixty-three proteins were studied
in the analysis of atherosclerotic plaques and blood
plasma of patients with atherosclerosis (n = 34) who
underwent carotid endarterectomy (r = 14), compared
to the protein profile of healthy volunteers. Consistently
high levels of thrombospondin-1, a protein that
regulates cell interactions with one other and with
the extracellular matrix, and vitamin D-binding
protein were obtained. The data were obtained by
liquid chromatography and mass spectrometry and
confirmed by Western blot analysis [17].

A complex of proteomic research methods revealed
118 proteins differentially expressed in fibrous and
hemorrhagic plaques. This allowed the authors to
identify three biological processes associated with
atherosclerosis  (platelet degranulation, vascular
autophagy, and negative regulation of fibrinolysis).
The data from proteomic studies made it possible to
identify new biomarkers (calponin-1, DJ-1, vascular
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endothelial growth factor, and procollagen C protease
enhancer) of plaque vulnerability [10].

In the study of cancer biomarkers, it was found
that vascular smooth muscle cells have different and
unusual morphology in the atherosclerotic plaque,
which correlates with the proliferative state of the cells.
Proteomic analysis revealed proteins associated with
the formation of atherosclerosis, including mimecan
(osteoglycin), Ras-1 suppressor protein (RSUP-1) and
cathepsin D, which were simultaneously identified
as biomarkers of cancerous tumors. In this case, the
expression of mimecan and RSUP-1 was suppressed
in the atherosclerotic plaque, while the expression of
cathepsin D was increased [17]. Earlier studies also
identified a decrease in osteoglycin expression in
hemorrhagic atherosclerotic plaques, which, according
to the authors, can lead to plaque instability [10]. On the
other hand, there are studies with the opposite point of
view. It was shown that the concentration of osteoglycin
in the blood of patients with coronary artery disease
increases. However, in patients with complex coronary
lesions, its level was reduced, and it was suggested that
osteoglycin plays a role in stabilizing coronary plaques
[18]. In a study examining the prognostic value of certain
biomarker proteins in patients with coronary artery
disease, circulating osteoglycin (mimecan), whose
expression is elevated in vulnerable atherosclerotic
plaques, was named a promising biomarker of adverse
cardiovascular events [19]. A study performed using
proteomic methods confirmed the high content of
mimecan in samples of stable fibrous and unstable
necrotic — dystrophic atherosclerotic plaques in patients
with coronary atherosclerosis [12].

Endothelial cells form a metabolically active
barrier between the vascular lumen and the vascular
wall. Oxidative stress and modifications of tubulin,
a component of microtubules of endothelial cells,
destabilize vascular integrity and increase permeability,
leading to increased cardiovascular risk [20]. In rabbits
with hyperlipidemia and atherosclerotic changes, the
regulation of tropomyosin, actin, and keratin proteins in
the tissues of the carotid artery and the middle cerebral
artery was increased [21]. Mutations in the tropomyosin
1 gene can cause hereditary cardiomyopathy, left
ventricular hypertrophy, or impaired diastolic function
in the absence of hypertension and aortic stenosis [22].

In patients with coronary atherosclerosis, the
proteomic profile of stable atherosclerotic plaques of
the coronary arteries showed a significant increase in
the content of proteins: actin, tropomyosin, vimentin,
keratin, tubulin, and microfibrils of associated

glycoprotein 4 (MAGP-4) [12].

Human serum albumin (HSA) is the main protein
in human blood plasma. It has been demonstrated
that a low concentration of HSA in the blood is a
prognostic factor of atherosclerosis in blood vessels,
regardless of traditional risk factors in patients with
HIV infection. In addition, HSA has been shown to
be associated with markers of systemic inflammation
and hypercoagulation (interleukin 6, tumor necrosis
factor a, C-reactive protein, fibrinogen, and D-dimer).
The pathophysiological mechanism underlying
this association is the ability of HSA to bind many
ligands, including proatherogenic ones, thereby
preventing their contribution to oxidative stress [23].
The unstable atherosclerotic plaque is characterized
by overexpression of various proatherogenic factors
and ligands, which possibly leads to the transfer of
HSA from blood plasma to atherosclerotic foci. A
proteomic study of unstable atherosclerotic plaques of
the necrotic — dystrophic type confirmed the increased
content of HSA and fibrinogen [12].

PROTEOMICS OF MACROPHAGES
IN ATHEROSCLEROSIS

The most important components of the
atherosclerotic plaque are immune cells, primarily
macrophages [24]. Plaque macrophages are formed
mainly due to the differentiation of circulating
monocytes recruited from the bloodstream. These
monocytes infiltrate the arterial wall during the
transmigration process, which involves adhesion
molecules and chemotactic factors. In addition, it
has recently been shown that the resident population
of macrophages can also be maintained by local
proliferation. Macrophages are involved in all stages
of atherosclerotic lesion, from onset to progression
and rupture. In addition, macrophages contribute to
inflammation, lipid accumulation, formation of the
necrotic nucleus, and degradation of fibrous thickening
leading to plaque rupture. However, macrophages
are a heterogeneous and plastic population. It has
recently been shown that they can also participate in
the stabilization of atherosclerotic plaques and even
contribute to their regression [24].

MACROPHAGE PHENOTYPES

In response to stimuli from the microenvironment,
such as growth factors, cytokines, and chemokines,
macrophages differentiate into different phenotypes.
Previously, macrophages were divided into classical
(M1) and alternative (M2) macrophages with
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proinflammatory  characteristics. In  particular,
cytokines, which include tumor necrosis factor alpha
(TNFa), interferon gamma (IFNy) and granulocyte —
macrophage colony-stimulating factor (GM-CSF), or
bacterial products, such as lipopolysaccharides (LPS),
direct macrophages towards the classical phenotype.
Alternative macrophages are induced by cytokines,
such as interleukins IL-4 and IL-13 or macrophage
colony stimulating factor (M-CSF).

M1 macrophages produce high Ilevels of
proinflammatory cytokines, including IL-12, IL-23,
IL-6, IL-1b, IL-8, and TNFa, and low levels of the
anti-inflammatory cytokine IL-10. In addition, they
exhibit increased microbicidal activity and release
large amounts of reactive oxygen species and nitrogen-
containing radicals.

In contrast to proinflammatory M1 macrophages,
high levels of transforming growth factor B (TGFp)
and low levels of IL-12 and IL-23 characterize the
M2 macrophage phenotype. M2 macrophages express
the mannose receptor (CD206) in large numbers
and promote wound healing through the process
of efferocytosis, matrix remodeling, and fibroblast
recruitment [25, 26]. The division of macrophages
into M1 and M2 is based on in vitro observations
and reflects extreme manifestations within a wide
range of different macrophage phenotypes. Currently,
this classification seems to be an overly simplified
view of the complex heterogeneity of macrophage
phenotypes, especially in the atherosclerotic plaque,
where a diverse microenvironment is involved in the
transformation of macrophages towards either the M1
or M2 phenotype. First of all, there are four subtypes
in the M2 phenotype. M2a macrophages are induced
by IL-4 or IL-13. They stimulate cell growth and tissue
repair, and they are characterized by high endocytosis
activity and increased expression of CC chemokine
ligands - CCL17, CCLI18, and CCL22. M2b
macrophages are induced by immune complexes, IL-
1b, and toll-like receptors and also modulate immune
and inflammatory responses. In comparison with other
M2 macrophages, they demonstrate the ability to
produce both anti-inflammatory and proinflammatory
cytokines, such as IL-10, IL-6, IL-1b, and TNFa [27].

The M2c phenotype or inactivated macrophages
are induced by TGFB, IL-10, and glucocorticoids.
They secrete CCL16 and CCL18 in large amount and
show high capacity for efferocytosis [28]. Finally,
M2d macrophages obtained after stimulation with
agonists of the toll-like receptor and the adenosine
A2A receptor produce vascular endothelial growth

factor in high concentrations and IL-12 and TNFa
in low concentrations. In addition, unlike other M2
phenotypes, this subgroup does not show high levels
of the CD206 receptor [29].

Various subpopulations of macrophages associated
with the presence of hemoglobin and erythrocytes
have been identified in hemorrhagic areas of human
atherosclerotic plaque. M(Hb) macrophages express
high levels of CD206 and CD163, the scavenger
receptor for the hemoglobin/haptoglobin complex,
which is necessary for effective hemoglobin
clearance after intracellular hemorrhage [30]. After
the digestion of red blood cells, the released heme
group can stimulate the polarization of macrophages
into the Mhem phenotype, followed by the activation
of transcription factor 1. This activation leads to
the expression of heme oxygenase-1 (HO-1), the
liver X-receptor (LXR)-a and the ATP-binding
cassette transporter ABCA1, which demonstrates an
atheroprotective effect and prevents the formation of
foam cells [31, 32].

THE ROLE OF MACROPHAGE PHENOTYPES
IN THE ATHEROSCLEROTIC PLAQUE

The development of the atherosclerotic plaque, as
well as its activity, is associated with an increase in the
total number of resident macrophages in the plaque.
In particular, the number of M1 and M2 macrophages
increases with plaque growth, and the total number of
macrophages in an unstable plaque is greater than in a
stable one [33, 34]. Since each macrophage phenotype
exhibits different properties and demonstrates different
functions, the predominance of a particular phenotype
can have a strong effect on plaque development,
stabilization, or regression. It has been shown that
macrophages localized in the shoulder of the plaque (a
site prone to rupture) mainly exhibit a proinflammatory
phenotype and express M1 markers, whereas
macrophages located in the fibrous cap express both
M1 and M2 markers [33]. Thus, if M1 macrophages
located in the fibrous cap are involved in destabilizing
the plaque by producing MMP, M2 macrophages can
partially stop such a destabilizing effect by releasing
profibrotic factors, such as fibronectin, insulin-like
growth factor, and TGFf, which helps stabilize the
plaque [35]. Therefore, there is predominance of
M2 macrophages in stable plaques. In contrast, M1
macrophages predominate in rupture-prone plaques
[34-36].

Atherosclerotic plaques from the human carotid
artery were analyzed using real-time PCR and
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Western blotting. When analyzing the cellular
contents and distribution of macrophages of the
M1 and M2 phenotypes, it was shown that in stable
plaques, the expression of CD68 was 3 times lower,
the expression of ABCA1 was 2.7 times lower, and
the expression of CD206 (M2 marker) was 2 times
higher than in unstable plaques. In addition, it was
shown that M2 macrophages in stable plaques were
found in relatively large numbers (42 + 5% of the
total population of macrophages), while in unstable
plaques, they accounted for only 23 + 3% [37]. Based
on this, it is possible to hypothesize that the balance
between M1 and M2 macrophages, as well as their
distribution in the plaque, can strongly influence the
fate of atherosclerotic lesions.

A comprehensive study of various macrophage
phenotypes and their prevalence in the plaque may
be important for predicting a clinical outcome and
preventing fatal events in CVD. Since proteins are
the main active factors in most biological processes,
a proteomic profile can become an effective tool
for identifying complex molecular pathways in
multifactorial diseases, including atherosclerosis.

PROTEOMIC ANALYSIS OF MACROPHAGES
IN THE ATHEROSCLEROTIC PLAQUE

The atherosclerotic plaque is a complex structure
consisting of several cell types with different
phenotypes. The nature of changes in the plaque
strongly depends on intercellular interactions. Thanks
to proteomic analysis of the plaque, it is possible
to obtain a wide range of proteins involved in the
development of atherosclerosis. The presence of a
large number of proteins produced by macrophages in
the atherosclerotic plaque also confirms the important
role of these cells.

Analysis of 35 atherosclerotic plaques from human
coronary arteries using direct tissue proteomics
with LC-MS/TMS allowed for the identification
of 806 proteins, which provided the first full-scale
proteomic map of human coronary atherosclerotic
plaques. It has been shown that among these proteins,
annexin [ is expressed in resident macrophages in
the inner lining of the vascular wall, which exhibit
the foam cell phenotype. [8]. In addition, in this
study, the authors showed that the method of direct
tissue proteomics is comparable to laser capture
microdissection, and using this method it is possible to
determine the absolute number of specific cytokines
and growth factors in coronary arteries found in low
concentrations.

A study was conducted using LC-MS/TMS analysis
on extracts of stable areas and areas after rupture from
newly isolated plaques from the human carotid artery.
During the analysis, several proteins and biological
pathways associated with plaque rupture were
identified, such as plaque loss of basement membrane
proteins, extracellular proteolysis, inflammation, and
decreased cell matrix adhesion, which were confirmed
in ruptured plaque extracts from the human carotid
artery [38].

Macrophages play a crucial role in the development
and progression of atherosclerotic plaques. They
represent a complex heterogeneous population of
several phenotypes, which are characterized by
different and often opposite functions. The ability to
determine the overall profile of each phenotype is an
attractive goal for developing therapeutic strategies
aimed at stopping disease progression and stimulating
regression. Proteomics provides an effective tool that
includes various high-performance and constantly
evolving methods that can help understand the
diversity of cells present in the atherosclerotic
plaque and their behavior. The proteome is a rich
source of potential biomarkers that may be useful for
characterizing the progression of atherosclerosis and
identifying diagnostic and therapeutic targets aimed at
plaque stabilization and/or regression [39].

