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Differential Diagnosis of Septic and Aseptic Bone Lesions of the Foot
in Patients With Diabetic Foot Syndrome: the Potential of Using
a Standardized Uptake Value with Osteotropic Radiopharmaceuticals

Balabenko A.O., Udodov V.D., Zamyshevskaya M.A.,
Zorkaltsev M.A., Zavadovskaya V.D.

Siberian State Medical University
2 Moskovsky trakt, 634050 Tomsk, Russian Federation

ABSTRACT

Aim. The study was conducted to calculate standardized uptake values (SUVs) for foot bones, determine the optimal
SUV type in patients with degenerative changes, and assess the potential of quantitative single-photon emission
computed tomography (SPECT/CT) in patients with diabetic foot syndrome (DFS) complicated by osteomyelitis.

Materials and methods. The study design was prospective. Patients with a documented clinical diagnosis of
diabetic foot and confirmed or suspected osteomyelitis underwent SPECT/CT scanning after intravenous injection
of the radiopharmaceutical (**"Tc — Pyrophosphate). The calculation of standardized uptake values — mean
SUV (SUVmean), maximum SUV (SUVmax), and peak SUV (SUVpeak) — was performed using the SyngoVia
software. To calculate the threshold standardized uptake value, receiver operating characteristic analysis (ROC)
was conducted, followed by the calculation of the area under the ROC curve (AUC).

Results. Forty-eight patients were examined: 28 people with septic foot lesions and 20 individuals with aseptic
foot lesions. Calculations revealed no statistically significant differences between the SUV values (max, mean,
and peak) for septic and aseptic lesions. However, the standardized uptake value normalized by lean body mass
(SUVIbm (max)) demonstrated the largest ROC AUC. A threshold value for differentiating between pathological
and healthy bone tissues was 1.64, with sensitivity of 93.5% and specificity of 95.6%.

The threshold value for distinguishing between septic and aseptic inflammations in patients with diabetic foot
syndrome was 4.35, with sensitivity of 82.4% and specificity of 80.3%.

Conclusion. The study confirmed that the use of SUVIbm (max) threshold value of 4.35 (Se = 82.4%; Sp = 80.3%;
AUC = 0.883) is possible for the differential diagnosis of osteomyelitis and Charcot foot in patients with diabetic
foot syndrome. Additionally, to confirm inflammation, a SUVIbm (max) threshold value of 1.64 (Se = 93.5%;
Sp =95.6%; AUC = 0.983) is applicable.

Keywords: Charcot foot, inflammation, osteomyelitis, radionuclide diagnosis
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AndPepeHunanbHas guarHocTnKa cenTUUYeCcKoro n acenTuyeckoro
NOpaXkeHN KOCTHbIX CTPYKTYP CTON Yy NALNEeHTOB C CMHAPOMOM
AnabeTnyecKkom cTonbl: BO3SMOXXHOCTU NMPUMEHeHNA
CTaHAAPTU3MPOBAHHOIO YPOBHA 3aXBaTa OCTEOTPONHOro
papnodapmnpenapara

bana6enko A.O., Yaopos B.[l., 3ambiwieBckasa M.A.,
3opkanbues M.A., 3aBapoBckas B.[l.

Cubupckuii cocyoapcmeennwiil meouyurckull ynugepcumem (Cudl’ MY)
Poccus, 634050, 2. Tomck, Mockosckuti mpakm, 2

PE3IOME

Hens. [IpoBecTn uccnenoBaHme C IENBI0 pacdeTa MoKa3aTeleld CTaHIapTH3UPOBAHHBIX ypoBHel 3axBata (SUV)
JUI KOCTEH cTonl U ompeneneHus ontuManbHoro Tuna SUV y manueHToB ¢ AereHepaTUBHBIMU M3MEHEHUSAMH U
OIIPEAENUTE BO3MOXXHOCTH KOJTMIECTBEHHON OIEHKH OJHO(MOTOHHOH SMHCCHOHHOI KOMITBIOTEPHOI ToMOrpaduu
(ODOKT/KT) y nanueHToB ¢ CHHAPOMOM AUa0ETHIECKOH CTOIBI OCIIOKHEHHBIM OCTEOMHETHTOM.

MartepuaJibl 1 MeTOABI. J{u3aiiH vcciaenoBaHus — MpocneKTUBHOE. [lannenTam ¢ JOKyMEHTaNbHO MOATBEPKIEH-
HBIM KJIMTHUYECKUM JANATrHO30M AHa0EeTHIECKON CTOIIBI M HATMIHEM OCTEOMHEINNTA HITH TT0J03PEHHEM Ha €T0 HaJlU-
yue Obut0 TpoBesieHo OPIKT/KT ckaHnpoBaHHE MMOCIEe BHYTPHBEHHOTO BeleHUs paanodapmpenapara (¥mTc —
nmup¢orex). Pacyer mokaszareneii cranzapTU3MPOBAHHBIX YPOBHEH 3axBara: cpeanero SUV (mean), MaKCHMabHO-
ro SUV (max) u mukoBoro SUV (peak) mpon3BoauiICs IpH MOMOIIH IPOTrpaMMHOTro odecriedeHus SyngoVia. s
BBIYHCIICHHUS] TIOPOTOBOTO 3HAUCHNUS CTAaHAAPTHU3HPOBAHHOTO YPOBHS 3axBaTa BhIMonHsuIcs ROC-ananms3 ¢ mocre-
IYIOUIAM pacueToM Iwromaau mox ROC-kpuBoii.

PesyabTatel. O0cnenoBanst 48 manueHToB (28 ¢ cenTHYSCKUM TOpaxeHueM U 20 ¢ aCenTHYCCKUM MOPAKEHUEM
cTom). PacueTsl moka3zany, 4To CTATHCTHYECKH 3HAUMMBIX OTIMYMil Mexay 3HaueHusmMu SUV (max, mean, peak)
CEeNTHYECKOTO M aCeITHYECKOro MOPaKEHHsI He BBISBIEHO, ITPU 3TOM Haubosbleil miomaspio nog ROC-kpuBoit
obJlajaeT CTaHIApTU3MPOBAHHBIN YPOBEHb 3axBaTa, HOPMHUPOBAHHBIA N0 Oe3xupoBoil Macce Tena (SUVIbm
(max)). OnpezeneHo MOpOroBoe 3HaYEHUE AJ pasrpaHUYEHUs MaTOJOIMYECKOTro odara OT 3740pOBOI KOCTHOH
TKaHH, paBHOE 1,64, ¢ 4yBCTBUTENBHOCTHIO 93,5% 1 cnienuduuHocThio 95,6%. [Topororoe 3HaueHue Aj1st pa3rpa-
HUYEHUS] CENTHYECKUX M aCEITUUECKUX BOCIAINTENBHBIX IIPOIIECCOB y MAMEHTOB C CHHAPOMOM ANa0eTHUECKOM
CTOMBI paBHO 4,35 ¢ 4yBCTBUTENBHOCTHIO 82,4% 1 cnieruduyurocThio 80,3%.

3akaouenne. s muddepeHnuansHoit AMarHoCTHKH OCTeoMueNTa U cToms! Lllapko y manueHToB ¢ CHHAPOMOM
JabeTHIecKOi CTOIBI BO3MOXKHO IIPHMEeHeHHe oporosoro 3HadeHns SUVIbm (max), paBroro 4,35 (Se = 82,4%;
Sp = 80,3%; AUC = 0,883), a s ycTaHOBICHHS (hpaKTa BOCHAIHMTEIHHOTO IPOIECCa — MOPOTOBOTO 3HAUCHHUS
SUVIbm (max), paBHoro 1,64 (Se = 93,5%; Sp = 95,6%; AUC = 0,983).

Kiouessble ciioBa: cromna [llapko, OCTEOMUENUT, paAMOHYKITUIHAS AMArHOCTHKA, BOCTIAJICHUE

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

UcTtounnk (puHaHCHpOBaHMsI. ABTODPBI 3asBJISIOT 00 OTCYTCTBUH (DMHAHCHPOBAHUS NPU MPOBEACHUU HCCIIEI0-
BaHUsI.

CooTBeTcTBHE MPUHIMIAM 3THKHU. Bce ManueHTsl moanucand WHPOPMUPOBAHHOE COTJIACHE HA ydacTHe B
nccnenopanun. VccnenoBanme 0100peHO JIOKATBHBIM 3THYeCKHM KomuTeToM CHOI'MY (mpotokon Ne 9418 ot
27.03.2023).

Jast uurupoBanusi: banadenko A.O., Yonos B.J1., 3ambriieBckast M.A., 3opkanbsieB M.A., 3aBanosckas B./1.
JuddepennmanbHas AMarHOCTHKA CENTHYECKOTO M aCelTHYECKOr0 MOPaKEHUH KOCTHBIX CTPYKTYp CTOI y Tia-
[UEHTOB C CHHJIPOMOM JHa0ETHYECKON CTOMbI: BO3MOXKHOCTH NPUMEHEHHSI CTAHIaPTU3MPOBAHHOTO YPOBHS 3a-
XBaTa OCTEOTPOIHOrO paauodapmmpenapata. browiemens cubupckot meouyunsl. 2025;24(4):5-13. https://doi.
0rg/10.20538/1682-0363-2025-4-5-13.
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INTRODUCTION

Diabetes mellitus is an endocrine disease
characterized by relative or absolute deficiency of
insulin due to dysfunction or destruction of B-cells. It
is one of the fastest growing global health concerns
in the 21% century [1]. The primary pathogenetic
mechanisms involve impaired insulin secretion
and insulin resistance. Chronic hyperglycemia in
diabetes mellitus leads to damage, dysfunction, and
insufficiency of various organs, particularly the eyes,
kidneys, nerves, heart, and blood vessels [2].

Diabetic foot syndrome (DFS) is one of the most
dangerous and severe complications of diabetes
mellitus. According to the World Health Organization,
approximately 422 million people worldwide suffer
from diabetes mellitus, with 15-25% developing
diabetic foot ulcers [3]. Despite advancements
in complex surgical interventions, a significant
percentage of patients (25-30%) still require above-
the-knee amputations. One-year mortality rate
following major lower limb amputation reaches 50%
[4]. This results in patient disability and a significant
reduction in the patient’s quality of life.

A gold standard for evaluating diabetic foot
pathology is three-phase bone scintigraphy. However,
the specific pattern of radiotracer accumulation in the
region of interest often results in low specificity for this
diagnostic technique. The specificity of radionuclide
imaging for inflammation can be improved using
labeled leukocyte scintigraphy, typically performed
with single-photon emission computed tomography
(SPECT) [5]. Additionally, there is a method using
radiolabeled antimicrobial peptides. These peptides
can selectively bind to pathogenic microorganisms
and can be successfully used for differential
diagnosis of osteomyelitis. Due to its high cost, this
method is not widely available in routine clinical
practice. Positron emission tomography / computed
tomography (PET/CT) with 18F-fluorodeoxyglucose
(18F-FDG) has gained importance in diagnosing
infections and inflammations regardless of their
etiology or location. PET/CT provides precise
anatomical localization and allows to assess spread of
infection to soft tissues or bone. However, 18F-FDG
PET/CT imaging has limitations, particularly in the
evaluation of Charcot foot due to the intense uptake
of 18F-FDG in this condition.

In recent years, the role of quantitative analysis of
PET results using standardized uptake values (SUVS)
has been explored in patients with diabetic foot.

Studies have shown higher SUV values in patients
with osteomyelitis compared to those with Charcot
foot, suggesting that SUV is a valuable parameter for
differentiating these conditions [6]. Currently, this
parameter is widely used in diagnosis of oncological
diseases, for example, in the differential diagnosis of
lung neoplasms. SUV is a crucial parameter and is
broadly applicable in clinical practice [7].

There are new methods for quantitative assessment
of hybrid SPECT/CT images using SUVs. One of these
methods is XSPECT Quant, which has demonstrated
accuracy and reproducibility with an error margin
of up to 3% for standardized quantitative analysis of
radionuclide images. The xSPECT Quant is applicable
to Technetium-99m (99mTc) imaging and allows for
clinical quantitative SPECT/CT assessment for more
precise disease detection and improved therapeutic
management [8].

Currently, there are no universally accepted
interpreting criteria for differential diagnosis of
inflammation, osteomyelitis, and Charcot foot.
Quantitative analysis of hybrid SPECT/CT images
holds promise for significantly improving the
diagnosis of septic and aseptic lesions of the diabetic
foot. This study is aimed at demonstrating that utilizing
standardized uptake values can enhance diagnosis of
complicated diabetic foot progression.

MATERIALS AND METHODS

The study design was prospective, non-randomized,
and controlled. The study included 48 patients with
DFS: 147 regions of radiopharmaceutical uptake were
analyzed in 28 patients with septic lesions, 113 regions
— in 20 patients with aseptic lesions, and 160 regions
exhibiting normal bone metabolism. All patients were
examined and treated at the clinics of Siberian State
Medical University.

The study was conducted using a SPECT scanner
(Siemens Symbia Intevo Bold), with an intravenous
injection of the radiopharmaceutical (*"Tc
pyrophosphate). The intensity of radiopharmaceutical
uptake was evaluated using the SUV. The following
types of SUV were distinguished: SUV Body Weight
(SUVbw) — normalized by body weight; SUV Body
Surface Area (SUVbsa) — normalized by body
surface area; and SUV Lean Body Mass (SUVIbm)
— normalized by lean body mass [9]. The analysis
included maximum, mean, and peak SUV values.

Statistical data processing was performed using
the Medcalc software (version 22.023). Descriptive
statistics for quantitative variablesnot following normal
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distribution were presented as the median and the
interquartilerange Me[Q_; Q,]. Intergroup comparisons
were conducted using the non-parametric Mann —
Whitney U-test, with a significance level set at
p <0.05. The ROC analysis was performed to evaluate
the prognostic value of SPECT/CT parameters.

RESULTS

At the first stage of the study, SUVs across all
three groups (areas of septic and aseptic inflammation,
as well as regions with normal bone metabolism)
were analyzed using the Kolmogorov — Smirnov
test to assess the normality of distribution. The test

results indicated that the distribution of the studied
parameters was statistically significantly not normal.
Consequently, the data were described using medians
and interquartile ranges Me [Q_; Q,] (Table 1-3), while
non-parametric tests were employed for intergroup
comparisons. Even though the data did not follow a
normal distribution, the ROC analysis was used to
evaluate diagnostic performance of the quantitative
variables, since the ROC analysis itself does not
require any specific data distribution.

Subsequently, SUVs of lesions (regardless of
aseptic or septic origin) were compared with healthy
bone tissues using the ROC analysis (Fig. 1-3).

Table 1
Standardized Uptake Values in Regions with Normal Bone Metabolism, Me [Q,; Q.]
Parameter SUV bw SUV Ibm SUV Ibm janma SUV bsa
Max 1.45[1.01; 2.18] 1.00 [0.72; 1.43] 0.96 [0.67; 1.37] 0.34 [0.24; 0.50]
Mean 1.12 [0.69; 1.69] 0.81 [0.52; 1.14] 0.74 [0.48; 1.06] 0.27[0.18; 0.39]
Peak 1.28 [0.91; 1.94] 0.92 [0.68; 1.29] 0.87 [0.64; 1.22] 0.32[0.23; 0.47]
Table 2
Standardized Uptake Values in Areas with Septic Lesions, Me [Q,; Q.]
Parameter SUV bw SUV Ibm SUV Ibm janma SUV bsa
Max 11.17[7.91; 17.32] 8.11 [5.48; 11.24] 7.27[5.32;10.89] 2.82[1.99; 3.99]
Mean 9.18 [6.68; 13.69] 6.53 [4.51; 9.50] 6.21 [4.39; 9.32] 2.34[1.63; 3.16]
Peak 9.73 [6.76; 14.91] 6.93 [4.50;9.91] 6.41 [4.35;9.74] 2.35[1.61; 3.55]
100 100
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Fig. 1. Graph comparing ROC curves for maximum radio-

pharmaceutical SUVs: comparison of pathological areas

with septic and aseptic inflammation with zones with normal

bone metabolism — SUVmax. Here and in Fig. 2-5: X-axis —
Specificity, Y-axis — Sensitivity

Fig. 2. Graph comparing ROC curves for mean radio-

pharmaceutical SUVs: comparison of pathological areas with

septic and aseptic inflammation with zones with normal bone
metabolism — SUVmean
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Table 3
Standardized Uptake Values in Areas with Aseptic Lesions, Me [Q,; Q,]
Parameter SUV bw SUV Ibm SUV Ibm janma SUV bsa
Max 5.84[3.83; 7.84] 3.69 [2.78; 5.10] 3.59 [2.64; 4.90] 1.35 [0.88; 1.83]
Mean 4.80 [3.12; 6.24] 3.07 [2.09; 4.00] 2.94 [2.07; 3.89] 1.10 [0.71; 1.43]
Peak 4.91 [3.30; 6.80] 3.10 [2.22; 4.49] 3.13[2.21; 4.31] 1.12 [0.77; 1.58]

100
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40

Sensitivity

20

0 20

60 80 100

Specificity

Fig. 3. Graph comparing ROC curves for peak radiopharmaceutical SUVs: comparison of pathological areas with septic and aseptic
inflammation with zones with normal bone metabolism — SUVpeak.

Calculations revealed no statistically significant
differences among the SUV parameters (Table 4).
However, SUVIbm (max) demonstrated the largest
area under the ROC curve (ROC AUC) and is suitable
for establishing reference values.

In the second stage of the study, the Mann—Whitney
test revealed a statistically significant difference (p
< 0.05) in SUVIbm (max) values in the pathological
regions between patients with inflammation (septic/
aseptic) and those with normal bone metabolism. Using

the ROC analysis, a threshold value for SUVIbm (max)
= 1.64 was established to differentiate inflammatory
areas (septic or aseptic lesions) from areas with normal
bone metabolism, with sensitivity (Sens) of 93.5% and
specificity (Spec) of 95.6%, indicating that an uptake
level at or above this threshold suggests inflammation
(Fig. 4). The next stage of the study identified a
threshold value for differential diagnosis of septic and
aseptic bone inflammation in patients with diabetic
foot syndrome (Fig. 5).

Table 4

Areas under the ROC Curves (ROC AUC) for Radiopharmaceutical SUVs

Parameter SUV bw SUV Ibm SUV Ibm janma SUV bsa
Max 0.976 0.983 0.979 0.980
Mean 0.979 0.980 0.982 0.982
Peak 0.973 0.977 0.976 0.977
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An uptake level equal to or exceeding 4.35 was
associated with osteomyelitis, achieving sensitivity
(Sens) of 82.4% and specificity (Spec) of 80.3%.

Below are clinical cases exemplifying septic and
aseptic bone lesions in patients with type Il diabetes
mellitus. The cases presented similar clinical features,
comparable DFS duration, and radiological evidence of
destruction and disorganization of bone tissue in hindfoot
(tarsal) and midfoot (metatarsal) regions. In patient

30
25

20
15

10

Diagnosis
a

N., as shown in Fig. 6, intense radiopharmaceutical
hyperfixation was observed in cuneiform and metatarsal
bones with SUVIbm (max) of 10.48, which exceeded the
threshold of 4.35 and thereby confirmed osteomyelitis.
Conversely, a clinical case of Charcot foot illustrating
aseptic lesion in patients with DFS is presented
in Fig. 7, where less intense radiopharmaceutical
uptake (compared to septic lesions) with SUVIbm
(max) = 3.87 was observed.

100

80

60

Sensitivity

40

20

0 20 40 60 80 100

Specificit
b P y

Fig. 4. Results of comparing the difference in the radiopharmaceutical uptake in patients with diabetic foot syndrome (regardless

of aseptic or septic lesions) and those with normal bone tissues: a — scatter chart showing coded areas (X-axis: 0 for normal

radiopharmaceutical uptake, 1 for aseptic/septic bone lesions; Y-axis: standardized uptake value normalized by lean body mass);
b —ROC curve illustrating differential diagnostic performance (X-axis — Specificity, Y-axis — Sensitivity)

100
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> 60
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15 & 40
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Fig. 5. Results of comparing the difference in radiopharmaceutical uptake in patients with diabetic foot syndrome with those with

aseptic and septic lesions: a — scatter chart showing coded areas (0 for septic lesions, 1 for aseptic lesions; Y-axis: standardized

uptake value normalized by lean body mass); b — ROC curve depicting differential diagnostic performance (X-axis — Specificity,
Y-axis — Sensitivity)
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Fig. 6. Patient N., type II diabetes mellitus — osteomyelitis case: SPECT/CT images in axial and sagittal planes demonstrating

intense radiopharmaceutical hyperfixation (SUVIbm (max) = 10.48) in medial cuneiform, base of first metatarsal, intermediate

cuneiform, base of second metatarsal, stumps of third and fourth metatarsals, and base of fifth metatarsal — with signs consistent
with marginal lytic lesion (septic lesion)

Fig. 7. Patient N. — Charcot foot case: SPECT/CT images in axial and sagittal planes showing intense radiopharmaceutical
hyperfixation (SUVIbm (max) = 3.87) in ankle joint, Lisfranc and Chopart joints on the left foot. Similar, but less intense
radiopharmaceutical hyperfixation is seen in Lisfranc and Chopart joints on the right foot indicating aseptic inflammation

DISCUSSION

The study evaluated the potential application
of SUV in SPECT/CT imaging. It was established
that SUV could assist in the differential diagnosis of
septic and aseptic lesions of foot bones in patients
with DFS.

The results of the study by M. Yoshiyuki [10]
demonstrated high efficacy of SPECT/CT imaging

using SUVs for the differential assessment of chronic
osteomyelitis, osteoradionecrosis, and medication-
related osteonecrosis of the jaw. K Kazuhiro et al. [11]
investigated the use of osteoscintigraphy for dynamic
evaluation of a treatment response in a patient with
mandibular osteomyelitis, showing that quantitative
SPECT/CT-derived parameters, such as SUV, can
be useful for assessing inflammatory activity during
therapy.
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The clinical significance of these findings lies in the
fact that utilizing the SUV in SPECT/CT imaging can
serve as a diagnostic tool for osteomyelitis in patients
with diabetic foot. This approach has the potential to
reduce diagnostic and treatment times in this patient

group.

CONCLUSION

This study analyzed the potential application of the
standardized uptake value in SPECT/CT imaging for
the differential diagnosis of septic and aseptic lesions
of foot bones in patients with diabetic foot syndrome.
The analysis demonstrated that standardized
uptake values allow for the differentiation between
inflammatory and non-inflammatory bone tissue
lesions. SUVIbm (max) values exceeding 5 are
associated with septic inflammation, supporting the
clinical utility of this parameter. The data obtained
indicate that the standardized uptake value in SPECT/
CT imaging possesses high information value for
diagnosing osteomyelitis in diabetic foot, which may
facilitate more accurate choice of a treatment strategy
and reduce the number of invasive procedures.
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ABSTRACT

Aim. To identify the correspondence in the diameter of the thoracodorsal and musculocutaneous nerves, depending
on the level of branching.

Materials and Methods. Using 121 preparations of the brachial plexus from 105 corpses of men and women
aged 40-97 years, the diameter of the thoracodorsal nerve was measured at five levels, and the diameter of the
musculocutaneous nerve was determined at two levels. For each parameter, the median and the interquartile range
Me [Q,; Q,] were determined. The significance of differences between the groups was found by the Mann — Whitney
test. The differences were considered significant at p < 0.05. The correlation was evaluated by the Spearman’s rank
correlation coefficient. At 0.7 <rs < 0.9, the correlation was regarded as strong, at 0.5 <rs < 0.7 — as moderate.

Results. The diameter of the thoracodorsal nerve varied throughout its length: in the initial section, it was
1.66 [1.66; 1.99] mm, before branching — 3.00 [2.65; 3.50] mm, at the first- and second-order extramuscular
branches — 4.2 [3.2; 5.0] mm and 5.25 [4.50; 6.50] mm, at the first-order intramuscular branches — 4.00 [3.50;
4.66] mm. The diameter of the musculocutaneous nerve in the initial section was 3.0 [2.6; 3.3] mm, and before the
coracobrachialis muscle — 2.7 [2.4; 3.0] mm.

The total diameter of the extra- and intramuscular branches of the thoracodorsal nerve was equal to or greater than
the thickness of the musculocutaneous nerve in 90.1-95.0% of cases. Excess total diameter of the branches of the
thoracodorsal nerve (0.05-8.0 mm) and fascicular dissection make it possible to preserve 1-2 first- and second-
order extramuscular branches and 1-4 first-order intramuscular branches.

Conclusion. The diameter of the thoracodorsal nerve in the initial section is smaller than that of the musculoskeletal
nerve, but the total thickness of its extra- and intramuscular branches is equal to or greater by 0.05-8.0 mm in
90.1-95.0% of cases. Different levels of branching of the thoracodorsal nerve contribute to extended transfer, and
an excess diameter with fascicular dissection will preserve the function of the latissimus dorsi muscle.

Keywords: thoracodorsal nerve, musculocutaneous nerve, levels of branching, latissimus dorsi muscle, fascicular
dissection
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PE3IOME

I_Iem, — BBIABUTH COOTBETCTBUC AUAMCTPOB y I'PyJOCHHUHHOI'O U MBIIIEYHO-KOXXHOI'O HEPBOB B 3aBUCUMOCTU OT
YPOBHSA BETBJICHUA.

Marepuanbl u Metoasl. Ha 121 npenapare muiedeBoro cruieteHust oT 105 TpymoB MyX4YHH U JKEHIIUH B BO3-
pacte 40-97 mer mM3MepeH AMaMETp TPyJOCIHHHOTO HEpBAa HA IISITH, 4 MBIMIEYHO-KOKHOTO — ABYX YPOBHSIX.
V KaXJI0ro moKa3aTels onpezeNnena MeJuaHa MeXKBapTHIIbHOTO HHTepBana Me [Q,; Q,]. 3naunMocts pasmuunii
B rpynmnax Haxoawm mo U-tecty Manna — YutHu. Pazmimuus cuuranucek 3HaunMbiMu 1ipH p < 0,05. CompsixeH-
HOCTH oIleHuBanH 1o kodddurmenty Crnupmena. [Ipu 3navennn 0,7 < rs < 0,9 cBSA3b paclueHUBAIH KaK CHIBHYIO,
0,5 <rs <0,7 — cpenHei CHITBL

PesyabTarsl. JJuamMerp rpyJOCIIMHHOIO HEpBa M3MEHAETCS Ha BCEM NPOTSHKEHHU: B HadalbHOM oTnene — 1,66
[1,66; 1,99] MM, nepen pazaenenuem Ha BeTBH — 3,00 [2,65; 3,50] MM, Ha ypOBHE BHEMBIIIEYHBIX BETBEH EpBOr0O
u BTOporo nopsnakos — 4,2 [3,2; 5,0] mm u 5,25 [4,50; 6,50] MM, BHyTPUMBIIIEYHBIX BETBEH MEPBOT0 MOPAIKA —
4,00 [3,50; 4,66] mm. [lnameTp MBIIICUHO-KOXKHOTO HEPBA B HadyalnbHOM oTAese paseH 3,0 [2,6; 3,3] MM, a nmepen
KIIFOBOBUAHO-IUIEYEBOM Mbluei — 2,7 [2,4; 3,0] mm. OOmuit AuamMeTp BHe- U BHYTPUMBILIEYHBIX BETBEH Ipya0-
CIIMHHOTO HEPBA PaBEH WM OOJbLIE TONIIMHBI MBIIIEYHO-KOXKHOTO B 90,1-95,0%. M30bITOK O0LIEro muameTpa
BeTBeil rpynocnuaHoro Hepsa (0,05-8,0 MM) 1 daciuKyIsipHast AUCCEKIMS MO3BOJIAT COXPAHUTD MO 1—2 BHEMBI-
IIEYHbIC BETBH IIEPBOTO M BTOPOTO MOPAAKOB, 1—4 BHYTPHMBIIIEYHbIE BETBU NIEPBOTO MOPSIKA.

3akuouenne. [[uametp rpyIOCIUHHOTO HEPBA B HAYAJILHOM OTJIENIC MEHBIIIE, YUEM Y MBIIIIEYHO-KOKHOTO, HO 00-
1ast TOJIIMUHA €r0 BHE- M BHYTPUMBIIICYHBIX BeTBeH paBHa win Oonbiie Ha 0,05-8,0 mm B 90,1-95,0%. Pa3ubie

YPOBHH BETBJIEHHS TPYIOCIIMHHOIO HEPBA CIIOCOOCTBYIOT NIPOTSHKEHHOMY HEpPEeHOCY, a H30BITOK Juamerpa ¢ dac-
[UKYJISIPHOM ANCCEKIMEH O3BOINT COXPAHUTH (DYHKIMIO IIHPOYAHIIeii MBIIIIIBI CITUHEL.

KiroueBble ciioBa: rpyfOCIMHHON HEPB, MBIIIEYHO-KOXKHBII HEPB, YPOBHU BETBICHMS, IIHPOYAMIIAs MBIIIIA
CTMHBI, (GACHUKYIISIPHAS JUCCEKIHS

KOHq).]'Il/lKT HUHTEPECOB. ABTOpBI JACKIIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHUUAJIBHBIX KOH(l)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C l'[y6J'[PIKaIlPIeI71 HaCTOS{U.[efI CTaTbu.

Hcrounuk ¢puHAHCHPOBAHHUA. ABTOPHI 3asBISIOT 00 OTCYTCTBHM (PHHAHCHPOBAHUS IPH NPOBEICHHN HUCCIENO-
BaHMSI.

CooTBeTcTBHE NMPUHIUNAM 3THKHU. [IpoTokon ucciaenoBanus onoOpeH studeckuM komuteroM KpacITMVY nm.
npod. B.®. BoiiHo-fcenenxoro (Ne 127/24 ot 25.09.2024).

Jost nutuposanus: ['opoynos H.C., Kobep K.B., Kacmapos 3.B., Pocrosues C.1., l'opoynos J[.H., Jlebene-
Ba J[.H. Anaromnueckoe 000CHOBaHHE I'PYZOCHHHHOTO HEpBa KaK HEpBa-IOHOPA W MBIIIEYHO-KOXKHOTO HepBa
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INTRODUCTION

Despite the encouraging and predictable results
of surgical treatment for injured nerves, questions
regarding the choice of a donor remain relevant. [1, 2].
Countless studies specify the main requirements that
potential nerve donors must meet [3—5]. First of all,
they must be sufficient in length, match the diameter
of the recipient, and minimally disrupt the function of
the muscles innervated by the donor nerve. [6].

Thoracodorsal nerve (TDN) is a mixed nerve that
contains a sufficient amount of sensory (85%) and
motor (15%) fibers and has a convenient location and
optimal size, which allows it to be used as a donor,
including for transfer to the position of the damaged
musculocutaneous nerve (MCN) [7-9]. The anatomy
of the TDN has been studied in great detail. It has been
established that this nerve is formed from the spinal
nerves C7, C8 and less frequently from C6-C8. Its
length ranges from 12.3 to 14.1 cm, with a diameter of
2.1 to 3.0 mm. The number of extramuscular branches
is 1-4, and the number of myelinated fibers ranges
from 1,530 to 9,974. [8, 10, 11]. However, despite the
conducted research, there is no information about the
diameter of the TDN at different levels of branching,
which complicates its selection as a donor nerve.

Considering the above, the aim of this study was
to identify the correspondence of the diameters of
TDN and MCN depending on the level of branching.