THE MALDI METHOD AND THE PROTEOMIC
PROFILE OF BLOOD SERUM IN CORONARY
ATHEROSCLEROSIS

In our study of the proteomic profile of blood serum
in coronary atherosclerosis, we used the traditional
matrix-activated laser desorption/ionization
(MALDI) method based on the NCBI database with
protein separation by 2D electrophoresis. Blood
serum samples from patients with coronary artery
disease and coronary atherosclerosis and the “no
coronary artery disease” group were examined. The
study of proteins was carried out on pools (mixtures)
of blood sera. Groups of protein fractions were
identified, the protein content of which varied by
more than 1.5 times between the experiment and the
control (p < 0.05). Most of the proteins, the level
of which varies in serum samples of patients with
coronary atherosclerosis, can be attributed to acute
phase proteins and transport proteins: ceruloplasmin,
transthyretin, retinol-binding protein 4, hemopexin
and proteins — components of the complement
system C3, C4, and C9. The level of kininogen and
transcription regulators, zinc finger protein 133, and
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B-cell CLL/lymphoma 6 member B protein, also
decreased in the blood of patients. An increase in the
level of the following proteins in the blood serum
pool of patients with coronary atherosclerosis was
revealed: hemopexin, transthyretin, retinol-binding
protein 4, complement system proteins C4, C9, and
C3 (chain B) (Table 1) [40].

It is known that in atherosclerosis and CVD, the
complement system is activated [41]. Our study
revealed an increase in the content of complement

components C3 (chain B), C4, C9 and a decrease
in the level of complement component C3 (chain
C) in the serum pool of patients with coronary
atherosclerosis. A comparison of the positions
of these proteins on the gel with their theoretical
molecular weight indicates that, apparently, we
discovered some isoforms of C3 (C chain). To date,
there is no data on the relationship between serum
concentrations of various isoforms of component C3
chains and atherosclerosis.

Table 1
Mass Spectrometry Identification of Serum Proteins [40]

Spot No. NCBI Id Protein name Mass, kDa pl sc, % | score A
1.1 2i|386789 hemopexin 51512 6.57 40 70 +1.7
1.2 2i|386789 hemopexin 51512 6.57 26 72 +2
1.3 2i|386789 hemopexin 51512 6.57 26 74 +1.6
1.4 2i|386789 hemopexin 51512 6.57 28 78 +5.7
2.1 2i/180249 ceruloplasmin 97637 5.29 29 97 -1.6
2.2 gi|47125416 ceruloplasmin 24668 8.52 57 113 -3.8
2.3 gi|47125416 ceruloplasmin 24668 8.52 52 69 -2.0
3.1 gi|545478558 zinc finger protein 133 isoform f 70201 9.43 33 70 —11
32 gi|545478558 zinc finger protein 133 isoform f 70201 9.43 31 68 -10
4 2i/62898910 kininogen 1 47823 6.29 36 74 -1.8
5.1 2i|78101271 complement component C3c, chain C 39463 4.79 58 102 -3.5
52 gi|78101271 complement component C3c, chain C 39463 4.79 43 79 2.4
6 gi2258128 complement component 9 61728 5.42 26 91 +2
7 gi[78101270 complement component C3c, chain B 21482 5.84 45 114 +2.9
8 gi[401871713 complement component C4 chain C 33052 6.37 45 70 +1.4
9.1 gi|212374952 transthyretin, variant V20s, chain A 13741 5.35 89 176 +4.6
9.2 2i[377656323 transthyretin, chain A 12869 5,33 81 82 2.7
9.3 gi|377656323 transthyretin, chain A 12869 5.33 81 83 +3.6
9.4 212098255 transthyretin, chain A 13829 5.35 59 67 +3.7
10 21305677614 retinol binding protein 4, chain A 20018 5.24 77 105 +9

Note: A—the change in the concentration of proteins in the serum of patients with coronary atherosclerosis relative to the control, sc — sequence

coverage.

Transthyretin and retinol-binding protein are
functionally interacting proteins that form the
vitamin A transport complex. In our study, three
isoforms of transthyretin (9.1, 9.3, and 9.4) were
detected, the concentration of which increased in
the serum of patients, and one isoform (9.2) with a
reduced concentration (Table 1). The sum of staining
intensities of all the detected isoforms showed that
the total concentration of transthyretin increased in
the sera of sick people. Isoforms 9.2 and 9.4 have
the same isoelectric point, and, apparently, 9.4 is a
monomer, and 9.2 is a multimeric form. Thus, the
monomeric form of transthyretin predominated in the
sera of patients with atherosclerosis. Transthyretin is
synthesized in the liver. In plasma, it is in the form

of a homotetramer weighing 55 kDa and consisting
of subunits weighing 13.8 kDa; it provides transport
of thyroxine and retinol. Improper assembly of the
tetramer, including due to point mutations, can lead
to the formation of amyloid fibrils, which often occurs
in affected arteries [42]. The concentration of the
trimeric form of transthyretin is negatively correlated
with the risk of developing CVD [43].

In plasma, transthyretin binds to retinol-binding
protein, forming a complex that functions as a vitamin
A transport system. The concentration of retinol-
binding protein 4 is associated with cardiovascular
risk factors associated with insulin resistance and
coronary artery disease, therefore, this protein can be
a marker of metabolic complications, atherosclerosis
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and is used to assess coronary artery disease [44].
In addition, it is known that in patients with coro-
nary atherosclerosis, increased levels of retinol-
binding protein 4 correlate with the severity of the
disease [45].

Hemopexin, an acute phase glycoprotein that
binds hemoglobin and free heme, protects the body
from possible oxidative damage. It is known that iron
accumulates in atherosclerotic plaques and affected
areas of the arteries and in a catalytically active form
can cause proatherogenic events, such as the production
of reactive oxygen species and lipid peroxidation [46].
Therefore, some researchers consider hemopexin as
a protective protein in this process, although its role
in atherosclerosis is not fully understood [47]. We
have revealed an increase in the concentration of four
isoforms of hemopexin in the sera of patients with
coronary atherosclerosis [40].

Ceruloplasmin is a specific copper-containing
plasma glycoprotein that belongs to acute phase
proteins. Ceruloplasmin has pro- and anti-
inflammatory properties, so its role in atherosclerosis
is controversial. There is evidence that a reduced level
of ceruloplasmin may be an unfavorable prognostic
sign in patients with coronary artery disease when
combined with high concentrations of C-reactive
protein, a well-known marker of the acute phase
of inflammation [48]. However, there are studies
that associate high levels of ceruloplasmin with
heart failure [49]. Analysis of proteins decreasing
in the blood serum pool of patients with coronary
atherosclerosis showed a decrease in the level of one
isoform and two fragments of ceruloplasmin [50].

THE MRM METHOD IN STUDIES

OF THE RELATIONSHIP OF SERUM
PROTEIN CONCENTRATIONS WITH
UNSTABLE ATHEROSCLEROTIC PLAQUE
IN CORONARY ATHEROSCLEROSIS

The MALDI method of identifying proteins by
their peptide maps has become a true standard in
proteomic research. However, further improvements
in methods and instruments have made it possible
to analyze complex mixtures and achieve higher
accuracy. Modern quantitative proteomic analysis,
used for the identification and determination of
biological molecules based on mass spectrometry,
is a method with accurate quantitative simultaneous
determination of a large number of proteins in various
biological samples. Multiple reaction monitoring
(MRM) with internal standard peptides labeled with

stable isotopes is the most widely used method for the
absolute quantitative analysis of target proteins in the
field of proteomics [51].

We examined blood serum samples from 40
men, group 1 (St) — patients who, according to the
histological analysis, had only stable atherosclerotic
plaques (AP) in their samples; group 2 (Unst) —
patients who, according to the histological analysis,
had only unstable APs in their samples [52]. Protein
concentrations in the blood serum samples were
measured using the PeptiQuant Plus Proteomics Kit
(Cambridge Isotope Laboratories, USA), the proteins
were identified by the MRM method on an ultra-
high resolution triple quadrupole time-of-flight mass
spectrometer with electrospray ionization combined
with a high-performance liquid chromatograph. As
a result of the comparative analysis, proteins were
isolated, the concentration of which was statistically
significantly different in the studied groups (p < 0.05)
(Table 2).

Serum samples of patients with unstable APs
exhibited increased concentrations of the proteins
attractin, complement factor H, fibrinogen, and
fibulin-1, as well as reduced levels of proteins involved
in the development of the inflammatory process and
the body’s immune response, such as ceruloplasmin,
hemopexin, haptoglobin, afamin, complement
components (C3, C7, C9), and complement factor B.
At the same time, there was a reduced level of proteins
involved in the coagulation cascade and fibrinolysis
and proteins functionally related to them (a-2-
antiplasmin, a-2-macroglobulin, heparin cofactor 2,
coagulation factor XII, prothrombin, plasminogen,
PAI-1, vitronectin). Multifactorial logistic regression
analysis confirmed the association of instability with
the concentration of attractin (OR = 1.045; p = 0.027),
afamin (OR = 0.988; p = 0.001), hemopexin (OR
= 0.997; p = 0.020), haptoglobin (OR = 0.967; p =
0.001), and components of the complement system.
In addition, multifactorial logistic regression analysis
showed an association of instability with an increased
concentration of fibulin-1 (OR = 1.008; p = 0.05) in
patients with unstable APs.

PROTEOMIC PROFILE OF
ATHEROSCLEROTIC PLAQUE TISSUE
AT DIFFERENT STAGES OF DEVELOPMENT
IN CORONARY ATHEROSCLEROSIS

To study the involvement of proteins in the
pathological process of coronary atherosclerosis, it
is important to investigate the specific relationships
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between proteins at different stages of development
of atherosclerotic lesions in the coronary arteries. In
addition to changes in known lipid and inflammatory
molecules, certain proteins can influence the
development of atherosclerotic lesions into unstable
plaques. Temporal analysis of the proteomic profile of
the vascular wall in coronary atherosclerosis can help
identify possible diagnostically significant protein
structures or potential biomarkers of the disease and
develop new approaches to the diagnosis of coronary
atherosclerosis and its complications.

We examined tissue samples of atherosclerotic
plaques containing intima media of the coronary
arteries. All samples were obtained from patients
who had undergone coronary artery endarterectomy
during the operation for intraoperative indications.
Samples from male patients were taken for the study
with similar clinical characteristics. According to the
results of the morphological and histological analysis,

all samples were classified as stable or unstable
atherosclerotic plaques. A mix of atherosclerotic
plaque homogenates at different stages of
development were prepared for proteomic analysis.:
1) mix of stable atherosclerotic plaque homogenates
at the stage of lipidosis and fibrosis (StL), 2) mix
of stable atherosclerotic plaque homogenates at the
stage of fibrosis and calcification (StF), 3) mix of
unstable atherosclerotic plaque homogenates of
necrotic — dystrophic type (Unst). Moreover, the
proteomic profiles of every atherosclerotic plaque
were determined. The proteins were identified by
MALDI mass spectrometry using tryptic mass maps
with the Mascot search algorithm. To find differences,
a quantitative comparison criterion was used for the
difference of at least 1.5 times between the average
values of the staining intensity of protein spots (in
relative fluorescence units (RFU)) in the groups
corresponding to 3 stages (Table 3).

Table 2
Quantitative Mass Spectrometry Identification of Proteins in the Blood, M + SD [52]
. Protein concentration, fmol/ul
No. Protein name p
Group (St) Group (Unst)
1 serum albumin 374440.00 + 61793.83 354465.00 + 58076.57 0.140
2 ceruloplasmin 1891.77 + 511.66 1646.48 + 418.60 0.021
3 a-1-acid glycoprotein 18027.10 + 7298.18 13287.65 £ 4678.42 0.001
4 a-1- antichymotrypsin 6224.75 +3299.37 4545.25 £ 2367.32 0.011
5 a-1- antitrypsin 27696.0 +7929.29 23672.0 + 9887.34 0.048
6 hemoglobin (subunit o) 4785.9 +2342.02 4204.15 £ 2608.95 0.297
7 haptoglobin 589.55 +£261.55 479.60 +194.18 0.036
8 hemopexin 1973.6 +£247.48 1756.55 +310.65 0.001
9 serotransferrin 19999.50 + 3002.74 18329.50 + 3243.45 0.019
10 retinol-binding protein 4 1237.08 +287.36 1372.42 +413.33 0.093
11 transthyretin 510.13 +£179.43 640.23 +456.87 0.098
12 afamin 330.12+117.85 264.59 +73.53 0.004
13 apolipoprotein A-I 21096.25 + 6127.08 21626.0 +3662.74 0.640
14 apolipoprotein B-100 276.24 +£79.53 211.04 + 68.84 0.0001
15 apolipoprotein C-1 5019.2 £ 1251.40 5069.6 + 1353.80 0.863
16 apolipoprotein L1 590.28 £ 158.45 501.25+200.51 0.031
17 complement component C1q (subunit B) 75.86 +£31.96 67.07+17.17 0.129
18 complement component C1q (subunit C) 117.84 £36.25 120.22 £35.42 0.768
19 complement component Clr 230.49 +51.37 210.20 +70.84 0.147
20 complement component Cls 47.18 £10.83 48.99 +22.84 0.652
21 complement component C3 590.51 £ 137.97 516.46 £ 139.39 0.019
22 complement component C7 73.23 +£19.38 61.94+11.18 0.002
23 complement component C9 167.05 + 66.10 138.93 + 56.85 0.045
24 complement factor B 4951.7 £ 1358.16 4215.7+1135.39 0.010
25 complement factor H 530.54£79.29 577.37 £ 84.59 0.014
26 attractin 48.43+9.97 55.17+17.14 0.035
27 fibrinogen, a-chain 143.55+4.79 261.0+21.88 0.001
28 fibrinogen, y-chain 553+329 113.04 £72.14 0.001
29 fibulin-1 660.54 = 98.04 713.33 +£131.49 0.045
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Table 3
Comparison of the Amount of Protein for Pools / Individual Gels in Atherosclerotic
Plaque Homogenates, RFU, x10° [53]
No. Protein name MIX /INDIVID

StL (n=15) StF (n=15) Unst (n =5)
1-3 serum albumin 43/52 12.3/7.7 46.3/22.6
4-6 vimentin 101/12.9 2475 4.1/13.2
7 tubulin (B chain) 2.5/7.6 1.4/3.1 1.1/43
8-10 actin (a cardiac muscle 1) 84/ 98.3* 29.2/43.5 33.4/32.1

actin (aortic smooth muscle)

11 actin (cytoplasmic) 91.3/92.6 18.4/53.1 37.7/33.4
12-14 fibrinogen (B chain) 1.3 /- 3.2/19.2 2.9/331.2
15 tropomyosin (§ chain) 40.3/37.9 2/17.0 2/12.9
16 tropomyosin (al chain) —/7.8 —/2.7 —/4
17-19 microfibril-associated glycoprotein 4 22.4/39.4 4.5/54.9 3.2/26.7
20 mimekan 26.5/44.0 126.5/63.7 55.4/49.3
21 annexin A5 2.8/8 0.7/16.1 2.2/84
22 keratin (type I cytoskeletal 9) 6.4/23.8% —/17.5 1.7/2
23-24 serum amyloid (P-component) 25.3/40 5.9/48.8 22.2/61
25 peroxiredoxin-2 —/1 —/4.7 -/2.5

Note. MIX —average data for pools of plaque homogenates; INDIVID — average data of individual plaque homoge-
nate gels; maximum values are shown in bold; * statistically significant differences, p < 0.05.