MATERIALS AND METHODS

Anatomical dissection was conducted on 105 human
cadavers (66 men and 39 women) aged 40-97 years,
with 121 specimens of the brachial plexus (105 from

the right side and 16 from the left) at the Department
of Forensic Examination of the Krasnoyarsk Regional
Bureau of Forensic Medical Expertise and at the
Department of Operative Surgery and Topographic
Anatomy of the Krasnoyarsk State Medical University
named after Professor V.F. Voyno-Yasenetsky. The
time from the death of individuals to the examination
was up to 20 hours, and the bodies were stored in a
refrigeration chamber at a temperature of 3-5 °C. The
cause of death for all individuals was systemic disease
without head, neck, upper limbs, and thorax injuries.
The research protocol was approved by the Ethics
Committee at Krasnoyarsk State Medical University
named after Professor V.F. Voyno-Yasenetsky
(Minutes No. 127/24 dated September 25, 2024).

Anatomical layer-by-layer dissection of all
elements of the brachial plexus was performed on the
human corpses with the isolation of TDN and MCN
(Figure). Special attention was paid to the extra- and
intramuscular branches of TDN. Using an NTB-4B
microscope (China), the epineurium was removed
from TDN and MCN, leaving the perineurium intact.
The length of various segments of TDN along its
entire length was measured with an electronic caliper.

The diameter of TDN was measured at five levels
using the eyepiece scale of the microscope: 1 —
immediately after branching from the posterior bundle;
2 — before splitting into extramuscular branches; 3 —
after splitting into first-order extramuscular branches;
4 — after splitting into second-order extramuscular
branches; 5 — after splitting into first-order intramuscular
branches. At the last three levels, the total diameter of
all branches was determined.

Figure. Musculocutaneous nerve (MCN) and
thoracodorsal nerve (TDN) nerves in the right
brachial plexus of the male corpse aged 62 years
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The diameter of MCN was measured at two levels:
1 — after branching from the lateral bundle; 2 — before
entering the coracobrachialis muscle.

After measuring the diameters of the nerves in
each brachial plexus specimen (n = 121), a paired
comparison was made between the thickness
measurements of the donor nerve — TDN at five levels
and the corresponding measurements of the recipient
nerve — MCN at two levels. The absolute and relative
(%) number of specimens where the diameter of the
donor nerve was equal to, greater than or less than that
of the recipient nerve was determined.

The conclusions of the study were obtained on the
basis of statistical processing of data obtained from
the entire sample population, since no significant
gender, age, or bilateral features of the TDN and
MCN diameters (from p = 0.08 to p = 1.0) were
revealed. All obtained data were entered into MS
Excel 12.0 software (Microsoft Corporation, USA).
Using Statistica for Windows 12.0 (StatSoft, USA),
normality of distribution was tested using the Shapiro —
Wilk test, and thereafter non-parametric methods were
employed. Minimum and maximum values, as well
as the median and the interquartile range Me [Q,; Q.]
were determined for each parameter. The significance
of differences between nerve diameters was assessed
using the Mann — Whitney U-test. The differences
were considered significant at p < 0.05. The correlation
between the diameter of TDN and the length of its
segments was evaluated using the Spearman’s rank
correlation coefficient (75). A coefficient value of 0.7 <
rs < 0.9 indicated a strong correlation, while 0.5 <rs <
0.7 indicated a moderate correlation.

RESULTS

The conducted study revealed that the diameter of
the TDN significantly changes along its entire length
up to the latissimus dorsi muscle. After branching
from the posterior bundle of the brachial plexus, the
diameter of the TDN ranges from 0.83 to 3.33 mm,
with a median of 1.66 [1.66; 1.99] mm. In the distal
section, the diameter of the TDN increases and reaches
3.00 [2.65; 3.50] mm (p < 0.001) before splitting into
extramuscular branches, at a distance of 9.5 [8.3;
11.0] cm from the point of origin. After the splitting,
the total diameter of the first-order extramuscular
branches at a distance of 12.5 [11.5; 14.3] cm is 4.2
[3.2; 5.0] mm (p < 0.001), while for the second-order
branches at 14.1 [11.5; 15.5] cm, it is 5.25 [4.50; 6.50]
mm (p < 0.001), and for the first-order intramuscular
branches at 18.7 [16.3; 21.0] cm, it is 4.00 [3.50; 4.66]

mm (p < 0.001). Correlation analysis revealed a strong
but insignificant correlation between the length and
diameter of the TDN (rs = 0.828; p = 0.083).

The diameter of the MCN after branching from the
lateral bundle varies from 1.5 to 5.0 mm, with a median
of 3.0 [2.6; 3.3] mm, and at a distance of 6.0 [4.5; 7.8]
cm, before reaching the coracobrachialis muscle, it
makes 2.7 [2.4; 3.0] mm (p < 0.001). Statistical analysis
showed that these values are greater than the diameter
of the TDN in the initial segment (p < 0.001), equal to
and smaller than the TDN diameter before splitting into
branches (p = 0.167 and p < 0.001), and smaller than
the TDN diameter at all subsequent levels (p < 0.001).

In pairwise comparisons of the two nerves in each
specimen of the brachial plexus, it was established that
TDN is qualified as a donor nerve at the level of first-
and second-order extramuscular branches and first-
order intramuscular branches, with total diameters
that are equal to or greater by 0.05-8.0 mm than the
diameter of the MCN in the initial segment in 90.1—
92% of cases and before reaching the coracobrachialis
muscle in 93.4-95% of cases (Table).

Choosing TDN with branches at different levels
expands the surgeon’s options and allows for selecting
a longer and appropriately sized donor nerve,
transferring it as close as possible to the denervated
muscle, which will shorten the path and time for
regeneration. A positive aspect of using TDN as a
donor nerve is that its excess diameter of 0.05-8.0
mm allows for fascicular dissection and transfer of
individual branches, thereby preserving the function
of the latissimus dorsi muscle.

Table

Compliance of Diameters of TDN and MCN at Different
Levels, n (%)

Diameter of MCN at the level:
Diameter of TDN at the level: initial in front of the cora-
segment | cobrachialis muscle

— Initial section (n = 121):

matches or is greater

by 0.06-1.82 mm, 7 (5.8) 10 (8.3)
smaller by 0.01-3.51 mm. 114 (94.2) 111 (91.7)
— Before splitting (n = 113):

matches or is greater 69

by 0.06-2.8 mm, (61.1) 81 (71.7)
smaller by 0.1-2.0 mm. 44 (38.9) 32 (28.3)
— First-order extramuscular

branches (n = 113):

matches or is greater by 0.1-

4.3 mm, 102 (90.3) 106 (93.8)
smaller by 0.05-1.2 mm. 11 (9.7) 7(6.2)
— Second-order extramuscular

branches (n = 64):

matches or is greater by 0.3—

8.0 mm, 59 (92) 61 (95)
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Endof table

Diameter of MCN at the level:

Diameter of TDN at the level: initial in front of the cora-
segment | cobrachialis muscle

smaller by 0.1-2.5 mm. 5(8) 3(5)

— First-order extramuscular
branches (n = 121):
matches or is greater by 0.05—-| 109
4.66 mm, (90.1) 113 (93.4)

smaller by 0.07-1.87 mm. 12 (9.9) 8 (6.6)

DISCUSSION

Restoration of flexion function in the elbow joint
for patients with brachial plexus injury is of primary
importance [12, 13]. To restore the function of the elbow
flexor muscles, the clinical practice of transferring
bundles from the ulnar and median nerves has shown
excellent functional results [14, 15]. If the motor
function of these nerves is not preserved, alternative
donor nerves include intercostal nerves, the phrenic
nerve, the accessory nerve, the medial pectoral nerve,
the contralateral spinal C7, and the TDN [10, 16-18].

We have chosen TDN as the donor nerve for
transfer to the position of the MCN for two reasons.
First of all, existing studies have demonstrated that
the lengths of TDN with extramuscular branches
are sufficient for transfer to the position of MCN in
95% of cases [8]. Secondly, there are conflicting data
regarding the diameter and sufficiency of the fiber
ratio between these two nerves [7, 10].

Although TDN has fewer motor fibers than the
MCN, there is evidence that normal muscle activity
can be achieved with approximately 30% innervation
of motor neurons [19]. In TDN, the number of motor
fibers is 58% from that in MCN, and, therefore, it
is sufficient to maintain the function of the shoulder
flexors. In another study, when comparing the
number of axons with clinical outcomes for elbow
flexion strength recovery, a threshold ratio of motor
fibers in the donor nerve to the recipient nerve was
recommended at 0.7:1.0 [20]. For TDN, this ratio is
0.6:1.0, which is below the required norm. A double
transfer of bundles from the ulnar and median nerves
has been developed for restoring elbow flexion [21].
Considering these results, it can be suggested to use
TDN as an additional donor nerve.

Onthe other hand, the number of axons is proportional
to the diameter of the nerve, and, therefore, the thickness
of the donor and recipient must match [6]. M.S. Sporer
et al. noted without specifying to which nerve TDN is
transferred that its length and cross-sectional area are
not suitable for fascicular transfer [22].

Considering the contradictory literature data, we
studied the diameter of TDN on 121 specimens of
the brachial plexus from 105 human cadavers at five
levels, while for MCN, the diameter was studied at
two levels. It was established that the diameter of
TDN varied from 0.83 to 3.33 mm, with a median
of 1.66 [1.66; 1.99] mm. Comparing our data with
known studies revealed inconsistencies in results.
For example, M. Samardzic et al. found that in
15 cadavers, the diameter of TDN ranged from 2.1
to 3.0 mm [23]. After removing the epineurium and
in some cases perineurium on 20 specimens from 17
cadavers, K.S. Lee found that the diameter of TDN
ranged from 1.16 to 1.92 mm, with a median of 1.45
[1.33; 1.65] mm, which was significantly (p < 0.001)
smaller than our findings [24]. M. Dancker et al.
identified on 28 specimens from 14 cadavers that the
diameter of TDN and the lower subscapular nerve was
2.5+ 0.4 mm (range of 1.6-3.5 mm) [25].

The diameter of MCN in the initial segment varied
from 1.5 to 5.0 mm, with a median of 3.0 [2.6; 3.3]
mm, which was significantly greater (p < 0.001) than
that of TDN at a ratio of 0.6:1.0. Previous studies also
report conflicting results. For instance, V. Macchi et
al. determined that in 6 cadavers, the average diameter
of MCN before branching was 1.96 + 0.2 mm, while
in a trunk variant (6 cadavers), it was 2.86 + 0.3 mm
[26]. H. Namazi et al. found that on 10 specimens of
the brachial plexus, the diameter of MCN was 1.8 +
0.7 mm [27]. E. Clarke et al. reported diameters of
MCN of 2.49 mm on one cadaver and of 4.87 mm
on another [28]. L. Foroni et al. determined on
26 cadavers that the diameter of the nerve ranged from
2to 4 mm [29]. According to A. Hansasuta et al., after
dissecting 35 specimens from 18 human cadavers,
it was found that the diameter varied from 3.0 to
5.5 mm, with a median of 4.3 mm [30]. J.P. Lee et al.
established sex differences showing that in men (n =
6), the diameter of MCN was 4.3 + 1.1 mm (range of
2.5-6.0), while in women (n = 6), it was 3.1 £ 1.5 mm
(range of 1.6-4.0) [31].

The variability in the measurements is clearly
related to the different number of specimens, levels
of measurement, and the dissection techniques used,
where some researchers remove the epineurium while
others preserve the nerve sheath.

The conducted study revealed that the closer to the
latissimus dorsi muscle, the significantly greater the
total diameter of the extra- and intramuscular branches
of TDN (p < 0.001), which is sufficient for transfer to
the position of MCN. The significant predominance
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of the diameters of TDN branches (0.05-8.0 mm) in
90.1-95.0% of cases allows the surgeon to approach
fascicular transfer individually while maximizing
the preservation of latissimus dorsi function. Thus,
the excess total diameter of TDN will allow, through
fascicular dissection, to preserve 1-2 first-order
extramuscular branches (diameter of 1.00 [0.75;
1.25] mm) from 2—4 ones, 1-2 second-order branches
(diameter of 0.75 [0.5; 1.0] mm) from 2—4 ones, and
1-4 first-order intramuscular branches (diameter of
0.57 [0.5; 0.66] mm) from 2—7 ones.

Therefore, the conducted study demonstrates
that TDN as a donor nerve exceeds MCN as a
recipient nerve in diameter at the levels of extra- and
intramuscular branches, and its fascicular dissection
with account for the branching level will allow for the
preservation of latissimus dorsi function.

CONCLUSION

The diameter of the thoracodorsal nerve at the initial
section is smaller than that of the musculocutaneous
nerve, but the overall thickness of its extra- and
intramuscular branches is equal to or greater by
0.05-8.0 mm in 90.1-95.0% of cases. Different
branching levels of the thoracodorsal nerve contribute
to extensive transfer, and the excess diameter with
fascicular dissection will allow for the preservation of
latissimus dorsi muscle function.
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Echocardiographic Predictors of Undiagnosed Heart Failure with Preserved
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ABSTRACT

The aim was to evaluate the prevalence and echocardiographic predictors of previously undiagnosed heart failure
with preserved ejection fraction (HFpEF) in patients with atrial fibrillation (AF) and chronic dyspnea.

Material and methods. This prospective observational study included 85 patients hospitalized for cardioversion
with paroxysmal or persistent AF and chronic dyspnea. All participants underwent transthoracic speckle-tracking
echocardiography of left atrial longitudinal strain (LAS). HFpEF probability was assessed using the HFA-PEFF
algorithm. Dynamic follow-up of diastolic function was performed at three predefined time points: during AF
paroxysm, 24 hours post-cardioversion, and one-month post-cardioversion.

Results. High probability of HFpEF was identified in 78.7% of patients (67 out of 85). These patients exhibited
significantly higher NT-proBNP levels, greater CHA2DS:-VASc score, as well as more impaired LAS parameters
and elevated left atrial stiffness index compared to low-intermediate HFpEF probability groups. At one-month
follow-up after cardioversion (n = 55), while NT-proBNP levels significantly declined, overall HFpEF probability
remained unchanged. Left atrial stiffness index demonstrated the strongest independent predictive value in verifying
high probability HFpEF, with remarkable discriminative capacity both during AF (OR = 34.5; 95% CI 2.5—478.7)
and after sinus rhythm restoration (OR = 193.1; 95% CI 7.3—1,207).

Conclusion. This study reveals high prevalence of undiagnosed HFpEF among AF patients undergoing
cardioversion, with disease probability persisting despite rhythm control during one-month follow-up. The left
atrial stiffness index is as a valuable diagnostic marker for HFpEF detection in this population, potentially enhancing
standard HFA-PEFF algorithm.

Keywords: atrial fibrillation, heart failure with preserved ejection fraction, cardioversion, left atrial strain,
HFA-PEFF score
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PE3IOME

[leJb: OLEHUTH YACTOTY BCTPEYAEMOCTH M 3XOKapauorpadM4eckue NpeUKTOpbl paHee HeANarHOCTUPOBAHHON
Cep/ieuHOil HeIOCTaTOYHOCTH C coXpaHeHHO! (pakiueii Beiopoca (CHc®B) y nanuenTos ¢ pubpuuisimeii npen-
cepanii (PII) n XpoHHYECKOH OIBIIKOMH.

Marepuajbl 1 MeToABI. B mpocriekTnBHOE HabMOAaTENEHOE HCCIIEJOBAaHNE BKIIIOUCHB! 85 MAIIMEHTOB C MapoK-
CH3MaNbHOH Min nepcuctupylomeid popmoit OIT 1 XpoHHYECKOH OIBINIKOM, FOCIUTAIN3UPOBAHHBIX IS IIPO-
BEJICHMS KapJIHoBepcur. BeeM ydacTHHMKaM BBINONHSIACH TPAHCTOpaKajibHAsl dXOKapAnorpadus B COYSTaHHU C
METOJIOM CIEKJI-TPEKHMHra ISl aHajIM3a NpoaoibHOi nedopmarnuu aesoro npeacepaus (I1J1 JIIT). BepositHocTs
CHc®B onenuanacy ¢ nomonipto anroputma HFA-PEFF. [Ins nuHamMuueckoro HaOMIOJCHUS 32 MAIllHCHTaMHU
OBLTH BBIJEITICHB! TPY BPEMEHHbIE TOUKH: BO BpeMs GUOpMLIIIMN Ipeacepani, yepes 24 9 mocie KapJHOBEepCHH
n gepe3 1 Mec HaOIIOACHMSI.

Pe3yanTatsl. Beicokas BepostHOcTs CHc®B 65112 BhIsIBIICHA Y 78,7% nanuenTos (67 u3 85). B sroit rpymme 3a-
PETHCTPHPOBAHBI CTATUCTHYECKH 3HAUYNMO Ooiee Beicokue ypoBHU NT-proBNP, Gonee BrICOKHE Garubl MO IIKase
CHA:2DS2-VASc, a Takxke 6onee Huzkue nokasatenu [1]] JII1, 6onee Bricokuit maAekc xectrocTH JIIT o cpaBHe-
HUIO C TAIMEHTAaMH C HU3KOH U poMexyTouHo! BeposiTHOCTEI0 CHc®B. [Ipn muraMudeckoM HaOMIOICHUN Yepe3
1 mec mocie kapauoBepcud (n = 55) komudectBo 6awioB mo anroputMy HFA-PEFF octaBanoch HeHM3MEHHBIM,
HECMOTpS Ha CTAaTHCTHYECKH 3HaUnMoe cHKeHHe ypoBHs NT-proBNP. Hanbompryto mporHoCTHIeCKy 0 3HAYH-
MOCTb JJIsl BEISIBIICHHS ITAIIMEHTOB C BEICOKOH BEPOSTHOCTBHIO CEPACIHON HEAOCTATOYHOCTH IIPOJEMOHCTPUPOBAI
nngexc xectkoctH JIII, ¢ otHOmeHneM mancoB 34,5 (95%-i nosepurensHsit mHTEpBan (1) 2,5-478,7) Bo Bpems
OITm 193,1 (95% AN 7,3—-1207) npu CHHYCOBOM PHTME.

3ak04enne. [TomydeHHbIe TaHHBIE CBUIETENBCTBYIOT O BBICOKOH PacpOCTPaHEHHOCTH paHee HeIUarHOCTHPO-
BaHHOH CHc®B cpenu marmenTtoB ¢ ®II, rocnurann3upoBaHHBIX T Kapanosepcuu. BepoarHocts CHe®B cy-
IECTBEHHO HE N3MEHIAch B TEUEHNE MECSIIA ITOCJIE BOCCTAaHOBIIEHHUs CHHYCOBOTO puTtMma. MHunekc sxectkoctn JIIT
o0azaeT BBICOKOH THarHOCTHYECKOM eHHOCThIo sl Bepudukaunu CHc®B y naHHOi KaTeropuu naueHToB U
MOYKET pacCMaTPUBATHCS KaK JOIOJHUTENbHBIN KPUTEPU NTPH HCIOIB30BAaHUM cTaHIapTHOro anroputma HFA-
PEFF.

KunroueBble ciioBa: GpuOpHLIAINS TpeCepanii, cepAedHast HeIOCTaTOYHOCTh C COXPAaHEHHOH (hpakimei BEIOpoca,
Kapauosepcus, edopmanus neBoro npencepauns, mkana HFA-PEFF

KOHq)J’IHKT HHTEPECOB. ABTOpI)I JACKIApUPYIOT OTCYTCTBUE SIBHBIX U NOTCHIUAJIBHBIX KOH(I)J'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6HI/IKaHI/Ieﬁ HaCTOHU.[eﬁ CTaTbHU.

Hcrounuk ¢puHAHCHPOBAHHUA. ABTOPHI 3asBIISIOT 00 OTCYTCTBHM ()MHAHCHPOBAHUS IPH NMPOBEICHHN UCCIENO0-
BaHMSI.

CooTBeTCTBHE NPUMHIMIAM 3THKH. Bce manueHTs! noanucan MHGPOPMUPOBAHHOE COIJIaCHE Ha ydacTHE B HC-
cnenoBanuu. MccenenoBanue onoOpeHO 3THYECKUM KOMHMTeTOM MeaunuHckoro uHcturyta PY/IH (mpoTokon
Ne 16 ot 16.03.2023).

Jns untupoBanus: Jlasierora M.A., CraBuesa 10.B., Cadaposa A.®., Tumodeena T.M., Kobanasa XK.JI. Dxo-
Kapauorpaduieckne MpeAnKTOpsl HeANarHOCTHPOBAHHOM CepIedHOI HEJOCTATOYHOCTH C COXPaHEHHON (paKiu-
eif BBIOpoca y TOCIUTAIH3UPOBAHHEIX MAIEHTOB C (GHOPHILIAINEH TpeacepAni 1 skao0aMu Ha OJBIIKY. Broie-
menb cubupcrou meouyunwvt. 2025;24(4):21-30. https://doi.org/10.20538/1682-0363-2025-4-21-30.
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INTRODUCTION

Verification of the diagnosis of heart failure with
preserved ejection fraction (HFpEF) in patients with
atrial fibrillation (AF) and complaints of dyspnea
can be significantly challenging, as both conditions
are highly prevalent in the elderly, have similar
symptoms, and may directly cause each other [1-5]. At
present, questions regarding the reversibility of heart
failure after cardioversion as left atrial (LA) function
normalizes and, consequently, the appropriateness
of diagnosing HFpEF during hospitalization for
cardioversion remain insufficiently studied.

Moreover, this patient population often have
comorbid conditions (such as chronic obstructive
pulmonary disease, anemia, and obesity), which
complicate the accurate interpretation of the underlying
cause of dyspnea. Given the abovementioned,
optimizing the detection of HFpEF in this patient group
is critically important to enable timely adjustments in
pharmacological therapy [1, 2, 6].

Patients with HFpEF are often characterized by
cardiac fibrosis, remodeling, overload, and impaired
LA function. These changes can be assessed using
parametersalready widely employedinclinical practice
and metrics whose role requires further investigation.
Among these, the evaluation of LA longitudinal strain
(LAS) via speckle-tracking echocardiography is of
particular interest [7-10].

LAS is a promising echocardiographic marker that
reflects not only LA function but also left ventricular
(LV) filling pressure. It may serve as a complementary
parameter to validated clinical tools, such as the
H2FPEF and HFA-PEFF scores, which are used for
diagnosing HFpEF [11, 12]. Moreover, LAS is likely
a more sensitive marker of diastolic dysfunction
compared to conventional parameters assessing LA and
LV morphology [3, 13]. For instance, some studies have
demonstrated high accuracy of LAS in differentiating
between HFpEF and other causes of dyspnea in
patients with sinus rhythm [14-16]. However, data on
the utility of this method in patients with AF remain
limited and require further investigation.

The aim of this study was to assess the prevalence
and echocardiographic predictors of previously
undiagnosed HFpEF in patients with atrial fibrillation
and chronic dyspnea.

MATERIALS AND METHODS

After screening 171 patients, this prospective
observational study included 85 patients aged
> 55 years with paroxysmal or persistent AF

and complaints of chronic dyspnea, who were
consecutively admitted to the Cardiac Intensive
Care Unit at Vinogradov City Clinical Hospital
(a branch of RUDN University) for cardioversion
between March 2023 and May 2024. The final
analysis included 55 patients who underwent a one-
month follow-up. The method for sinus rhythm
restoration (either pharmacological or electrical
cardioversion) was selected according to current
clinical practice guidelines of the Russian Ministry of
Healthcare.

The main exclusion criteria were previously
diagnosed heart failure, inability to restore and
maintain sinus rhythm during follow-up (AF episodes
requiring repeat cardioversion), left wventricular
systolic dysfunction, presence of potentially reversible
causes of AF (such as electrolyte disturbances or
thyrotoxicosis), and severe comorbidities (including
severe anemia, chronic obstructive pulmonary
disease, or active malignancy). A follow-up visit was
scheduled one month after discharge to assess changes
in laboratory and echocardiographic parameters.

The study database recorded the main clinical
and demographic characteristics of the study
sample. Additional parameters included duration of
medical history and AF type, along with presence
of comorbidities. Dyspnea severity was classified
according to NYHA criteria. Standard laboratory
parameters were documented at hospital admission,
and changesin NT-proBNP were reported atadmission,
next day, and one month post-cardioversion. All
patients underwent thromboembolic and bleeding risk
assessment using CHA,DS -VASc and HAS-BLED
scales, respectively, based on clinical and laboratory
parameters.

Electrocardiography (ECG) was used to assess QRS
complex morphology and basic interval durations (PQ,
QRS, and QT). Transthoracic echocardiography was
performed using expert-class equipment (GE Vivid
E90, GE Healthcare, Horten, Norway) with standard
imaging planes ensuring optimal visualization and
recording of required parameters. The method for
assessing global LV contractility (the Teichholz
method or Simpson’s method) was selected based on
visualization quality and presence of regional LV wall
motion abnormalities, following the clinical practice
adopted at the institution.

Diastolic function was evaluated using tissue
Doppler imaging in apical four-chamber view by
measuring peak mitral inflow E-wave velocity (E)
and averaging lateral and septal mitral annular early
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diastolic velocities (e’), with subsequent calculation
of E/e’ ratio. Automated strain analysis was
conducted using specialized software. For LV global
longitudinal strain (LVGLS) assessment, automatic
tracking between endocardial and epicardial borders
was performed followed by bull’s eye diagram
generation and GLS calculation. Left atrial strain
was evaluated using ECG-gated images from apical
4- and 2-chamber views. The zero-reference point
for atrial strain curves was set at the ECG R-wave
followed by analysis of reservoir (LASr), conduit
(LAScd), and contractile (LASct) phases, with the
latter parameter assessed only during sinus rhythm
[17]. Left atrial stiffness index was calculated as E/e’
divided by LAST.

The likelihood of HFpEF was assessed using
the HFA-PEFF score. In cases of intermediate
HFpEF probability, a diastolic stress test (DST) was
performed according to protocols outlined in current
Russian and international guidelines [12, 18, 19]. DST
was positive if: 1) there was an increase in E/e’ ratio >
15 (2 points), or 2) there was an increase in E/e’ ratio
> 15 with a peak tricuspid regurgitation velocity > 3.4
m/s (3 points).

Statistical analysis was performed using IBM
SPSS Statistics software (v. 27.0). Quantitative data
are presented as median and interquartile range Me
[/OR], while qualitative variables are expressed as
absolute numbers and percentages n [%]. To assess
statistical significance of intergroup differences,
we used the Mann-Whitney U test for independent
samples, Wilcoxon signed-rank test for two related
samples, and Friedman test with subsequent post-hoc
pairwise comparisons (with Bonferroni correction)
for three related samples. Differences were considered
statistically significant at p < 0.05 (with Bonferroni
correction at p < 0.017).

To identify independent predictors of persistent
high HFpEF probability at one-month follow-up,
we performed logistic regression analysis separately
for parameters recorded during AF episodes and
after cardioversion. Variables showing statistical
significance at p < 0.1 were included in the
multivariate analysis. For each independent predictor,
ROC analysis was performed. The predictive value
of variables was assessed based on the area under the
curve (AUC), with optimal cutoff values determined
using the Youden index.

All patients provided a written informed consent
to participate in the study. The study protocol was
approved by the Ethics Committee of the Medical

Institute at RUDN University (Minutes No. 16 dated
March 16, 2023).

RESULTS

High probability of HFpEF according to the
HFA-PEFF score was identified in 67 patients
(78.7%), including 47 patients with initially high
HFpEF probability and 20 patients with intermediate
probability and positive diastolic stress test (DST).
Intermediate and low HFpEF probabilities were
recorded in 16 and 2 cases, respectively. At one-
month follow-up, AF episodes were documented in
30 patients (35.3%), including 25 from the group with
high HFpEF probability and 5 from the group with
low/intermediate probability. Thus, the final analysis
included 55 patients (42 with high HFpEF probability,
including those with positive DST — Group 1; and 13
with low/intermediate HFpEF probability — Group 2).
Group 1 patients demonstrated higher NT-proBNP
levels (both at admission and during follow-up) and
higher CHA2DS2-VASc scores (Table 1).

Data on the dynamics of HFA-PEFF score
components and LA strain parameters in patients
with HFpEF are presented in Table 2. Over
the one-month follow-up period, the median
HFA-PEFF score remained unchanged (5—5 points,
p > 0.05). Transition from high to intermediate
HFpEF probability occurred in only three patients,
driven exclusively by reductions in NT-proBNP
levels. During follow-up, we noted statistically
significant positive changes in some algorithm
parameters (NT-proBNP, lateral e¢’) and in all LA
strain parameters.

Statistically significant differences: * — for FU-1
vs. FU-2 and FU-3; FU-2 vs. FU-3; # — for FU-2 vs.
FU-3; ** — for FU-1 vs. FU-2; ## — for FU-1 and FU-2
vs. FU-3.

Logistic regression analysis demonstrated that
the left atrial stiffness index (E/e’/LASr) was the
only independent predictor of HFpEF persistence
at one-month follow-up in AF patients undergoing
cardioversion, showing significant associations both
during the AF episode (odds ratio (OR) = 34.5 [95%
Cl 2.5-478.7; p = 0.008]) and after sinus rhythm
restoration (OR=193.1[95% CI1 7.3-1207; p=0.008])

ROC analysis identified the following cutoff values
for the left atrial stiffness index (see Figure): > 1.10
(area under the curve [AUC] 0.83; sensitivity 49.1%;
specificity 100%) during AF and > 0.48 (AUC 0.86;
sensitivity 91.2%; specificity 66.7%) during sinus
rhythm.
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Table 1
Baseline Clinical and Demographic Parameters of Study Participants at the Time of Inclusion
Parameter Group 1 (n=42) Group 2 (n=13) p
Age, Me [IOR], years 75.5 [68;82] 73 [67;75] 0.18
Female sex, n (%) 29 (69.0) 6 (46.1) 0.24
Smoking, n (%) 3(7.1) 0(0) 0.77
Heart Failure Characteristics
HFA-PEFF, Me [IOR], points 6.0 [5.0;6.0] 4.0 [3.0;5.0] <0.0001
NYHA FC, n (%)
Sl 29 (69) 11 (84.6) 0.46
— 11 13 (31) 2 (15.4)
NT-proBNP, Me [IQOR], pg/ml 1,225 [568; 2,225] 226 [171;694] <0.0001
Atrial Fibrillation Characteristics
AF subtype, n (%)
—newly diagnosed (paroxysmal or persistent); 9(21.4) 4(30.8) 0.75
— paroxysmal; 34 (81.0) 11 (84.6) 0.91
— persistent; 8 (19.0) 2 (15.4)
Duration of AF history (including patients with newly diagnosed AF), n (%)
— less than 1 year; 11 (26.2) 5(38.5) 0.95
— 1-3 years; 13 (31.0) 5 (38.5)
— more than 3 years 18 (42.8) 3(23.0)
AF paroxysm duration >48 hours, n (%) 17 (40.5) 2 (15.4) 0.18
CHA2DS>-VASc, Me [IQR], points 4.0 [3.0;5.0] 3.0[2.0;3.0] 0.014
HAS-BLED, Me [IQR], points 2.0[1.0;2.0] 2.0 [1.0;2.0] 0.66
Comorbidities
Hypertension, n (%) 42 (100.0) 13 (100) 0.87
Coronary artery disease, n (%) 7 (16.6) 1(7.7) 0.73
Obesity, n (%) 17 (40.5) 3(23.1) 0.42
Diabetes mellitus, n (%) 6 (14.3) 0 (0) 0.3
Stroke, n (%) 4 (9.5) 1(7.7) 0.73
CKD (GFR-EPI <60 ml/min/1,73 m?), n (%) 24 (57.1) 4 (30.8) 0.18
Pharmacological Therapy
ACEI/ARBs, 1 (%) 28 (66.7) 9 (69.2) 0.87
Beta-blockers, n (%) 13 (31.0) 7 (53.8) 0.24
MRAS, 1 (%) 2(4.8) 1(7.7) 0.77
Thiazide diuretics, n (%) 5 (12.0) 3(23.1) 0.58
Loop diuretics, n (%) 6 (14.3) 0 (0) 0.35
CCBs, n (%) 9 (21.4) 4 (30.8) 0.75
AAD, n (%) 18 (42.9) 4 (30.8) 0.65
Anticoagulants, n (%) 25 (59.5) 7 (53.8) 0.97

Note. AAD — antiarrhythmic drugs; ACEI — angiotensin-converting enzyme inhibitors; AF — atrial fibrillation; ARB — angiotensin II receptor
blockers; CCB — calcium channel blockers; CKD- chronic kidney disease; FC — functional class; GFR — glomerular filtration rate; HFA-PEFF —
Heart Failure Association score for HFpEF diagnosis; MRA — mineralocorticoid receptor antagonists; NT-proBNP — N-terminal pro-brain natriuretic
peptide; NYHA — New York Heart Association functional classification. The results were considered statistically significant at p < 0.05.

Table 2
Longitudinal Changes in Laboratory and Echocardiographic Parameters
Parameter FU-1 FU-2 FU-3 P
NT-proBNP, Me [IQR], pg/ml 1,225 [560; 2,297] 899.0 [330.5; 412.5] 374 [133; 1,099] <0.001"
LAVI, Me [IQR], ml/m? 40.0 [31.9;45.2] 40.8 [33.7,44.2] 37.0 [34.0; 43.0] 0.03*
1VSd, Me [IQR], cm 1.3[1.1;1.4] - 1.2 [1.1;1.3] 0.01
LVPWd, Me [IQR], cm 1.1[1.0;1.2] - 1.11.0;1.2] NS
LVMI, Me [IQR], g/m? 96.9 [82.3;108.5] - 96.0 [77.5;108.5] 0.02
RWT, Me [IQR] 0.48 [0.43;0.55] - 0.48 [0.42;0.55] NS
PASP, Me [IQR], mm Hg 35.0[28.7;41.2] - 35.5[28.7;41.2] H3
TRV, Me [IQR], m/s 2.8 [2.1;3.6] - 3.0[2.4;3.5] NS
Lateral e’, Me [IQR], cm/s 0.06 [0.05; 0.09] 0.07 [0.06; 0.09] 0.07 [0.05; 0.08] <0.001*
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Endof table 2

Parameter FU-1 FU-2 FU-3 p

Septal e’, Me [IQR], cm/s 0.06 [0.05; 0.08] 0.07 [0.05; 0.08] 0.05 [0.04; 0.06] <0.001*
E/e’ ratio, Me [IOR] 11.4[9.0;14.0] 12.0[9.3;14.5] 11.6 [9.0; 14.5] NS
GLS, Me [IQR], % 16 [14;18] - - -
LASr, Me [IOR], % 11.5[8.0;14.0] 15.5[11.7;21.2] 21.0 [17.0;24.0] <0.001"
LAS cd, Me [IOR], % —7.0 [-10.0; —4.0] -10.5 [-13.0; -8.0] -13.0 [-14.5; -10.5] <0.001"
LAS ct, Me [IOR], % - 5.0 [-8.0; -3.0] -7.0 [-12.0; -4.5] 0.006
E/e’ | LASr, Me [IOR] 1.0 [0.68;1.7] 0.70 [0.52;1.0] 0.53[0.41;0.78] <0.001"

Note. FU — follow-up; FU-1, FU-2, and FU-3 represent time points corresponding to parameter measurements at admission (during AF episode —
FU-1), 24 hours post-cardioversion — FU-2, and 30 days post-cardioversion — FU-3, respectively. LVMMI — left ventricular mass index; LA — left
atrium; NS — not significant; PASP — pulmonary artery systolic pressure; TRV — peak tricuspid regurgitation velocity; LVPWd — left ventricular
posterior wall thickness; IVSd — interventricular septum thickness; E/e’ — ratio of early diastolic mitral inflow velocity to average mitral annular
tissue Doppler velocity; E/e’/LASr — left atrial stiffness index; LV GLS — left ventricular global longitudinal strain; LAScd — left atrial conduit
strain; LASct — left atrial contraction strain (assessed in sinus rhythm only); LASr — left atrial reservoir strain.
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Figure. ROC curve for the left atrial stiffness index measured during: a — sinus rhythm; b — atrial fibrillation episodes

DISCUSSION

HFpEF often remains underdiagnosed in AF patients,
since in clinical practice dyspnea, which is the cardinal
symptom of heart failure, may be attributed solely to
AF [20, 21]. Specifically, J.A.Naser et al. et al. (2023)
reported high HFpEF probability in 62% of patients
with this arrhythmia, yet only 5% had corresponding
ICD-10 codes in medical records at enroliment [20].

Y.N.V. Reddy et al. (2018) demonstrated hemo-
dynamic evidence of HFpEF via right heart
catheterization in 64% of AF patients with unexplained
dyspnea [21]. Our study identified high HFpEF
probability using HFA-PEFF score in most elderly
AF patients without prior heart failure history but with

chronic dyspnea, aligning with invasive diagnostic
data. Indeed, when using the mainstay — exercise stress
right heart catheterization — HFpEF can be detected in
65-94% of AF patients [21-23]. Furthermore, AF is
associated with a 2.5-fold increased risk of developing
clinically significant LV diastolic dysfunction (with
3.4% annual incidence) during follow-up compared to
sinus rthythm [20]. These findings together underscore
the imperative for active HFpEF screening in AF
patients with chronic dyspnea [20-24].

HFpEF in AF patients may be the sole thrombo-
embolic risk factor requiring anticoagulant therapy
and itself constitutes an indication for prognosis-
modifying medications [11, 12, 25]. Moreover, AF
episodes can induce changes that promote the
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development and progression of heart failure [24,
26]. Consequently, post-cardioversion changes in
both individual HFpEF markers and overall HFpEF
probability are of particular interest.

Indeed, sinus rhythm restoration may be
accompanied by reverse remodeling of cardiac
chambers [27-29], where functional improvements
in LA and LV (E/e’ and LASTr) along with reductions
in HF biomarkers typically precede morphological
changes (LA volume index), which may require
months of maintained sinus rhythm. Some studies have
demonstrated restored atrial mechanical synchrony
[30] and increased LASr shortly after cardioversion
[29, 31]. The latter rarely normalizes completely,
likely due to atrial myocardial stunning whose duration
varies depending on AF episode characteristics, atrial
size, and underlying structural heart disease [32, 33].

In our study, despite successful sinus rhythm
restoration in all cases (main inclusion criterion),
only three patients (4.5%) showed reduced HFpEF
probability (from high to intermediate) based on
NT-proBNP reduction. The overall study population
exhibited bidirectional changes in medial/lateral
mitral annular velocities alongside improvements
in LA reservoir, conduit, and contractile functions.
These findings supported by existing evidence [24—
33] suggest limited short-term reversibility of HFpEF
parameters post-cardioversion and highlight the need
for early initiation of prognosis-modifying therapies
(anticoagulants, SGLT2 inhibitors, and non-steroidal
MRAs) [11, 12]. Improved LA function following
rhythm control supports the early rhythm control
strategy demonstrated in EAST-AFNET 4 [34], where
HF hospitalizations were part of the primary endpoint.

Among echocardiographic markers of HFpEF, the
stiffness index (E/e’/LLASr) deserves special attention
as it represents an integrated measure of left heart
diastolic function [6, 35-42]. Several studies have
demonstrated in HFpEF patients associations of this
parameter both with AF recurrence after cardioversion
or catheter ablation [35, 36] and with long-term
prognosis  [37-39]. Furthermore, the stiffness
index has been investigated for HFpEF screening
as a potential adjunct to currently used diagnostic
probability models [6, 40, 41]. While standardized
reference values are lacking, this index typically does
not exceed 0.3 in healthy individuals.

HFpEF leads to increased stiffness index values,
with additional contribution from impaired LA
reservoir function during AF episodes, explaining
the varying cutoff values identified by ROC analysis

in our study [31, 42]. Although this parameter
showed slightly greater accuracy immediately after
cardioversion, its potential utility during AF is
particularly clinically relevant, as Russian practice
typically involves only a single pre-cardioversion
echocardiogram. In our study, the stiffness index was
the sole predictor of persistent HFpEF during follow-
up. Consequently, this indicator may be valuable both
as an adjunct to other HFpEF probability assessment
methods and as a potential alternative to diastolic stress
testing in cases of intermediate HFpEF probability.
However, the precise role of the stiffness index in
contemporary HFpEF diagnostic algorithms requires
further investigation.

Study limitations include the relatively small
sample size, short follow-up period (one month),
and lack of a control group with permanent AF. A
promising direction for future research involves
investigating the long-term effects of cardioversion
combined with HFpEF-targeted therapy on left atrial
remodeling and clinical outcomes.

CONCLUSION

In this study, the majority of elderly patients with
atrial fibrillation and chronic dyspnea demonstrated
high probability of HFpEF according to the HFA-
PEFF score, which persisted during follow-up after
cardioversion. The limited reverse remodeling of
cardiac chambers observed despite maintained sinus
rhythm supports the importance of active HFpEF
screening in this population to enable early initiation
of prognosis-modifying therapies. The stiffness index
appears particularly valuable in this context as a
potential adjunct to current guideline-recommended
diagnostic algorithms for early HFpEF detection.
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Genetic and Functional Features of Peripheral Blood Leukocyte
Mitochondria in Patients with Coronary Heart Disease and High Risk
of Sudden Cardiac Death

Korepanov V.A.', Atabekov T.A.', Golubenko M.V.? Valiakhmetov N.R.?, Babushkina N.P.?,
Batalov R.E.", Afanasiev S.A.', Garganeeva A.A.’
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111a Kievskaya St., 634012 Tomsk, Russian Federation

2 Research Institute of Medical Genetics, Tomsk National Research Medical Center, Russian Academy of Sciences
10 Naberezhnaya reki Ushaiki St., 634050 Tomsk, Russian Federation

ABSTRACT

Aim. To assess the relationship between the respiration of mitochondria of peripheral blood leukocytes and
mitochondrial DNA (mtDNA) polymorphism in patients with coronary heart disease (CHD) depending on the risk
of developing sudden cardiac death (SCD).

Materials and methods. We formed two groups of patients: the main group — patients with CHD and the high
risk of SCD (n = 107); the comparison group — patients with stable course of CHD without the risk of SCD (n =
50). Using methods of high-throughput sequencing, we determined patients’ haplogroup and carriage of mtDNA
polymorphisms A2706G, G3010A, and G9055A. The respiratory activity of isolated mitochondria from peripheral
blood leukocytes was assessed by amperometric method using NAD- and FAD-dependent oxidation substrates.

Results. In both studied groups, H, U, and J haplogroups were predominant (74.5% and 92.5%, respectively,
for the main group and the comparison group). There were more minor haplogroups in the main group than in
the comparison group. The frequencies of occurrence of polymorphisms A2706G, G3010A, and G9055A did
not significantly differ in intergroup comparison. In the main group, carriage of the A2706G polymorphism was
associated with a decrease in the respiratory control ratio (RC) in FAD-dependent respiration (p = 0.05), and in the
comparison group, it was associated with a decrease in oxygen consumption rate (OCR) in the V4 metabolic state
in both NAD- and FAD-dependent respiration (p = 0.002 and p = 0.008, respectively) without changes in RC. In
the main group, carriage of the G9055A polymorphism was associated with a decrease in OCR in the V3 metabolic
state (p = 0.037) in FAD-dependent respiration. For the G3010A polymorphism, no association with mitochondrial
respiration was found in the studied groups.

Conclusion. In patients with CHD, regardless of the risk of SCD, the frequencies of haplogroups H, U, and J and
mtDNA polymorphisms A2706G, G3010A, and G9055A do not differ significantly. In patients with high risk of
SCD, carriage of the A2706G polymorphism is associated with a decrease in RC in FAD-dependent respiration,
and the G9055A polymorphism is associated with a decrease in OCR in V3 during FAD-dependent respiration.

Keywords: mitochondria, peripheral blood mononuclear cells, coronary heart disease, sudden cardiac death,
mtDNA polymorphism
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FeHeTNUYecKne N pyHKLNOHANbHbIE 0COOEHHOCTN MUTOXOHAPUIA
nemnkoyntos nepudeprnyeckon Kposu NaLyMeHToOB Npu NWEeMNYeCcKon
60ne3HM cepauUa C BbICOKMM PUCKOM BHE3aNMHOW cepAeUYHOn cmepTi

KopenaHos B.A.', AtabekoB T.A.', Tony6eHko M.B.?, Bannaxmetos H.P.?,
ba6bywkuHa H.MN.%, batanos P.E.', ApaHacbeB C.A.", FapraHeeBa A.A.’

Y Hayuno-uccnedosamenvckutl uncmumym (HUH) kapouonozuu, ToMcKull HAUUOHATbHLLL UCCIE008AMENbCKULL
meoduyunckuu yeump (HHUMIL]) Poccuiickou akademuu HayK
Poccus, 634012, 2. Tomck, Kuesckas, 111a

2 Hayuno-uccreoosamenvckuil uncmumym (HUH) meouyunckou cenemuxu, TomMckutl HQyuonanbHulil
uccredosamenvekull meouyurckull yeump (HHUMIL]) Poccutickoil akademuu Hayk
Poccus, 634050, . Tomck, Habepesicnas pexu Ywatixu, 10

PE3IOME

Heab. OueHUTs B3aMMOCBS3b JBIXaTENbHON aKTUBHOCTH MHUTOXOHAPHHA JTEHKONUTOB NepudepryecKoil KpoBH ¢
nonumopuzmom muroxonapuansaoit JJHK (MmtAHK) y manuenTtoB ¢ umemudeckoit 6onesnsio cepauna (MBC) B
3aBHCHMOCTH OT HAJIMYHMS PUCKa Pa3BUTHs BHE3amHOM cepaednoi cmeptu (BCC).

Marepuajbl 1 MeToAbI. Bputn chopmMupoBaHbI BE TPYMIbI NAMEHTOB: OCHOBHAs rpymmna — nanueHTtsl ¢ UbC
1 BeicokiM prckoM BCC (n = 107), rpynna cpaBHeHUs — MalMeHTHbI co cTabuibHbM TeuenueM VIBC 6e3 pucka
BCC (n = 50). INanueHTam ompeAeNsuid Tariorpyrnny, HOCHTENbCTBO nonumopdusmoB A2706G, G3010A u
G9055A MT/IHK MeTomamu BBICOKONPOU3BOIUTEIBHOIO CEKBEHHpOBaHHSA. OICHUBAIM AbIXaTEIbHYIO aKTHUB-
HOCTh M30JIMPOBAHHBIX MUTOXOHIPUH M3 JIEWKOLUUTOB Mepudepruueckoil KpOBH aMIEPOMETPHUYECKUM METOJIOM
npu ucnonb3oBaHuu NAD- n FAD-3aBHCHMBIX CyOCTPaTOB OKHCIEHHS.

Pe3yasTatsl. B 06enx nceinenoBanHbIx rpynnax ramrorpymnmsl H, U, J ssistmucs npeBanupytomymu (74,5 n 92,5%
JUTSL OCHOBHOM TPYyTIIBI ¥ TPYIIITE CPAaBHEHHS COOTBETCTBEHHO). B 0CHOBHOI TpyIiiie MHHOPHBIX ralutorpymnil ObL1o
OoubIle, 4eM B Ipymie cpaBHeHHUs. YacToTsl BeTpedaemoctu noauMopdusmoB A2706G, G3010A, G9055A we
HMeEIY 3HAYUMbIX MEXXIPYIIIOBBIX pa3nuuuil. B ocHoBHOH rpymnme HocuTenscTBo 3aMeHbl A2706G acconuupyercst
co CHIXeHHeM kod¢p¢unuenta npixarenbaoro kontpons (JK) mpu FAD-3aBucumom npixanuu (p = 0,05), a B
TPpyIIIe CPaBHEHHS — CO CHIDKEHHEM cKopocTH notpebienns kuciopona (CIIK) B MeTaboinn4eckoM COCTOSIHUH
V4 npu NAD- n FAD-3aBucumoM tumnax aerxanus (p = 0,002 u p = 0,008 coorBeTcTBeHHO) 6€3 n3menenus JK.
HocutenscrBo 3amensr G9055A B ocHOBHOUM Tpymme accormupoBano co camkenueMm CIIK B Metabommaeckom
cocrostanu V3 (p = 0,037) npu FAD-3aBucumom apixanuu. Jlns nomamopdusma G3010A mt/IHK He BEIsIBICHO
CBSI3U C PECIIMPATOPHON aKTUBHOCTBIO MUTOXOHIPUHA B HCCIIEI0BAaHHBIX IPyIIax.

3axmouenue. Y manuentos ¢ MBC BHe 3aBucumoctn oT pucka passutus BCC gacrors! ramorpynn H, U, J u
nonrumoppusmMoB A2706G, G3010A, G9055A mtIHK He MMEIOT 3HAUNMBIX pa3induid. Y ManueHTOB BHICOKOTO
pucka BCC HocutenscTBo omumopdusma A2706G cBszano ¢ magenuem JIK nmpu FAD-3aBucumom npIxaHuu, a
nonumopduszma G9055A — co camkennem CIIK B V3 nmpu FAD-3aBucHMOM IbIXaHHH.

KnroueBble cjoBa: MHTOXOHAPHH, JEHKOIWTH HepH(peprHueckod KpOBH, WIIEMHYecKas OOJe3Hb cepala,
BHE3aIHas ceplieuHasi cMepTb, mosmmopdusm Mt IHK

KoHdaukT uHTEpecoB. ABTOPHI ACKIAPHUPYIOT OTCYTCTBUE SBHBIX U MOTCHIMAIBHBIX KOH(PIUKTOB HHTEPECOB,
CBSI3aHHBIX C MyOJUKAIME HACTOSIICH CTAThH.

Hcrounuk ¢punancupoBaunus. MccienoBanre BBIOIHEHO 3a cyeT rpanTa Poccuiickoro HayuHoro ¢onma (mpo-
ekt Ne 24-24-00527).

CooTBeTcTBHE NPUHIMIIAM 3THKH. Bece manmeHTs! noamucany NHGOPMUPOBAHHOE COTTACHE HA yIacCTHE B HC-
cinenoBannu. MccnenoBanue og00peHo0 KOMUTETOM Mo OmomenumuHckor strke HUW MenummHCKONW TeHETHKH
Tomckxoro HUMII (mpotokon Ne 20 ot 14.02.2024).
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INTRODUCTION

Chronic coronary heartdisease (CHD) isrecognized
as a primary pathogenetic factor in the development of
not only heart failure (HF) [1], but also an increased
risk of life-threatening ventricular arrhythmias, such
as ventricular tachycardia [2]. The latter could be the
cause of sudden cardiac death among above-mentioned
patient population [3]. The search for the markers
that can improve the stratification of patients with a
high risk of sudden cardiac death (SCD) is actively
ongoing, since the markers available to cardiologists
are not always sufficient [4].

According to some data, mitochondrial DNA
(mtDNA) polymorphism may contribute to the
development of pacemaker cell dysfunction resulting
in cardiac arrhythmias including life-threatening ones
[5]. It is not possible to directly assess the function
and genome of cardiac myocytes in routine clinical
practice. However, if somatic mutations of mtDNA are
not taken into account, DNA isolated from peripheral
blood leukocytes can be used for genotyping.

The aim was to assess the relationship between the
respiration of peripheral blood leukocyte mitochondria
and mitochondrial DNA polymorphism in patients
with CHD depending on the risk of SCD.

MATERIALS AND METHODS

As part of the study, we divided patients into
two groups. The main group encompassed 107
patients diagnosed with CHD, who underwent
implantation of cardiac resynchronization therapy
devices with a defibrillator function as primary
and secondary prevention of life-threatening
ventricular tachyarrhythmias according to clinical
guidelines [6]. The comparison group encompassed
50 patients with stable CHD (without a history of
cardiovascular events, such as myocardial infarction,
stroke, thromboembolism, and sudden circulatory
arrest) and without indications for implantation
of resynchronization therapy devices. Clinical
and laboratory characteristics of the patients are
summarized in Table 1. The study protocol was
approved by the local Ethics Committee of the
Research Institute of Medical Genetics, Tomsk

National Research Medical Center (Minutes No. 20
dated February 14, 2024). A signed informed consent
was obtained from each patient included in the study.

Table 1

Clinical and Laboratory Characteristics of the Patients
at the Time of Enrollment

Parameters Main group Comparison value
(n=107) group (n = 50) p
;\egaer'sMe Qs Q) 1640 (59.0:71.0)| 67.0 (63.0: 72.0) | 0.147
Men, n (%) 83 (77.6%) 22 (44.0%) | <0.001
Angina pectoris, 0 0
(%) 83 (77.6%) 36 (72.0%) 0.320
Myocardial 72 (67.3%) 0 (0%)

infarction, n (%)
Coronary atheroscle-
rosis, n (%)

47 (43.9%) 35 (70.0%) | 0.003

%1?81; Q) % 42 (33; 58) 65 (64; 67) <0.001
I;Z/OH)A HFFCL 11 (10.3%) 20 (40.0%) <0.001
IJEA)H)A HFFCIL 58 (54.2%) 21 (42.0%) 0.121
I:ZZ/SA HEFCIIL 38 (35.5%) 9 (18.0%) 0.036
Hypertension, n (%) 99 (92.5%) 49 (98.0%) 0.552

Body mass index,
Me (Q;; Q,), kg/m?
Obesity, n (%)

29.1(26.2;33.1)| 31.2 (26.5; 34.5) | 0.326

47 (43.9%) 25 (50.0%) | 0.699

Dyslipidemia, n (%) 78 (72.9%) 28 (56.0%) 0.020
Diabetes mellitus, 0 o

n (%) 23 (21.5%) 7 (14.0 %) 0.244
Carotid artery 0 0

atherosclerosis, n (%) 53 (49.5%) 40 (80.0%) <0.001
Femoral artery 0 0

atherosclerosis, n (%) 35 (32.7%) 25 (50.0%) 0.076
Thyroid gland 0 0

diseases, 1 (%) 10 (9.3%) 11 (22.0%) 0.068
ACEI/ARA, n (%) 85 (79.4%) 38 (76.0%) 0.310
BAA, n (%) 88 (82.2%) 29 (58.0%) <0.001
Anticoagulants, n (%)| 44 (41.1%) 12 (24.0%) 0.029
SGLT2i, n (%) 24 (22.4%) 5 (10.0%) 0.055
Statins, n (%) 93 (86.9%) 43 (86.0%) 0.403
Diuretics, n (%) 49 (43.9%) 18 (36.0%) 0.208
Antiarrhythmics, n (%)| 37 (34.6%) 10 (20.0%) 0.053
CCBA, n (%) 15 (14.0%) 21 (42.0%) <0.001
Antiplatelets, n (%) 68 (63.6%) 33 (66.0%) 0.693

Glucose, Me (Q;; Q,),

ol 5.69 (5.22; 6.60) | 5.57 (5.05; 6.19) | 0.204

Total cholesterol, Me

Q.- Q). mmoll 4.14 (3.62; 5.00) | 4.35 (3.60; 5.50) | 0.466
1° 3/
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Endof Table 1l

Main group
(n=107)

Comparison

Parameters group (1 = 50)

p-value

Triglycerides, Me |} 57 9. 1.86)| 147 (1.13: 1.87)| 0.307

(Q;; Q,), mmol/l

HDL, Me Qi Q) | 51 (0.93: 1.46)| 1.15 (1.03; 1.45) | 0.879
mmol/Il

LDP, Me (Q;; Q.). 15 55 (1.55: 3.21)| 2.40 (1.70: 3.10) | 0.855
mmol/I

Note. LVEF — left ventricular ejection fraction; FC — functional class;
CHF - chronic heart failure; NYHA — New York Heart Association;
ACE:i — angiotensin-converting enzyme inhibitor; ARA — angiotensin
I receptor antagonist; BAA — beta-adrenoreceptor antagonist;
SGLT2i — sodium-glucose transporter type 2 inhibitors; CCBA —
calcium channel-blocking agent; HDP — high-density lipoproteins;
LDP — low-density lipoproteins.

All patients had blood collected in vacutainers with
EDTA. Isolation of peripheral blood leukocytes was
carried out using Histopaque-1077 density gradient
(Sigma, USA). The resulting “ring” containing
leukocytes was washed in phosphate buffered saline (pH
= 7.40) (Sigma). Isolated mitochondria were obtained
using the commercial Mitochondria Isolation Kit for
Cultured Cells (ThermoScientific, USA) according
to the manufacturer’s instructions. The resulting
pellet was resuspended in a minimum volume of
0.25 M sucrose for further work. The methodology
of studying respiration during NAD-dependent
(pyruvate + malate) and FAD-dependent (succinate)
substrate oxidation was described previously [7].
The assessed parameters of mitochondrial respiration
were V3 — phosphorylating metabolic state (in the
presence of oxidation substrates, inorganic phosphate
and ADP), V4 - non-phosphorylating metabolic
state (after ADP depletion), and respiratory control
coefficient (RC) — V3/V4.

To study mtDNA, total DNA was isolated from
peripheral blood leukocytes. The complete mtDNA
sequence was determined using high-throughput
sequencing as described previously [8]. The mtDNA
haplogroup of each patient was determined using
the mtDNA-Server 2 program [9]. The search for
associations with cellular respiration was carried out
for three mtDNA polymorphisms: A2706G (marker
of haplogroup H), G3010A (marker of haplogroup
H1), and G9055A (marker of haplogroup K).

The choice of the above-noted polymorphisms
for analysis was determined by the results of our
own research and literature data. For haplogroup H,
associations with myocardial infarction, ischemic
cardiomyopathy, and postoperative atrial fibrillation

were previously found [10-12]; for haplogroup H1,
associations with increased risk of cardiovascular
accidents, including sudden cardiac death, were found
[13; 14]; haplogroup K, according to the results of
several studies, showed a protective effect, but only
in neurodegenerative disease [15; 16], whereas we
previously revealed a higher frequency of the G9055A
polymorphism in individuals who survived cardiac
arrest [17].

Statistical data processing was carried out using
STATISTICA 10.0 software package. The hypothesis
of normal distribution of quantitative data was tested
using the Shapiro — Wilk test. The differences between
quantitative variables were assessed using the non-
parametric Mann — Whitney test. The results were
presented as median, upper and lower quartiles (Me
(Q; Q). Differences in frequencies were studied
using the Pearson’s chi-square test. The results were
presented as absolute frequencies (z) and percentages
(%). Differences were considered statistically
significant at p < 0.05.

RESULTS

According to the data presented in Table 1, men
predominated in the main group (80.6% vs. 44.0%
compared to the comparison group, p < 0.001).
Patients of this group more often had NYHA
functional class II HF (p = 0.036), dyslipidemia
(p = 0.020), and their LVEF was on average classified
as mildly reduced, whereas in the comparison group,
all patients had preserved LVEF. Also, patients in the
main group more often took B-blockers (p < 0.001)
and anticoagulants (p = 0.029), and less often took
calcium antagonists (p < 0.001).

Genotyping and determination of mMtDNA
haplogroups were carried out in samples of 102 patients
of the main group and 40 patients of the comparison
group (Table 2). The frequencies of predominant
haplogroups among patients in both studied groups
corresponded to the population distribution [8]. The
highest frequencies of occurrence were registered for
haplogroups H, U, and J, and the total contribution of
the listed mtDNA variants in the comparison and main
groups was 92.5% and 74.5%, respectively. Also,
haplogroup T was one of the most common mtDNA
haplogroups in the main group of patients (10.8%).
In the comparison group, the minor haplogroups
were the following: T, D, and M-G. Carriage of these
haplogroups was established in only 3 patients (1 case
for each haplogroup). In the main group, there were
more minor mtDNA haplogroups. In this group, these
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included the following haplogroups: M-G, V, W, A,
F, N, I, X, HV, C, and R. The obtained results are
consistent with previous data obtained on a sample of
patients with ischemic heart failure [8].

Table 2

Frequencies of Occurrence of mtDNA Haplogroups Among
the Studied Patients, n (%)

mtDNA haplogroup gﬁg;‘%:rf%) l\/(lnalz %OZL;D p-value
H, n (%) 19 (47.5%) 42 (41.2%) 0.86
U, n (%) 13 (32.5%) 25 (24.5%) 0.87
J, n (%) 5 (12.5%) 9 (8.8%) 0.45
T, n (%) 1(2.5%) 11 (10.8%) 0.22
D, n (%) 1(2.5%) 0 (0%) 0.14
AIM-G, n (%) 1(2.5%) 1 (1.0%) 0.58
V, n (%) 0 (0%) 2 (2.0%) 0.32
W, n (%) 0 (0%) 1(1.0%) 0.49
A, n (%) 0 (0%) 2 (2.0%) 0.32
F, n (%) 0 (0%) 1 (1.0%) 0.49
N, n (%) 0 (0%) 2 (2.0%) 0.32
I, n (%) 0 (0%) 1(1.0%) 0.49
X, n (%) 0 (0%) 2 (2.0%) 0.32
HV, n (%) 0 (0%) 1(1.0%) 0.49
C, n (%) 0 (0%) 1(1.0%) 0.49
R, n (%) 0 (0%) 1(1.0%) 0.49

Note. Here and in Table 3: mtDNA — mitochondrial DNA.

Analysis of the carriage of mtDNA A2706G,
G3010A, and G9055A polymorphisms was carried
out in 97 samples from the main group and 40 samples
from the comparison group. Results are presented
in Table 3. There were no significant differences in
the occurrence frequencies of these mtDNA variants
between the studied groups.

Table 3

Frequencies of mtDNA A2706G, G3010A, and G9055A
Polymorphisms in the Studied Groups, n (%)

mMtDNA Comparison group Main group
polymorphism (n = 40) (n=194) p-value
A2706G, n (%) 23 (60.0%) 62 (66.0%) 0.91
G3010A, 1 (%) 12 (30.0%) 20 (21.3%) 0.36
G9055A, n (%) 4 (10.0%) 10 (10.6%) 0.92

Table 4 demonstrates the results of the assessment
of the respiration of peripheral blood leukocyte
mitochondria in carriers of the A2706G polymorphism

in both studied groups. The presented data show that
in carriers of this polymorphism in the comparison
group, oxygen consumption rate in V4 metabolic
state significantly decreased in both NAD- and
FAD-dependent substrate oxidation (»p = 0.002 and
p = 0.008, respectively). In both cases, there were
no significant changes in RC. In the main group,
carriage of this polymorphism was associated with a
decrease in RC in FAD-dependent substrate oxidation
(p=0.05).

The presence of guanine at position 2706 of mtDNA
was associated with a decrease in the efficiency
of phosphorylation only in succinate oxidation in
patients of the main group, whereas in the comparison
group, it exerted a protective effect reducing oxygen
consumption rate in non-phosphorylating state.
This is consistent with the data indicating increased
production of reactive oxygen species as a result of
electron leakage from the respiratory chain in carriers
of haplogroup H (haplotype 2706A [18]), despite
high levels of oxygen consumption (VO2max) during
physical activity [19].

It is likely that carriage of this haplogroup is
very common among patients with cardiovascular
diseases, since long-term exposure to reactive
oxygen species is damaging, including in relation
to cardiomyocytes and their mitochondria. Together
with risk factors and comorbidity, this results in
a progressive decrease in myocardial contractile
activity and the development of arrhythmias,
including life-threatening ones.

In carriers of the G9055A polymorphism, a
simultaneous decrease in mitochondrial respiration in
V3 (p=0.037)and V4 (p=0.037) metabolic states with
a fall in RC (p = 0.13), which did not reach statistical
significance, was shown among patients with high risk
of sudden cardiac death in FAD-dependent substrate
oxidation (Table 5).