A comparison of individual atherosclerotic plaque
gels showed the existence of significant individual
differences in the staining intensity of specific spots
between plaque samples within the same stage. As the
plaque develops from stable at the stage of lipoidosis
and fibrosis to unstable one, these differences increase.
This fact did not allow us to detect statistically
significant differences between the groups of samples
at different stages in most cases. Isoforms of the
same protein, differing only in point pl, were grouped
together. Summary data on the comparison of the
amount of protein (RFU) in the corresponding spots
in the StL, StF, and Unst groups are shown in Table
3. At the stage of lipoidosis and fibrosis of stable
atherosclerotic plaques, the content of cytoskeletal
proteins increased: actin, tubulin, tropomyosin, keratin,
and vimentin. At the stage of fibrosis and calcification
of stable atherosclerotic plaques, a significant increase
in the level of proteins responsible for regulating
cell migration and proliferation and involved in
redox homeostasis of cells was found: microfibril-
associated glycoprotein-4, mimecan, annexin A5, and
peroxiredoxin-2. Unstable atherosclerotic plaques
(necrotic — dystrophic type) were characterized by
high levels of serum albumin, fibrinogen, serum
amyloid (P-component), and a maximum content of
vimentin [53].

The results of these studies represent a potential
proteomic platform for further study of plaque

instability in coronary atherosclerosis. The potential
role of the studied proteins in the development
of coronary atherosclerosis, as well as their
prognostic value as biomarkers of atherosclerotic
plaque instability, should be the subject of further
research.

CONCLUSION

Attempts to clarify the molecular mechanisms
underlying cardiovascular diseases have been made
repeatedly, however, these diseases still remain
some of the leading causes of death worldwide.
Atherosclerosis is the morphological basis of
coronary artery disease and its complications.
Cardiovascular proteomics is a new field in which
significant progress has been made over the past few
years in identifying new candidate biomarkers for the
diagnosis and obtaining information on the molecular
pathophysiology  of  cardiovascular  diseases.
The human blood plasma proteome reflects the
physiological state of the cardiovascular system and
has been used for decades to study plasma biomarkers
in a standard analysis designed to diagnose and
monitor cardiovascular diseases.

Diagnosing patients with high-risk atherosclerotic
plaques before clinical manifestations remains a
difficult task and requires an improved approach to
predicting the onset of symptoms. The development
of proteomic technologies has made it possible to

172 Bulletin of Siberian Medicine. 2026; 25 (1): 163-175



Reviews and Lectures

analyze proteins associated with the development of
the disease. These changes reflect the molecular and
cellular mechanisms and may make it possible to
predict the dynamics of the disease.
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ABSTRACT

The aim of the lecture was to consider the role of gene ontology (GO) and the GO Consortium in shaping the
knowledge base for genomics, proteomics, and biology. GO organizes and continually updates data on the molecular
functions and biological processes in which genes and their products are involved.

The structure of GO, the features of GO term hierarchy and the connections between them, as well as the elements
of each term are considered. The features of services for working with basic knowledge and various ways to access
civil defense data are given. In addition to term characteristics, GO pays great attention to annotations — statements
that link a gene product to a certain ontology term. The annotation process captures the action and location of a gene
product using terms, providing a reference and a type of evidence.

The areas of application of GO related to the analysis of genomics and proteomics data are considered. The main
approaches used by researchers are functional annotation of genes and pathway enrichment analysis. Analysis
of large volumes of data (for example, when assessing gene expression) allows to gain knowledge about the
involvement of genes and their products in various processes, extract biological meaning, and evaluate the features
of molecular mechanisms in various diseases. The increasing role of GO in the formation of new knowledge in the
relevant field is shown.

Keywords: bioinformatics, gene ontology, functional annotation, biological process, molecular function, cellular
component, GO annotation, gene function
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PE3IOME

Hesns ucenenoBanus — paccMOTpeTh poib reHnoi ontonorud (GO) u Koncopunyma GO B popMupoBanuu 6azuca
3HaHHI I TCHOMHKH, IPOTEOMHKH 1 OMOJIOrHH. ['eHHAast OHTOJIOTHS TTO3BOJISICT CHCTEMATH3UPOBATD U IIOCTOSIHHO
OOHOBIISIET TAHHBIC O MOJICKYJISIPHBIX (DYHKIHMSAX U OHOJOTHYECKHX IPOLIECccax, B KOTOPBIX YYaCTBYIOT FeHbBI U HX
HPOJTYKTHI.
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Paccmotpena ctpykrypa GO, ocobeHHOCTH HepapXun TepMUHOB GO M OTHOLIICHHS MEXK /Ty HUMH, 3JIEMEHTBI KaXKI0T0
U3 TepMUHOB. [IpuBeeHbl 0COOCHHOCTH CEPBHCOB, 00ECIIEUMBAIONIMX BO3MOXHOCTH pabOTHI UcclenoBaTenei ¢
6a30ii 3HaHMII C TIOMOIIBIO PA3IMYHBIX CrIOc000B Aoctyna K AaHHBIM GO. [ToMMMO XapaKkTepHCTHK TEPMHUHOB B
GO Gonbloe BHUMaHUE yIeIsIeTCs aHHOTAUSIM — YTBEPKCHUSIM, CBS3bIBAIOIIMM IPOAYKT F'eHa ¢ KOHKPETHBIM
TepMHHOM oHToJoruH. [Iporecc anHOTaIMK QUKCHPYET ASCTBHE U JIOKATH3AINIO TEHHOTO IPOAYKTa C HOMOII[BIO
TEPMUHOB, IPEAOCTABJIAA CCHUIKY U BUJ] JOKA3aTECIIbCTB.

PaccMmoTpensl HampaBieHUs NPUMEHEHUS TCHHOW OHTOJIOTHM, CBSI3aHHBIC C AHAINM30M JAHHBIX T€HOMHKH U
nporeoMukd. OCHOBHBIE TIOAXO/IBI, HCIIOIb3YEMBbIE HCCIIEJOBATEISIMA, — 9TO (DyHKIIMOHAIIbHASI AaHHOTAIIMS TCHOB,
aHanu3 oborameHus myTed. AHamu3 OGONBIIMX O0BEMOB JAHHBIX (HAIpPUMEp, IPU OLEHKE JKCIPECCUH T'€HOB)
[IO3BOJIACT NONYYUTh 3HAHUSA O BOBICUCHHOCTHU TE€X WJIU MHBIX ICHOB U UX NPOAYKTOB B pPa3IM4HbIEC IIPOLECCH B
opranu3Me, U3BJeYb OMOJIOTMUECKUIT CMBICI U OLIEHUTh OCOOCHHOCTH MOJIEKYJIIPHBIX MEXaHH3MOB IIPH PAa3IHIHBIX
3abosieBanmsx. [Tokasana Bozpacraronias poiab GO B popMHpOBaHHN HOBBIX 3HAHUH B COOTBETCTBYIOIIEI 001acTy.

KiroueBble cioBa: OnonmHpopmMaTHKa, TE€HHAs OHTOJOTHA, (DYHKIMOHANbHAas aHHOTALMS, OMOJIOTHYECKHUH
Ipolecc, MONEKyIsApHast QYHKIUS, KIeTouHbIH komnoneHT, GO aHHOTaus, QpyHKIH reHa

KonpaukTt nHTepecoB. ABTOp AEKIApUPYET OTCYTCTBUE SBHBIX U MOTCHIIMAIBHBIX KOH(QINKTOB HHTEPECOB, CBSI-
3aHHBIX C ITyOJIMKAIMell HACTOSIIEeH CTaThH.

Hcrounuk ¢uHaHcupoBaHus. ABTOp 3asBiieT 00 OTCYTCTBMM ()HHAHCHPOBAHUSA IPU HPOBEACHHUH HCCIe-
JIOBaHMS.

Joas uutupoBanus: Yacosckux H.FO. ['eHHast oHTONMOTHS )11 TEHOMUKH U OUONIOTHU. Broniemens cubupckoil

meduyunbl. 2026;26(1):176—-184. https://doi.org/10.20538/1682-0363-2026-1-176-184.

INTRODUCTION

Modern genomics research provides the
opportunity to work with large volumes of data.
However, it is essential to address the challenge of
extracting a biological meaning from the obtained
information. The primary question is how to map
sequence data onto known results of gene functional
analysis and how to derive new insights into gene
functions. Ontology tools offer a solution — providing a
consistent framework for describing a specific subject
area, in this case, genomics and molecular biology [1].

From a computer science perspective, an ontology
is a model used to represent objects, their properties,
and the relationships between them [2]. Within a given
subject area, this model comprises a set of concepts
(terms) with definitions and attributes, along with a
corresponding set of axioms and inference rules [3].
Typically, knowledge bases for a subject area include
repositories containing general knowledge about
classes of concepts, their properties, and relationships,
as well as knowledge bases about individual objects,
their properties, and links to other objects (e.g.,
specific data). Both components are interconnected
within the knowledge base [1].

Applied to genomics, the development of a gene
function ontology involved creating a controlled
vocabulary of terms with clear definitions and
establishing a hierarchical structure of relationships

between these terms. A major advantage was that this
ontology enabled the study of functional aspects of
genomes from different organisms and facilitated the
annotation of functions for novel sequences [4].

During the development of the gene ontology,
special attention was given to questions that needed
to be described in terms of: the location of gene
expression within the organism and the subcellular
localization of the gene product; the timing of gene
expression (in the context of organismal ontogenesis);
the function of the gene product and its position
within the hierarchy of biological processes; genes
regulating the activity of the given gene product.
Initially, these challenges were addressed in the
context of the Drosophila genome database, FlyBase
[4]. The concepts of molecular function and biological
process were employed as primary dimensions for
the classification. The first gene ontology developed
in this manner was described in the article by
M.T. Ashburner et al. [5].

Using the first comparison of two complete
eukaryotic genomes — the yeast Saccharomyces
cerevisiae and the worm Caenorhabditis elegans — it
was demonstrated that a significant proportion of genes
in these organisms were orthologs. Furthermore, 12%
of the worm genes encoded proteins whose biological
significance can be inferred from their similarity to
orthologs in yeast (which represents 27% of the yeast
genes). It was found that such proteins participate

bionneteHb cMbUpcko meanumHbl. 2026; 25 (1): 176-184 177



Chasovskikh N.Yu.

Gene Ontology for Genomics and Biology

in biological processes common to all eukaryotes
(for example, DNA replication, transcription,
and metabolism). A subsequent comparison of
the genomes of yeast, worms, and fruit flies also
confirmed the presence of homologs among them [6].
It was also shown that genes and proteins involved in
fundamental biological processes were highly likely to
be orthologous, a fact already confirmed in mammals
and model organisms (e.g., yeast) [7—12].

Since a high degree of similarity and functional
conservation was subsequently demonstrated across
the genomes of different species, this finding opened
new opportunities for the automated transfer of
biological annotations from experimentally studied
model organisms to less characterized species, thereby
facilitating the development of the gene ontology.