Carriage of the G3010A mtDNA polymorphism
was not associated with a significant change in
mitochondrial respiration in any of the studied groups
in either NAD- or FAD-dependent substrate oxidation
(Table 6).

Table 4

Peripheral Blood Leukocyte Mitochondria Respiration in the Presence and the Absence of mtDNA A2706G Polymorphism, (Me (Q,; Q,))

Comparison group | Main group
Parameter NAD-dependent substrates
A2706 G2706 p-value A2706 G2706 p-value
V3, nmol O,/min/mg mito- 196.44 ) 123.18 )
chondrial protein (125.42; 245.15) 125.19 (93.69; 137.09) 0.07 (82.57: 194.71) 104.93 (61.81; 161.98) | 0.52
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Endof table 4

Comparison group | Main group
Parameter NAD-dependent substrates
A2706 G2706 p-value A2706 G2706 p-value
V4, nmol O,/min/mg mito- . . 42.64 .
chondrial protein 67.19 (52.08; 123.06) | 41.47 (34.90; 47.78) 0.002 (30.38; 54.69) 41.87 (27.50; 55.15) 0.87
RC, RU 2.25 (1.89; 3.07) 2.47 (1.92; 3.57) 0.54 | 2.57(2.47;2.70) 2.35(2.23;2.88) 0.22
FAD-dependent substrate
V3, nmol O,/min/mg mito- 235.75 (156.25; 175.93 82.57 )
chondrial protein 312.50) (108.42; 193.73) 0.19 (71.88; 150.24) 140.31(7422;169.96) | 0.74
V4, nmol O,/min/mg mito- . . 29.20 .
chondrial protein 87.50 (52.82; 106.21) | 36.46 (28.91; 61.34) 0.008 (20.90: 54.69) 49.46 (32.50; 66.96) 0.19
RC, RU 2.96 (2.58; 3.38) 2.91 (2.45; 3.80) 1.00 |[3.23(2.30;4.18) | 2.57(2.16;2.76) 0.05

Note. Here and in Tables 5 and 6. V3 — phosphorylating metabolic state; V4 — non-phosphorylating metabolic state; RC — respiratory control ratio

(V3/V4)

Table 5

Peripheral Blood Leukocyte Mitochondria Respiration in the Presence and the Absence of mtDNA G9055A Polymorphism, (Me (Q,; Q)

Comparison group | Main group \
Parameter NAD-dependent substrates
G9055 A9055 p-value G9055 A9055 p-value
V3, nmol O,/min/mg mitochon- 125.32 (85.33; 131.32 (127.81; 107.95 (76.39; )
drial protein 199.42) 140.54) 0.79 161.98) 33.35(50.65; 57.40) | 0.09
V4, nmol O,/min/mg mitochon- 44.95 (34.09; . 45.96 (30.27, .
drial protein 56.25) 51.53 (47.67;55.13) | 0.62 54.60) 23.95 (23.95; 25.95) 0.09
RC, RU 232(1.88;3.10) | 2.55(2.34;2.87) 0.62 2.53 (2.30; 2.88) 2.23(2.15;2.61) 0.13
FAD-dependent substrate
V3, nmol O,/min/mg mitochon- 165.18 (72.62; 254.32 (154.18; 128.68 (75.76; )
drial protein 225.00) 260.33) 0.15 162.55) 32.67(28.51;45.29) | 0.037
V4, nmol O,/min/mg mitochon- 56.25 (29.71; . 43.66 (26.69; .
drial protein 88.14) 84.77 (51.46; 92.52) 0.52 64.41) 15.24 (14.40; 29.87) 0.037
RC, RU 2.67 (2.33;3.53) 3.00 (2.41;3.37) 0.46 2.64 (2.28;3.23) 2.14 (2.01; 2.56) 0.13
Table 6

Peripheral Blood leukocyte Mitochondria Respiration in the Presence and the Absence of mtDNA G3010A Polymorphism, (Me (Q,; Q,))

Comparison group | Main group \
Parameter NAD-dependent substrates
G3010 A3010 p-value G3010 A3010 p-value
V3, nmol O,/min/mg 131.32 164.30 120.86 )
mitochondrial protein (120.31; 199.42) (93.16; 235.86) 0.96 (64.95;203.61) 106.06 (79.78; 114.48) 0.56
V4, nmol O,/min/mg 51.86 . 48.65 )
mitochondrial protein (44.94; 78.13) 41.59 (3632, 71.35) 0.26 (27.50; 91.02) 33.44 30.13; 50.89) 0.10
RC, RU 2.29(1.88;3.57) | 2.50(2.29;3.07) 0.35 2.52(2.16; 2.70) 2.49 (2.30; 3.32) 0.52
FAD-dependent substrate

V3, nmol O,/min/mg 170.55 (69.90; 132.33 128.68 ]
mitochondrial protein 254.32) (106.25; 172.28) 0.57 (65.00; 178.31) 133.93 (81.21; 163.10) 0.69
V4, nmol O_/min/mg 58.80 43.66

H 2 . .
mitochondrial protein (29.71; 95.24) 43.03 (28.91; 87.50) 0.66 (29.20; 66.96) 38.07/(23.36; 65.10) 065
RC,RU 2.94 (2.57;3.81) 2.95(2.34;3.16) 0.48 2.61(2.17;2.87) 3.17 (2.43; 4.07) 0.10

DISCUSSION

The search for associations between the carriage
of mtDNA polymorphisms, the belonging of mtDNA
to a certain haplogroup, and cardiovascular disease
progression type is an actively developing field today.

36

The aim of the study was to reveal the relationship
between the carriage of single polymorphisms,
A2706G, G3010A, and G9055A, as well as the
belonging of mtDNA of individuals of the studied
groups to certain haplogroups and the risk of
developing sudden cardiac death in patients diagnosed
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with ischemic heart disease. When comparing the
group of patients without risk of sudden cardiac death
and the group of patients with high risk of sudden
cardiac death, no differences in the frequencies of
mtDNA haplogroups were found. The predominant
mtDNA haplogroup in both groups was haplogroup
H (47.5% in the comparison group and 41.2% in the
main group), which is consistent with literature data.

In point of fact, this haplogroup is the main one
for our population; its frequency of occurrence in
our country reaches an average of 40% [20]. Less
frequently, patients were identified as carriers of
haplogroups U (32.5% and 24.5% for the comparison
group and the main group, respectively) and J (12.5%
and 8.8%, respectively), which also correlates
with previous literature data. The main group was
characterized by a greater variety of minor mtDNA
haplogroups, such as A/M-G, C,D,F, HV, L N,R, V,
W, and X.

The analysis of available literature data did not
reveal any studies aimed to identify the role of the
relationship between the carriage of the A2706G
polymorphism (encodes the 12S rRNA subunit; marker
polymorphism of haplogroup H) and mitochondrial
respiration. In our study, this polymorphism was
associated with a decrease in oxygen consumption rate
in V4 metabolic state in oxidation of various substrates
(p=0.002 and p = 0.008 in NAD- and FAD-dependent
respiration, respectively) in patients diagnosed with
CHD without the risk of sudden cardiac death. It could
be assumed that in this group of patients, the carriage of
this polymorphism partially exerts a protective effect
aimed to reduce respiratory activity in V4 metabolic
state to reduce oxygen consumption for processes not
associated with the synthesis of ATP by mitochondria.

In patientswith CHD and highrisk of sudden cardiac
death, the carriage of the A2706G polymorphism was
associated with lower RC ratio in FAD-dependent
substrate oxidation. With respect to other respiration
parameters, carriage of this polymorphism did
not make a significant contribution to changes in
mitochondrial respiratory parameters in patients of
this group. It may be concluded that the carriage of
this polymorphism has a probable protective effect
in patients with CHD without the risk of developing
life-threatening tachyarrhythmias. This effect is the
opposite in patients with high risk of developing life-
threatening arrhythmias.

There is no valid evidence in the available sources
on the influence of the G3010A polymorphism carriage
(replacement in the 12S rRNA; marker polymorphism

of haplogroup H1) on mitochondrial function in
cardiovascular diseases. A number of studies have only
revealed associations between an unfavorable course of
cardiovascular diseases, including the development of
sudden cardiac death [13, 14]. In this study, carriage of
mentioned mtDNA polymorphism was not associated
with any changes in mitochondrial respiration or
oxidation-phosphorylation coupling, neither in NAD-
dependent nor in FAD-dependent substrates oxidation,
both in the group of patients without the risk of sudden
cardiac death and in the group of patients with high
risk of sudden cardiac death.

The G9055A mtDNA polymorphism determines
an amino acid substitution in the ATPase-6 subunit
of ATP synthase. Only a small number of studies
aimed to evaluate the effect of this polymorphism
on energy metabolism in various diseases not related
to cardiovascular pathology (Parkinson’s disease,
autism, and breast cancer) have been published
[21, 22]. The results of the study showed that the
contribution of this mtDNA polymorphism to the
mitochondrial respiration resulted in a significant
decrease in oxygen consumption rate in succinate
oxidation in patients of the main group who carry
this polymorphism, i.e., it had a negative effect
on the functioning of the electron transport chain.
Otherwise, in patients with complicated CHD, this
polymorphism was not associated with any significant
changes in mitochondrial respiration. In patients of
the comparison group, carriage of this polymorphism
was not accompanied by any significant changes
in mitochondrial respiration. Most likely, for these
patients, the G9055A polymorphism is neutral and
does not make a significant contribution to the course
of the underlying disease.

CONCLUSION

In this study, a comprehensive study of peripheral
blood leukocyte mitochondria was carried out in
cardiac patients diagnosed with CHD and high risk of
developing life-threatening arrhythmias, namely their
functional activity, haplogroups, and certain mtDNA
polymorphism (A2706G, G3010A, and G9055A).
The frequency distribution of haplogroups in CHD
patients with and without high risk of developing
life-threatening tachyarrhythmias corresponds to
the population distribution. As in the population,
haplogroups H, U, and J were predominant for CHD
patients regardless of the risk of developing sudden
cardiac death. The presence of guanine at position
2706 of mtDNA was associated with a decrease in the
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activity of non-phosphorylating state of mitochondrial
respiration only in case of CHD without the risk of
developing sudden cardiac death. In case of CHD
with high risk of sudden cardiac death, carriage of
the G9055A polymorphism was associated with a
decrease in the intensity of mitochondrial respiration
in both phosphorylating and non-phosphorylating
states in FAD-dependent substrate oxidation. For the
G3010A mtDNA polymorphism, no association with
changes in respiration of peripheral blood leukocyte
mitochondria was revealed.
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ABSTRACT

Aim. To study the associations of polymorphic variants in the BDNF, GSK3B, AKT1, MAPK, and CREBI genes
with neurocognitive deficits (NCD) in patients with schizophrenia.

Materials and methods. The study included 148 patients with schizophrenia, who underwent psychometric
examination and genotyping. The Brief Assessment of Cognition in Schizophrenia (BACS) was used to assess
neurocognitive functioning indicators. Ten polymorphic variants in the genes BDNF, GSK3B, AKT1, MAPK, and
CREBI were genotyped. Statistical processing was carried out using the 2 goodness-of-fit test, Fisher’s exact test,
cluster analysis, the Kruskal — Wallis test, and multivariate analysis of variance.

Results. The CT genotype of the BDNF rs6265 polymorphic variant was more common in the group of patients
with severe NCD, while the CC genotype was more typical of patients with moderate and mild NCD. In patients
with severe and moderate NCD, the AG MAPK rs8136867 genotype was predominant, while in patients with mild
NCD, the GG genotype was predominant. A statistically significant effect of polymorphic variants of the BDNF
gene on performance in the Token motor task (rs6265: p = 0.025 and rs11030104: p = 0.027) and the Tower of
London subtests (rs6265: p = 0.016 and rs11030104: p = 0.037) was found. There was also a significant effect
of MAPK gene polymorphisms on the performance in the Token motor task subtest (rs8136867: p = 0.003) and
CREB] on the Tower of London test (rs6740584: p = 0.022).

Conclusion. For the first time, associations of BDNF rs6265 and MAPK rs8136867 polymorphisms with
neurocognitive deficit in patients with schizophrenia, as well as BDNF rs6265, BDNF rs11030104, MAPK
rs8136867, and CREBI rs6740584 polymorphisms with performance in the BACS battery subtests were found.

Keywords: schizophrenia, neurocognitive deficits, molecular genetics, protein kinases, BDNF, single nucleotide
polymorphism
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HenpokorHntusHbin gepuunt npu wnsoppeHnn n nonumopeHbie
BapuaHTbl FeHOB NPOTEeNHKNHA3HbIX CUTHAJIbHbIX NyTen:
NouncK accoynaumn

KopHeTtoB A.H., TuryHnues B.B., FTankun C.A., Mnxanuuykas E.B., Arapkos A.A.,
Bounko A.C., KopHetoBa E.l',, UBaHoBa C.A.

Hayuno-uccnedosamenvckuii uncmumym (HUU) ncuxuueckozo 300posvsa, Tomckuil HayuoHanbHulil
uccredosamenvcxuill meouyurckul yenmp (HUMIL]) Poccutickoul akademuu Hayk
Poccus, 634014, 2. Tomck, yn. Aneymckas, 4

PE3IOME

Hens. V3yunTs accoruanyy HOIUMOPQHBIX BapuaHToB B TeHax BDNF, GSK3B, AKT1, MAPK u CREBI c neiipo-
korHuTHBHBIM pedururom (HK/I) y 6onpHBIX mI30dpenueii.

MarepuaJjbl 1 MeTOBI. B nccnenoBanue BKoYeHs! 148 manneHToB ¢ mu30(peHneil, y KOTOpeIx OBLTO IpoBee-
HO [CUXOMETPHUYECKOEe 00CIeIOBaHHE U TeHOTHIMPOBaHUe. sl OLIEHKH MoKa3areseil HepOKOrHUTUBHOTO (yHK-
LOUOHHPOBAHHS UCIIOJIF30BaIaCh KpaTKas IIKalla OLeHKH KorHuuuy rnpu mu3odpennn (BACS). [TogseprayTs Te-
HotunupoBanuio 10 momumopdHbIX BapuaHToB B reHax BDNF, GSK3B, AKT1, MAPK n CREBI. Ctatuctudeckas
00paboTKa ocyIIeCcTBICHA C TIOMOIIBIO KPUTEPHS COracust y2, TOYHOro kpurepus Puiepa, KIacTepHOro aHaIN3a,
kpurepus Kpackena — Yosnca 1 MHOrO(akTOpHOTO IUCIICPCHOHHOTO aHAIN3a.

PesyabTatsl. ['enorun CT nonumopdHoro Bapuanta BDNF rs6265 yarie BCTpedalcst B TpyIe MalHeHTOB C BbI-
paxenHsiM HK/I, B To Bpemst kak Juis ManeHToB ¢ ymepeHHbIM U jerkuM HKJI b1 Gonee XxapakTepeH TeHOTHII
CC. VY nauueHToB ¢ BblpaxkeHHbIM 1 ymMepeHHbIM HKJI npeoGnanan renorun AG MAPK rs8136867, Torna kak
y nanuentoB ¢ jerkuM HKJ] — remorun GG. OOHapyKeHO CTATHCTHYECKH 3HAYMMOE BIIHSHHE MOIUMOP(HBIX
BapHaHTOB reHa BDNF Ha pe3ynbTaTUBHOCTh B cyOTecTax «JIBUrarenbHslit TecT ¢ pumkamm» (rs6265: p = 0,025
n rs11030104: p = 0,027) u «bamms Jlonmona» (rs6265: p = 0,016 u rs11030104: p = 0,037). Tarxxe Habm0gANCS
3Ha4UMBIH 3G dexT nonuMopdHbeIX BapuaHToB reHa MAPK Ha moka3arenu B cyOrecte «J/IBUraTenbHbIi TeCT C
¢dumkamuy» (1s8136867: p = 0,003) u CREBI — B cy6recte «bamnst Jlongona» (rs6740584: p = 0,022).

3aka0yenne. Brieperie 0OHapy>KeHBI acCOMAIMY TOTMMOPGHBIX BapuaHToB BDNF 156265 n MAPK rs8136867
C HEHPOKOTHUTHUBHEIM Ae(DHIUTOM y OOJIBHBIX MN30(peHnei, a Taxke moauMophHBIX BapuantoB BDNF rs6265,
BDNF 1511030104, MAPK rs8136867 u CREBI rs6740584 ¢ pe3ynbTaTHBHOCTHIO B cyOTecTax Oatapen BACS.

KaroueBble cioBa: mm3odpeHus, HEHPOKOTHUTHBHBIN Ae(HIUT, MONEKYIApHas T€HEeTHKa, MPOTEHHKHUHA3BI,
BDNF, 01HOHYKICOTHIHBIA TOTUMOPPHU3M

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

Hcrounuk ¢punancupoBanus. Pabora mognepkana rpantoM Poccuiickoro HayuHoro ¢onma Ne 23-75-10072.
«BDNF-onocpeioBaHHbIe BHYTPUKIICTOYHbIE CUTHAIBHBIC KACKA/Ibl B KITMHUYECKOM MOITUMOP(U3ME H KOTHUTHB-
HOM jedunute mpu mu3odperumn», https://rscf.ru/project/23-75-10072/

CooTBeTcTBHE NPUHIUIAM 3THKH. Bce nmanueHTs! noanucany MHGOPMUPOBAHHOE COIIaCHE HA y4acTHE B HC-
cnenoBanuu. McecnenoBanue ogoopeno stuueckuM komurerom HUN nenxngeckoro 3n0poBest Tomckoro HUMI
(nportoxon Ne 157 ot 18.11.2022).

Jasi umtupoBanus: Kopueros A.H., Turynues B.B., 'ankun C.A., Muxanuukas E.B., Arapkos A.A., boiiko A.C.,
KopueroBa E.I'., BanoBa C.A. HelipOoKOTHUTUBHBIN AeHUIUT NMPpH MHU30(PPEHUN U TOIUMOP(HBIC BapHAHTHI
TeHOB TIPOTEMHKMHA3HBIX CHTHAIBHBIX MyTeH: IOWUCK acconuanuil. bronremenv cubupckoi meOuyuHbl.
2025;24(4):40-48. https://doi.org/10.20538/1682-0363-2025-4-40-48.

INTRODUCTION problem of developing neurocognitive deficit (NCD)
in patients with schizophrenia is still relevant in

Despite the fact that antipsychotic therapy psychiatry. NCDs are often some of the causes of
effectively relieves the main clinical symptoms of reduced social and work adaptation of patients, as well
psychosis (hallucinations, psychomotor agitation, as disability [1]. Despite the fact that NCD does not
delusions, and mental health conditions), the belong to the fundamental criteria of schizophrenia in
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modern diagnostic guidelines [2, 3], it is a persistent
symptom complex that forms at the very beginning of
the disease and makes a significant contribution to its
clinical polymorphism [4].

It is believed that NCDs in schizophrenia are
based on dopamine neurotransmission dysfunctions,
as well as the psychotomimetic and cognitive-
disruptive effects of N-methyl-d-aspartate (NMDAR)
receptor antagonists [5]. In this regard, it is currently
becoming relevant to search for opportunities
not only for targeted drug therapy, but also for
mechanisms to increase the neuroplasticity of people
with schizophrenia.

The BDNF gene encodes a brain neurotrophic
factor that supports brain development, survival
of nerve cells [6], branching of their dendrites,
and neuroplasticity in general [7]. BDNF is
expressed in all areas of the brain, with its highest
concentration in the hippocampus and the cerebral
cortex [8]. When BDNF binds to its high-affinity
TrkB receptor (tropomyosin-related kinase B), this
leads to phosphorylation of the latter and activation
of intracellular cascades, such as PI3K/AKT and
MAPK/ERK signaling pathways [9].

The product of the AKT gene, protein Kinase type
1, regulates cell growth, proliferation, and metabolism,
apoptosis, and angiogenesis [10, 11], and also plays an
important role in the negative regulation of GSK-3R
(glycogen synthase 3R kinase). By activating AKT,
BDNF is able to block GSK-3B, thereby increasing
neuronal polarization, growth, and branching of
neuronal axons.

The MAPK pathway is the main point of conver-
gence in all protein kinase signaling pathways. It
is responsible for regulating cell growth and diffe-
rentiation and neuroplasticity [12]. The downstream
target of the MAPK pathway is the transcription factor
CREB, which regulates many cellular functions:
neurotransmission, transcription, neuroplasticity, and
metabolism. There is evidence confirming the
contribution of CREB to the development of addictive
disorders, subclinical and clinical manifestations of
anxiety and depression [13].

The contribution of the genetic component to the
development of schizophrenia has been repeatedly
confirmed in research [14, 15]. A number of
publications have demonstrated that BDNF, AKT, and
GSK-3 can be considered as potential biomarkers of
schizophrenia [16-18]. In this regard, we hypothesized
that polymorphic variants in the BDNF, GSK3B,
AKTI, MAPK, and CREBI genes may contribute to

the formation of NCD as a component of the clinical
pattern of schizophrenia.

The aim of the research was to study the associations
of polymorphic variants in the BDNF, GSK3B, AKT]I,
MAPK, and CREBI genes with neurocognitive deficits
in patients with schizophrenia.

MATERIALS AND METHODS

The study was conducted at the clinic of the Mental
Health Research Institute of Tomsk National Research
Medical Center of the Russian Academy of Sciences.
The study included 148 patients born and living in the
Siberian Federal District of the Russian Federation
with an established diagnosis of schizophrenia (F20
in accordance with the criteria of the International
Classification of Diseases, 10th Revision (ICD-10)).
Inclusion criteria were as follows: age of patients from
18 to 55 years, belonging to the Slavic ethnic group,
established diagnosis of schizophrenia according to
the 1CD-10 criteria, and consent to participate in the
study. Exclusion criteria were the following: mental
retardation, dementia, severe organic pathology or
somatic-symptom somatic disorders in the stage of
decompensation, and refusal to participate in the study.

All patients included in the sample received
basic antipsychotic therapy with conventional or
atypical antipsychotics. To unify the assessment of
pharmacotherapy, the doses of the drugs were converted
to the chlorpromazine equivalent (CRZeq, mg/day).

The Basic Map of Socio-demographic and
Clinical-dynamic Characteristics for Patients with
Schizophrenia [19], which had been previously tested
in clinical trials, was filled out for all subjects. The
severity of the patients’ psychopathological symptoms
was verified by the Positive and Negative Syndrome
Scale (PANSS) [20] in the adapted Russian version
(SCI-PANSS) [21].

The assessment of neurocognitive functioning
indicators was carried out using the Brief Assessment
of Cognition in Schizophrenia (BACS) in an adapted
Russian-language version [22] using normative
indicators for the Tomsk population [23]. The scale
consists of six subtests: 1) List Learning (verbal
memory); 2) Digit Sequencing Task (working
memory); 3) Token Motor Task (motor functions);
4) Controlled Oral Word Association Test (semantic
fluency); 5) Symbol Coding (attention); 6) Tower of
London (executive functions).

Blood sampling for genotyping was performed on
an empty stomach (after 12 hours of fasting, between
7.00 am and 9.00 am) through ulnar venipuncture into
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BD Vacutainer tubes. Ten polymorphic variants of
five genes were genotyped using polymerase chain
reaction methods on a QuantStudio 3D Digital PCR
System (Applied Biosystems, USA): BDNF (rs6265,
r s11030104), GSK3B (rs13321783, rs6805251,
rs334558), AKTI (rs1130233, rs3730358), MAPK
(rs8136867, rs3810608), and CREB1 (rs6740584).

The statistical analysis was performed using the
software Statistica 12.0 and R 4.4.3. The nature of
the distribution of variables (agreement with the
law of normal distribution) was assessed using the
Shapiro-Wilk test. Data with a normal distribution
were presented as the mean and standard deviation —
M £ SD, in the absence of a normal distribution —
as the median of the interquartile range Me [,,. .]-
Qualitative variables were represented as absolute (n)
and relative (%) units.

The frequency analysis was carried out using the
agreement y2 test and the Fisher’s exact test (in the
case of frequencies less than 5). K-means clustering

was used to identify the severity of NCD. The
Kruskal-Wallis test was used to compare several
independent samples. The genetic balance was
calculated in the R program using the “genetics”
package. Multifactorial analysis of variance (factorial
ANOVA) was used to study the relationship between
polymorphic variants and indicators of cognitive
functioning. The value of p < 0.05 was considered
statistically significant.

RESULTS

Based on the BACS, we identified three clusters of
neurocognitive disorders registered across all subtests,
which differed in clinical severity: cluster 1 (38 (25.7%)
patients) with severe NCD, cluster 2 (67 (45.3%)
patients) with moderate NCD, and cluster 3 (43 (29%)
patients) with mild NCD (p < 0.001) (Fig. 1).

The socio-demographic and clinical indicators of
the selected clusters of patients with schizophrenia are
presented in Table 1.
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Fig. 1. The cognitive profile of the identified
10 variants of the severity of neurocognitive
deficits according to BACS in the group of
0 patients with schizophrenia: | — List Learning,
I I m v v Vi 11 - Digit Sequencing Task, |1l — Token Motor
cluster 1 22.2+9.6 93+55 |256+11.2| 222+7.8 | 17.3+9.4 6.6 £6.2 Task, 1V — Controlled Oral Word Association
cluster 2 308+7.6 | 152+53 [426+13.7| 352+94 | 358+8.6 | 13.2+438 Test’ V — Symbo' Coding’ VI - Tower of
cluster3 | 41.6+9.6 | 206+4.3 | 55135 | 534210 |49.2+£105| 17+2.1 London
Table 1
Socio-demographic and Clinical Parameters of Patients in the Identified Clusters according to BACS
Parameter Cluster 1, Cluster 2, Cluster 3, »
n =38 n==67 n=43
Sex (male/female), n 20/18 39/28 22/21 0.735
Age, Me [Q ; Q.], years 38 [33; 47] 34 [30; 38] 35 [29; 40] 0.107
Age of symptom manifestation, Me [Q ; Q.], years 23 [18; 28] 24 [20; 30] 23 [20; 29] 0.621
Duration of the disease, Me [Q,.Q.], years 12 [4; 21] 7[3; 16] 10 [5; 14] 0.124
Positive symptoms 25 [20; 29] 26[19; 30] 23 [18; 28] 0.104
Negative symptoms 26 [24; 29] 26 [24; 29] 25[21; 28] 0.161
PANSS, Me [Q;; Q,] General psychopathological symptoms 57 [51; 62] 55 [50; 60] 53 [48; 60] 0.146
Total score 111 [101; 119] 108 [97; 114] 100 [92; 107] | 0.073
Duration of baseline therapy, Me [Q,. Q.], years 410.5; 17] 310.5; 9] 3.5[0.6; 8] 0.308
Type of antipsychotic, Atypical 16 (42.1) 32 (47.8) 31(72.1) 0.012
n (%) Conventional 22 (57.9) 35 (52.2) 12 (27.9) '
CPZeq, Me [Q,; Q,], mg / day 379 [225; 800] | 400[250;599] | 300[125;599] | 0.105
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The selected clusters were comparable in terms of
sex, age, age of manifestation of the schizophrenic
process, duration of the disease, and severity of
psychopathological symptoms. The duration of the
baseline therapy received by the patients, as well as
the overall antipsychotic load, did not differ between
the clusters, however, in patients with mild NCD,
atypical antipsychotics were used as baseline therapy
compared with the rest of the study participants (p =
0.012).

The frequencies of the studied polymorphic variants
in the general sample of patients with schizophrenia
followed the Hardy—Weinberg equilibrium (all p >
0.05). Analysis of the genotype frequency distribution
revealed statistically significant differences between
patient clusters for the polymorphic variant BDNF
rs6265 and MAPK rs8136867 (Table 2).

The CT BDNF rs6265 genotype was more common
in the group of patients with severe NCD, while the CC
genotype was more typical of patients with moderate
and mild NCD. However, in patients with severe and
moderate NCD, the AG MAPK rs8136867 genotype
prevailed, whereas in patients with mild NCD, the GG
genotype prevailed.

50

40

®
5 30
o
2 20
[an)
10
0 | ] 11 \Y \ Vi
32+105 | 154462 |434+156|383+137|358+135| 131£54
301+138| 145+7.6 | 38£19.7 |333+168|323+19.7| 10572
37472 | 146464 |266+12.7| 354169 | 283+12 | 13+86
50
40
®
5 %
o
2 2
m
10
0 I T i v v Vi

342+10.3| 16.3+6.9 [49.3+16.4|40.1+14.7| 37+13.6 | 13.7+47

301+114| 146+6.4 [379+165|353+14.6(33.1+£16.2( 11.7+6.2

324+11.7| 152+6.4 [425+158| 38+151 |36.6+13.6( 13.2+6.5

Table 2

Genotype Frequencies in Patients with Schizophrenia
Depending on the Severity of NCD, units

Poly- |Geno- Cluster
morphism | type Cluster 1 | Cluster 2 3 ¥2/F p
CT |13(34.2)|11(16.4) | 9(20.9)
BDNF

CC |23(60.5)|56 (83.6)]33(76.8) | 8.546 | 0.045

rs6265
TT | 2(5.3) 0 (0) 1(2.3)
VAPK AG |27 (71.1) |36 (53.7) | 15 (34.9)
r<8136867 |GG | 5(13.2) |15(22.4) |18 (41.9) | 12.829 | 0.012

AA | 6(15.7) |16 (23.9) [ 10 (23.2)

Next, the influence of the studied polymorphic
variants on the indicators of neurocognitive func-
tioning in patients with schizophrenia was analy-
zed using multifactorial analysis of variance (facto-
rial ANOVA). A statistically significant effect of poly-
morphic variants of the BDNF gene on performance
was found in the subtests: Token Motor Task (rs6265:
p = 0.025 and rs11030104: p = 0.027) and Tower of
London (rs6265: p=0.016 and rs11030104: p=0.037).
There was also a significant effect of the polymorphic
variant MAPK rs8136867 on the indicators in the
Token Motor Task subtest (p = 0.003) and CREBI
rs6740584 on the Tower of London subtest (» = 0.022)

(Fig. 2).
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Fig. 2. Associations of polymorphic variants of the BDNF, MAPK, and CREBI genes with cognitive functioning in patients with
schizophrenia: a — BDNF 1s6265; b — BDNF 1s11030104; ¢ — MAPK 1s8136867; d — CREBI 1s6740584. * — the level of statistical
significance
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DISCUSSION

The problem of a genetic predisposition to NCD
in schizophrenia is no less acute than a predisposition
to the disease itself or the undesirable effects of its
pharmacotherapy. Polymorphic variants of the studied
genes have been repeatedly tested for associations
with the clinical pattern of mental and addictive
disorders. In addition to the above, our study raises the
issue of neuroplasticity as a protective factor against
neurocognitive disorders.

We found that the CT genotype of the polymorphic
variant of BDNF rs6265 was more common in the
group of patients with severe NCD. The C allele of
the polymorphic variant of BDNF rs6265 encodes
the amino acid valine, the T-methionine allele. The
expression of the latter leads to a decrease in BDNF
production [24]. RS6265 also contributes to the
formation of the hippocampus and prefrontal cortex,
two brain regions that have the highest expression
of BDNF and are centers of learning and memory
processes [25]. In 2005, E. Dempster et al. [26] showed
the association of the T allele with lower values on
the Wexler Memory Scale compared to the C allele.
A study was also conducted where apparently healthy
subjects with different BDNF rs6265 genotypes were
presented with verbal recognition tasks similar to the
Controlled Oral Word Association test [27]. Then it
turned out that the best results are shown by carriers
of the CC genotype. These data are partially consistent
with ours.