THE GENE ONTOLOGY CONSORTIUM

Initially, the Gene Ontology (the Gene Ontology
Consortium, GO Consortium) was a collaborative
project involving three model organism databases:
FlyBasel6, Mouse Genome Informatics17, 18 (MGI),
and Saccharomyces Genome Databasel9 (SGD).
Subsequently, other organism databases joined the

consortium [5].
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precisely defined, common, and controlled vocabulary
to describe the roles of genes and gene products in
any organism remains unchanged, despite progress in
implementation and the dynamic development of the
terminology system. Each element in GO is linked to
other types of information, including gene and protein
databases, such as SwissPROT [13], Gen-Bank [14],
DDBIJ [15], PIR [16], MIPS [17], YPD and WormPD
[18], Pfam [19], SCOP [20], and ENZYME [21],
facilitating continuous updating and refinement of
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The core GO terminology describes genes and
their products within three categories (aspects). A
Biological Process encompasses one or more ordered
collections of molecular functions, often involving
a chemical or physical transformation. Examples
of high-level, general biological process terms
(Fig. 1) include GO:0065007 biological regulation
or GO:0050896 response to stimulus; low-level
terms, such as GO:0042770 signal transduction in
response to DNA damage or GO:0072331 signal
transduction by p53 class mediator. A Molecular
Function defines the biochemical activity of a gene
product.
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Fig. 1. Representation using a QuickGO diagram of parent
terms for GO:0030330 DNA damage response, signal
transduction by p53 class mediator
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General examples include “enzyme”, “transporter”,
or “ligand”, while more specific terms include
“adenylate cyclase” or “Toll receptor ligand”. A
Cellular Component indicates the location of gene
productactivity within a cell; examples are “ribosome”,
“nuclear membrane”, or “Golgi apparatus” [5].

As of March 2025, the ontology contains 26,037
terms in the Biological Process aspect, 10,154 terms
in the Molecular Function, and 4,023 items in the
Cellular Component [22].

The GO structure is a graph in which each term
represents a node, and the connections between nodes
represent edges. It also possesses hierarchy, meaning
that a child term is more specific than its parent (Fig.
1), and nodes may have multiple parent teams. GO
also includes definitions and categories describing
the relationships between terms. Commonly used
relationships include: is a; part of; has part; regulates,
negatively regulates, and positively regulates [23].

Features of the relationships between terms:

The term ‘“is a” constitutes the fundamental
structure of GO. If A is a B, it implies that node A
refers to a subtype of node B. For example, mitotic
cell cycle is a (subtype of) cell cycle.

The term “part of” represents part — whole
relationships, used only if B is necessarily a part of A,
and the presence of B implies the presence of A.

The term “has part” refers to the part — whole
relationships from the parent’s perspective. It is used
only when A always contains B as a part; meaning A
necessarily has B as a part. If A exists, B will always
exist.

The term “regulates” describes relationships where
one process directly influences another, i.e., regulates
it. It denotes necessary regulation; if both A and B are
present, B always regulates A, although A may not
always be regulated by B [23].

All terms (except the root terms representing each
aspect) have a subclass relationship to another term:
for example, GO:0023052 signaling is a (refers to)
GO:0050789 regulation of biological process (Fig. 1).

Currently, various methods consistent with graph-
based terminology are employed for referencing
and representing logical relationships in the GO. A
node corresponds to a GO term; a parent node refers
to a term closer to the root of the graph, and a child
node — to a term closer to terminal nodes. For is a
and part_of relationships, the parent node refers to a
more general GO term, and the child node — to a more
specific term [23]. The direction of the relationship is
indicated by an arrow (in Fig. 1, the black is_a arrow

points from GO:0023052 signaling to GO:0050789
regulation of biological process), while dashed lines
denote implied relationships, i.e., those not explicitly
stated in the ontology.

Nodes (i.e., terms) in the GO graph can have any
number and types of relationships with other nodes.
Similar to hierarchies, such as a family tree or species
taxonomy, a node can be connected to multiple more
specific (child) nodes and may also have multiple
parent (more general) nodes, maintaining various
relationships with each parent [5, 23]. For example,
in Fig. 1, the term GO:0051716 cellular response to
stimulus has two parents: it is a subtype of GO: 0050896
response to stimulus and simultaneously a subtype of
GO:0009987 cellular process.

Each GO term consists of the following elements:

Accession: a unique seven-digit identifier
prefixed by GO; e.g., GO:0005739, GO:1904659, or
GO0:0016597).

Name: the human-readable name of the term, e.g.,
mitochondrion.

Ontology: indicates the category to which the
term belongs, specified as molecular function (MF),
biological process (BP), and cellular component
(CO).

Synonyms.

Alternate IDs.

Definition: textual description of the term with
reference to the source.

Comment.

History.

Chem. react.: participation in chemical reactions.

Subset.

If information for a particular element is
unavailable, it is indicated as None. It is mandatory
to specify how the term relates to other terms in the
ontology [5].

In addition to terms, GO also includes annotations
— statements linking a gene product to a specific
ontology term. Collectively, annotations associated
with a gene provide a comprehensive characterization
of its biological role. As of 2025, GO contains
8,683,287 annotations: 3,064,581 for the Biological
process, 2,791,054 for the Molecular function, and
2,791,054 for the Cellular component [22].

The Evidence and Conclusion Ontology (ECO)
describesvariousevidencetypesarisingduringscientific
research that support claims. These include: evidence
from experimental studies; phylogenetic evidence,
based on analysis of gene functions in phylogenetic
branches and inference of gene relationships;
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computational evidence; author statements (with or
without evidence); and inferences from literature [25].
ECO also denotes whether annotation was performed
manually or automatically. Users can select data
associated with specific types of evidence. As of
2025, GO contains 3,971,399 phylogenetic evidence
entries, 1,049,834 experimental evidence entries, and
2,460,718 automated entries [22].

As discussed, the GO annotation process captures
gene product activity and localization using terms,
providing references and evidence types (including
evidence codes). The annotation format is standardized
—a gene association file — where each line corresponds
to an association between a gene product and a GO
term, including evidence codes, references, and
additional information [23].

GO resources also comprise software supporting
the knowledge base functionality, web access to the
ontology and annotations, and analytical tools [23].
Furthermore, GO functions as a dynamic ontology,
continuously revising, expanding, and updating its
content in accordance with accumulating biological
knowledge.

SERVICES

In addition to maintaining the knowledge base and
annotations, a significant role in supporting the GO
is attributed to the development and enhancement of
ontology tools. Currently, GO data can be assessed
through various means, including web portals,
downloadable files, and APIs.

Web interfaces allow users to access GO data via
standard web browsers. The most popular services are
described below.

AmiGO  (http://amigo.geneontology.org) [24]
is the official tool for working with gene ontologies
and annotations complied from model organism
databases, UniProtKB, InterPro, and other sources — a
total of 37 to date. The tool provides functionalities,
such as uploading user data for analysis and multiple
search modes [25]. AmiGO is a product of the GO
Consortium and serves as the official distribution
channel for GO datasets.

QuickGO (http://www.ebi.ac.uk/QuickGO) is part
of the Gene Ontology Annotation (GOA) project at
the European Bioinformatics Institute (EBI) [26],
developed by the European Molecular Biology
Laboratory = (EMBL-EBI), offering extensive
capabilities for query-based data retrieval.

DAVID (https://davidbioinformatics.nih.gov/) is
a database for gene annotation and visualization that

facilitates functional analysis to interpret large gene
expression datasets in the context of GO terms [27, 28].

Blast2GO (https://www.blast2go.com/) performs
comprehensive genome analysis, assigning gene
ontology terms by integrating gene sequence similarity
data with functional annotations and predicting
molecular functions [29].

PANTHER (https://www.pantherdb.org/) is a
curated database of gene and protein families used to
infer gene product functions; it forms an integral part
of GO resources [30].

One of the most important applications of GO
is gene set enrichment analysis. This approach,
utilizing available annotations, enables identification
of certain GO terms significantly represented (or
underrepresented) within a specific gene set. The GO
website provides direct linkage to the enrichment
analysis tool from the PANTHER classification
system [31].

GO data files contain up-to-date and historical
ontology results and annotations. In some cases, it is
more practical to extract raw data directly from these
files using various tools. The most commonly used file
types are ontology files and association files.

There are three different versions of GO, arranged
in ascending order of complexity — go-basic, go, and
go-plus [23]. Go-basic is the basic version of GO,
where annotations can propagate upward through
the graph. The relationships between elements are
described as is_a, part of, adjustable, negatively
regulates, and positively regulates (explained in the
previous section of the article). Since many outdated
tools still use this version, it remains available.

Go is the main version of GO, which includes
additional relationship types within the hierarchy,
such as has_part (has a part) and comes_in (is a part
of), connecting elements that are not linked in go-
basic. Go-plus is the most comprehensive version
of GO, encompassing more relationships than the
previous versions, as well as connections to external
ontologies, including ChEBI [32], Uberon Anatomy
[33], and Plant Ontology [34].

In modern research, it is often essential to analyze
large gene sets, including by applying gene annotation
methods. However, interpreting such results is a
challenging task due to the large volume of data and
the complexity of relationships between elements. To
address this, visualization methods for large lists of
GO terms are commonly employed.

In some cases, research involves characterizing
dozens or hundreds of genes whose expression may
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vary under different conditions within an organism.
From the perspective of elucidating the mechanisms
underlying these processes, it is important to determine
whether these genes participate in the same metabolic
or signaling pathways and biochemical processes.
These gene sets are subject to statistical enrichment
tests to identify relevant functional categories [35].

GO term enrichment analysis may produce long
and redundant lists of significant terms, complicating
interpretation. Visualization methods help to reveal
the biological meaning by summarizing the main
trends in the data. This typically involves grouping
similar GO terms [35].

Visualization tools include browsers for interactive
viewing (such as AmiGO and QuickGO), network
construction software that — while not GO-specific
— can display any type of graph, including GO or
its subsets (Cytoscape [36], Gephi [37], and Pajek
[38]). Additionally, Cytoscape plugins specialized in
processing groups of GO terms have been developed,
including EnrichmentMap [39], BINGO [40], and
GlueGo [41]. Other visualization approaches represent
GO term groupings as tag clouds (with colored and
sized text) or hierarchical tree maps (REVIGO [42],
GOSummaries [43]).

Processing of GO terms and GO annotations
can be performed using Python as well as other
programming languages — Java, R, Perl, and Matlab.
The Gene Ontology Consortium website provides a
list of available software libraries at:

ftp://ftp.geneontology.org/pub/go/www/
GO.tools by type.software.shtml.

APPLICATION

GO plays a significant role in advancing biomedical
research and acquiring new biological knowledge. The
primary applications of GO relate to the analysis of
genomics and proteomics data through the following
approaches.

Functional annotation enables the classification
of genes into three categories (biological process,
molecular function, and cellular component),
facilitating the assessment of their biological roles.
This approach allows for the identification of genes
involved in specific metabolic pathways, signal
transduction, and other processes, thereby providing
a deeper understanding of their functions and the
functions of their corresponding protein products in
cellular and organismal contexts. GO annotations are
widely used to identify genes associated with particular
diseases and to elucidate disease mechanisms. By

highlighting key genes within pathways implicated
in pathological processes, researchers can pinpoint
potential therapeutic targets. Such analyses have been
conducted across various molecular mechanisms in
humans [44—49], animals [50-52], and plants [53—
56]. GO annotation has become indispensable for
analyzing large-scale gene expression data. Clustering
and classification of gene expression profiles enable
the identification of biologically meaningful trends
dependent on experimental conditions [57].

Pathway enrichment analysis employs GO terms to
map genes onto specific biological pathways (e.g., cell
cycle, apoptosis, immune response, etc.) and to identify
genes active at different stages within a pathway.
This information aids in uncovering potential disease
mechanisms atthe cellularlevel [S8—61]. Thisapproach
statistically assesses the representation of particular
biological pathways or processes within defined gene
sets, facilitating the functional interpretation of gene
expression datasets. By using GO terms, one can
detect biological processes or molecular functions that
are significantly enriched under varying experimental
conditions, thereby assisting in the elucidation of the
biological significance of gene expression changes
[62-65].

Comparative functional analysis using GO
annotations enables the comparison of gene functions
across different species via consistent GO terms. This
approach supports the evaluation of homologous gene
functions and tracking of evolutionary relationships.
Furthermore, GO terms allow for the prediction of
gene functions based on sequence homology in species
with poorly annotated genomes [66—69].

CONCLUSION

The Gene Ontology and gene annotation system
described above is continuously evolving, updating
its knowledge base and adapting to new experimental
findings. GO is an open, publicly accessible project,
designed to make the annotation of homologous gene
and protein sequences across multiple organisms
as flexible and dynamic as possible by employing
unified vocabulary. Concurrent referencing of various
external knowledge bases and meticulous curation
of annotations ensure comprehensive coverage of
currently known data in this domain. Gene Ontology
and gene annotation systems provide the research
community with powerful tools to analyze large
volumes of genomics and proteomics data and
identify and interpret trends in biological processes
under diverse organismal conditions, including the
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identification of therapeutic targets. Overall, Gene
Ontology serves as a foundational knowledge system
that dynamically supports the interpretation and
revision of biological, genetic, and proteomics data,
thereby offering new possibilities for future research.
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ABSTRACT

Modern scientific advancements promote the development of effective wearable biomedical technologies that will
improve the quality of life and personalize approaches to prevention, therapy, and rehabilitation. E-textiles or smart
clothing technology are attracting significant attention due to the opening of new horizons for monitoring medical
and biological health indicators.

The review provides a critical analysis of possible modern applications of smart textiles for monitoring physiological
health indicators. The article discusses the advantages, current limitations, and future prospects, as well as related
research and development needed to implement practical solutions in the field of e-textiles. Smart clothing can be
used to collect and process data on human body movement and bioelectric potentials or chemical signals in real
time for various medical and everyday purposes. Wearable devices are a promising biomedical technology due to
their innovative potential for modernizing healthcare, professional sports, and social sphere, providing continuous
and non-invasive recording of physiological parameters.