NCD is the third domain of schizophrenia after
positive and negative. Schizophrenia itself was
described in the late 19th century. century as “early de-
mentia.” There is an interpretation that Emil Kraepelin
introduced this phrase as the equivalent of dementia
in Alzheimer’s disease for young patients [4]. There
is biological evidence for this interpretation, in
particular, an association with Alzheimer’s disease
has been shown for the polymorphic variant of BDNF
rs6265 [28]. In another study, no such association was
found, but the authors were able to show an increased
incidence of the heterozygous rs6265 genotype and
the diplotype of three polymorphic BDNF variants
(rs6265, 1511030104, 1s2049045; H1-GTC/H2-ACG)
in the subgroup without the carriage of apolipoprotein
E4 (APOE 4), which increases the risk of developing
Alzheimer’s disease [29].

Attention deficit hyperactivity disorder (ADHD)
is another clinical problem associated with cognitive
impairment. There is an association of the polymorphic

variant of BDNF rs6265 with both ADHD and general
intellectual disabilities [30]. In both groups of patients,
the G allele and GA genotype of this polymorphic
variant were more common than in the control group,
which is consistent with the results of our study. The
association of rs6265 with ADHD is also confirmed
by the fact that medications used to treat this disorder
can increase BDNF levels in the central nervous
system [31]. Based on this, it can be assumed that the
decrease in indicators for individual subtests of the
BACS is associated with attention instability, which
is an important link in the pathogenesis of ADHD,
especially the subtype predominantly with attention
disorders [32].

Concentration of attention plays an important role
in the performance in the BACS subtests, especially
Towers of London and Symbol Coding, so we consider
the hypothesis to be well-founded. It is worth clarifying
that there are also opposite data [33, 34] indicating the
absence of an association between ADHD and the
polymorphic variant of BDNF rs6265, as well as the
variant rs11030104 in the same gene [35]. In 2010, a
meta-analysis was conducted [36], which showed that
the contribution of the BDNF gene to the development
of ADHD was not statistically significant when sex
or comorbidity with mood disorders were taken into
account.

The presented facts suggest that the involvement
of this genetic mechanism is most likely not
specific to schizophrenia, but is responsible for
cognitive functioning in general. The transdiagnostic
comparison of the results obtained in other mental
disorders with the data obtained by us is an argument
for supporters of the dimensional model of psychiatry
over the categorical one.

In the course of this study, it was found that the AG
MAPK rs8136867 genotype prevailed in patients with
severe and moderate NCD. Previously, polymorphic
variants of the MAPK gene were studied mainly in
European populations in the context of affective
disorders: major depressive and bipolar disorder. In
one study, the MAPKZ1 variant rs8136867 showed an
association with bipolar disorder [37]. In another [38],
polymorphic variants MAPK1 rs8136867 and CREBI
rs6740584 demonstrated a contribution to resistance
to antidepressant treatment in patients with major
depressive disorder, and the heterozygous MAPK1
rs8136867 genotype also contributed to the duration
and quality of remissions in both groups of patients.

Previously, this was explained by the relatively
general thesis that changes in neuroplasticity are
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necessary for a therapeutic response, and treatment
of affective disorders is most often prolonged and
depletes the plasticity potential in neurons [39, 40].
Later, information appeared that the MAPK pathway
is the target of several antidepressants [41, 42]. So,
G. Mercier et al. showed that fluoxetine itself rapidly
activates MAPK cascades in rat astrocytes [40].
However, it was also shown that the MAPK signal
prevented the inhibition of glutamate release by
bupropion [43].

In modern psychiatry, the concept of overlapping
symptoms of schizophrenia and bipolar disorder
has been repeatedly confirmed [44, 45], which
allowed us to hypothesize common pathogenetic
pathways of these disorders. Like schizophrenia,
depressive states are also accompanied by cognitive
impairments associated with the death of neurons in
the prefrontal cortex and hippocampus [46]. In light
of this, it is reasonable to conclude that genes whose
products are involved in protein kinase signaling
pathways contribute to the pathogenesis of not only
affective disorders, but also schizophrenia. This is
demonstrated, among other things, by the results of
our study showing the effect of polymorphic variants
of the MAPK and CREBI genes on the performance
in individual BACS subtests. This is the second
transdiagnostic dimensional perspective, which is the
result of comparing the data we have obtained with
studies performed in other mental disorders.

Among the limitations of this study, a small sample
size is worth mentioning, but it was, but sufficient
for correct statistical processing reflecting objective
clinical and neuropsychological data.

Our hypothesis was confirmed with respect to
polymorphic variants in the BDNF, MAPK, and
CREBI genes, which may contribute to the formation
of NCD as a component of the clinical picture of
schizophrenia. The results obtained suggest the
specificity of the effect of the considered polymorphic
variants onimpaired neuropsychological development,
which plays an important role in the etiology of
schizophrenia and confirms the validity of identifying
its cognitive phenotypes.

CONCLUSION

For the first time, we found associations of
polymorphic variants BDNF rs6265 and MAPK
rs8136867 with neurocognitive deficits in patients
with  schizophrenia, as well as polymorphic
variants BDNF rs6265, BDNF rs11030104, MAPK
rs8136867, and CREB1 rs6740584 with performance

in the BACS subtests. The data obtained once
again prove the involvement of genetic factors in
NCD in schizophrenia. Further research will reveal
reliable genetic markers of schizophrenia and
related disorders, which will prevent an unfavorable
outcome of schizophrenia and complicate the social
readaptation of patients.
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Correlation of Vascular Endothelial Growth Factor Receptor-2 Expression
and Morphological Changes in the Myocardium of Rats on a High-
Carbohydrate High-fat Diet
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ABSTRACT

Aim. To evaluate the relationship between the expression of vascular endothelial growth factor receptor 2
(VEGFR2) in the myocardium and its association with morphological changes in cardiac muscle cells in rats on a
high-carbohydrate high-fat diet with regard to the age using the immunohistochemical method.

Materials and methods. The study was conducted on male Wistar rats aged 5 and 18 months, some of which were
fed with a standard diet, while the other previously received a high-carbohydrate and high-fat diet (HCHFD) for
90 days. VEGFR2 was detected by immunohistochemical staining of myocardial sections, signs of myocardial
damage were assessed by the presence of perinuclear depletion (edema) of the sarcoplasm and contracture changes
in cardiac muscle cells, karyopyknosis, and changes in the specific volumes of the stroma.

Results. An increase in the specific volume of VEGFR2 positive cardiomyocytes occurs in young (5 months old)
rats on HCHFD, in old (18 months old) rats on a standard diet, and, to the greatest extent, in aged animals receiving
HCHFD. The change in the proportion of cardiomyocytes expressing VEGFR2 correlates with the content of
cardiomyocytes with morphological signs of damage in the form of karyopyknosis, contracture, and depletion of
the perinuclear zone of sarcoplasm. According to multiple regression analysis, karyopyknotic disorders made the
greatest contribution to the change in VEGFR2 expression in cardiomyocytes in older animals.

Conclusion. HCHFD induces predictable changes in VEGFR2 expression in cardiac muscle cells, depending
on age and the severity of myocardial damage. The study results suggest that the protective effect of VEGFR2
expression may be disrupted in HCHFD and with age.

Keywords: age-related myocardial changes, high-carbohydrate high-fat diet, vascular endothelial growth factor
receptor-2 (VEGFR2), contracture changes in cardiac muscle cells
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Koppenauuna skcnpeccum pelentopa-2 COCyaANCTOro SHAOTENNANbHOro
dakTopa pocta n mopdonornuecknx U3MeHeHUN MNoKapaa Kpbic
Ha BbICOKOYI/1eBOA4HOI BbICOKOXKNPOBOW AguneTe

NoreuHos C.B.', Mycradpuna J1.P.", ®okun B.A.', Ak6awesa O.E.', Fepacumos A.B.",
Motanos A.B.', TepeHnr E.A.", JlacykoBa T.B.", TuxoHoBckasa O.A.', HapbikHas H.B.%,
Kyp6aTos b.K.?, Top6yHoB A.C.?

Y Cubupcruii 2ocydapemeennviii meouyunckutl ynueepcumem (Cuol MY)
Poccus, 634050, 2. Tomck, Mockosckuti mpakm, 2

2 Hayuno-uccnedosamenvckuii uncmumym (HUH) xapouonozuu, TomMcKuli HQyuoHanbHblll UCCIe0068ameNbCKuil
meduyunckuu yeump Poccuiickotl akademuu nayx (HUMIL])
Poccus, 634012, 2. Tomck, yn. Kueeckas, 111a

PE3IOME

eJsb: ¢ TOMOIIBI0 UIMMYHOIHCTOXMMHUYECKOIO METOJIa OLIEHUTh B3aUMOCBA3b HKCIPECCUH PELIENTOpa-2 COCyAU-
cToro sHjoTenuanbsHoro gakropa pocra (VEGFR2) B Muokapzae u ¢ MOphoI0rnueckuMy U3MEHEHHUSIMH Kap.IHo-
MHOLUTOB y KPBIC Ha BBICOKOYIJICBOJAHON BBICOKOXKUPOBOH JIUETE B BO3PACTHOM aCIIEKTe.

MarepuaJsl u MeTOABbI. VccnenoBanue MpoBeieHO Ha caMIlax Kpbic TuHUM Bucrap B Bozpacte 5 u 18 mec, ogHa
4acTh KOTOPBIX COJIepKaiach Ha CTaHAapPTHOM MHUIIEBOM PaIloHe, IpyTas — IPeIBapUTEIBHO HAXOJMIach Ha BbI-
COKOYTJIEBOAHOH U BhICOKOXHpoBoi quete (BYBXK/I) B Teuenne 90 nueit. VEGFR2 BEIIBISIM PN IMMYHOTH-
CTOXMMHYECKOM OKPAIIMBAHUH CPE30B MHOKapia, MPU3HAKH MMOBPEKACHUS MHUOKap/a OLUCHHBAIN N0 HATMYUIO
MEPUHYKJICapHOTO OITyCTOIICHHUs (0TeKa) CApKOIIIa3Mbl H KOHTPAKTYPHBIX H3MEHEHUI KapAHOMUAOLIUTOB, Kapho-
MMUKHO3a, U3MEHEHUH yIeIbHBIX 00HEMOB CTPOMBI.

PesyabTathl. YBenmuuenue yaensHoro oobema VEGFR2 mMMyHOrHCTOXMMHUYECKH MO3UTUBHBIX KapIHOMHOIIN-
TOB BO3HHUKAeT y MonoabIxX (5 mec) kpbic Ha BYBXK/I, y ctapsix kpsic (18 Mec) Ha cTraHmapTHOI AueTe U, B Hau-
OoJpLICH CTENICHHU, Y BO3PACTHBIX KHUBOTHBIX, colepkaBimxcs Ha BYBXK/I. MI3sMenenne 1oim KapAHOMHUOLUTOB,
skcnpeccupyromux VEGFR2, koppenupyeT ¢ conepxanueM KapAHOMHOILUTOB ¢ MOP(HOJIOTHIECKUMH IPH3HAKA-
MH TOBPEXKICHUS B BU/I€ KAPUOMHMKHO3a, KOHTPAKTYPHI M OIyCTOIEHHS IEPHHYKIIeapHOi 30HBI capKorutasMel. [1o
JTAaHHBIM MHOKECTBEHHOTO PErpecCHOHHOTO aHANN3a, y CTApbIX KWBOTHBIX HAHOONBIINH BKJIAA BO BIUSHUE Ha
n3menenue sxcnpeccurt VEGFR2 B kapauomuonurax okasain KapuOMUKHOTHYECKHE HAPYIICHHSL.

3aximoyenne. BYBXK/] BoI3piBaeT 3akoHOMepHble u3MeHeHus skcnpeccur VEGFR2 B xapaunomuonurax, 3aBu-
csIIKe OT BO3pacTa U CTENIEHU MOPAXKeHUS MUOKapAa. Pe3ynbTaThl Ucciief0BaHUs I03BOJIAIOT NIPEIIOIaraTh, YTo
MPOTEKTOpHAs! HarpaBieHHOCTh dkcnpecc VEGFR2 moxxer ObiTh Hapymena mpu BYBXK/] u ¢ Bo3pactom.

KiroueBble c10Ba: BO3pacTHbIC U3MEHEHUS MUOKAp/a, BEICOKOYTJIEBOIHAs BEICOKOKHMPOBAs AUETA, PELEITOP-2
cocyaucroro sHporenransHoro gakropa pocra (VEGFR2), konTpakTypHbIe H3MEHEHHS KapIMOMHOIIITOB

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

Cardiovascular diseases are largely the result of an
unhealthy lifestyle, including an unbalanced diet with
high levels of fats and carbohydrates, which affects
both general metabolism and endothelial metabolism
in particular [1, 2]. A key link in this process is
impaired angiogenesis and endothelial dysfunction,
which has been shown in experiments with metabolic
disorders in animals: a decrease in microvessel
density and VEGFR2 expression underlies the process
of disruption of signaling along the VEGF/VEGFR
pathway in cardiac endothelial cells [2, 3]. Moreover,
an imbalance in the VEGF system, which acts as a key
regulator of angiogenesis and cardiomyocyte survival,
can aggravate the course of cardiovascular diseases
[4]. The importance of the VEGF/VEGFR pathway
is highlighted by the fact that bidirectional signaling
between endothelial cells and cardiac muscle cells via
VEGFR2 coordinates physiological cardiac growth,
and its disruption contributes to the transition to
pathological hypertrophy and heart failure [2].

Inthe myocardium, cardiac muscle cellsare asource
of VEGF, along with the endothelium [4]. Saturated
fatty acid overload increases cardiac muscle cells
apoptosis in vitro [5], while lipotoxic effects on the
myocardium are mitigated by VEGF overexpression,
significantly restoring cardiac muscle cells viability.
The protective effect of VEGF in combating cardiac
muscle cell apoptosis may identify therapeutic targets
in diseases caused by fatty acid stress [6].

However, the effect of a high-carbohydrate high-fat
diet (HCHFD) on VEGFR2 expression in the myo-
cardium remains unstudied. Identification of this link
is critical for complete understanding of the patho-
genesis and the development of new strategies for the
treatment and prevention of cardiovascular complica-
tions in metabolic disorders associated with excessive
consumption of saturated fatty acids and carbohydrates,
which determines the high relevance of this study.

The aim of this work is to evaluate, using the
immunohistochemical method, the relationship
between VEGFR2 expression in the myocardium and
morphological changes in cardiac muscle cells in rats
on HCHFD with regard to age.

MATERIALS AND METHODS

The study was conducted on male Wistar rats
aged 5 and 18 months. All procedures complied with
Directive 2010/63/EU of the European Parliament and
the FASEB statement on the use of animals in research

and education. The study was approved by the Ethics
Committee of Cardiology Research Institute of Tomsk
NRMC (Protocol No. 201 dated July 30, 2020).

The experimental groups were formed as follows:
group 1 (n = 14) — intact 150-day-old (5-month-old)
rats receiving a standard diet for 90 days (starting at
60 days of age); group 2 (n = 14) — 150-day-old rats
receiving a HCHFD for 90 days (starting at 60 days of
age); group 3 (n = 14) — intact 540-day-old (18-month-
old) rats fed with a standard diet for 90 days (starting at
450 days of age). Group 4 (n = 14) included 540-day-
old rats maintained on a high-frequency intrauterine
fluid (HIF) for 90 days (starting at 450 days of age).
The HCHFD contained 16% protein, 21% fat, 46%
carbohydrates, including 17% fructose, and 0.125%
cholesterol. Water was replaced with a 20% fructose
solution. Rats from groups 1 and 3 (intact animals)
were given standard rodent chow (24% protein, 6%
fat, 44% carbohydrates) and clean water ad libitum.

Animals were sacrificed from the experiment
by decapitation after preliminary anesthesia with
chloralose (100 mg/kg intraperitoneally). For
histologic examination, the heart wall was cut into
2-3-mm-thick slices, fixed in 10% buffered formalin
for 24 h, washed in running water, and dehydrated in
Izoprep (BioVitrum, St. Petersburg), a solution for
histological processing based on absolute isopropyl
alcohol. After dehydration, the myocardial samples
were embedded in BioPlast homogenized paraffin
embedding medium (BioOptica, Italy).

Histological sections (5-7 um thick) obtained
using HM 325 rotary mechanical microtome (Thermo
Scientific, USA) were stained with hematoxylin
and eosin according to Van Gieson’s stain (stains
from BioVitrum, St. Petersburg). Expression of
VEGFR2 in cardiac muscle cells was assessed by
immunohistochemistry  using rabbit polyclonal
antibodiesata 1:50dilution (E3712, Spring Bioscience,
USA) according to the manufacturer’s instructions.
3,3’-Diaminobenzidine was used as a chromogen,
and counterstaining was performed with hematoxylin.
Stained preparations were embedded in BioMount
synthetic mounting medium (BioOptica, Italy) and
examined under Axio Lab.Al light microscope
(Carl Zeiss, Germany). Micrographs of histological
preparations were obtained using Axiocam 105 color
camera (Carl Zeiss, Germany).

In the left ventricular myocardium, the average
number of cardiac muscle cells with karyopyknosis,
perinuclear depletion (edema) of the sarcoplasm,
and contracture changes, as well as the number of
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unchanged cardiac muscle cells, were counted per
field of view. Cardiac muscle cells were counted in
20 independent fields of view of each left ventricular
myocardium section at 400x magnification; the field
of view area was 0.196 mm2. Using the ocular grid
proposed by Avtandilov, we determined the specific
volumes (%) of myocardial stromal connective
tissue stained according to Van Gieson’s stain
technique and VEGFR2-positive cardiac muscle
cells, the expression of which was detected during the
immunohistochemical reaction.

Statistical data processing was performed using
STATISTICA 13.0 (StatSoft Inc., USA). The
obtained data were tested for compliance with the
normal distribution using the Shapiro—Wilk test. Data
that did not correspond to the normal distribution
were presented as the median and interquartile range
(Me (Q,~Q,)). Homogeneity of variances was tested
using Levene’s test. The statistical significance of
differences in indicators between groups was assessed
using the the Mann-Whitney test with Bonferroni
correction for multiple comparisons. For six pairwise
comparisons, differences were considered statistically
significant at p = 0.05, if the hypothesis of equality of
the mean values of the indicators was rejected at p =
0.05/6 = 0.0127.

To assess the relationship between the indicators,
the Spearman’s rank correlation coefficient was
calculated. Multiple regression analysis was
performed to identify the dependence of VEGFR2
expression in cardiac muscle cells on such variables as
karyopyknosis, contracture, perinuclear depletion of
the cytoplasm of cardiac muscle cells, and the specific
volume of stroma. A standardized regression model
was built using indicators pre-transformed so that the
mean value of each indicator is 0, and the standard
deviation is 1:

VEGF = B, x X, + B, x X,+ B, x X,+ B, x X,,

where X, is karyopyknosis, X, is perinuclear
cytoplasmic depletion (edema), X, is contracture, and
X, is stroma.

In this case, the coefficients B, allow us to estimate
the relative contribution K, of each independent
variable to the prediction of the dependent variable
VEGF as a percentage using the formula:

RESULTS

In Group 1 (5 months old, standard diet),
immunohistochemical analysis of VEGFR2 expression
revealed weak staining of a small proportion of cardiac

muscle cells and more intense staining of endothelial
cells in some myocardial capillaries (Fig. 1, a). The
proportion of VEGFR2-positive cardiac muscle cells
was 15.3% (13.2-16.3%). In Group 2 rats (5 months
old, on HCHFD), immunohistochemical staining was
mosaic. Light-brown stained cardiac muscle cells
alternated with unstained myocardial cells, with a
generally distinct border between them (Fig. 1, b).

The proportion of VEGFR2-positive cardiac muscle
cells increased compared to Group 1 and was 32.2%
(27.2-34.8%) (p,,= 0.048). In group 2, an increase in
the number of cardiac muscle cells with karyopyknosis
t0 1.3 (1.2—1.5) in the field of view versus 0.4 (0.3-0.4)
ingroup 1 (p, ,= 0.0003) was revealed using histologic
examination. It also revealed a rise in the number of
cardiac muscle cells with lytic changes in the form of
depletion (edema) of the cytoplasm in the perinuclear
zone to 1.2 (0.9-1.3) in the field of view versus
0.5 (0.3-0.6) in group 1 (p = 0.0003).

These morphological changes were illustrated
in one of our previous reports [11]. The number of
cardiac muscle cells with contracture changes was
0.1 (0.1-1.0) in the field of view; there were no
significant differences in this indicator in groups 1
and 2. In general, the content of cardiac muscle cells
with damage to the nucleus and cytoplasm in group 2
increased to a level of 8% of all cardiac muscle cells
versus 3% in group 1.

In group 3 (18 months, standard diet), the content,
staining pattern, and distribution of VEGFR2-positive
cardiac muscle cells were comparable with those
observed in group 2, and their specific volume was
36.4%(33.6-38.2%; p, ,=0.018). In group 3, compared
with groups 1 and 2, the content of karyopyknotic
cardiac muscle cells significantly increased to
2.5% (2.2-2.7%; p,, = 0.0003), the proportion of
cardiacmuscle cells with lytic changes rose to 1.5%
(1.4-1.5%; p, , = 0.0003), and the content of cells with
contracture per field of view increased to 1.1% (1.1-
1.5%; p,, = 0.0003). In total, altered cardiac muscle
cells in group 3 accounted for approximately 16%.

In group 4, the specific volume of VEGFR2-
positive cardiac muscle cells (Fig. 1, c) increased to
79.4% (62.0-82.2%; p, , < 0.0001; p, , = 0.00264; p, ,
> 0.05). In this group, the content of karyopyknotic
cardiac muscle cells was 3.1 (1.9-6.0; p, , = 0.025) per
field of view, with lytic changes in the cytoplasm — 1.4
(1.2-2.1; p, ,=0.6), and with contracture changes — 1.3
(0.9-2.5; p, , = 0.3). Along with cardiac muscle cells,
immunopositive staining for VEGFR2 characterizes
the cytoplasm of a significant proportion of endothelial
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cells in myocardial arterioles, capillaries, and venules
(Fig. 1, d). Overall, damaged cardiac muscle cells in
group 4 accounted for 19% of the total population.

Correlation analysis revealed significant positive
and negative associations between various parameters
in group 1 (Fig. 2).

Fig. 1. Immunohistochemical detection of VEGFR2 in rat myocardium: a — myocardium of 5-month-old rats receiving a standard
diet (group 1), weak VEGFR2 expression in cardiac muscle cells and more intense staining of the hemocapillary endothelium
(arrow); b —mosaic VEGFR2-positive staining of cardiac muscle cells in 5-month-old rats receiving a HCHFD; ¢ — intense VEGFR2
staining of the majority of cardiac muscle cells in 18-month-old rats receiving a HCHFD (group 4); d — VEGFR2 expression in
cardiac muscle cells and endothelium of blood vessels of the myocardium of 18-month-old rats receiving a HCHFD (group 4).
Magnification: x400

Karyoipyknosis

Perinuclear
edema

Fig. 2. Structural diagram of correlation links for group 1: solid

lines — positive correlation coefficient, dotted lines — negative

correlation coefficient; thick lines — strong link |#| > 0.7, thin lines —
average link 0.3<|r| <0.7.

Thus, a strong positive correlation was noted cytoplasm (Spearman’s » = 0.89; p = 0.0001), an

between the content of cardiac muscle cells with
karyopyknosis and their lytic changes in the form
of depletion (edema) of the perinuclear zone of the

average positive correlation was observed between
karyopyknotic disorders and contracture of the
cytoplasm (»=0.69; p=0.0136), but a strong negative
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correlation was observed between the content of
cardiac muscle cells with karyopyknosis and the
specific volume of cardiac muscle cells with VEGF
expression (r=-0.80; p =0.017). An average negative
correlation was observed between lytic changes in
the form of depletion of the perinuclear zone of the
cytoplasm and VEGFR2 expression (r = —0.66; p =
0.0193), as well as between contracture of cardiac
muscle cells and the specific volume of myocardial
stroma (r =-0.61; p = 0.0349).

In groups 2-4, the correlations between the
parameters were moderate or weak, and they were
not statistically significant, often at the trend level.
Thus, in group 4, positive correlations of moderate
strength were recorded between karyopyknosis and
VEGF expression (r = 0.36; p = 0.2769), and between
contracture and VEGFR2 (r = 0.38; p = 0.2466).

Figure 3 shows the relative contribution of X, for
each independent variable to predicting the dependent
variable VEGFR2 in the study groups. If the K,
coefficient is positive, then the higher the parameter,
the higher the VEGFR2 value, and vice versa.

Fig. 3. Multiple regression analysis to identify the dependence

of VEGF on the indicators: X, —karyopyknosis, X, —perinuclear

depletion (edema) of the cytoplasm, X, — contracture, X, —
stroma (specific volumes).

Thus, in group 1, contracture of cardiac muscle
cells had the greatest positive effect at 27.4%,
while a relatively low level of karyopyknosis had a
negative effect on VEGFR2 expression. In group 2,
the increase in stromal specific volume increased to
33%, while karyopyknosis demonstrated a negative
correlation (-42.4%). In groups 3 and 4, with
aged (18 months) animals, the positive correlation
between karyopyknosis and VEGFR2 expression
increased. Thus, in groups 3 and 4, the contribution
of karyopyknosis was 16.6 ans 54.2%, respectively.

While fibrotic changes in the stroma had a negative
effect on VEGFR2 expression, in groups 3 and 4 the
stromal contribution was 23.9 and 40.9%, respectively.

DISCUSSION

A large body of evidence has accumulated
indicating that VEGF receptor expression is not
limited to endothelial cells and that their ligands
perform a variety of fundamental functions in other
cell types. Non-angiogenic functions of VEGF include
the ability to prevent neuronal death due to ischemia
and stimulate neurogenesis, stimulate hepatocyte
regeneration after liver injury, and stimulate osteoblast
migration and differentiation [7—10].

Cardiac muscle cells are a source and target of
VEGF-A and express its receptors VEGFR1 and
VEGFR2 on their cell surface. It should be noted that
although VEGFRI1 strongly binds VEGF-A, it has a
much weaker kinase activity compared to VEGFR2.
Therefore, the biological effect of VEGF-A through
VEGFRI activation is much weaker than that exerted
through VEGFR2 in metabolic syndrome [1, 3]. We
would like to emphasize that one of our previous
reports provided data showing that maintenance on
HIF a similar experiment modeled the development
of metabolic syndrome in old rats with an increase
in the weight of animals, the mass of adipose tissue,
an increase in serum glucose, insulin, endothelin 1,
insulin resistance, and other indicators of carbohydrate
metabolism disorders, as well as destructive changes
in the aortic wall and persistent hypertension [11, 12].

The function of VEGF-A in the myocardium is
multivector. On the one hand, VEGF-A activates
cardiac muscle cells, inducing morphogenesis,
contractility, and regeneration, causes vasculogenesis
[13], recruitment of stem cells [14], reduction of
apoptosis [15], and enhancement of vasodilation [16].
On the other hand, VEGF-A is produced by cardiac
muscle cells during inflammation, mechanical stress,
and cytokine stimulation. High concentrations of
VEGF-A have been found in patients with various
cardiovascular diseases and often correlate with the
prognosis and severity of the disease [4].

In this study, we identified a relationship between
VEGFR2 expression, age, and diet. The specific
volume of VEGFR2-positive cardiac muscle cells
significantly increased in 18-month-old rats compared
to 6-month-old animals. The use of HCHFD resulted
in an increase in this parameter in both 6-month-old
and, to a significantly greater extent, 18-month-old
animals.
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Using correlation and multiple regression analysis,
we established the relationship between VEGFR2
expression and the type of structural damage to
cardiac muscle cells and its severity in HCHFD in
relation to age. Distinct and quantifiable changes, such
as karyopyknosis, contracture, and lytic disorders of
cardiac muscle cells, and stromal fibrosis, were used
as histological criteria for myocardial alteration. The
total content of variously altered cardiac muscle cells
across the experimental series was approximately
3% in group 1, 8% in group 2, 16% in group 3, and
19% in group 4. Accordingly, the specific volume of
VEGFR2-positive cardiac muscle cells was 15.3 (13.2—
16.3)% in group 1, 32.2 (27.2-34.8)% in group 2, 36.4
(33.6-38.2)% in group 3, and 79.4 (62.0-82.2)% in
group 4. Consequently, a direct positive relationship
is evident between the degree of cardiac muscle cells
damage and VEGFR2 expression. At the same time, it
is noteworthy that the proportion of VEGFR2-positive
cardiac muscle cells in all experimental groups was
significantly higher than that of cardiac muscle cells
with signs of damage. This indicates that VEGFR2
expression encompasses cardiac muscle cells adjacent
to the affected ones. Thus, the proportion of cardiac
muscle cells with karyopyknosis, which is an indicator
of cell death by both apoptosis and necrosis, in group
4 with the most severe myocardial damage was 3.1
(1.9-6.0) per field of view, or approximately 10.5%,
while the specific volume of VEGF-positive cardiac
muscle cells was 79.4%.

In 6-month-old animals receiving a standard
diet, which can be considered controls, the content
of VEGFR2-positive cardiac muscle cells was
low — 15.3%. This is consistent with literature data
on the low level of VEGF expression in normal
cardiac muscle cells and an increase in the content
of VEGF-positive cardiac muscle cells in various
pathologies, in particular, with VEGFR2 expression
in cardiopathy caused by antitumor drugs [18] and in
acute myocardial ischemia induced by coronary artery
ligation [19]. VEGFR2-immunopositivity of cardiac
muscle cells, as a rule, has a spotty mosaic character,
and immunopositive cardiac muscle cells alternate
with unstained cells.

Thus, in acute  myocardial infarction,
immunohistochemical staining of cardiac muscle cells
was intense in the ischemic zone without necrosis, weak
inthe area of coagulative necrosis without inflammatory
infiltration, and absent in the foci of developed necrosis
with inflammatory infiltration. Forensic studies show
“patchy” myocardial immunopositivity for VEGF in

cases of rapid death due to a stab wound to the heart,
limited to the area surrounding the wound, but no
VEGF staining in cases of asphyxia, drowning, or in
cases of sudden cardiac arrest without prior ischemic-
related cardiac pathology. The authors conclude that
ischemic myocardial changes precede the development
of VEGF immunopositivity in cardiac muscle cells,
which is often accompanied by eosinophilia of cardiac
muscle cells [20].

In this study, the relationship between VEGFR2
expression in cardiac muscle cells and contracture
changeswasassessed. Of particular noteisthe increased
sarcoplasmic eosinophilia observed in cardiac muscle
cells, typically in the form of wide transverse bands.
This is a characteristic type of morphological change
in cardiac muscle cells, described in literature as
contracture band necrosis, which occurs during
reperfusion following hypercontraction and leads
to sarcolemmal rupture [21]. The mechanism by
which reperfusion of ischemic heart muscle induces
contracture necrosis involves the influx of calcium
after a period of relative deprivation. A sudden influx
of calcium, associated with excessive amounts of
locally released norepinephrine, can cause irreversible
contractures leading to necrosis.

In the present study, a moderate positive
correlation between contracture and VEGFR2
expression in cardiac muscle cells was found in
18-month-old animals fed with HCHFD (group 4).
In young rats (6 months) receiving a standard diet,
VEGFR?2 expression showed the greatest correlation
with contracture changes, according to multiple
regression analysis. Meanwhile, in aged rats receiving
the HCHFD, karyopyknotic changes had the greatest
impact on VEGFR2 expression.

The identified clear positive correlation between
the specific volume of cardiac muscle cells expressing
VEGFR2 and the content of alternatively altered
cardiac muscle cells likely indicates an adaptive-
compensatory role of VEGFR2 in myocardial injury.
Thus, it is known that intramyocardial injection of
VEGF165 ¢cDNA can significantly improve cardiac
function, stimulate angiogenesis, reduce infarct
size and apoptosis of cardiac muscle cells, inhibit
the expression of myocardial p53, Fas and Bax, and
increase the expression of VEGF and Bcl-2 in the
myocardium in an acute infarction model [22-24].
However, the exact mechanism by which VEGF DNA
causes these effects is still unclear.

At the same time, a number of studies have
shown that VEGF reduces damage to cardiac muscle
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palmitate, via the JNK signaling pathway. High-fat
diet induced JNK activation [25], which was abolished
by TLR4 knockout [26-28]. Cellular ceramide
accumulation activated JNK signaling and apoptosis,
which was prevented by ceramide synthase 5 knockout
[29, 30]. JNK activation was observed in palmitate-
treated cardiac muscle cells and was attenuated by
protein kinase R inhibition [31-33]. Enhanced cardiac
muscle cells apoptosis upon saturated fatty acid
overload may lead to myocardial infarction and cardiac
dysfunction. However, viability of cardiac muscle cells
was restored by VEGF overexpression during 0.5 mM
palmitate treatment. This process was accompanied
by a decrease in the apoptosis rate and the expression
of caspase 3, Bax, and NF-kB p65. These results
indicate protective effects of VEGF in combating
lipotoxicity-induced cardiac muscle cells apoptosis
and may identify therapeutic targets for cardiovascular
protection in combating fatty acid stress [6].

CONCLUSION

HCHFD induces predictable changes in VEGFR2
expression in cardiac muscle cells, depending on age
and the degree of myocardial injury. An increase in
the proportion of VEGFR2-immunohistochemically
positive cardiac muscle cells occurs in young (6
months) rats fed with HCHFD, in old rats (18 months)
receiving a standard diet, and, to the greatest extent,
in older animals maintained on HCHFD. Changes
in the proportion of cardiac muscle cells expressing
VEGFR2 correlate with the proportion of cardiac
muscle cells with morphological signs of injury, such
as karyopyknosis, contracture, and depletion of the
perinuclear zone of sarcoplasm. According to multiple
regression analysis, karyopyknotic abnormalities had
the greatest impact on changes in VEGFR2 expression
in cardiac muscle cells in old animals.

REFERENCES

1. Bartkowiak K., Bartkowiak M., Jankowska-Steifer E., Ratajs-
ka A., Kujawa M., Aniotek O. et al. Metabolic syndrome and
cardiac vessel remodeling associated with vessel rarefaction: a
possible underlying mechanism may result from a poor angio-
genic response to altered VEGF signaling pathways. J. Vasc.
Res. 2024;61(4):151-159. DOL: 10.1159/000538361.

2. Kafyra M., Kalafati I.P., Gavra I., Siest S., Dedoussis G.V.
Associations of VEGF-A-related variants with adoles-
cent cardiometabolic and dietary parameters. Nutrients.
2023;15(8):1884. DOI: 10.3390/nu15081884.

3. Bartkowiak K., Bartkowiak M., Jankowska-Steifer E., Ratajs-
ka A., Czarnowska E., Kujawa M. et al. Expression of mRNA
for molecules that regulate angiogenesis, endothelial cell sur-

vival, and vascular permeability is altered in endothelial cells
isolated from db/db mouse hearts. Histochem. Cell. Biol.
2024;162(6):523-539. DOTI: 10.1007/s00418-024-02327-4.

4. Braile M., Marcella S., Cristinziano L., Galdiero M.R., Mod-
estino L., Ferrara A.L. et al. VEGF-A in cardiomyocytes
and heart diseases. Int. J. Mol. Sci. 2020;21(15):5294. DOI:
10.3390/ijms21155294.

5. Yazic1 D., Demir S.C., Sezer H. Insulin resistance, obesity, and
lipotoxicity. Adv. Exp. Med. Biol. 2024;1460:391-430. DOI:
10.1007/978-3-031-63657-8_14.

6. Wang S.Y., Zou C., Liu X.F., Yan Y.J., Gu S.Z., Li X. Vas-
cular endothelial growth factor ameliorated palmitate-induced
cardiomyocyte injury via JNK pathway. In Vitro Cell. Dev.
Biol. Anim. 2021;57(9):886-895. DOI: 10.1007/s11626-021-
00616-z.

7. ZentilinL.,Puligadda U., Lionetti V., ZacchignaS., Collesi C.,
Pattarini L. et al. Cardiomyocyte VEGFR-1 activation by
VEGF-B induces compensatory hypertrophy and preserves
cardiac function after myocardial infarction. FASEB J.
2010;24(5):1467-1478. DOI: 10.1096/17.09-143180.

8. Fernezelian D., Rondeau P., Gence L., Diotel N. Telencephal-
ic stab wound injury induces regenerative angiogenesis and
neurogenesis in zebrafish: unveiling the role of vascular en-
dothelial growth factor signaling and microglia. Neural Re-
gen. Res. 2025;20(10):2938-2954. DOI: 10.4103/NRR.
NRR-D-23-01881.

9. Chen F., Zhang K., Wang M., He Z., Yu B., Wang X. et al.
VEGF-FGF signaling activates quiescent CD63* liver stem
cells to proliferate and differentiate. Adv. Sci. (Weinh).
2024;11(33):¢2308711. DOIL: 10.1002/advs.202308711.

10. Tang H., Yuan L., Xu Z., Jiang G., Liang Y., Li C. et al. Glu-
cocorticoids induce femoral head necrosis in rats through the
HIF-1a/VEGF signaling pathway. Sci. Rep. 2025;15(1):29205.
DOI: 10.1038/s41598-025-15018-4.

11. Logvinov S.V., Mustafina L.R., Kurbatov B.K., Siroti-
na M.A., Gorbunov A.S., Naryzhnaya N.V. Influence of a
high-carbohydrate high-fat diet on age-related changes in
the myocardium in rats. Siberian Journal of Clinical and
Experimental Medicine. 2023;38(1):90-98. (In Russ.). DOI:
10.29001/2073-8552-2023-38-1-90-98.

12. Logvinov S.V., Naryzhnaya N.V., Kurbatov B.K., Gorbu-
nov A.S., Birulina Y.G., Maslov L.L. et al. High carbohydrate
high fat diet causes arterial hypertension and histological
changes in the aortic wall in aged rats: The involvement of
connective tissue growth factors and fibronectin. Exp. Geron-
tol. 2021;154:111543. DOI: 10.1016/j.exger.2021.111543.

13. Taimeh Z., Loughran J., Birks E.J., Bolli R. Vascular en-
dothelial growth factor in heart failure. Nat. Rev. Cardiol.
2013;10(9):519-530. DOI: 10.1038/nrcardio.2013.94.

14. Tang J., Wang J., Kong X., Yang J., Guo L., Zheng F. et al.
Vascular endothelial growth factor promotes cardiac stem
cell migration via the PI3K/Akt pathway. Exp. Cell. Res.
2009;315(20):3521-3231. DOI: 10.1016/j.yexcr.2009.09.026.

15. Friehs 1., Barillas R., Vasilyev N.V., Roy N., McGowan F.X.,
del Nido P.J. Vascular endothelial growth factor prevents
apoptosis and preserves contractile function in hypertrophied
infant heart. Circulation. 2006;114(1 Suppl.):1290-1295. DOLI:
10.1161/CIRCULATIONAHA.105.001289.

56 BionneTteHb cMbUpcKon MegmuuHbl. 2025; 24 (4): 49-58



Original articles

16.

17.

18.

19.

20.

21.

22.

23.

24.

Conway E.M., Collen D., Carmeliet P. Molecular mechanisms
of blood vessel growth. Cardiovasc. Res. 2001;49(3):507—
521. DOI: 10.1016/s0008-6363(00)00281-9.

Marrow J.P., Alshamali R., Edgett B.A., Allwood M.A., Co-
chrane K.L.S., Al-Sabbag S. et al. Cardiomyocyte crosstalk
with endothelium modulates cardiac structure, function, and
ischemia-reperfusion injury susceptibility through erythro-
poietin. Front. Physiol. 2024;15:1397049. DOIL: 10.3389/
fphys.2024.1397049.

Lushnikova E.L., Mzhelksaya M.M., Koldysheva E.V.,
Klinnikova M.G.  Immunohistochemical  Evaluation
of Vasoendothelial Growth Factor 2 Expression (VEGFR2)
in Rat Cardiomyocytes under Doxorubicin and Betulon-
ic Acid Amide Administration. Siberian Scientific Medi-
cal Journal. 2018;38(6):5-12. (In Russ.). DOI: 10.15372/
SSMJ20180601.

Mao R.M., Du Z.B., Gao W.M., Mi L., Zhu B.L. Time-de-
pendent expression of vascular endothelial growth factor
after acute myocardial ischemia in rats. Fa Yi Xue Za Zhi.
2012;28(3):179-184. In Chinese. PMID: 22812217.

Zhu B.L., Tanaka S., Ishikawa T., Zhao D., Li D.R., Michi-
ue T. et al. Forensic pathological investigation of myocardial
hypoxia-inducible factor-1 alpha, erythropoietin and vascular
endothelial growth factor in cardiac death. Leg. Med. (Tokyo).
2008;10(1):11-19. DOI: 10.1016/j.legalmed.2007.06.002.
Rodriguez-Sinovas A., Abdallah Y., Piper H.M., Garcia-Dora-
do D. Reperfusion injury as a therapeutic challenge in patients
with acute myocardial infarction. Heart Fai. Rev. 2007;12(3-
4):207-216. DOI: 10.1007/s10741-007-9039-9.

Tao Z., Chen B., Tan X., Zhao Y., Wang L., Zhu T. et al.
Coexpression of VEGF and angiopoietin-1 promotes an-
giogenesis and cardiomyocyte proliferation reduces apop-
tosis in porcine myocardial infarction (MI) heart. Proc.
Natl. Acad. Sci. USA. 2011;108:2064-2069. DOI: 10.1073/
pnas.1018925108.

Ruixing Y., Dezhai Y., Hai W., Kai H., Xianghong W.,
Yuming C. Intramyocardial injection of vascular endothelial
growth factor gene improves cardiac performance and inhibits
cardiomyocyte apoptosis. Eur. J. Heart. Fail. 2007;9(4):343—
351. DOI: 10.1016/j.ejheart.2006.10.007.

Cao W., Zhang H., Zhou N., Zhou R., Zhang X., Yin J. et al.
Functional recovery of myocardial infarction by specific EBP-
PR1P peptides bridging injectable cardiac extracellular matrix
and vascular endothelial growth factor. J. Biomed. Mater. Res.
Part 4. 2023;111(7):995-1005. DOI: 10.1002/jbm.a.37483.

Author Contribution

25.

26.

27.

28.

29.

30.

3L

32.

33.

Yang H., Zhang C., Kim W., Shi M., Kiliclioglu M., Bayram
C. et al. Multi-tissue network analysis reveals the effect of INK
inhibition on dietary sucrose-induced metabolic dysfunction
in rats. Elife. 2025;13:RP98427. DOI: 10.7554/eLife.98427.
Hu N., Zhang Y. TLR4 knockout attenuated high fat di-
et-induced cardiac dysfunction via NF-kappaB/JINK-depen-
dent activation of autophagy. Biochim. Biophys. Acta Mol.
Basis. Dis. 2017;1863(8):2001-2011. DOI: 10.1016/j.bba-
dis.2017.01.010.

Zhang K., Huang Q., Deng S., Yang Y., Li J., Wang S. Mech-
anisms of TLR4-Mediated Autophagy and Nitroxidative
Stress. Front. Cell. Infect. Microbiol. 2021;11:766590. DOLI:
10.3389/fcimb.2021.766590.

Zou R., Shi W., Chang X., Zhang M., Tan S., Li R. et al.
The DNA-dependent protein Kinase catalytic subunit exac-
erbates endotoxemia-induced myocardial microvascular in-
jury by disrupting the MOTS-c/JNK pathway and inducing
profilin-mediated lamellipodia degradation. Theranostics.
2024;14(4):1561-1582. DOI: 10.7150/thno.92650.
Leonardini A., D’Oria R., Incalza M.A., Caccioppoli C., An-
drulli Buccheri V., Cignarelli A. et al. GLP-1 receptor acti-
vation inhibits palmitate-induced apoptosis via ceramide in
human cardiac progenitor cells. J. Clin. Endocrinol. Metab.
2017;102(11):4136-4147. DOI: 10.1210/jc.2017-00970.
Shalaby Y.M., Al Aidaros A., Valappil A., Ali B.R., Akawi N.
Role of ceramides in the molecular pathogenesis and poten-
tial therapeutic strategies of cardiometabolic diseases: what
we know so far. Front. Cell. Dev. Biol. 2022;9:816301. DOI:
10.3389/fcell.2021.816301.

Mangali S., Bhat A., Udumula M.P., Dhar I., Sriram D., Dhar
A. Inhibition of protein kinase R protects against palmitic
acid-induced inflammation, oxidative stress, and apoptosis
through the JNK/NF-kB/NLRP3 pathway in cultured H9C2
cardiomyocytes. J. Cell. Biochem. 2019;120(3):3651-3663.
DOI: 10.1002/jcbh.27643.

Mangali S., Bhat A., Dasari D. Sriram D., Dhar A. Inhibition
of double stranded RNA dependent protein kinase (PKR)
abrogates isoproterenol induced myocardial ischemia in
vitro in cultured cardiomyocytes and in vivo in wistar rats.
Eur. J. Pharmacol. 2021;906:174223. DOI: 10.1016/].¢j-
phar.2021.174223.

Zhou J., Yao Y., Zhang J., Wang Z., Zheng T., Lu Y. et al.
JNK-dependent phosphorylation and nuclear translocation
of EGR-1 promotes cardiomyocyte apoptosis. Apoptosis.
2022;27(3-4):246-260. DOI: 10.1007/s10495-022-01714-3.

Logvinov S.V. —conception and design, drafting of the morphological part of the article, justification of the manuscript, critical revision
for important intellectual content, and final approval of the manuscript for publication. Mustafina L.R. — conducting morphological and
immunohistochemical studies, data interpretation, translating the article into English. Fokin V.A. — preparation of the statistical part of
the article text, statistical analysis and interpretation of data, critical revision for important intellectual content, and final approval of the
manuscript for publication. Akbasheva O.E. — conception and design, drafting of the article, justification of the manuscript, critical revision
for important intellectual content, and final approval of the manuscript for publication. Gerasimov A.V. — drafting of the morphological part
of the article, justification of the manuscript, critical revision for important intellectual content. Potapov A.V., Gereng E.A. — conception
and design, morphological research, statistical analysis and interpretation of data. Lasukova T.V., Tikhonovskaya O.A. — conception and
design, drafting of the article, justification of the manuscript. Naryzhnaya N.V. — conception and design, conducting research, drafting of

Bulletin of Siberian Medicine. 2025; 24 (4): 49-58 57



Logvinov S.V., Mustafina L.R., Fokin V.A. etal.  Correlation of vascular endothelial growth factor receptor-2 expression and morphological

the article, justification of the manuscript, critical revision for important intellectual content. Kurbatov B.K., Gorbunov A.S. — conception
and design, conducting research, statistical analysis and interpretation of data.

Author Information

Logvinov Sergey V. — Dr. Sci. (Med.), Professor, Head of the Histology, Embryology, and Cytology Division, Siberian State Medical
University, Tomsk, s_logvinov@mail.ru, https://orcid.org/0000-0002-9876-6957

Mustafina Liliia R. — Dr. Sci. (Med.), Associate Professor, Professor of the Histology, Embryology, and Cytology Division, Siberian
State Medical University, Tomsk, Irmustafina@yandex.ru, https://orcid.org/0000-0003-3526-7875

Fokin Vasilij A. — Dr. Sci. (Tech.), Associate Professor, Professor of the Medical and Biological Cybernetics Division, Siberian State
Medical University, Tomsk, fokin.va@ssmu.ru, https://orcid.org/0000-0002-9881-2298

Akbasheva Olga Ye. — Dr. Sci. (Med.), Associate Professor, Professor of the Biochemistry and Molecular Biology Division with
Clinical Laboratory Diagnostics Course, Siberian State Medical University, Tomsk, akbasheva.oe@ssmu.ru, https://orcid.org/0000-0003-
0680-8249

Gerasimov Aleksandr V. — Dr. Sci. (Med.), Associate Professor, Professor of the Histology, Embryology, and Cytology Division,
Siberian State Medical University, Tomsk, gerasimov.av@ssmu.ru, https://orcid.org/0000-0002-8526-6187

Potapov Aleksey V. — Dr. Sci. (Med.), Professor of the Histology, Embryology, and Cytology Division, Siberian State Medical
University, Tomsk, potalex@mail.ru, https://orcid.org/0000-0001-6013-8843

Gereng Yelena A. — Dr. Sci. (Med.), Associate Professor, Professor of the Morphology and General Pathology Division, Siberian State
Medical University, Tomsk, gereng.ea@ssmu.ru, https://orcid.org/0000-0001-7226-0328

Lasukova Tatyana V. — Dr. Sci. (Biol.), Professor, Professor of the Normal Physiology Division, Siberian State Medical University,
Tomsk, lasukova.tv@ssmu.ru, https://orcid.org/0000-0003-3274-6010

Tikhonovskaya Olga A. — Dr. Sci. (Biol.), Professor, Professor of the Obstetrics and Gynecology Division, Siberian State Medical
University, Tomsk, tikhonovskaya.oa@ssmu.ru, https://orcid.org/0000-0003-4309-5831

Naryzhnaya Natalia V. - Dr. Sci. (Med.), Leading Researcher, Laboratory of Experimental Cardiology, Cardiology Research Institute,
Tomsk National Research Medical Center, Russian Academy of Sciences, natalynar@yandex.ru , https://orcid.org/0000-0003-2264-1928

Kurbatov Boris K. — Junior Researcher, Laboratory of Experimental Cardiology, Cardiology Research Institute, Tomsk NRMC,
Russian Academy of Sciences, bobersanker@gmail.com, https://orcid.org/0000-0001-9603-822X

Gorbunov Aleksandr S. — Cand. Sci. (Med.), Senior Researcher, Laboratory of Experimental Cardiology, Cardiology Research
Institute, Tomsk NRMC, Russian Academy of Sciences, Tomsk, barabator@sibmail.com, https://orcid.org/0000-0002-5890-071X

(><) Mustafina Liliia R., Irmustafina@yandex.ru
Received on August 27, 2025;

approved after peer review on September 10, 2025;
accepted on September 17, 2025

58 BronneteHb cnbupckoit meguumHbl. 2025; 24 (4): 49-58



YAK 616.211-002.193-085.27:577.112:577.27:578.546.4
https://doi.org/10.20538/1682-0363-2025-4-59-67

Effect of Idelalisib on Cytokine Production by Blood Mononuclear Cells
in Patients With Allergic Rhinitis

Makarevich V.V.', Kadushkin A.G.', Tahanovich A.D.’, Mironova T.V.', Kolesnikova T.S.’,
Nazarenko E.M.’, Levandovskaya 0.V.? Shilovskiy I.P.?, Khaitov M.R.>4,
Dziadzichkina O.V.’

! Belarusian State Medical University (BSMU)
83 Dzerzhinsky Ave., 220083 Minsk, Belarus

2 Minsk Scientific and Practical Center for Surgery, Transplantology and Hematology (MSPC STH)
8 Semashko Str., 220087 Minsk, Belarus

3 State Research Center Institute of Immunology of the Federal Medical and Biological Agency (SRC Institute of

Immunology)
24 Kashirskoe High Rd., 115522 Moscow, Russian Federation

4 Pirogov Russian National Research Medical University (Pirogov RNRMU)
1 Ostrovityanov Str., 117513 Moscow, Russian Federation

ABSTRACT

Aim. To assess the ability of phosphatidylinositol 3-kinase & inhibitor (idelalisib) to suppress cytokine production
by peripheral blood mononuclear cells (PBMCs) of patients with allergic rhinitis.

Materials and methods. PBMCs of AR patients (z = 17) were incubated with idelalisib (0.5 pM) and recombinant
proteins for induction of type 2 immune response (IR). Secretion of cytokines by PBMCs was determined by
enzyme-linked immunosorbent assay. Intracellular production of cytokines in blood T-helper cells (CD4+) and
cytotoxic (CD8+) T lymphocytes was analyzed by flow cytometry.

Results. Idelalisib significantly inhibited the secretion of interleukins (IL) 4, 8, 9, 13, 17A, interferon y, and tumor
necrosis factor o by PBMCs from patients with allergic rhinitis exposed to recombinant proteins (IL-2, IL-25, IL-
33, and thymic stromal lymphopoietin) inducing type 2 IR. This drug also significantly suppressed the intracellular
production of IL-4, IL-5, IL-13, and IL-17A by blood CD4+ and CD8+ T lymphocytes activated by type 2 IR.

Conclusion. The obtained data justify the need to conduct further clinical trials using idelalisib for the treatment
of allergic rhinitis.

Keywords: allergic rhinitis, interleukin 25, interleukin 33, thymic stromal lymphopoietin, phosphatidylinositol
3-kinase 9, idelalisib
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KieTKaMun KpoBu nNnauMneHToB C aJieprnyeckKumv ppuHUTOM
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! Benopyccxuil 2ocyoapcmeenuviil meouyunckutl yuusepcumem (BI'MY)
benapycwv, 220083, 2. Munuck, np. /[3epacunckozo, 83

2 Munckuil Hay4HO-RPAKMUYeCcKull yeHmp xupypauu, mpancnianmono2uu u cemamonoeuu (MHIIL] XTul)
benapyce, 220087, 2. Munck, yr. Cemawro, 8

3 Iocydapemeennviti nayunvil yenmp (IHL]) « Ancmumym ummynonozuuy
Poccus, 115522, 2. Mockea, Kawupckoe wocce, 24

* Poccutickutl HayUOHAbHbLIL UCCIe008amenbckull meouyunckuil ynusepcumem (PHUMY) um. H.U. ITupozosa
Poccus, 117997, o. Mockea, yn. Ocmposumsanosa, 1

PE3IOME

Hens. OueHnTs CIOCOOHOCTE HHrHOUTOPA (hOCHATHIMITNHOZUTON-3-KIHA3H! O (MeIanucuda) ImoJaBisTh IPOTyK-
LU0 IIUTOKMHOB MOHOHYKJIeapHBIMH KileTkamu (MH-xiieTkamu) KpoBH HAIEHTOB C alIEPIHIECKIM PHHUTOM.

MatepuaJbl 4 MeTOAbI. MOHOHYKJIEApHBIE KIETKHU MAIIMEHTOB C aJNIEPIrUIecKuM puHUTOM (77 = 17) nHKyOupoBa-
1 ¢ upenanacuoom (0,5 MKM) U peKOMOMHAHTHBIMU OeTTKaMH JUT HHAYKIHH 2-T0 TUIIa IMMYHHOTO oTBeTa (10).
Cexkpenuio TTOKHHOB MH-KIIeTkamMu oIpeiestsiii MeTOI0M HMMYHO(EPMEHTHOT0 aHanu3a. BHyTpuKIeToIHy10
MPOAYKIHIO HUTOKHHOB B T-xenmepax (CD4+) u nurotokcnyeckux (CD8+) T-mumdonurax KpoBH aHATU3UPOBa-
JI METOAOM IIPOTOYHOH ITUTOMETPUH.

Pe3yabTaThl. Mnenanucu6d cyImecTBeHHO cynpeccHpoBai cekpeuunto unrepneiixkunos (UJI) 4, 8, 9, 13, 17A, un-
Tepdepona vy, Gpakropa Hekpo3a omyxoiu o MH-kieTkaMu KpOBH MAMEHTOB C ajNIEPrHYeCKUM PUHHUTOM, IOJI-
BEPTIINMCS BO3JICHCTBUIO peKOMONHAaHTHBIX OenkoB (MJI-2, NJI-25, NJI-33, THMUYeCcKOro CTpOMabHOro JIuM$o-
no3THHa), uHAynupyonwmx MO 2-ro tuna. JlanHbli npenapar Takxke 3HAYUTENBHO MOJaBJIsT BHYTPHKIETOUHYIO
npoxaykuuto WJI-4, NJI-5, NJI-13, UJI-17A CD4+ u CD8+ T-nmuMdonuramMu KpoBH, aKTUBHPOBaHHEIMH 10 11O
2-ro TUna.

3akioueHue. HonyquHme JIAHHBIC 000CHOBBIBAIOT HeO6XOZ[I/IMOCTB I/IHTCHCI/I(l)I/IKaIII/II/I KIIMHUYECKUX HUCCIICI0-
BaHMI C MIPUMECHCHUEM I/Iz[enanncn6a JUIA JICYCHUS aJUICPIrUYCCKOro puHuTa.

KiroueBble cj10Ba: aliepru4ecKuil pUHAT, HHTEPIACHKUH 25, nHTepiaeHkuH 33, THMUYECKUil CTpOMasIbHbIN JIUM-
(onostuH, GochaTuIMIMHO3NTOI-3-KHHA3a O, HAeTaINCHO

KoHpaukT uHTEepecoB. ABTOpHI 3asBISIOT 00 OTCYTCTBHHM SIBHBIX U MOTEHIHAIBHBIX KOH(IUKTOB WHTEPECOB,
CBSI3aHHBIX C MyOIUKaIKeil HACTOSIIEH CTaThH.

Hcrounuk ¢puHancupoBanmsi. PaboTa BINONHEHA B paMKaX COBMECTHOTO 3ajgaHus benopycckoro peciy6iu-
KaHckoro (onza GyHAaMeHTaNbHbBIX ncciaenoBanuii 1 Poccuiickoro Hayunoro ¢gonza (norosop Ne M23PH®-021,
rocyaapcTBeHHas peructpanus Ne 20230281).

CooTBeTCTBHE NPUHIUNAM 3THKH. [lepen 3a60pOM KpOBH BCE HCIBITYEMbIC Jald IHCEMEHHOE J100POBOIBHOE
coryiacue Ha yJacTHe B uccienoBanuu. MccnenoBanue 0400peHO KOMHTETOM 0 GHOMEIUIMHCKO# 3THKe BIMY
(mpotoxou Ne 1 ot 31.08.2023).

Jast uutupoBanusi: Makapesuu B.B., Kagymkun A.I'., Taranosuu A.Jl., Muponosa T.B., Konecuukosa T.C.,
Hazapenko E.M., Jleannosckast O.B., [llunosckuit U.I1., Xautos M.P., Iaanukuna O.B. Biusuue naenanucuba
Ha TPOJYKIUIO MUTOKMHOB MOHOHYKJICAPHBIMU KJIETKAMHU KPOBHU MAIUEHTOB C AJJIEPIHUECKUM PUHUTOM. Brosuie-
menb cubupcrou meouyunwt. 2025;24(4):59—67. https://doi.org/10.20538/1682-0363-2025-4-59-67.
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INTRODUCTION

Allergic rhinitis affects 10-30% of the population
in different regions worldwide and is characterized
by inflammation of the nasal mucosa, which forms
as a result of immunoglobulin (Ig) E-mediated
hypersensitivity reaction to various allergens. The use
of currently available treatment methods does not lead
to the complete relief of the allergic rhinitis symptoms
[1]. In addition, approximately 11% of patients, when
treating this disease, experience side effects of drugs
[2]. Therefore, research aimed at finding alternative
approaches to the treatment of allergic rhinitis remains
relevant.

When exposed to allergens, epithelial cells of
the nasal mucosa secrete cytokines, such as thymic
stromal lymphopoietin (TSLP), interleukins (IL) 25
and 33, which upon entering the systemic circulation
activate dendritic cells, type 2 innate lymphoid
cells (ILC2 cells), and type 2 T-helper cells (Th2-
lymphocytes). These cells, in turn, produce IL-4,
IL-5, IL-13, and other mediators, which leads to the
attraction of eosinophils to the nasal mucosa, their
activation, and degranulation, synthesis of IgE by
B lymphocytes, and mucus hyperproduction by the
epithelium [3].

It was proposed that phosphatidylinositol 3-kinase
(PI3K) 6 may play a central role in the production
of the above-mentioned cytokines. The results of
experimental studies indicate that the signaling
pathways mediated by this enzyme are involved in
the inflammatory process in allergic rhinitis [4, 5]. In
this case, the use of a PI3K9 inhibitor in combination
with a serine proteinase inhibitor 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride led to
weakening of the type 2 immune response (IR) in
mice sensitized to cockroach allergens [6]. Results of
phase I clinical trial of idelalisib (a PI3K$ inhibitor)
for the treatment of allergic rhinitis demonstrated its
ability to reduce the severity of disease symptoms,
CCL17 and CCL22 concentration in blood plasma,
and the percentage of ex vivo activated (using grass
pollen allergen) blood basophils [4]. However, the
ability of PI3KJ inhibitors to suppress the production
of proinflammatory cytokines by blood cells in
patients with allergic rhinitis has not been previously
studied.

Thus, the aim of this study was to evaluate the
ability of idelalisib (a PI3K§ inhibitor) to suppress
the production of proinflammatory cytokines by
peripheral blood mononuclear cells (PBMCs) of
patients with allergic rhinitis.

MATERIALS AND METHODS

Patient Characteristics

The study involved 17 patients aged 18 to 23
years who were diagnosed with allergic rhinitis at
least 1 year before inclusion in the study (Table).
The overwhelming majority (10; 58.8%) of patients
suffered from perennial allergic rhinitis, while a
smaller proportion (7; 41.2%) of patients suffered
from the seasonal form of allergic rhinitis.

Table

Characteristics of Patients with Allergic Rhinitis who
Participated in the Study

Indicator Patients, n =17
Age, years, M £ m 20.0+0.3
Sex, male/female 8/9
BMI, kg/m2, M +m 215+0.7
Form of allergic rhinitis (PAR/SAR) 10/7
Disease duration, years, M +m 125+1.1
SNOT-22 questionnaire score, M +m 429+4.4
TNSS questionnaire score, M +m 73+0.4
Oral antihistamines 15 (88.24%)
g Endonasal antihistamines 5 (29.41%)
ERCy Intranasal corticosteroids 6 (35.29%)
;"’ = Leukotriene receptor antagonists 1 (5.88%)
o Endonasal saline solution 6 (35.29%)
Decongestants 4 (23.53%)

Note. BMI — body mass index; PAR — perennial allergic rhinitis;
SAR - seasonal allergic rhinitis; TNSS — total nasal symptom score;
SNOT-22 (sino-nasal outcome test) — a test for assessing the quality of
life and therapeutic results of treatment of patients with diseases of the
nose and paranasal sinuses.

We excluded from the study patients with anatomical
abnormalities of the nasal septum, with concomitant
diseases(asthma,tuberculosis,diabetesmellitus,chronic
rhinosinusitis, arterial hypertension, cardiovascular,
and oncological diseases), other concomitant diseases
requiring medication; immunodeficiency states,
including those caused by HIV, or blood coagulation
disorders; those who underwent a course of allergen-
specific immunotherapy; had infectious diseases of
the respiratory tract or gastrointestinal tract or took
antibiotics during the last 6 weeks before enrollment
in the study, and pregnant women. Patients refrained 3
days before the study from taking antihistamines, and
2 weeks before the study from taking oral and nasal
corticosteroids. The patients refrained from taking
antihistamines for three days before the study. They
refrained from oral and nasal corticosteroids for two
weeks before the study and from dietary supplements
for one week before inclusion in the study.

Bulletin of Siberian Medicine. 2025; 24 (4): 59-67 61



Makarevich V.V., Kadushkin A.G., Tahanovich A.D. et al.