Continuous scientific and technological progress in the development of materials with improved biocompatibility
and durability, optimization of analytics based on artificial intelligence, and more accurate assessment of big
biomedical data will accelerate the implementation of smart textiles and their integration with other digital
applications for intelligent health monitoring. Further development of wearable e-textiles will contribute to
improving both their diagnostic efficiency and the quality of life of users.

Keywords: e-textile; textile electrode; health monitoring; wearable technology; medical and biological indicators;
smart clothing
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WHTennektyanbHan oaexaa ANA MOHUTOPUHIa MeguKo-6monornyeckmx
nokasaresiei 340POBbA: MPMMeHeHEe B KNINHNYECKON MeanLnHe, cnopTe
n coymanbHom cpepe

Wunponanos U.B., 3axapoB A.B., TepmanoBa O.A., PewueTHukosa l0.b.,
Epmonaesa K.B., Nancun LLLW.

Camapckuii 2ocydapcmeennviii meouyunckuti ynusepcumem (Caml MY)
Poccust 443099, 2. Camapa, ya. Yanaesckas, 89

PE3IOME

CoBpeMeHHBIE Hay4YHbIE JOCTHKEHHS CTHMYJIHPYIOT pa3paboTKy S(G(EKTHBHBIX HOCHMBIX OHOMEAMIIMHCKUX
TEXHOJIOTHH, KOTOPBIE ITO3BOJISIT MOBBICHTH Ka4eCTBO JKU3HM M IIEPCOHAIM3UPOBATH MOAXOMABI K NMPO(UIAKTHKE,
Tepanuu U peaduwmuranuy. TeXHOIOIHs HHTEUIEKTYalIbHON, WIN «YMHOH, OJeXK/Ib» IPHUBIEKAET 3HAUNTEIHHOE
Hay4YHOE ¥ IPaKTUIECKOe BHUMAHHE 0J1aroapst OTKPBHITHIO HOBBIX TOPH30HTOB ISl MOHHUTOPHUHTA MEUKO-O010JI0-
THYECKUX MTOKa3aTeseld 310pOBbsl.

B 00630pe mpeacrasieH 0000MIEHHBI KPUTHIECKUA aHATH3 COBPEMEHHBIX BO3MOKHOCTEH HCIOIb30BAHHS HHTEI-
JIEKTYaJIbHOM OJEXIBI Ul PErHCTpaluu (GU3HOIOTHUECKIX MapaMeTPOB OpraHU3Ma U MOHUTOPUHTA 310POBbS.
O0cy>XaatoTcs MPEUMYIIECTBA, TEKYIHe OTpaHHYCHHUS U Oy IyIe IepPCIeKTHBEI, a TAKXKE CBS3aHHBIE C HUIMH HC-
CIIeZIOBaHMS M pa3pabOTKH, HEOOXOAUMBIE IS PeaTH3aliuy IPAKTHYECKUX PEHICHUH B 001aCTH 3JIEKTPOHHBIX TEK-
CTHJIBHBIX M3JENUH U1 MEJUIWHCKOTO MOHUTOPHHTA. VHTEIIEKTyallbHas OJIeKAa MOXKET MCIOIb30BAThCS ISt
cbopa 1 00paboTKM TaHHBIX 0 OMOMEXaHUKE YEIOBEYECKOTO Tella, ONOMOTEHIINAIOB WIM XUMHIECKUX CUTHAJIOB B
pEeXUME pearbHOTO BPEMEHH ISl pa3JIMYHBIX MEIUIIMHCKUX M IOBCETHEBHBIX Leneil. HocuMble ycTpoicTBa sSBIIs-
FOTCS IEPCIIEKTUBHON OMOMEIMIIMHCKOM TEXHOIOTHEH H3-3a €€ HHHOBAI[IOHHOTO M MHOTOO0EIIAIONIET0 MOTEHIIN-
aya JJIsl MOJICPHU3AIMU CUCTEMBI 3PaBOOXPaHEHHUS, MPOPECCHOHAIBFHOTO CIIOPTA U COIMANBHOU cdepsl, obecte-
YHBasi HEPEPHIBHYIO M HEMHBA3UBHYIO PETUCTPALIUIO MEINKO-OMOIOTMYECKHUX TTOKa3aTeNe COCTOSHUS YeOBeKa.

B nepcriekTuBe Hay4HO-TEXHOJIIOTMYECKHUI TIPOrpecc B pa3paboTKe MaTepHaloB ¢ yIydIlIeHHOH OHOCOBMECTUMO-
CTBIO U JIOJITOBEYHOCTHIO, ONTUMU3ALUS aHAIUTHKH U 0ojiee TOUHas OLlCHKA OOJBIINX MACCHBOB OMOMEIUIMH-
CKUX JIAHHBIX IIO3BOJIAT YCKOPUThH BHEAPCHUE HOCUMBIX JIEKTPOHHBIX TEKCTUIBHBIX U3JEIUH U UX UHTEIPALMIO C
JIPYTUMH HU(QPOBBIMHU TPHIOKESHUSIMH JUTSl HHTEIUICKTYJIbHOTO MOHUTOPUHI'A 37I0POBbS M JOCTHIKESHHS [EJIeBBIX
cTpareruii mpoduiIaKTUKH ¥ Tepanuu. JlanbHeiinee pa3BUTHE TEXHOIOTHH «YMHOM OJICXK/Ib» ITOBBICHT €€ AUAarHo-
CTHYECKYIO (D (PEKTHBHOCTD H B LIEJIOM Ka4eCTBO KU3HH MALEHTOB U [0JIb30BaTeIICH.

KiroueBblie ciioBa: HHTCJUICKTYyaJIbHasA O1€K/1a, MOHUTOPUHT 31I0POBbS, HOCUMBIC 6I/IOMGJII/IIII/IHCKI/Ie TEXHOJIOTHH,
MC,Z[I/IKO-6I/IOJIOFI/I‘16CKI/I€ TIOKAa3aTCJIu, «KyMHast OACKIa»

KOHq).]'IPIKT HHTEPECOB. ABTOpLI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIUAJIbHBIX KOHq).III/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6III/IKaHI/IeI71 HaCTO}IHIeﬁ CTaTbHU.

McToyHuK (PMHAHCHPOBAHUSA. ABTODBI 3asBIISIOT 00 OTCYTCTBUH BHEIIHETO (MHAHCHPOBAHMS IIPH NPOBEICHUH
UCCIIeJOBAHMS.

Jsa nurupoBanus: Illuponanos 1.B., 3axapos A.B., I'epmanoBa O.A., Pemernukosa 10.b., Epmonaesa K.B.,
laticun 1M, MaTennexryanpHas ofexJaa Uil MOHHTOPHHIA MEIMKO-OMOJIOIMYECKHX IOKa3aTeNei 3110po-
BbSI: IIPUMEHEHNE B KJIMHHYECKON MEIUIMHE, CIIOPTE M COLMAILHOU chepe. bwoemens cubupckotl meouyumbl.
2026;26(1):185-196. https://doi.org/10.20538/1682-0363-2026-1-185-196.

INTRODUCTION and transmitting data [1]. Among such innovative
medical technologies are wearable systems for
Due to the heterogeneity and large volume of monitoring physiological indicators, implemented

recorded medical and biological information, the need through interdisciplinary solutions and scientific
has gradually emerged to develop and implement and technological integration of digital healthcare,
advanced, intelligent and at the same time accessible microelectronics, wireless communications, analytics,
technologies capable of collecting, storing, analyzing, and textile production [2, 3].
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Adding electrodes and sensors to textiles and
clothing is a promising way to record physiological
parameters [4]. This technology 1is gaining
recognition for its potential in diagnostics and long-
term monitoring of daily activities and recording the
dynamics of various vital signs. Due to scientific
research and technological advances, wearable
electronics are now becoming a sought-after product
in the healthcare and sports medicine sectors. Mass
production and integration of sensors into textiles open
up new possibilities for monitoring health, fitness, and
overall performance in clinical settings, daily life, and
sports training [5].

Previously, sensors for recording medical and
biological signals were placed directly on the body or in
special compartments in textiles. The modern concept
of wearable biomedical technologies “Wearable 2.0”
provides complete integration of wearable electronics
into clothing. In the scientific community, such
systems are known as Smart clothing (SC), Intelligent
textile, Electronic textiles (e-Textiles) or Wearable
textile electrodes [6—8].

The aim of this review was to critically and
constructively analyze the results of research to
determine the potential of using Smart Clothing for
monitoring and recording biomedical parameters.
The advantages, current limitations, and future
opportunities are discussed, as well as the related
research and development required to implement
practical solutions in the field of e-Textiles and their
application in clinical medicine.

ALGORITHM FOR WORKING WITH
SOURCES: SEARCHING AND SELECTING
PUBLICATIONS

To achieve the stated goal and prepare the review, a
search for publications was performed in the PubMed,
Scopus, and RSCI databases using search queries and
keywords. The systematic search included articles
published over the past 10 years (2015-2025). The
query and analysis language was English. In particular,
the following keywords and their combinations were
used: Smart clothing, e-Textile, Wearable technology,

Inconsistency with the search
— objective, topic, type of
publication (excluded n=397)

Excluded due to methodology, lack
— of representativeness, or required
search data (n=27)

i Search databases: PubMed (n=310),
2 Scopus (n=252), RSCI (n=36)
S (2015-2025 years)
5 '
= :
Combined database search results
E (n=598)
5 = '
@5
& ‘g Records after duplicates removed
2|z £ (n=486)
o] “1'5
ERER== i
c||E ™
ol
Eﬁ E Records after selection and
5 screening of titles and abstracts
=
o (n=89)
5 '
(%41
é Full-text articles assessed and
= included (n=62)

Fig 1. Flow chart for selecting publications
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Textile electrode, Smart textile technology, Wearable
electronic devices, Biosensors, Health monitoring,
Digital health. The review was guided by the
recommendations of the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses and relied
on the search methods described in the RELISH
consortium. To expand the systematic search, the
operators AND/OR were used to combine keywords.
According to the stated search objective, abstracts
of reports, meeting minutes, books, conference
materials, and clinical cases were not used to analyze
the results. The generalized analysis of the technology
application included publications of the research
results that adequately presented the initial data —
characteristics and parameters of the development and
use of SC for non-invasive recording and monitoring
of medical and biological indicators of the human
physiological state. At the initial stage, 598 articles
were identified across all databases. The selection
was performed based on titles and abstracts. After
removing duplicates and publications that did not
correspond to the topic and aim of the study, data were
obtained, and full texts of 62 articles were analyzed
in accordance with their methodology, results, and
conclusions (Fig. 1). To comprehensively describe
the possibilities of using SC, identify the advantages,
limitations, and future prospects of the technology,
and expand the critical view of the problem posed,
the general analysis and references include data
from original studies, technological developments,
validation and observational clinical trials, meta-
analyses, and research in related areas.

DEVELOPMENT AND APPLICATION
AREAS OF SMART CLOTHING

The development of flexible, stretchable electrodes
is a key component of electronic functional wearable
textiles capable of sensing, transmitting, and analyzing
data. Most clothing materials worn by humans every
day are made of flexible textile fabrics consisting of
one or more types of natural or artificial fibers, with
the main requirements for them being the ability to
provide comfort and physiological, including sensory,
properties for the consumer [9, 10]. At the same time,
the fabrics must be wear-resistant during cleaning
(washing) and repeated use of clothing. However, the
implementation of such requirements is significantly
complicated when rigid or fragile electronic systems
are integrated with textile materials, which is the main
current limitation in the design of SC. Therefore, the
general trend in the development of prototypes of

electronic textiles is aimed at solving the problem
of minimal disruption to user comfort when wearing
such clothing and the ability to detach the electronic
components. Another challenge is the precise
positioning of the appropriate electrodes over the
target area in order to perceive biosignals with the
highest quality and without interference and artifacts
[11,12].

Potential areas of application of SC can be
divided into three groups (Fig. 2): for clinical use
in healthcare (the main direction) — registration and
monitoring of physiological parameters, medical
conditions, dynamics of the therapeutic process
or rchabilitation treatment; application in sports —
monitoring the physical status and performance,
expanding the rehabilitation potential of athletes; for
the social sphere — to facilitate any non-professional
and everyday activity of patients, users, and especially
persons with disabilities [13, 14]. Equally, electronic
textile products can be used in the above-mentioned
sectors, depending on their basic functionality
and consumer choice (which determines a more
pronounced demand for the technology from the
fitness/sports and digital medicine industries). At
the present stage, the focus is shifting towards the
design and development of technically advanced
high-performance SC, which is not only comfortable
and interactive, but also offers significant added value
in terms of functionality. E-Textiles are a promising
asset because technologically advanced prototypes are
adaptable and have the potential to be used in both the
medical or sports sectors as well as in the social area
due to the global population aging and the growing
number of people with disabilities [15, 16].