Effect of Idelalisib on cytokine production by blood mononuclear cells in patients

Isolation and Incubation of Peripheral Blood
Mononuclear Cells

PBMCs were isolated from heparinized blood
of patients by 1.077 density gradient centrifugation
using Lymphosep solution (Biowest, France). Cells
were resuspended at a concentration of 1 x 108/ml in
RPMI 1640 culture medium (Capricorn Scientific,
Ebsdorfergrund, Germany) supplemented with
10% fetal bovine serum (FBS, Capricorn Scientific,
collected in South America), 2 mM glutamine,
100 U/ml penicillin, and 100 pg/ml streptomycin
(Capricorn Scientific).

Then 2 x 10° PBMCs were placed in wells of a
96-well plate and cultured in the presence or absence
of 0.5 uM idelalisib (p1103 PI3K inhibitor) (Cayman
Chemicals, USA). Subsequently, to induce type 2 IR,
the cells were activated by adding recombinant proteins
produced by Biolegend (USA): I1L-2 (20 U/ml), 1L-25
(50 ng/ml), IL-33 (50 ng/ml), and TSLP (50 ng/ml).
After three days of cell incubation, the supernatants
were collected and stored at—80°C. The concentrations
of IL-4, IL-6, IL-8, tumor necrosis factor (TNF) a,
interferon (IFN) vy (Vector Best, Russian Federation),
IL-9, IL-13, and IL-17A (Biolegend, USA) were
determined in the supernatants using enzyme-linked
immunosorbent assay according to the manufacturer’s
instructions.

Evaluation of Intracellular Cytokine Production
by Blood T Lymphocytes

PBMCs were adjusted to 0.8 x 10° cells per well
in the 24-well plate and cultured in the presence or
absence of idelalisib and recombinant proteins (in
the similar concentrations as described above). To
accumulate cytokines inside the cell (to prevent their
secretion outside the cell), 10 pg/ml brefeldin A
(Biolegend, USA) was added before the last 16 hours
of incubation. The total incubation time of the cells
with recombinant proteins was three days.

Next, 0.4 x 10° cells were transferred into new
tubes and washed twice with wash buffer (phosphate-
buffered saline containing FBS and sodium azide
(Biolegend, USA). A cocktail of monoclonal
antibodies to surface antigens (CD45, CD3, CD4,
and CDS8, Biolegend, USA; Exbio, Prague, Czech
Republic) was added, and the cells were incubated
for 20 min in the dark at room temperature. The cells
were then washed with wash buffer (centrifugation
conditions: 500g, 5 min). After fixation of leukocytes
(using fixation buffer, Biolegend, USA), the cells
were permeabilized using permeabilization buffer

(Biolegend, USA), and monoclonal antibodies to
IL-4 APC, IL-5 PE, IL-13 APC, and IL-17A PE
(Biolegend, USA; BD Biosciences, USA) were added
for 20 minutes in the dark at room temperature. In our
experiments, we also used unstimulated and isotype
controls to ensure proper fluorescence compensation
and confirm antibody specificity.

Next, 3 ml of wash buffer was added, and the tubes
were centrifuged at 500g for 5 minutes. After removing
the supernatant, 500 pl of 1% paraformaldehyde in
phosphate-buffered saline was added to the tubes,
and the cells were analyzed no later than 24 hours
on a CytoFLEX flow cytometer (Beckman Coulter).
The results of the study were further evaluated using
CytExpert 2.3 software (Beckman Coulter). Samples
were analyzed by gating lymphocytes using CD45
antibody and side scatter signal. T-helper cells were
identified as CD45*CD3*CD4* events, and cytotoxic
T lymphocytes were defined as CD45*CD3*CD8*
cells. Then, the intracellular synthesis of 1L-4, IL-5,
IL-13, and IL-17A by T-helper cells and cytotoxic
T lymphocytes was analyzed.

Statistical Data Processing

Statistical data processing was performed using
the GraphPad Prism 7 statistical data analysis package
(GraphPad Software, USA). The results of the study
are presented as the mean and the standard error of the
mean M + m from the total number of observations
with normal data distribution, which was confirmed
by constructing distribution histograms and applying
the Shapiro—Wilk test. The study results were assessed
using the one-way analysis of variance (ANOVA)
method with post-hoc pairwise comparison of values
using the Tukey test. For all types of statistical
analysis, the critical value of the significance level
was taken as equal to 5%.

RESULTS

The results of the study showed an increase in the
secretion of IL-4, IL-8, IL-9, IL-13, IL-17A, TNFa, and
IFNy upon induction of type 2 IR (by adding IL-2, IL-
25, IL-33, and TSLP to the culture medium) (Fig. 1).
The analysis of intracellular production of cytokines by
blood CD4* and CD8* T lymphocytes demonstrated a
rise in the synthesis of IL-4, IL-5, and IL-13 by both
subpopulations of T lymphocytes, as well as IL-17A by
blood cytotoxic T lymphocytes of patients with allergic
rhinitis upon the influence of IL-2, IL-25, IL-33, and
TSLP combination (compared to cells cultured without
these recombinant proteins) (Fig. 2).
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Fig. 1. Effect of idelalisib on cytokine (IL-4, IL-6, IL-8, IL-9, IL-13, IL-17A, TNFa, and IFNy)production by peripheral blood

mononuclear cells (PBMCs) in patients with allergic rhinitis; M + m, n = 6, p < 0.05; * compared with control (cells incubated in

the absence of recombinant proteins); * compared with cells activated by type 2 immune response (without idelalisib). PBMCs were

incubated with idelalisib (0.5 pM) and recombinant proteins to induce type 2 immune response (IR-2). Secretion of cytokines was
determined by enzyme-linked immunosorbent assay

Next, we assessed the ability of the pl10d
phosphatidylinositol 3-kinase inhibitor to affect the
production of inflammatory mediators by PBMCs of
patients with allergic rhinitis (Fig. 1, 2).

It turned out that idelalisib is able to suppress
the secretion of IL-4, IL-8, IL-9, IL-13, IL-17A,

TNFo, and IFNy by PBMCs upon induction of
type 2 IR. In addition, upon stimulation of type 2
IR, idelalisib inhibited the production of IL-4, IL-
5, IL-13, and IL-17A by blood T-helper cells and
cytotoxic T lymphocytes of patients with allergic
rhinitis.
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Fig. 2. Effect of idelalisib on intracellular cytokine production (IL-4, IL-5, IL-13 and IL-17A) by blood T-helper cells (CD4*) and

cytotoxic T lymphocytes (CD8%)in patients with allergic rhinitis: M + m, n=5-6, p <0.05; * compared with control (cells incubated

in the absence of recombinant proteins); * compared with cells activated by type 2 immune response (without idelalisib). Peripheral

blood cells were incubated with idelalisib (0.5 pM) and recombinant proteins to induce type 2 immune response (IR-2). The level
of IL-4 synthesis by T lymphocytes as determined by flow cytometry

DISCUSSION

PI3K are a group of enzymes involved in signal
transduction into the cell through the production of
secondary messengers. Under the action of PI3K,
phosphatidylinositol-3,4,5-triphosphate  is  formed,
which phosphorylates (activates) Akt kinase. The
latter activates many effector molecules that control
cell growth, metabolism, viability, and chemotaxis.
In leukocyte cells, the pl1106 PI3K isoform is

predominantly found [7], which is involved in the
activation and differentiation of T lymphocytes, their
migration to the site of inflammation, and production
of cytokines [8]. The expression of phosphoribosomal
protein S6, which reflects PI3K activity, has been found
to be increased in bronchial epithelial cells of patients
with asthma after exposure to an allergen, indicating
the importance of PI3K in allergic diseases [9].
Allergic rhinitis is a disease characterized by
the formation of type 2 IR. Previously, it has been
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shown that such an IR develops under the influence
of IL-2, IL-25, IL-33, and TSLP on epithelial and
immune cells and is accompanied by an increase in
the concentration of IL-4, IL-5, IL-9, and IL-13 in the
blood serum and nasal washes of patients with allergic
rhinitis [10]. In the present study, idelalisib (p110d
PI3K inhibitor) reduced the production of IL-4, IL-9,
and IL-13 by PBMCs and suppressed the intracellular
synthesis of IL-4, IL-5, and IL-13 by blood T-helper
cells and cytotoxic T lymphocytes of patients with
allergic rhinitis upon the induction of type 2 IR. The
data obtained demonstrate the ability of idelalisib
to significantly inhibit the inflammatory response in
patients with allergic rhinitis.

In our study, we also assessed the production of
IL-8 and IL-17A in response to idelalisib action and
stimulation of PBMCs by type 2 IR. IL-17A belongs
to the group of cytokines produced by type 17
T-helper cells, while IL-8 is produced by numerous
cell populations, including alveolar macrophages,
T lymphocytes, mast cells, fibroblasts, epithelial
and endothelial cells, platelets, and neutrophils [11,
12]. It is noteworthy that IL-17A can increase IL-8
expression in epithelial and endothelial cells of patients
with allergic rhinitis, thereby enhancing neutrophil
migration to the site of allergic inflammation [13,
14]. It is known that IL-8 and IL-17A concentration
is increased in the blood serum of patients with
allergic rhinitis compared with healthy individuals
[11, 15]. Moreover, endonasal provocation test with
an allergen in patients with allergic rhinitis led to an
increase in IL-8 and IL-17A level in nasal lavage [16,
17]. Our experiments demonstrated the inhibitory
effect of idelalisib on the secretion of IL-8 and IL-
17A by PBMCs of patients with allergic rhinitis upon
stimulation of type 2 IR. In addition, idelalisib reduced
the production of IL-17A by blood CD4* and CD8*
T lymphocytes of patients with allergic rhinitis. These
results suggest the ability of idelalisib (due to the
suppression of 1L-8 and IL-17A) to inhibit neutrophil
chemotaxis in patients with allergic rhinitis.

TNFa induces the production of antigen-specific
IgE, Th2 cytokines and chemokines, as well as
adhesion molecules involved in attracting eosinophils
to the site of allergic inflammation. Moreover, TNFa
deficiency slows down the development of allergic
rhinitis [18]. An association between the polymorphic
variant of the rs769178 locus of the TNFa gene,
haplotypes (C-G-A-T and C-G-C-T) of the TNFa
gene, and an increased risk of allergic rhinitis has been
reported [19]. In a mouse model of allergic rhinitis, the

TNFa inhibitor infliximab demonstrated antiallergic
action by reducing the production of IL-4 and IgE,
expression of adhesion molecules (E-selectin), and
migration of eosinophils into the nasal mucosa [20].
In this study, suppression of TNFa production by
PBMC:s of patients with allergic rhinitis was achieved
by adding idelalisib to the culture medium, which
indicates the ability of this drug to effectively reduce
the expression and synthesis of TNFa.

Another proinflammatory mediator ~ whose
production was assessed in this study is IFNy, akey Th1
cytokine (Fig. 1). It is known for its ability to induce
the production of chemokines CXCL9, CXCL10,
CXCL11, which attract T lymphocytes expressing
CXCR3 receptors to the site of inflammation. An
increase in IFNy production by blood CD4* T cells
of patients with allergic rhinitis upon contact with
allergens has been demonstrated [21], along with
an increase in CXCL9 and CXCL10 concentration
in nasal washes of patients with allergic rhinitis
30 minutes after exposure to the allergen [22],
which indicates the importance of IFNy and IFNy-
induced chemokines in the allergic inflammation. In
our work, in response to stimulation of PBMCs of
patients with allergic rhinitis according to type 2 IR,
IFNy production was increased. Addition of idelalisib
to the culture medium resulted in the decreased
synthesis of this cytokine. Thus, in the present study,
under type 2 IR conditions, idelalisib suppressed the
synthesis of Th2 cytokines, as well as Thl and Th17
cytokines.

To date, only a single phase I clinical trial has been
conducted on a small sample of patients evaluating the
use of idelalisib for the treatment of allergic rhinitis,
demonstrating its good tolerability, clinical efficacy,
and ability to reduce the level of several inflammatory
mediators in the blood of patients [4]. The data
obtained in this study confirm high anti-inflammatory
efficacy of this drug and indicate the need for further
clinical trials using idelalisib for the treatment of
patients with allergic rhinitis.

CONCLUSION

The results of the study showed that idelalisib
(an inhibitor of the p1106 isoform of PI3K) can
significantly suppress the secretion of cytokines (IL-
4, IL-8, IL-9, IL-13, IL-17A, TNFa, and IFNy) by
PBMCs of patients with allergic rhinitis exposed to
recombinant proteins (IL-2, 1L-25, IL-33, and TSLP)
that induce type 2 IR. This drug also significantly
suppressed the intracellular production of I1L-4, IL-5,
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IL-13, and IL-17A in blood cytotoxic T lymphocytes
and T-helper cells activated by type 2 IR. The data
obtained justify the need to intensify clinical trials
using idelalisib for the treatment of allergic rhinitis.
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Effectiveness of Differential Diagnosis of Primary Neck Masses in Children
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ABSTRACT

Aim. To assess the diagnostic features and accuracy of differential diagnosis of primary neck masses in pediatric
patients, emphasizing the role of a reference center.

Materials and methods. A retrospective analysis was conducted in patients (aged 1 month to 17 years) who
underwent surgical treatment at the Dmitry Rogachev National Research Center (Moscow, Russia) between 2012
and 2022. Inclusion criteria were as follows: age under 18 years, presence of a primary non-visceral neck mass, and
confirmed histopathological diagnosis.

Results. This study was performed using data collected from 153 patients. The study cohort included malignant
neoplasms in 34.6% (53/153), benign neoplasms in 29.4% (45/153), and lymphatic malformations in 36.0%
(55/153) of cases. The median age at disease onset was 1.40 years (0.01; 5.12), and at hospital admission — 2.58
years (1.02; 7.86). Lymphatic malformations were most commonly diagnosed in the prenatal and neonatal periods
(52.7%, 29/55), malignant neoplasms typically presented before the age of 3 years (56.6%, 30/53), while benign
neoplasms were more common in children older than 3 years (80.0%, 36/45). In 55.5% of cases, the initial outpa-
tient diagnosis was revised upon hospitalization. Diagnostic biopsy performed outside of reference centers proved
insufficiently informative: an accurate initial diagnosis was made in 23.5% (36/153) of patients in non-specialized
facilities. Initial histopathological examination was carried out at the Dmitry Rogachev National Research Center
in 54.9% (84/153) of cases and remained unchanged in 98.7% (151/153) of cases following an internal review.

Conclusion. Non-visceral neck masses in children are frequently misdiagnosed at the outpatient stage. This study
highlights the importance of a multidisciplinary approach — including imaging, biopsy, and slide review in refer-
ence centers — to improve diagnostic accuracy and guide an optimal treatment strategy.

Keywords: children, neck, neck masses, diagnosis, histopathology, pediatric
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ddPekTnBHOCTL AP PepeHManbHON [NArHOCTUKN HOBOOOpa3oBaHNN
BHEOpPraHHOW WenHON NnoKannsauum y getein

MoneBl'.A."? I'paueB H.C.', Oranecsax P.C.", ApemeHko E.}10.’

! Hayuonanvnuiil meduyunckuil uccredosamenvckuti yewmp (HMHUL] JTOH) demckoii 2emamonozuu, OHKOIO2UU
u ummynonozuu um. Imumpus Pocauesa
Poccus, 117997, o. Mockea, yn. Camopul Mawena, 1

2 Axyuoneprnoe obuecmeo (AO) «Hnvunckas 6onoHuyay
Poccus, 143421, Mockosckas obnacme, 2. Kpacrnozopck, 0. I'nyxoso, ya. Pybnesckoe [Ipeomecmue, 2, kopn. 2

PE3IOME

Heab. OneHnTs 0COOCHHOCTH U 3PPEKTUBHOCTh AU (HepeHINANEHON TUarHOCTUKU MEPBUYHBIX 00pa3oBaHUI
BHEOPTaHHOMW IIEHHO JTOKAIN3aINN Y IeTeH ¢ ydacTueM pedepeHc-ueHTpa.

Marepuajbl 1 MeToabl. [IpoBeeHo peTpocrieKTHBHOE nuccieroBanue nanueHTos (1 mec — 17 ner), nepeHecmux
xupypruueckoe jedenue B PI'BY « HMULL AT'OU um. 1. Porauesay M3 P® B 2012-2022 rr. Kputepusimu BKIIIO-
YEHHUS CITYXKWIM: BO3PACT MAlUeHTa 10 18 seT, nepBuYHOe BHEOPraHHOE 00pa30BaHKE LIEH U HAIUYHE aTOMOp-
(dornoruueckoii BeprUKaLiK THarHo3a.

PesyabTarsl. VccnenoBanie BHIIOIHEHO Ha OCHOBE JaHHBIX 153 manueHToB. BEIOOPOUYHYIO COBOKYITHOCTH CO-
CTaBWJIM: 3JI0KaYeCcTBEHHbIC HOBoOOpasoBanus (3HO) — 34,6% (53/153); noGpokauecTBEHHbIE HOBOOOPA30BaHUS
(AHO) — 29,4% (45/153); numpaTtuyeckue maibdopmarmu — 36,0% (55/153). Meauana Bo3pacta npu JedroTe
3aboneBanus cocrasmia 1,40 (0,01; 5,12) roga, npu rocnuranmusanuu — 2,58 (1,02; 7,86) roaa. Jlumbparudyeckne
Maib(opMaIy UarHoCTUPOBAHEI IPEUMYIIECTBEHHO Ha IIpe- U HeOHaTalbHBIX mepuopax (52,7%; 29/55), npu
3HO — 5o 3 net (56,6%; 30/53), mpu JJTHO — crapmie 3 set (80,0%; 36/45). ¥ 55,5% manueHTOB MEPBUYHBIN JH-
arHo3, YCTAHOBJICHHBIH Ha aMOyJaTOPHOM 3Tare, ObLT M3MEHEH B CTalroHape. JluarHocTuyueckas OHOICHS BHE
pedepeHc-LIeHTPOB Oblla HeJOCTATOYHO HH)OPMATHBHA: B YCIOBHSAX HECICHHAIMN3UPOBAHHOTO CTAl[MOHAPA HHHU-
[IUAJIbHO KOPPEKTHBIN TUarHo3 ObUT BhicTaBlieH B 23,5% (36/153) cnydaes. MHunmansHo matoMopdoiornueckoe
HCCIIeTIOBaHUE OUOMTATa WK ONEPAIIMOHHOTO MaTepHaia MPOBOIIIOCH perumyinectBeHHo B HMULL ITOU — B
54,9% (84/153) ciryyaeB 1 He IOABEPrajIoCch H3MEHEHHIO B fasibHelmeM B 98,7% (151/153) (mepecMoTp mpoxo it
BHYTPH LIEHTPA).

3akaouenne. Bueopranmsie HOBOOOpa30BaHUsI H MaTb()OPMAIIUH IIEH Y AETel YaCTO AUATHOCTUPYIOTCS C OLIHO-
KaMu Ha amOymaTopHoM dTame. MccrienmoBaHne MOJYePKUBAET BAKHOCTH MYJBTHANCIUILIAHAPHOTO TOIXO0/a,
BKJTFOYAIOIIETO BU3YAITU3AINI0, ONOIICHIO M [TEPECMOTp MaTepralia B pe)epeHC-IeHTpax TSl OBBIIICHUS TOYHO-
CTH TUATHOCTHKH U BBIOOPA ONTUMABHON TAKTHKH JICUCHUSL.

KiaroueBble ciioBa: JC€TH, LICs, BHEOPIraHHOEC H03006pa303aﬂne, JUarHoCTuka, l'lélTOMOp(bOJ'lOFI/I'-leCKOQ HCCJICI0-
BaHHUEC

KonpaukTt unTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTCHIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C ITyOIMKanuel HaCTOSIIEH CTaThH.

Hcrounuk ¢puHAHCHPOBAHUA. ABTOPHI 3asBIAI0T 00 OTCYTCTBMH (UHAHCHPOBAHMUS MPU IPOBEACHUH HCCIIENIO-
BaHUAL.

CooTrBercTBHE NpPUHIUNAM 3THKH. VccienoBaHue 0100peHO HE3aBUCUMBIM 3THYECKMM KomureroM OI'BY
HMMUILI ITOU um. Imutpust Porauesa (mpotokon Ne 5/2023 ot 20.06.2023).

Jns uutupoBanus: [lomes I''A., I'paues H.C., Oranecsu P.C., fIpemenko E.JO. DddexruBHOCTE muddepen-
OUAJLHONM TUAarHOCTHKKA HOBOOOpa30BaHMI BHEOPTaHHOW MICHHOH JIOKANN3aluu y AeTeil. broanemens cubupckotl
meouyunvt. 2025;24(4):68-77. https://doi.org/10.20538/1682-0363-2025-4-68-77.

INTRODUCTION benign [1-5]. In most cases, these patients present with
lymphadenopathy that either regresses spontaneously

The differential diagnosis of pediatric neck masses or resolves with antibiotic therapy within 2 to 6 weeks.

is broad, encompassing a wide range of congenital, Persistence beyond this period may require biopsy [6-9].
inflammatory, and neoplastic lesions. Notably, up The age at onset, duration, and nature of symptoms,
to 80-90% of head and neck masses in children are as well as the anatomical location and size of the
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lesion, are key factors in identifying the most likely
malignant neoplasms to include in the differential
diagnosis. However, these clinical parameters alone
are often insufficient to distinguish between benign
and malignant processes. In such cases, the diagnosis
should be based on imaging studies and, when
indicated, histopathological examination, including
immunohistochemical and molecular genetic analyses.
Current literature does not provide evidence regarding
the role or degree of involvement of reference
centers within multimodal diagnostic approaches for
neoplastic conditions.

The aim of the study was to evaluate the diagnostic
features and the effectiveness of differential diagnosis
for primary neck masses in pediatric patients,
specifically in cases involving a reference center.

MATERIALS AND METHODS

The article presents the results of a retrospective
quantitative study involving non-random sampling of
patients. The study was approved by the independent
Ethics Committee of Dmitry Rogachev National
Medical Research Center of Pediatric Hematology,
Oncology and Immunology (Minutes No. 5/2023
dated June 20, 2023). The approval was granted taking
into consideration the Declaration of Helsinki.

The study included patients who underwent surgical
treatment at Dmitry Rogachev National Medical
Research Center of Pediatric Hematology, Oncology
and Immunology (Moscow, Russia) between January
2012 and December 2022 (a 10-year period). Inclusion
criteria were as follows: 1) age under 18 years at the
time of hospitalization to Dmitry Rogachev Center;
2) presence of a primary non-visceral cervical mass;
3) histopathologically confirmed diagnosis of a
lymphatic malformation, benign tumor, or malignant
neoplasm of the neck. Lymphatic malformation was
selected as the representative entity among congenital
developmental anomalies, based on its high prevalence
in the study cohort and to reduce the risk of potential
systematic bias associated with the inclusion of other
malformations.

All statistical analyses were preceded by
verification of the assumptions required for the
application of each test. A conventional significance
threshold of 0.05 was used for comparisons between
two groups. For pairwise comparisons among three
groups, the significance level was adjusted to 0.017
using the Bonferroni correction. The Kruskal-Wallis
test was used to compare three independent groups.
The Mann-Whitney U test adjusted for multiple

comparisons was applied for comparisons between
two independent groups and for post hoc pairwise
analyses.

To assess differences in categorical variables across
three clinical subgroups, the Pearson 2 test was used
when expected frequencies were evenly distributed
and no cells had expected counts of less than 5. In
all other cases, the likelihood ratio y?test (G?), which
accounts for the logarithmic relationship between
observed and expected frequencies, was employed.
The coefficient of variation of expected frequencies
was used as a numerical indicator of distribution
uniformity.The use of the G2 test was based on current
methodological research demonstrating its superior
accuracy and statistical power in contingency table
analysis involving small sample sizes and uneven
distributions [10]. In addition, the G? test demonstrated
greater sensitivity to deviations from independence
in contingency tables larger than 2 x 2, making it a
statistically preferable method for analyzing frequency
data in pediatric studies with limited sample sizes. All
statistical analyses were performed using IBM SPSS
Statistics version 26. The data are presented as absolute
and relative values n (%), the median, the interquartile
range, and maximum and minimum values Me (Q1;
03, min—-max).

RESULTS

From January 2012 to December 2022, surgical
treatment for non-visceral cervical lesions was
performed in 370 patients. During the selection
process, 277 patients were excluded: 217 due to
lymphadenopathy of various etiologies (predominantly
secondary metastatic involvement) and 60 due to
the absence of histopathological confirmation of
lymphatic malformation, as these patients were treated
exclusively with sclerotherapy.

As a result, data from 153 patients (78 girls and
75 boys) with tumors and lymphatic malformations
were included in the analysis. The sample consisted
of malignant neoplasms in 34.6% of cases (53/153),
benign neoplasms in 29.4% (45/153), and lymphatic
malformations in 36.0% (55/153) of cases. Detailed
information is presented in Fig. 1.

Among malignant neoplasms, the most frequently
identified entities were poorly differentiated
neuroblastoma (34.0%, 18/53), extrarenal extracranial
rhabdoid tumor (13.2%, 7/53), and alveolar
rhabdomyosarcoma (13.2%, 7/53).

Among benign neoplasms, the most common were
schwannoma (15.2%, 7/46), paraganglioma (8.7%,
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4/46), and lipoma (8.7%, 4/46). Additional benign
lesions included venous malformation (8.7%, 4/46),
congenital non-involuting hemangioma (NICH)
(4.3%, 2/46), and small vessel-rich arteriovenous
malformation (2.2%, 1/46).

Fig. 1. Distribution of neoplastic and malformative lesions of
non-visceral cervical localization

The median age at initial clinical presentation
was 1.40 years (0.01; 5.12), and the median age at
admission to Dmitry Rogachev National Medical
Research Center was 2.58 years (1.02; —7.86). Prenatal
diagnosis was reported in 9.2% of cases (14/153).
Detailed data are presented in Table 1.

As shown in Table 1, lymphatic malformations
were most commonly diagnosed during the prenatal
and neonatal periods, accounting for 52.7% (29/55)
of cases. Malignant neoplasms typically manifested
before the age of 3 years (56.6%; 30/53), whereas
benign neoplasms were significantly more likely to
present after 3 years of age (80.0%; 36/45), with a
statistically significant difference observed (¥*(2) =
13.292; p=0.001). This distribution was also reflected
in the median age at symptom onset, diagnostic
verification, and first admission to the reference
center: 1) patients with lymphatic malformations
were diagnosed significantly earlier; 2) the greatest
diagnostic delay was observed in patients with benign
neoplasms, with a median time to diagnosis of 7.43
months (Me 3.33-18.98). However, despite a later
onset, patients with malignant neoplasms were more
frequently hospitalized and diagnosed at an earlier
stage at the reference center.

At the time of initial clinical presentation, the
most common primary complaint was the presence
of a palpable neck mass. This symptom was
reported in 92.7% (51/55) of patients with lymphatic
malformations and in 100.0% (45/45) of those with
benign neoplasms. In contrast, it was less frequently
observed in patients with malignant neoplasms —
64.2% (34/53) —a statistically and clinically significant
difference (3, = 31.682; p < 0.001). Symptoms of
respiratory distress were reported predominantly in
the malignant neoplasm group (6/53; 11.3%). Other
presenting complaints included swelling of the neck,
face, supraclavicular area, or upper limb (6/153; 3.9%),
neurologic symptoms (5/153; 3.3%), and nonspecific
signs such as low-grade fever, lethargy, and reduced
appetite (2/153; 1.3%).

Atthe time of initial admission to Dmitry Rogachev
National Medical Research Center, an exacerbation
of clinical symptoms was observed in association
with rapid tumor growth. Neurological deficits were
documented in 20.3% of patients (31/153), respiratory
insufficiency of varying severity - in 14.4% (22/153),
and dysphagia - in 10.5% (16/153). Respiratory
insufficiency was more frequently observed in
patients with malignant neoplasms: 24.5% (13/53)
compared to 14.5% (8/55) in patients with lymphatic
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malformations and 2.2% (1/45) in those with benign
neoplasms, a statistically significant difference (Xz(z) =
11.742; p = 0.003).

Among 22 patients with respiratory insufficiency:
50.0% (11/22) were tracheostomy-dependent at the
time of admission; 13.6% (3/22) required mechanical
ventilation, with tracheostomy performed at the Center;
in 4.5% (1/22), tracheostomy was not feasible due to
extensive tumor infiltration; 9.1% (2/22) received
supplemental oxygen therapy; and 22.3% (5/22) did
not require any respiratory support. Neurological
symptoms were also more commonly associated with
malignant neoplasms, occurring in 37.7% (20/53)
of cases compared to 10.9% (6/55) in patients with
lymphatic malformations and 11.1% (5/45) with
benign neoplasms (3, = 14.671; p = 0.001).

Dysphagia was more frequently observed in
the lymphatic malformation group and was absent
in patients with benign neoplasms. This symptom
was documented in 21.8% (12/55) of patients with
lymphatic malformations compared to 7.5% (4/53) in
the malignant neoplasm group and 0% in the benign
neoplasm group.

Further details regarding the diagnostic verification
(“roadmap”) of neoplastic lesions are presented in
Table 2. For the purpose of comparative analysis,
patients were divided into three clinical groups:
group A — lymphatic malformations (n = 55); group
B — benign neoplasms (n = 45); group C — malignant
neoplasms (n = 53). A change in the initial diagnosis
established at the outpatient stage was documented in
55.5% (75/135) of cases.

Diagnostic fine-needle aspiration biopsy (FNAB)
performed at the local clinic was recorded in 10.9%
(6/55) of cases in group A, 2.2% (1/45) in group B,
and 17.0% (9/53) in group C (XZ(Z) =6.726; p = 0.035).
In all such cases, the biopsy results were either non-
informative or contained diagnostic inaccuracies.
Notably, none of these procedures were performed
at reference centers, including Dmitry Rogachev

National Medical Research Center.

Pre-hospital surgical attempts to remove the lesion
prior to admission to Dmitry Rogachev National
Research Center were recorded in 25.5% (14/55),
35.6% (16/45), and 20.8% (11/53) of patients in
groups A, B, and C, respectively (XZ(Z) =2751;p=
0.253).

Initial histopathological examination of biopsy
or surgical specimens was performed at Dmitry
Rogachev National Research Center in 54.9% of cases
(84/153). The group-wise distribution was as follows:

67.3% (37/55) in group A, 53.3% (24/45) in group
B, and 30.2% (16/53) in group C (Xz(z) =11.570; p =
0.003). These differences are likely attributable to the
inclusion criterion requiring histological confirmation
for lymphatic malformations, as well as the lack of
indication for biopsy in cases with characteristic
imaging findings during the preoperative workup.

A histopathological review was not performed
in 24.8% of patients (38/153). When a pathology
report from a local facility was available, the original
slides were forwarded to Dmitry Rogachev National
Research Center in 11.1% (5/45) of group B cases and
in 34.0% (18/53) of group C cases (Xz(z) =28.103; p
< 0.001). In the absence of a prior pathology report,
histological specimens were referred to the reference
center in 18.9% (10/53) of patients in Group C.
Direct re-examination of histological material upon
admission to Dmitry Rogachev National Research
Center was performed in 2.2% (1/45) of patients
in group B and in 7.5% (4/53) in group C. Thus, in
most cases, histopathological evaluation was initially
performed at Dmitry Rogachev National Medical
Research Center.

The highest rate of diagnostic errors prior to
admission to Dmitry Rogachev Center was observed
in group A (60.0%), compared to 8.9% and 24.5%
in groups B and C, respectively (y*(2) = 33.278; p <
0.001). A correct diagnosis established at the local
level was documented in 23.5% of patients (36/153),
primarily among those with lymphatic malformations,
which may reflect a tendency toward overdiagnosis
of this condition at the outpatient stage. The greatest
diagnostic challenges outside of reference centers
were associated with the verification of malignant
tumors. At Dmitry Rogachev National Research
Center, the correct initial diagnosis was established in
75.8% of cases (116/153). In other reference centers,
a correct diagnosis was reported only in group B
(2.2%). Taken together, these findings underscore
the critical role of reference centers in establishing
accurate histopathological diagnoses of neck masses.