TYPES OF SENSORS AND RECORDED
BIOMEDICAL SIGNALS

E-Textiles require electronic components to
interact with stimuli, such as mechanical, electrical,
or chemical signals of the body’s state. Various SC
characteristics vary depending on the integrated
electronics or technology platform, which creates
new functionality for traditional clothing and provides
additional value [17, 18]. It is likely that the most
effective prototypes of e-Textiles being developed
will eventually scale up into commercial products and
significantly increase the market size, especially in the
healthcare and sports sectors. The market for wearable
e-Textiles is currently projected to grow at a rate of
over $1 billion per year [5, 19]. Over the past 5-10
years, advances in nanotechnology and manufacturing
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techniques have led to tremendous changes in the field
of flexible electronics and the development of SC
with the inclusion of additional functions to increase
their commercial value, increasing the demand for
the development of systems aimed at monitoring
biomedical parameters of the human body’s state
[20-23].

Since the early days of SC development, various
ways of integrating electronics into textiles have been
demonstrated [24]. The first-generation e-Textiles
included a rigid component (electronic device,
electrode) attached or sewn onto the surface of the
garment or embedded in special compartments or
pockets. Such products are typically larger in size

and less durable under constant use and maintenance.
Subsequent  development and  manufacturing
transformation have shifted the focus to more user-
friendly e-Textiles with wearable technologies
integrated into the garment itself. In the second-
generation SC, conductive threads and biomedical
sensors are actually woven into the textile structure
to produce fully functional wearable e-Textiles. Thus,
modern prototypes of smart textiles are characterized
by full integration of textile and electrodes [25]. In
the future, this technology will increasingly develop
towards the Internet of Things (IoT) and deep
integration with artificial intelligence, human-machine
interfaces, and cloud technologies [7, 26].

"wearable 2 0" - full integration of wearable textile electronics
for recording medical and biokogical indicators (smart dothing, e-Textiles)

Potential areas of application:
Social sphere and
Healtheare Professional sports adaptation of people
Registration and monitoning Ionitorine the ol I with disabilities
of physiclogical parameters, :

Registered parameters [sensors and biosignals):

*  Sensors of biomechanics of moverent and position
*  Textile electrodes for recording ECG, EMG, and GSR
+  Respiratory rate (piezoresistive) and blood saturation sensors
*"  Pulze and heart rate vanability monitoning
¥ Temperature, humidity, and glucose level sensors

The characteristics of smart clothing prototypes vary
depending onthe integrated electronics, basic

functionality, intended purpose, and technology platform

"Ideal" smart clothing for monitoring biomedical parameters
Low resistance and resistance to motion artifacts
Biocompatibility [completely zafe materials and components)
Mechanical strength and durability (reusable)

Technobogical compatibility (integration and communication)

Eaze of wse (does not require special patient skills or training)

Hizh sensor selectivity [selectivity and resistance to crosstalk)

Fig. 2. Smart e-Textile technology for monitoring biomedical parameters
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Sensors that can perceive medical and biological
signals are conventionally classified into physical,
electrical or chemical depending on the application
purposes [27]. Various types of specialized electrodes
are used to record physiological parameters, which can
be either non-invasive — placed on the skin surface,
or invasive. At the present stage, textile fabrics serve
as a basic platform for integrating various electronic
subsystems into them or on them. The quality and
reliability of the recorded signal and the sensor itself
integrated into the SC depend on the constituent
components of the sensor unit [28, 29]. Sensors vary
significantly in their intended purpose and can be, for
example, biomechanical, temperature or biopotential
sensors. Thus, well-known motion and position sensors
are an accelerometer, magnetometer, and gyroscope
(separately or in combination in one unit). Electrical
potentials of cardiomyocytes and heart rate variability
are among the most common biosignals recorded for
monitoring human health in clinical practice, as well as
insports medicine and social area [30, 31]. Classic silver
chloride-based hydrogel electrodes are not suitable for
long-term wear, so dry textile-based electrodes have
been developed for wearable sensor units. Such sensors
are mainly manufactured by applying conductive ink
(paste) to textiles using industrial or laboratory printing
[32, 33]. The materials and manufacturing process
of electrodes for recording electrical biopotentials
of muscles and indicating muscle activation patterns
(EMG) correspond to those described for ECG
recording. Piezoresistive sensors sensitive to changes
in resistance and capacitance integrated into textiles
are used for real-time respiratory rate monitoring [34,
35]. Prototypes of SC with sensors for temperature and
humidity changes or recording blood oxygen saturation
and glucose levels are also being developed [14, 36,
37]. Such wearable electronics allow for monitoring
health of patients and their clinical status over a long
period of time. Therefore, e-Textiles for monitoring
physiological signals can be an effective tool for
early detection and monitoring of cardiovascular
diseases, cerebrovascular events, sleep disorders,
neurodegenerative and psychophysiological disorders,
as well as for monitoring the rehabilitation process
and daily activity [38—42], which determines broad
opportunities for the application of the technology in
clinical medicine, sports, and social sphere.

PROSPECTS OF DIGITAL MEDICINE

With technological advances and the need to improve
the quality of healthcare services while reducing existing

costs, a great amount of generated biomedical data has
high added value in areas such as clinical decision-
making support, chronic process monitoring, anti-aging
and personalized medicine, cognitive well-being, staff
productivity optimization, and multi-level management
in healthcare. With the global shift to personalized,
preventive, and evidence-based models of healthcare
delivery in clinical practice, there is a growing demand
for the use of safe and long-term monitoring, analysis,
and storage of large volumes of information. Wearable
technologies open new horizons and are recognized as
a critical element of digital medicine, as they provide
advantages for the cost-effective and safe use of modern
medical technologies [43—46].

Systems developed as clothing with integrated
electronics offer technology capable of non-invasive
tracking and analysis of physiological biopotentials
and biomechanical data, which opens up additional
opportunities for improving preventive medicine,
early diagnosis, and timely correction of physical
and mental health [47, 48]. In particular, wearable
technologies with integrated motion sensors and
surface EMG can potentially be used in patients with
motor disorders, neuromuscular and musculoskeletal
dysfunction, during rehabilitation after acute cerebro-
vascular events, fibromyalgia, multiple sclerosis, neu-
rodegenerative diseases or sleep — wake cycle disor-
ders, and in general for monitoring daily activity. Electro-
nic textiles sensitive to chemicals, electrophysiological
skin response, and biopotentials open up prospects
for continuous recording of vital signs for the early
detection of pathological changes and effective
monitoring ofa wide range of chronic and age-associated
diseases, including cardiovascular, metabolic, and
psychophysiological disorders [1, 49—55].

Thus, modern technologies in healthcare, including
wearable devices, can become a key element of
telemedicine, remote monitoring, and rehabilitation
treatment of patients, providing opportunities for
personalized medical services outside of traditional
clinical settings [56—58]. Moreover, the increasing
prevalence of chronic diseases and global population
aging only increase the need for the implementation
of innovative technologies to improve the quality
of medical care and direct the transformation of
healthcare towards the widespread use and accelerated
clinical testing of Smart clothing [59, 60].

SYSTEMATIC ANALYSIS OF TECHNOLOGY

The systematic review demonstrates three main
directions in the research of SC for monitoring

190 Bulletin of Siberian Medicine. 2026; 25 (1): 185-196



Reviews and Lectures

biomedical parameters: technical development of
prototype devices, validation trials for widespread use
by clinicians and specialized researchers who require
valid and reliable measurements, and observational
clinical studies [3, 21, 25, 34, 61-63].

Technological Features and Methods
of Manufacturing

Due to their high electrical conductivity and
biocompatibility, metals (silver or copper) are often
used in SC prototyping to manufacture conductive
elements and sensors. Although there are many types
of fabrics that can be technologically combined
with metals, their durability during repeated use and
maintenance of products remains a limitation and
requires further scientific development and practical
improvement [64, 65]. Polystyrene sulfonate,
polypyrrole, and polyaniline belong to the class of
organic polymers that, due to the peculiarities of
their chemical structure, are electrically conductive
and therefore are of interest for the development
of electronic textiles. The main limitations of such
polymers are their low mechanical stability and poor
flexibility, which potentiates the search for composites
with other elastic polymers to increase strength and
reduce brittleness [66, 67]. Carbon-based materials
are in demand in the field of biosensors due to their
biocompatibility, flexibility, thermal and chemical
stability. Graphite or graphene can be produced in
large quantities and are relatively inexpensive, so
commercialization of such electrodes for wearable
biomedical technologies is quite feasible, but
improvements in developments are required to ensure
a uniform, stable coating of the material on textiles
[68, 69].

Simple and inexpensive methods used to fabricate
SC include dyeing, roll-to-roll coating, spray-coating,
and dip-coating. In particular, in observational
clinical studies and evaluation of electronic textiles
prototypes, the use of such methods for depositing
carbon conductive materials showed that e-Textiles
retained mechanical strength and stability after 20—
30 washing cycles and allowed for recording high-
quality biosignals [70, 71]. Modem technologies
using computer graphics, electrospinning methods,
or industrial printing make mass production of
SC possible. Electrospinning produces ultra-thin
nanofibers with a diameter from several micrometers
to hundreds of nanometers, which demonstrate
good mechanical strength and high specific area,
and the resulting textile electrodes have a porous

structure, which improves air permeability, electrical
conductivity, and adhesion to the skin required
to obtain high-quality EMG and ECG signals. In
laboratory printing, various types of conductive inks
are tested on textiles, including metal nanoparticles,
conductive polymers, and carbon materials. It is worth
noting that the conductive materials used for printing
must not only firmly bond to the fabric surface, but also
be stable and not lose conductivity when stretched and
repeatedly used in wearable technology [61, 72-75].

Advantages of Technology

1. Smart textile solutions provide a simple,
convenient, and understandable platform, while
containing non-invasive sensors.

2. Increased compliance — integration of electronic
systems into clothing promotes patient adherence and
better implementation of diagnostic recommendations.

3. Multifunctionality — several sensors can be
embedded into one platform (garment) in different
target areas, which eliminates the use of several
separate devices and allows for measuring a wide
range of signals.

4. Reusable dry textile electrodes as part of the SC
are more cost-effective for long-term monitoring.

5. In the future, invisible and seamless integration
of miniature electronic components will ensure a
close and positioned contact of biosensors with the
recording area, which will reduce measurement errors
caused by cross-talk, displacement, and discomfort of
rigid and large sensors.

Identified Limitations of the Technology

Despite the interest of basic and applied research
in the development and scaling of SC for biomedical
purposes, the analysis revealed a number of current
limitations.

1. Decreased signal quality and accuracy depending
on environmental conditions and external interference,
sampling frequency, contact quality.

2. Lack of uniform standards for the production
process, methodology, and legislation in the
development and validation of products.

3. Energy efficiency — the need for a reusable
energy source and integration with batteries, which
negatively affect the size, comfort, and flexibility of
products.

4. Limited contact area and difficulty in accurately
positioning sensors without displacement, high
sensitivity of sensors to motion artifacts.

5. Comfort and safety: ensuring long-term use
without discomfort or irritation.
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6. Wear resistance and limited service life.

7. The need for specialists to analyze large volumes
of recorded information and identify suitable data for
transferring scientific results into clinical practice, as
well as systematic validation of products.

8. Ethical and privacy issues — strong encryption
and secure solutions to protect patient information.

Prospects and Future Possibilities of the
Technology

Validation studies and clinical trials of prototypes
have identified the following characteristics of an
“ideal” e-Textile product for recording medical and
biological parameters [2, 9, 11, 27, 33, 68, 76-78]:
biocompatibility; flexibility, and stretchability with
precise positioning over the recording area; resistance
to motion artifacts; mechanical strength; ease of use for
the patient; technological compatibility, integration,
and communication with other equipment; selectivity
of integrated biosensors.

The solution to the described problems and
limitations requires further research and the creation
of additional opportunities for improving the SC.
To improve the quality of recorded biosignals,
reliability, durability, and the level of integration
of wearable technologies, continuous development
of new materials and components is required. The
interaction of electronic textiles with other innovative
technologies adds new functions and contributes
to the development of the concept of next-level
wearable biomedical devices in the field of SC
personalization. Thus, the use of Al tools and digital
technologies to improve analysis algorithms will
allow for the development of personalized diagnostic
and treatment plans, predicting the progress of
rehabilitation or the training process [79-81]. In
general, with an interdisciplinary approach and the
simultaneous participation of various stakeholders,
including technology developers and manufacturers,
health and professional sports experts, as well as end
users and government regulation, it is possible to
effectively transform scientific achievements in the
field of electronic textiles into consumer-oriented,
economically in-demand, and sustainable solutions.
Therefore, additional efforts to create industry-wide
standards and optimize validation and implementation
processes will play a decisive role in the development
of wearable biomedical technologies.

CONCLUSION

Current advances in the development of wearable
textile electrodes demonstrate a great potential

of the technology for non-invasive monitoring of
physiological parameters and subsequent effective and
widespread implementation in practical healthcare for
the prevention, therapy, and rehabilitation. However,
further research is needed to overcome a number of
problems and current limitations with maximum
implementation of the potential. New steps in the
further scientific and technical development of the
technology include not only the development of
new materials and components, but also systematic
validation, improvement of manufacturing processes,
and increased accessibility for users and patients.
Future research should focus on the development
of materials with improved biocompatibility and
durability, optimization of analytics, and more
accurate evaluation of large arrays of biomedical
data. A comprehensive consideration of these areas
will accelerate the implementation of e-Textiles and
their integration with other digital applications for
intelligent health monitoring, which will generally
improve the diagnostic efficiency of the technology
and the quality of life of patients and users in real
conditions.
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Osteogenesis Imperfecta in a Family with a Novel Variant in the COL1A1
gene and Gonadal Mosaicism: a Clinical Case
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ABSTRACT

Osteogenesis imperfecta (OI) is a clinically heterogeneous genetic disorder whose primary clinical manifestations
include susceptibility to recurrent pathological fractures and progressive skeletal deformities. In clinical practice,
cases are observed where the proband’s parents show no overt signs of the disease despite having multiple affected
children. This may suggest gonadal mosaicism — a condition in which the causative variant is present only in a
subset of parent’s germ cells.

Gonadal mosaicism remains an understudied inheritance mechanism in monogenic diseases, complicating genetic
counseling and reproductive risk assessment. In OI, this phenomenon may account for sporadic cases or recurrent
births of affected children to clinically healthy parents.

This article presents a case report of a family in which the proband and his younger sister were diagnosed with
COL1A1-associated OI, while the parents and other children showed no disease manifestations. Based on clinical
and genetic data, the likelihood of gonadal mosaicism in one parent is discussed, along with considerations for
differential diagnosis, patient management strategies, and family genetic counseling.

This case highlights the importance of molecular genetic testing not only for the probands but also for their parents
to clarify the inheritance mechanism and predict the risks of disease recurrence in the family.
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HecoBeplueHHbIN OCcTeoreHes B ceMbe ¢ HOBbIM BapuiaHTom B reHe COL1A1

N roHagHbIM MO3anLUN3MOM: OonNCaHne KIMHN4YeCKoro diy4as

3a6ypackas K.I'.", BockaHsaH A.3.", Kypamaromepgosa P. I'.2, PbikkoBa O.I1.!

! Meouko-eenemuueckuti nayunviii yenmp (MIHL]) um. akademuxa H.II. Boukosa
Poccus, 115522, 2. Mockea, yn. Mockeopeuve, 1

2 Hayuno-uccie0o8amenbCkull KIUHUYeCKUll UHCIMumym neouampuu u 0emcKoil Xupypui um. akaoemuxda
FO.E. Bervmuwesa, Poccuiickuii HayuoHanbHblll UCCIe008amenbCkull Meouyunckuil ynueepcumem (PHHUMY)
um. HH. Ilupozosa

Poccus, 125412, 2. Mockea, yn. Tandomckas, 2

PE3IOME

Hecosepmennstit ocreorene3 (HO) — renernueckn rereporeHHoe 3a00J1€BaHNE, OCHOBHBIMHU KIIMHIHYECKAMU TIPO-
SIBIGHHSIMH KOTOPOTO SIBIISTIOTCS CKIIOHHOCTH K PEIUMBUPYIOIINM MaTOJOTHUECKUM IIepesioMaM U IPOTPECcCH-
pytomas gedopManust ckenera. B KIMHHYECKOH NPaKTHKE BCTPEYAIOTCS CIIydad, KOTJa y poxuTeNiel mpodaHaa
OTCYTCTBYIOT SIBHBIE IIPH3HAKH 3a00I€BaHMs, HECMOTPSI Ha HAJIMIHE HECKOJIBKUX MOPAKEHHBIX AETEH, 9YTO MOXKET
YKa3bIBaTh Ha TOHAJHBIN MO3aUIIN3M — COCTOSIHUE, IPH KOTOPOM Kay3aTUBHBIM BapHaHT NPHUCYTCTBYET TONBKO B
JaCTH IOJIOBBIX KJICTOK POIUTEIIS.

T'oHaHBI MO3aUIIM3M OCTAETCS HEAOCTATOYHO M3YYEHHBIM MEXaHM3MOM HACJIEI0OBaHUSI MOHOTEHHBIX 3a00seBa-
HMH, 4TO CO3/IAET CIIO)KHOCTH B TEHETHYECKOM KOHCYJIbTUPOBAHHMH U OLICHKE PENPOLYKTUBHBIX PUCKOB. B ciydae
HO st1oT peHOMEH MOKET OOBACHITH CIIOPAANUECKUE CIIyYal W PEeKypPEHTHBIE POXKACHHUS OOJIBHBIX AETEH y
KIMHUYECKH 3710POBBIX POAUTEIICH.

B crarbe npeacTaBieH KIMHUYECKU Cily4al ceMbHU, B KOTOPOH y MpoOaH/ia v ero Milajiei cecTpbl JUarHoCTUPO-
BaH COL 1A 1-acconuupoBannsiit HO, Torna xak poguTenu u qpyrye IeTH He MMEIOT TPU3HaKoB 3a0oseBanus. Ha
OCHOBaHWH KJIMHMYECKUX M FCHETUUECKUX JaHHBIX 00CY)KIaeTcsl BEPOSITHOCTh TOHATHOTO MO3aHIIU3Ma y OJJHOTO
U3 POIUTEIIeH, a TAKXKE PACCMATPHUBAIOTCSI BOIPOCH! AN((epeHINnaIbHON AMarHOCTHKH, TAKTUKH BEACHHS Maly-
€HTOB U MEJIUKO-T€HETUUYECKOT0 KOHCYJIbTUPOBAHUSA CEMbH.

910 Ha6JIIOI(eHI/Ie MOAYEPKUBACT BA)KHOCTDb MOJICKYJISIPHO-TCHETUYECKOT'O TECTUPOBAHUSA HE TOJIBKO Hpo6aHna, HO
" €ro pOZ[I/ITGJ'ICﬁ JJI1 YTOUHCHUSA MEXaHU3Ma HACJICJOBaHHUS W IPOrHO3UPOBAHUA PHUCKOB IMOBTOPHBIX CIIy4YacB
3a00JIEBaHUS B CEMBE.

KiiioueBble ¢JIoBa: HECOBEPILICHHBII OCTEOreHe3, ToHa bl Mo3auimu3m, COLIA 1

Kondaukt naTepecoB. ABTOPHI IEKIAPUPYIOT OTCYTCTBHE SBHBIX U MOTEHIMAIBHBIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C ITyONMKanuel HaCTOSIIEH CTaThu.

Hcrounuk ¢puHAHCHPOBAaHUS. ABTOPHI 3asBJIAIOT 00 OTCYTCTBMH (MHAHCHPOBAHMS IPH NPOBEACHUH MCCIIENIO-
BaHUAL.

CooTBeTcTBHE NPUHIMNAM 3THKH. Bee nunua noamucan MHPOPMUPOBAHHOE COIIIAacKe Ha y4acTHe B UCCIISI0Ba-
Hun. MccnenoBanue 0100peHO JIOKaJIBHBIM ITHYECKUM KoMmuTeToM DesiepaabHOro rocy1apcTBeHHOr0 OI0KETHOTO
Hay4HOTO y4pexaeHus «MeIuKo-reHeTHISCKU HayYHbIH eHTp nMenH akagemuka H.I1. Boukosay (mpoTtoxomn Ne 4/1
ot 19.04.2021).

Jos nutupoBanus: 3adynckas K.I'., Bockansun A.D., Kypamaromenosa P.I'., Penkkosa O.I1. HecoBepuieHHBII
OCTEOI'CHE3 B CEMbE C HOBBIM BapuaHTOM B reHe COL A v roHaJHBIM MO3aULI3MOM: OIIMCAHUE KIIMHUYECKOIO CIIy-
vasi. broanemens cubupcroii meduyunst. 2026;26(1):197-201. https://doi.org/10.20538/1682-0363-2026-1-197-201.

INTRODUCTION

Osteogenesis imperfecta (OI), also known as
brittle bone disease, is a connective tissue disorder
characterized by bone fragility and susceptibility to
fractures. Individuals with OI typically present with
low bone mass, susceptibility to long bone fractures,
vertebral compression, various bone deformities,

scoliosis, and growth deficiency. Ol can also lead to
a range of extra-skeletal manifestations, including
blue sclerae, hearing loss, dentinogenesis imperfecta,
basilar invagination, and cardiovascular and
pulmonary abnormalities [1].

The estimated prevalence of OI is approximately
0.4-1.1 per 10,000 individuals based on population
survey data and patient registries [2-4].
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Approximately 90% of cases are caused by
heterozygous pathogenic variants in the COLIA1 and
COLIA2 genes, which encode type I collagen (al
and o2 chains, respectively) [1, 5]. The remaining
10% of OI cases are caused by pathogenic variants
in “non-collagen” OI genes with autosomal recessive
(P3HI, CRTAP, SPARC, TENT5A, KDELR2, BMPI,
TMEM38B, CREB3L1, SERPINHI, PHLDBI, WNTI,
SP7, PPIB, MESD, SERPINF1, FKBP10, CCDC134),
X-linked recessive (MBTPS2), and autosomal
dominant (/FITM5) inheritance patterns (according to
the OMIM® database) [6].

Type I collagen is the primary protein component
of the extracellular matrix in bones, skin, and tendons
and is predominantly secreted by osteoblasts, dermal
fibroblasts, and tenocytes. The triple helix of type I
collagen consists of two al chains and one a2 chain,
which plays a crucial role in the stability of the entire
collagen molecular structure. Generally, variants in
the COLIAI gene result in a more severe clinical
phenotype than those in the COLIA2 gene. This can
be explained by the molecular stoichiometry of type
I collagen, which implies the presence of a mutant
chain in 75% and 50% of collagen triple helices due
to defects in the a1 and a2 chains, respectively [5, 7].

According to observations by S.M. Pyott et al.,
in 32% of families with asymptomatic parents and a
first child with OI, the disease recurred in subsequent
children [8]. The recurrence of OI in siblings is
attributed to an autosomal recessive inheritance pattern
or parental gonadal mosaicism, which is estimated to
account for 5-8% of all OI cases [9—12].

Mosaicism is a genetic phenomenon in which
an individual has two or more cell populations with
distinct genotypes. In the context of OI, this means
the causative variant is present only in a specific
proportion of the cell pool. Gonadal mosaicism
is of particular clinical interest — a specific form of
mosaicism where the genetic abnormality is confined
to a subset of germ cells (gametes), while somatic
cells remain genetically normal. This circumstance
is of fundamental importance for genetic counseling,
as a clinically healthy parent with gonadal mosaicism
can transmit the pathogenic variant to their offspring,
explaining the occurrence of sporadic Ol cases in
families with no relevant medical history. The risk
of transmitting the variant varies depending on the
proportion of affected gametes in the gonads, creating
significant challenges for assessing reproductive
risks. The mechanism underlying mosaicism involves
postzygotic sequence variants occurring during early

embryonic development, highlighting the necessity of
using modern molecular genetic diagnostic methods
to accurately determine the nature and prevalence of
mosaicism in each specific case.

CASE REPORT

Proband: A 7-year-old male. Family history: the
parents are of mixed ethnic background (mother IS
Tatar, father IS Kazakh). He has an elder brother and
two elder sisters (all clinically healthy), as well as a
younger sister (2.5 years old) who has bluish sclerae
and experienced a lower leg fracture before the age
of 1. The mother’s obstetric — gynecological history
includes 8 pregnancies (5 deliveries, 3 abortions).
The current pregnancy of the mother (resulting in the
proband) was her seventh, complicated by anemia and
toxemia. Perinatal history: the proband was delivered
at term during the mother’s fourth spontaneous
vaginal delivery. His birth weight was 3,450 g, birth
length was 52 cm, and the Apgar score was 8/8. A
cephalohematoma was noted at birth. Developmental
history: the proband’s motor, mental, and speech
development were age-appropriate.

Presenting complaints: multiple fractures (6
episodes) and impaired vision. History of fractures:
at 11 months: fracture of the left tibia; at 1 year
and 4 months: fracture of the right tibia; at 2 years:
consolidated fracture of both bones of the right lower
leg; at 3 years and 5 years: repeated fractures of the right
lower leg; at 5 years and 8 months: closed displaced
fracture of both bones of the left lower leg. At the age
of 6 years and 1 month, the diagnosis of osteogenesis
imperfecta was first established clinically, and therapy
with bisphosphonates was initiated.

INSTRUMENTAL AND LABORATORY
FINDINGS

Bonedensitometry (inthe contextofbisphosphonate
therapy) revealed reduced bone mineral density
(BMD) in the lumbar spine (L1-L4) with a Z-score
of —2.1. Total body BMD was not reduced (Z-score
—0.3).

Blood biochemistry: a single episode of low
ionized calcium level at 1.02 mmol / I (reference range
1.13-1.32 mmol / 1) and vitamin D deficiency at 24.6
ng / ml. Other parameters of calcium — phosphate
metabolism (alkaline phosphatase, total calcium,
inorganic phosphorus, parathyroid hormone) were
within normal limits.

Radiography of the lower leg bones: the bones
showed a moderate valgus deformity; rarefaction of

bionneteHb cMbUpcKon meanumHbl, 2026; 25 (1): 197-201 199



Zabudskaya K.G., Voskanyan A.E., Kuramagomedova R.G., Ryzhkova O.P.

Osteogenesis Imperfecta in a Family with a Novel Variant

the bone structure with horizontal sclerotic bands in
the metaphyses was observed.

Pure tone audiometry: no hearing pathology was
detected.

PHENOTYPIC FEATURES

Anthropometric data: head circumference — 51 cm
(-0.85 SD), height — 116 cm (-0.89 SD), weight — 20
kg (BMI -0.52 SD). Facial phenotype: synophrys, blue
— grey sclerae, long eyelashes, flattened nasal bridge.
Other characteristics: significant joint hypermobility,
widely spaced nipples (nipple hypertelorism), pes
planovalgus (flat feet), and impaired/abnormal posture.

Clinical course: following the initiation of
bisphosphonate therapy, no new fractures have been
recorded. A positive trend was observed, evidenced
by improved bone mineral density on follow-up
densitometry of the lumbar spine after one year, with
an increase in the Z-score (L1-L4) to —1.5. The total
body Z-score was —0.2.

Toverify the clinical diagnosis, quad whole-genome
sequencing with the analysis of the Arthrogryposes
panel was performed for the proband, his younger
sister, and both parents. Sequencing was conducted
in collaboration with Biotechnology Campus LLC as
part of the 100,000 + Me national genetic initiative.

DNA analysis (isolated from peripheral blood
lymphocytes) of the patient and family members was
performed on a DNBSEQ-T7 genetic analyzer by the
paired-end (PE150) method. Sample preparation was
performed by the PCR-free method with enzymatic
fragmentation (MGI).

A previously unreported heterozygous variant
of uncertain significance was identified in exon
39 of the COLIAI gene (chr17:50189527del).
This variant led to a frameshift (NM_000088.4:
c.2679del, p.(Pro895LeufsTer213)). The identified
variant was not present in the control population
of the Genome Aggregation Database (gnomAD
v3.1.2). Heterozygous variants in the COLIAI gene
were described in patients with type 11 Ol (OMIM:
166210), Caffey disease (OMIM: 114000), Ehlers —
Danlos syndrome, type 1 arthrochalasia (OMIM:
130060), type I OI (OMIM: 166200), {Bone mineral
density variation QTL, osteoporosis} (OMIM: 166710),
combined OI and Ehlers — Danlos syndrome 1 (OMIM:
619115), type IV OI (OMIM: 166220), and type III
OI (OMIM: 259420). The depth of coverage at the
variant position was 37x. Based on the totality of this
evidence, the variant was classified as likely pathogenic
according to the Guidelines for the Interpretation of

Human DNA Sequence Data Obtained by Massively
Parallel Sequencing (MPS) Methods [13].

The same variant was also identified in a
heterozygous state in the proband’s younger sister
but was not detected in either parent. These findings
suggest parental gonadal mosaicism. Investigation of
paternal semen samples is currently planned to test for
the presence of the identified variant.

CONCLUSION

The analysis of this clinical case of OI, associated
with a novel COLIAI variant and suspected gonadal
mosaicism, highlights the diagnostic challenges and
complexities in genetic counseling for this condition.
The identification of a likely pathogenic variant in
the proband and his sister, despite the absence of
clinical manifestations in the parents, underscores
the necessity for comprehensive genetic testing of
all family members, including screening for mosaic
forms, which are reported in 5-8% of Ol cases [9, 10].

The presumption of gonadal mosaicism
significantly alters the assessment of reproductive
risks. The empirical average recurrence risk for a
family with a child affected by an autosomal dominant
disease exceeds the general population risk and is
estimated at 1-3%. However, in individual cases, the
actual risk of disease recurrence is influenced by the
proportion of affected gametes, posing significant
challenges for genetic counseling [14]. An important
aspect is the application of high-coverage next-
generation sequencing (NGS) methods to detect
low-level mosaicism. Paternal gonadal mosaicism
can be identified through molecular genetic analysis
of spermatozoa [15]. A distinct challenge remains
the detection of maternal gonadal mosaicism due to
the inability to routinely study oocytes. For couples
with a high risk of gonadal mosaicism (e.g., those
with multiple affected children), the use of in vitro
fertilization with preimplantation genetic testing for
monogenic disorders (PGT-M) or invasive prenatal
diagnosis are potential options.

This observation emphasizes the importance of
developing standardized approaches to diagnosing
mosaic forms of Ol, including the application ofadvanced
sequencing techniques, and the need to establish
patient registries for such cases to better understand the
clinical significance of varying levels of mosaicism.
The obtained results broaden the understanding of the
genetic heterogeneity of OI and highlight the critical
role of interdisciplinary collaboration in managing
these patients. This is essential for refining diagnostic
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algorithms, optimizing therapeutic strategies, and
improving the quality of genetic counseling for families
with suspected mosaic forms of the disease.

Prospects for future research include investigating
the correlation between the level of mosaicism and
clinical manifestations, developing new pathogenetic
treatments, and refining management protocols for
patients with rare forms of OI.
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B pamkax koH(pepeHIHn OyeT opraHi30BaHa CEKIUS MOJIOABIX YYEHBIX ¢ KOHKYPCOM Ha JIy9ITHi
JOKJIaJ.

KJIFOYEBBIE JIATBI

® PerucTpanys y9acCTHUKOB M HalpaBJeHHE MaTepraioB Te3ucoB 10 1 mas 2026 roxa

® [TadopmupoBaHe yUaCTHUKOB O BKJIFOYSHUH B IIporpaMmy 1o 15 mas 2026 roma

® HampaBieHre BUIEONPE3CHTAIIMN CTEHAO0BOTO JJOKIIaZa B OPTKOMHTET 0 25 Mas rozia
o [IyOnukanysi mpeaBapuTeNbHON IporpaMMbl KoH(epeHun 10 25 utoHs 2026 roaa

o [Iy6nukarus cOopruka Te3ucos 10 20 cenraops 2026 roma

PEI'ICTPALIUA

Perucrpanus HeoOxouMa Ha KaXK]IbIid JIOKJIaJ/Te3UChl. 3asBKHA HAa Y4aCTUE U TE3UChI IPUHUMA-
rores 10 1 mast 2026 1. 3agBKY Ha y4acTHE MOTYT OBITh TIOaHbI TOJIBKO Yepe3 aBTOMATUYECKYHO CUCTE-
My PETHCTpallii YYaCTHUKOB:

https://forms.yandex.ru/u/69a6bdbb9029022e4b5a5d 14

[Tocne perucrpanuu Te3uchbl HEOOXOMMO HAMPABUTH B OPTKOMHUTET IO AJIEKTPOHHOM MOYTE

pathophysiologist80org@ya.ru.

[Tocne nomyuenus Te3ncoB BaM npuaer noaTBepkAeHNE Ha YKa3aHHBINA IPU PETUCTPALIUH afpec
371eKTpoHHOM mouTsl (10 1 Mas 2026 roxa). Ecnu Bel HE MOTyYXIIM TAKOTO TOATBEP)KACHMUS, TOKAITYH-
CTa, 00paTuTeCh B OPTKOMUTET I10 SNEKTPOHHOH MoYTe (CM. KOHTAKTHYIO HH(OPMALIHIO).

OprKkoMHTET OCTaBIAET 3a COOOH MPaBO OTKA3aTh BO BKIIOYEHUH YCTHOTO JOKJaaa B HAyYHYIO
MIporpaMMy WM MPEIOKUTh BMECTO YCTHOTO CHIE€NaTh CTEHOBBIN TOKIA.

ITo Bompocam omuiatel ywactus oOpamatbest Kk BacunbeBoir Onbre AnexcanigpoBhe, e- mail:
vasileva.oa@ssmu.ru
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MEOUUUHCKUIA YHUBEPCUTET MELULIMHCKUNA LEHTP MeauUMHbI
POCCUUCKOU AKALLEEMUU HAYK

%

TE3UCHI

®aiin ciaemyeT Ha3BaTh MO (paMIUIMK TIEPBOTO aBTOpa C yKa3aHHEM ropojaa (Hampumep, MBaHOB,
Tomck).

Ot onHOTO aBTOpa MPUHUMAETCS HE Oosee 2 Te3HUCOoB.

Pasmep crpanunst (A4), opueHTanMsI KHIDKHAS, TOJIS JICBOE, IIPABOE, BEPXHEE, HIDKHEE 2 CM;
ctiiib 00b19HbIN; mpudT Times New Roman, pasmep 12 nT, MEXCTPOUHBIA WHTEPBA MOIYTOPHBIN
(1,5). O6bem — 2 crpanunbsl. B mepBom ab3are ykaspiBaeTcs HazBanue Te3uco [TPOITMCHBIMU
BYKBAMMU, B0 BrOpoM ab3alie cTpOYHBIMH OyKBaMu — (paMUIINKM W MHUIMAIBI aBTOPOB. B TpeTbem
ab3arie MPUBOANUTCS Ha3BaHNE yupekaeHns (0e3 yKa3aHus BEJOMCTBEHHON MPUHAAIEKHOCTH), TOPO/L,
ctpana. Jlanee — mycras CTpOKa, MOCe KOTOPOi C YeTBEpTOro ad3ara HaYWMHAETCS OCHOBHOW TEKCT
TE3HCOB, BKITI0YAsi OCHOBHBIE €T0 Pa3/Ieibl: aKTyalIbHOCTh U LIEJIb pabO0ThI, MaTepHaIl U METOJIBI, PE3YIIb-
TaThl U UX 00CyKAeHue, 3aKioueHne. Mmmoctpannu, Tabaumsl U GopMyssl He MPUHUMAIOTCS. TekeT
dopmarupyercs 1o JeBoMy Kparo 0e3 ad3aIiHoro oTcTyna. Bee cokpaiieHus, 3a HCKIIIOUCHHEM €IHHUI]
M3MEPEHHs, TOJKHBI ObITh pacin(poBaHbl IPHU MEPBOM UX YIIOMUHAHHUHM 10 TeKCTY. CCBIJIKM HA JIUTE-
patypy (He 6osee 3-X) yKa3bIBaIOTCS MPSIMO B TEKCTE B COKPAIIICHHOM BHJIC B KBaIPATHBIX CKOOKAX 110
o0pasiy [BanoB U.U., Ilerpos I1.I1. bromerens cubupcekoit Meauuunel. 2017; 16(2): 147-159]. Ilpu
HaJIMYUM TpaHTa yka3biBaercs: «Pabora mogneprkana rpantoM PH®...» (yka3piBaeTcsl TOJIBKO HOMEP
rpanTa 0e3 Ha3BaHUS MPOCKTA).

OprxoMUTET OCTABISIET 32 COOOM MPABO OTKJIOHATH MaTepraibl, KOTOPbIE HE COOTBETCTBYIOT Ha-
YYHBIM KPUTEPUSM U TPEOOBaHUSIM O0POPMIICHUS, U TE3HCHI, TIOJTyueHHbIe ocie 1 mas 2026 roxa.

COopHUK Te3UCOB OyJeT OMyOJMKOBAH B 3JIEKTPOHHOM BHJIE U nHAeKcuposaHn B PUHLI.

Ccpuika Ha cOOpHUK OyJeT HampaBiieHa OPTKOMHUTETOM Ha 3JIEKTPOHHBIN aJipec, YKa3aHHBIM MpU
perucTpanuu.

CTEH/IOBBIE JIOKJIAJIbI

CrengoBas ceccust OyeT IPOXOJUTh B MHTEPAKTUBHOM pexknMe. CTEHI0BBIE JOKIaIbl 0hopmIIs-
I0TCsI Kak BuAeonpeseHTanus Gopmara mp4. [locie moaTBep:KACHUS BKIIOUEHHS CTEHI0BOTO JOKJIa-
Ja B HAy4YHYIO IIPOrpaMMy KOH(EpeHLIUH padoTy HEOOXOAUMO MPEJOCTaBUTh B OPTKOMHUTET Ha ajpec
aNEKTpOHHON TouTH! pathophysiologist80org@ya.ru go 25 mast 2026 r.

TpeboBanust K 0POPMIIEHUIO CTEHIOBOTO JOKIAa:

1. Buneodaiin popmara mp4.

2. XpoHOMETpax He OoJiee YeThIpeX MUHYT (5 cnaiiioB).

3. AyInoKOMMEHTapHii KaKI0ro JEMOHCTPUPYEMOTO cllaiizia.

OTanbl MOATOTOBKY CTEHIOBOTO AOKJIaAa: CO3IaHue MPE3CHTALUH, 3aIUCh ayTHOKOMMEHTApUEB K
claiiiaM, coxpaHeHue (KOHBEpTalysl) Mpe3eHTaun B popmare mp4.

Pexomenaanmu 1uist HOATOTOBKU BHCONPE3CHTALINH:

1. Ilporpamma Power Point (vim apyrue mporpaMmsl JUIsl CO3JaHMs IPE3EHTALUH ).

2. ®on crnaitnoB — O0ebli; mpUQT TekcTa — YepHbI. PasMep craiinos — mmpokopopmathsiii 16:9.

3. B odopmieHnn BCnoiabp30BaTh TaduuIsl, rpaduku, GoTo, H300paskeHHs, IMarpaMMBbl U IPOYHe
BU3yaJbHBIEC CPEICTBA Mepeiaun HH(OPMALIUH.

4. TexcToByI0 HH()OPMALIMIO 3aMTUCATh KaK MOSCHEHMS K CllaiiiaM Ha ayInoCONPOBOKACHHUE K ITpe-
3EeHTAaIHU.

5. IMocne 3amucu ayIMOKOMMEHTApHUEB K claiijaM MpOBEpUTh KaueCTBO BOCIIPOM3BEACHUS 3BYKa:
I'POMKOCTB, OTCYTCTBHE IIIyMOBBIX ITOMEX.

OprKkOMHUTET OCTABISIET 3a COOOM MPaBO MCKIIOYUTH M3 MPOrPaMMbl CTEHIOBBIC JOKJIAIbBI, HE
COOTBETCTBYIOIME TEXHUYECKUM TPeOOBaHUSIM, U CTEHIOBBIC JTOKJIA/AbI, MOJTyUYCHHBIC MOCie 25 Mas
2026 T
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