At Dmitry Rogachev National Research Center,
the initial diagnosis was accurate in 75.8% of cases
(116/153). A primary diagnosis consistent with the
final histopathological verification and issued by other
reference centers was documented exclusively in
group B (2.2%; 1/45).

Correction of the initial diagnosis following the
review of histological materials obtained at local
facilities was required in 1.8% (1/55) of cases in group
A, 8.9% (4/45) in group B, and 18.9% (10/53) in group
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C (Xz(z) =9.822; p=0.007). Re-evaluation of a diagnosis
previously established at another reference center led to
diagnostic revision after admission to Dmitry Rogachev
National Research Center in 1.8% (1/55), 2.2% (1/45),
and 5.7% (3/53) of cases in the respective groups.

These cumulative findings emphasize the critical
role of reference centers in ensuring accurate
histopathological verification of non-visceral neck
masses. The diagnostic algorithm for non-visceral
cervical masses is presented in Figure 2.

Fig. 2. Diagnostic Algorithm for Non-Visceral Neck Masses in Children.: * Other features suggestive of malignancy include the
presence of a firm, painless mass, respiratory distress, and neurological symptoms

DISCUSSION

Non-visceral neck masses in children are
commonly encountered in pediatric clinical practice
and often pose a diagnostic challenge for clinicians.
Several classification approaches have been
proposed for pediatric neck masses, including age at
presentation, anatomical location (taking into account
fascial spaces and cervical compartments), imaging
characteristics, and underlying etiology. Non-visceral
neck tumors account for only a small proportion of all
head and neck neoplasms [1]. This study evaluated the
characteristics of initial diagnostic workup, referral
pathways, and the effectiveness of histopathological
examination in the verification of non-visceral cervical
neoplasms and lymphatic malformations in children.

The results of the present study indicate that clinical
history and physical examination alone are insufficient
for accurate diagnostic verification. Notably, the
initial diagnosis established in outpatient settings was

revised in 55.5% of cases (75/135). These findings are
consistent with previously published literature [4].

When imaging non-visceral neck masses in
children, the potential risk of radiation exposure
must be considered. Therefore, ultrasound (US) is
typically used as the first-line diagnostic modality. US
demonstrates a sensitivity of 79-95% and a specificity
of 83-84% in differentiating neoplastic from reactive
lymph nodes [11, 12]. In addition, elastography may
improve diagnostic accuracy, achieving a sensitivity
of 85.9% and a specificity of 100% in differentiating
malignant lymphadenopahy from benign one [13,
14]. We previously published a study on the imaging
characteristics of secondary cervical lymph node
involvement in children, presenting prognostic
models for predicting the likelihood of malignant
lymphadenopathy [15].

When necessary, additional imaging modalities,
such as magnetic resonance imaging (MRI) and
multidetector computed tomography (MDCT)
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Effectiveness of differential diagnosis of primary neck masses in children

are employed. These methods enhance diagnostic
confidence and provide important topographic and
anatomical information, such as involvement of
critical vascular structures and adjacent organs of the
neck. This is particularly relevant given the limited
penetration depth of ultrasound, which relies primarily
on high-frequency probes for the assessment of
superficial lesions [3].

A review of biopsy or surgical specimens obtained
at local facilities was performed at a reference
center in 75.2% of cases (115/153). An accurate
histopathological diagnosis initially established
outside a specialized institution was observed in only
23.5% of patients (36/153), the majority of which
were cases of lymphatic malformation.

The greatest need for diagnostic re-evaluation was
observed among patients with malignant tumors —
90.6% of cases (48/53), compared to 66.7% (30/45)
among those with benign neoplasms. Revision of
the initial diagnosis following the histopathological
review was required in 24.5% of malignant cases
(13/53) and in 11.1% of benign cases (5/45).

These findings underscore the critical role of
reference centersinensuringaccurate histopathological
verification of non-visceral cervical neoplasms in
children.

Pediatric surgical oncologists play a critical role
in the diagnosis, staging, and treatment of malignant
solid tumors. Over time, many treatment protocols
for solid tumors have increasingly advocated for an
individualized surgical approach to both the primary
tumor and metastatic lesions [1]. The decision to
proceed with primary tumor resection at the diagnostic
stage — or, conversely, to perform a biopsy followed
by neoadjuvant therapy — is critically important
and must be made by a multidisciplinary pediatric
oncology team. This decision should be based on the
clinical presentation, radiological findings, and results
of histopathological evaluation. Inappropriate or
untimely surgical intervention during the diagnostic
stage of malignant neck tumors in children may result
in both short- and long-term complications, incomplete
tumor resection, and delays in the initiation of adjuvant
therapy [16, 17]. This underscores the importance of
timely and appropriate surgical intervention during
the diagnostic phase to improve outcomes in children
with malignant non-visceral cervical tumors.

CONCLUSION

Non-visceral neck masses in children present
significant diagnostic variability and a high risk

of misdiagnosis at the outpatient stage: accurate
verification outside reference centers was achieved in
less than a quarter of cases. These findings underscore
the need for a comprehensive multidisciplinary
approach  involving  imaging, biopsy, and
mandatory slide review in specialized centers. The
implementation of standardized diagnostic algorithms
may substantially improve diagnostic accuracy and
patient management strategies.
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ABSTRACT

Aim. To evaluate the relationships between plasma levels of galectin-1 and galectin-3 and the composition of
CD4* T-lymphocyte subpopulations (Thl, Th17, and Treg) in patients with colorectal cancer (CRC) and to
determine a direct in vitro modulatory effect of tumor-associated galectin-1 and galectin-3 on the expression of key
T-lymphocyte transcriptional factors (T-bet, RORC2, and Foxp3).

Materials and methods. The study included 26 patients with CRC and 17 healthy donors. Plasma concentrations
of galectin-1 and galectin-3 were measured by enzyme-linked immunosorbent assay. Lymphocyte subpopulations
were analyzed by flow cytometry. To assess the in vitro immunomodulatory effects of galectin-1 and galectin-3, a
Transwell co-culture model of the colon adenocarcinoma cell line COLO 201 and peripheral blood mononuclear
cells (PBMCs) from CRC patients was used, employing the selective galectin-1 inhibitor OTX008 and the galectin-3
inhibitor GB1107. The mRNA expression of target genes was evaluated by quantitative real-time polymerase chain
reaction.

Results. Patients with CRC exhibited a decreased proportion of circulating Thl and Th17 lymphocytes and an
increased frequency of Treg cells, which is most pronounced in advanced disease stages. Plasma levels of galectin-1
and galectin-3 were also elevated. Galectin-1 concentration correlated negatively with Thl and Th17 levels and
positively with Treg levels. In contrast, the galectin-3 level was inversely associated only with the Th1 lymphocyte
pool. Inhibition of galectin-1 and galectin-3 in the in vitro COLO 201/PBMC co-culture system induced increased
mRNA expression of T-bet and RORC2 and decreased expression of Foxp3.

Conclusion. High concentrations of galectin-1 and galectin-3 in the blood of CRC patients are associated with
systemic suppression of circulating CD4* T-lymphocytes. We demonstrated a direct in vitro modulatory effect of
tumor-associated galectin-1 and galectin-3 on the differentiation of CRC patients’ blood CD4* T-lymphocytes.
These findings support the prospective use of targeted blockade of galectin-1 and galectin-3 in combination with
existing immunotherapies for colorectal cancer.
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FanekTnH-1 N ranekTnH-3 Kak MOAYNATOpPbI cuCcTeMHoOro 6anaHca CD4+
T-num¢pounTOB NPV KONOpPEKTaJIbHOM pake

MoneTtuka B.C.", PeniHrapar I.B.%, KypHoceHko A.B." %, Kono6oBHukosa 0.B.’,
Ypasosa O.U."

I Cubupcruii 2ocyoapcmeennulii meouyunckuil ynugepcumem (Cu6l’ MY)
Poccus, 634050, 2. Tomck, yr. Mockogckuu mpaxkm, 2

2 Tomckuti obnacmuoti onkonrozuveckuit oucnarcep (TOO/)
Poccus, 634009, e. Tomck, np. Jlenuna, 115

PE3IOME

Hens. Onenka B3aMMOCBsI3eil MEX/[y YPOBHEM TraJeKTHHA-1 W rajekTHHA-3 B IUIa3Me KPOBH U CyOIOITy ISIIHOH-
HbIM coctaBoM CD4* T-mmdonutos (Thl, Th17 u Treg) y GombHBIX KonopekTansHBIM pakoM (KPP), a Taxxe
OIIPE/IeNICHHUE in Vitro TPSIMOTO MOJYJIUPYIOIIETO BIVSIHUS OITyXO0JIb-aCCOMMPOBAHHBIX TaJIEKTHHOB 1 1 3 Ha 9KC-
MPECCHUIO KITIOYEBBIX TPAHCKPHUIIMOHHEIX (akTopos (T-bet, RORC2, Foxp3) T-mumdonuros.

Marepuajbl 4 MeTOAbl. B nccnenoanue Bkirouensl 26 nanuenToB ¢ KPP u 17 3n0poBsix goHopos. Konmentpa-
LU0 TAJICKTHHOB | 1 3 B I1a3Me KPOBU OMPEAEISUIN € TIOMOIIBI0 MMMYHO(QEpPMEHTHOTo aHanu3a. CyOnomyssinuu
TMGOIMTOB aHATU3UPOBAIN METOJOM IIPOTOYHOH IUTO(IyopuMeTpur. [l OLCHKH in Vitro NMMYHOMOZRYITHPY-
FOLIETO JeHCTBHS TAEKTHHOB | 1 3 ncnonb3oBanu Moaenb Transwell-coKyTbTHBHPOBaHHS KICTOYHOM TMHUH a/1e-
HOKapIHHOMBI ToJicToi KumKd COLO 201 1 MOHOHYKJIEapHBIX JICHKOIUTOB KpoBH O0sibHBIX KPP ¢ mpuMmenennem
CEJIEKTUBHBIX HHTHOUTOpOB ranektiHa-1 (OTX008) u ranektuna-3 (GB1107). Dxcnpeccuto MPHK u3ydaembix
TEHOB OIEHUBAIN METOJIOM MOJIMMEPA3HOH LEHOH Peakuy B peaabHOM BPEMEHH.

Pe3yabTaThl. Y GonbHbIX KPP BbIsABIEHO CHIDKEHHE 10U LUPKyIupyomux B KpoBd Thl- u Thl7-mumdoruron
M yBenuueHue ypoBHs Treg-kiIeTok, HanOoee BHIPAKCHHBIX HA MO3HUX CTAIHAX 3a00JI€BaHUs, a TaKKe MOBbI-
IIEHNE COJICP)KaHUs TalleKTuHa-1 U ranexTuHa-3 B masMe KpoBH. KOHIEHTpalus rajgekTuHa-1 oTpHLATeNnbHO
KoppestpoBana ¢ conepxxkanueM Thl n Th17 u nonoxurensHo — ¢ noieit Treg, B To BpeMs Kak ypOBEHb I'aIeKTH-
Ha-3 ObUT 00paTHO B3anMOCBs3aH ¢ copepxanueM Thl-mumdornuros. MHrnbuposanue rajgekTuHa-1 v raieKTiHa-3
B in Vitro COBMECTHOH KyJIbType KJIETOK aleHOKapLUUHOMBI TosicToro kumeyHuka COLO 201 1 MOHOHYKJI€apHBIX
neiikorutoB 60npHBIX KPP nuaymposaso nossimenue sxcnpeccun MPHK T-bet 1 RORC2 u cHinkenue skcnpec-
cun Foxp3.

3aka0oyenne. Bricokne KOHIEHTpanuy rajgekTiHa-1 u rajgektuHa-3 B kpoBH OosbHEIX KPP acconumpoBans! ¢
CHCTEMHOH cymnpeccueil nupkyaupyronmx B kpou CD4* T-mumdonuros. [Tokazano npsiMoe in vitro MORyIHpYIo-
IIee BIMSHHUE OIyXOJb-aCCOLMUPOBAHHBIX TaeKTHHOB | u 3 Ha auddepenunpoky CD4* T-muMporuToB KpoBH
nanuenToB ¢ KPP. [Tomy4eHnble pe3yapTaTel 000CHOBBIBAIOT IEPCIIEKTHBEI TAPTETHOTO OJIOKMPOBAHUS TaJeKTH-
Ha-1 ¥ raNexTHHa-3 B KOMOMHAIMH C CYIIECTBYIOIIMMHI METOJaMH HMMYHOTEPAITHH KOJIOPEKTAIBHOTO paKa.

KiioueBble cjioBa: rajekTHHBL, T-TUMQOIUTHI, IMMYHOCYTIPECCHS, KOJIOPEKTAIBHBIH paK, AMMYHO(MEHOTHIT

KoHpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX M MOTEHIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaNneil HACTOSIIECH CTaThH.

Hcrounuk ¢punancupoBanus. VccnenoBanue BHIONMHEHO pu GrHAaHCOBOM moanepxke PHO (rpant Ne 25-25-
20109, https://rscf.ru/project/25-25-20109/) u rpanta B popMe cyOcuany, BeIAEIIEMOro AIMHHUCTpanuei Tom-
ckoit oonactu (Cornamenne Ne 02/3/2025, paGoTsl in vitro.

CooTBeTcTBHE NMPUHIONINIAM ITHKH. Bce manneHTs! noancany MHGOPMUPOBAHHOE COTJIacHe Ha y4acTHe B HC-
cienoBannu. MccnenoBanne ono6peno srndeckuM komureroM Cu6I' MY (mporokon Ne 8514/1 ot 21.12.2020).

Jns uurupoBanus: [Toneruka B.C., Peiiurapar I'.B., Kyprocenko A.B., Kono6osrukosa 10.B., Ypaszosa O.1.
lanexktuH-1 u ranekTHH-3 KaKk MOIYJATOPHI cucTteMHoro Oamanca CD4+ T-muM@pOIUTOB MPH KOIOPEKTATEHOM
paxe. bronremens cubupckoi meouyunst. 2025;24(4):78-86. https://doi.org/10.20538/1682-0363-2025-4-78-86.
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Galectin-1 and galectin-3 as modulators of systemic CD4+ T-lymphocyte balance

INTRODUCTION

Colorectal cancer (CRC) remains one of the most
socially sensitive oncological diseases [1]. Despite
active development of modern anti-tumor therapies,
including immune checkpoint inhibitors and other
immunotherapeutic drugs, their clinical efficacy in
CRC remains underwhelming [2]. Among the factors
limiting the success of immunotherapy in CRC
patients, tumor-induced systemic immunosuppression
plays a key role [3].

Although the most significant alterations in the
composition and functional state of immune cells
occur within the tumor microenvironment, the
immunosuppressive influence of the tumor extends
far beyond its boundaries, affecting lymphoid organs
and immune cells circulating in the peripheral
blood. The latter leads to an imbalance of pro- and
anti-inflammatory mediators, exhaustion of effector
T-lymphocytes, and accumulation of myeloid-derived
suppressor cells (MDSCs) and regulatory T-cells
(Tregs) [4, 5]. This not only contributes to tumor
progression but also significantly reduces the efficacy
of immunotherapeutic drugs, as effector lymphocytes
are rendered incapable of mounting a robust response
even after immune checkpoint blockade [5, 6].

Alongside tumor-associated metabolic disorders
and chronic inflammation, soluble mediators (mo-
dulators) secreted by malignant cells are considered
to play a substantial role in the pathogenesis of
systemic immunosuppression in CRC [7, 8]. Among
these modulators are the B-galactoside-binding lectins
galectin-1 and galectin-3, whose overexpression is
characteristic of CRC cells [9, 10]. Galectins-1 and
-3 are known to possess immunomodulatory potential
towards cells of the adaptive immunity; however, the
vast majority of studies on the immunotropic effects
of these lectins have focused on their local action
within the tumor microenvironment [11-13]. Despite
significant progress in understanding the biology of
carbohydrate—protein interactions, the question of
how galectins-1 and -3 affect the subpopulations of
circulating CD4* T-lymphocytes in CRC remains
open. Elucidating the contribution of galectin-1
and galectin-3 to the development of systemic
immunosuppression is of fundamental importance for
developing new combined therapeutic strategies for
CRC aimed at restoring immune homeostasis.

The aim of this study was to assess the relationships
between the plasma levels of galectin-1 and galectin-3
and the subpopulation composition of CD4*

T-lymphocytes (Thl, Th17, and Treg) in patients with
CRC, as well as to determine the direct modulating
influence of tumor-associated galectins 1 and 3 on
the expression of key transcriptional factors (T-bet,
RORC?2, and Foxp3) in T-lymphocytes in vitro.

MATERIALS AND METHODS

The study included 26 patients with a histologically
verified diagnosis of CRC (14 men and 12 women,
meanage 62.9+6.7 years). CRC staging was performed
according to the international TNM classification
(8™ Edition, AJCC 2017). Of these patients, 15 were
diagnosed with stage 0-11 CRC (T0-4 NO MOQ), and
11 patients had stage Il1-1V disease (T1-4 N1-2 MO-
1). The control group consisted of 17 apparently
healthy donors (11 men and 6 women, mean age
58.2 + 3.1 years). Exclusion criteria were as follows:
prior neoadjuvant chemotherapy or radiotherapy, the
presence of other malignant neoplasms, and acute or
chronic inflammatory diseases (in the acute phase).

Peripheral venous blood (20 ml) was collected
from the cubital vein of all participants in the morning
after an overnight fast. Peripheral blood mononuclear
cells (PBMCs) were isolated by Ficoll density gradient
centrifugation on Ficoll. The plasma concentrations
of galectin-1 and galectin-3 were determined by
enzyme-linked immunosorbent assay (ELISA) using
commercial reagent kits (BosterBio, USA).

The immunophenotyping of CD4* T-lymphocyte
subpopulations (Thl, Th17, and Treg) in the PBMC
suspension was performed using flow cytometry. Cells
were stained with fluorochrome-conjugated monoclonal
antibodies (Alexa Fluor 488, PerCP-Cy5.5, APC, PE;
BD Biosciences, USA; RnD Systems, USA) against the
surface antigen CD4 and the intracellular transcription
factors T-bet, RORC2, and Foxp3. Analysis was
conducted on an Accuri C6 flow cytometer (BD
Biosciences, USA). Results were expressed as a
percentage of the total lymphocyte count.

To determine the in vitro influence of tumor-
associated galectin-1 and -3 on the expression of
regulatory genes for T-lymphocyte differentiation,
we developed a Transwell co-culture model using
the human colon adenocarcinoma cell line COLO
201 (ATCC, USA) and PBMCs from CRC patients.
Cells were cultured in complete RPMI-1640 medium
(Elabscience, USA) supplemented with fetal bovine
serum (Thermo Fisher Scientific, USA) and gentamicin
(PanEco, Russia). The experiment utilized 24-well
Transwell plates with semi-permeable membranes (0.4
um, Sigma-Aldrich, USA). Tumor cells were seeded in
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the lower chambers, while PBMCs isolated from patient
blood, supplemented with phytohemagglutinin-P
(10 pg/ml, PanEco, Russia), were placed in the
upper chambers. Culturing was performed under the
following conditions: an intact (control) co-culture and
co-cultures with the addition of a galectin-1 inhibitor
(OTXO008, 2 uM) and a galectin-3 inhibitor (GB1107,
1 pM). Incubation lasted for 72 hours under standard
conditions (37°C, 5% CO»).

Followingincubation, cells from the upper chambers
were collected for molecular genetic analysis. Total
RNA was extracted using the RNeasy Plus Mini Kit
(QIAGEN, Germany), and RNA quality was assessed
on a Multiskan Ex spectrophotometer (Thermo
Fisher Scientific, USA); cDNA was synthesized
by reverse transcription using the REVERTA-L kit
(AmpliSens, Russia). The quantitative evaluation
of mMRNA expression for the target genes was
performed by real-time polymerase chain reaction
(RT-PCR) wusing the 5X qPCRmix-HS SYBR
reaction mix (Eurogen, Russia) and specific primers
(tbx21: F: 5-CAGAATGCCGAGATTACTC-3’;
R: 5-AGGATACTGGTTGGGTAGGA-3’; rorc:
F: 5’-CTGCTGAGAAGGACAGGGAG-3’;
R:  5-AGTTCTGCTGACGGGTGC-3’;  foxp3:
F: 5’-GCACATTCCCAGAGTTCCTC-3’; R
5’-CAGTGGTAGATCTCATTGAGTGTC-3’;
p-actin: F: 5’>-TCGAGCAAGAGATGGCCAC-3’; R:
5’-AGGAAGGAAGGCTGGAAG-3’). The mRNA
expression level of the f-actin gene was used for
reference normalization. The relative quantity of
cDNA in the samples was calculated using the AACt
method and expressed in relative units (RU).

Statistical analysis was performed using IBM SPSS
Statistics 27 software (IBM, USA). The normality
of data distribution was assessed using the Shapiro—
Wilk test. Quantitative measures were presented as
the median and the interquartile range, Me (Q,; Q,).
The Mann-Whitney U test was used for comparing
two independent samples, and the Wilcoxon test was
used for two dependent samples. Correlation analysis
was performed by calculating the Spearman’s rank
correlation coefficient. Results were considered
statistically significant at p < 0.05.

RESULTS

Flow cytometry analysis revealed significant
alterations in the CD4* T-cell compartment in the
peripheral blood of CRC patients. The percentage
of Thl Ilymphocytes (CD4'T-bet) was 0.82%
(0.24; 0.94), demonstrating a 1.5-fold decrease (p =

0.045) compared to the control group — 1.24% (0.48;
2.43). Furthermore, patients with CRC showed a
2.4-fold reduction (p = 0.005) in the proportion of
Th17 lymphocytes (CD4*RORC2%) — 1.44% (0.19;
2.13) versus 3.51% (1.56; 4.79) in healthy donors.
Conversely, the level of regulatory T-cells (Tregs,
CD4*Foxp3*) in the blood of CRC patients was 1.19%
(0.8; 1.48), which was 2.2 times higher (p = 0.011)
than the corresponding value in the control group —
0.55% (0.23; 0.98) (Fig. 1).

Healthy donors

Patients

Max

Q, (75%)
Median
Q, (25%)
Min

Relative number of cells, %

Fig. 1. Relative number of Th1, Th17, and Treg lymphocytes

in the peripheral blood in patients with colorectal cancer and

healthy donors, % of total lymphocytes: * p < 0.05; ** — p <
0.01 compared to a similar indicator in healthy donors.

Stratification of CRC patients based on the tumor
stage revealed that the relative content of Thl 1.03%
(0.91; 1.23) and Thl7 lymphocytes 1.96% (0.8;
3.21) was higher in patients with stage 0-Il disease
compared to those with advanced stages (111-1V) 0.4%
(0.24; 0.86), p = 0.011 and 0.56% (0.13; 1.42), p =
0.038, respectively. In contrast, the proportion of Treg
cells was 1.6 times lower (p = 0.017) in patients with
stage O-11 CRC than in those with stage 1111V disease
1.19% (0.65; 1.34) vs. 1.87% (1.27; 2.34) (Fig. 2).

CRC 0-1 stages
CRC Il IV stages

Max
Q, (75%)
Median

Q, (25%)
Min

Relative number of cells, %

Fig. 2.— Relative number of Thl, Th17, and Treg lymphocytes

in the peripheral blood in patients with colorectal cancer

stratified by the disease stage, % of total lymphocytes: * p <
0.05 compared to patients with stage 0-11 CRC
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According to ELISA, the plasma concentration of
galectin-1 in CRC patients was 1.2 times higher (p =
0.003) than in the healthy donor group 16.17 (15.31;
17.10) vs. 13.74 (12.23; 14.79) ng/ml, respectively.
Furthermore, the plasma level of galectin-1 in CRC
patients correlated negatively with the content of Thl
(r = —0.56; p = 0.035) and Th17 lymphocytes (r =
—0.59; p = 0.033) and correlated positively with the
proportion of Tregs (» = 0.55; p = 0.035). The plasma
concentration of galectin-3 was also elevated in CRC
patients: 3.28 (2.30; 5.71) ng/ml compared to the
control group 1.56 (1.19; 2.17) ng/ml in the control
group (p = 0.006), but correlated only with the relative
content of Thl lymphocytes (» =-0.81; p = 0.001).

To test the hypothesis of a direct modulatory
effect of tumor-derived galectins-1 and -3 on CD4*
T-lymphocyte differentiation, we conducted an in
vitro co-culture of the human colon adenocarcinoma
cell line COLO 201 with PBMCs from CRC patients
in the presence or absence of selective galectin-1 and
galectin-3 inhibitors.

mRNA expression level, RU

Control OTX 008 GBI1107 Control

OTX 008

Blocking galectin-1 with the selective inhibitor
OTXO008 in in vitro co-cultures of COLO 201 cells
and patient PBMCs led to a statistically significant
increase in the mMRNA expression of the key Thl
transcriptional factor T-bet from 1.23 (0.88; 1.60) to
2.28 (1.81; 2.58) RU, p = 0.012 and the Th17 marker
RORC2 from 0.28 (0.23; 0.39) to 1.71 (1.22; 1.83)
RU, p = 0.012 compared to control co-cultures.
Conversely, the mRNA expression level of Foxp3,
which regulates Treg differentiation, decreased from
6.25 (5.67; 7.45) to 3.48 (2.86; 4.11) RU, p = 0.012
(Fig. 3). The addition of the selective galectin-3
inhibitor GB1107 to the in vitro co-cultures induced
unidirectional changes in the studied transcription
factors: an increase in T-bet mMRNA expression from
1.23(0.88; 1.60) to 2.97 (2.83; 3.4) RU, p=0.012 and
RORC2 mRNA expression from 0.28 (0.23; 0.39) to
0.79 (0.57; 0.99) RU, p = 0.012, alongside a decrease
in Foxp3 mRNA expression from 6.25 (5.67; 7.45) to
4.86 (4.26; 5.35) RU, p = 0.012 relative to the control
co-cultures without inhibitors (Fig. 3).

Max

Q, (715%)
Median
Q, (25%)
Min

GB1107 Control  OTX 008 GBI1107

Fig. 3. mRNA expression level of the transcriptional factors T-bet, RORC2, and Foxp3 in in vitro cell cultures, RU: * p < 0.05
compared to the control co-culture

DISCUSSION

The results of our study confirm the presence of
an imbalance in circulating CD4* T-lymphocytes
in patients with CRC characterized by a reduction
in effector subpopulations (Thl and Th17) and an
expansion of the immunosuppressive Treg cell pool.

The observed deficit in circulating CD4*T-bet*
Th1 lymphocytes, most pronounced in advanced-stage
CRC, serves as a key indicator of systemic immune
dysfunction and may contribute to immune evasion by
malignant cells and tumor progression. Type 1 T-helper
cells play a central role in orchestrating an effective anti-

tumor immune response. Through the production of
interferon (IFN)y, as well as direct cell-to-cell contact,
Th1 cells not only enhance the tumoricidal potential
of tumor-infiltrating CD8* cytotoxic T-lymphocytes
(CTLs) but also facilitate the presentation of tumor
antigens by macrophages and dendritic cells and
directly suppress cancer cell proliferation and tumor-
associated angiogenesis [14, 15].

The relative content of CD4*RORC2* Thil7
lymphocytes in the blood of CRC patients was
also reduced, particularly in patients with regional
and distant metastases. Interpreting these results is
complicated by the functional plasticity of the Th17
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lymphocyte subset. Some researchers point to a
predominantly pro-tumorigenic role for these cells
(mediated by IL-17-dependent induction of tumor-
associated inflammation and neoangiogenesis) in
CRC pathogenesis [16—-18]. However, under certain
conditions, Th17 cells can exert anti-tumor effects by
recruiting CD8* CTLs and neutrophils to the tumor
site [19]. In the context of our study, the significant
reduction in the Th17 pool in patients with metastatic
CRC may indicate general insufficiency of the T-cell
arm of adaptive immunity, despite the potentially pro-
tumorigenic properties of these cells within the local
tumor microenvironment.

Parallel to the deficit in effector Thl and Th17
lymphocytes, we recorded an increase in the proportion
of CD4*Foxp3* Treg cells in the blood of CRC patients,
reaching maximum values in patients with stage 1lI
and 1V disease. According to current literature, Tregs
are the primary inducers of immunological tolerance to
tumor antigens. The tolerogenic potential of Treg cells
is mediated by several complementary mechanisms,
including the secretion of immunosuppressive
cytokines (IL (interleukin)-10 and TGF (transforming
growth factor)-p), direct cytolytic action on effector
lymphocytes, expression of inhibitory molecules, such
as PD (programmed cell death protein)-L1 and CTLA
(cytotoxic T-lymphocyte-associated protein)-4, and
the suppression of antigen-presenting cells [20, 21].
The expansion of Tregs in the peripheral circulation
creates a barrier to an effective anti-tumor immune
response and is a negative prognostic factor in CRC
and other malignancies [20].

The mechanisms of systemic T-cell immune
dysregulation in malignant colon tumors are
multifaceted. Competitive consumption of glucose
and amino acids by tumor cells disrupts the energy
homeostasis and proliferative potential of effector
T-lymphocytes [22], while lactate accumulation
resulting from the Warburg effect in tumor cells
suppresses type 1 and type 17 T-helpers while
simultaneously stimulating Treg function [23].
Tumor-associated chronic inflammation, accompanied
by elevated levels of circulating cytokines IL-1f, IL-
6, and TNF (tumor necrosis factor)-a, leads to the
expansion of myeloid-derived suppressor cells and
Tregs against a background of CTL suppression and
dysfunction of antigen-presenting cells, characterized
by reduced MHC (major histocompatibility complex)
Il and co-stimulatory molecule (CD (cluster of
differentiation)80/CD86)  expression [24, 25].
Furthermore, malignant cells and elements of the

tumor microenvironment secrete a wide spectrum
of soluble mediators, including prostaglandin
E2 (PGE2), adenosine, IL-10, and TGFp, which
modulate immune cell activity [26, 27]. The results of
our study substantiate the involvement of galectin-1
and galectin-3, produced by malignant cells, in the
development of tumor-induced immunosuppression
in CRC.

The negative correlation between the plasma
concentration of galectin-1 and the relative number
of CD4'T-bet Thl and CD4*RORC2* Thl7
lymphocytes and its positive correlation with the
content of CD4*Foxp3* Treg cells in the peripheral
blood of CRC patients suggests a possible systemic
tolerogenic influence of this lectin. Immunotropic
action of galectin-1 is mediated by its binding to
B-galactoside residues of membrane glycoproteins.
For instance, the interaction of galectin-1 with CD45,
CD43, CD7, and components of the T-cell receptor can
induce apoptosis in activated lymphocytes [28]. Thl
and Th17 lymphocytes are most sensitive to the pro-
apoptotic effect of galectin-1, which is associated with
the specific glycosylation patterns of their membrane
glycoconjugates that serve as ligands for this lectin
[28, 29]. In vitro experiments have demonstrated
other mechanisms for the immunomodulatory action
of galectin-1, including the regulation of cytokine
secretory activity, clonal expansion, and antigen-
dependent differentiation of target lymphocytes [30].
The latter point is supported by our results, which
show that selective inhibition of galectin-1 in a co-
culture of PBMCs from CRC patients and COLO
201 colon adenocarcinoma cells led to increased
expression of mRNA for the transcriptional factors
controlling Thl and Thl7 development (T-bet and
RORC2, respectively), and decreased expression of
the Foxp3, which determines Treg cell differentiation.

In contrast to galectin-1, whose plasma level in
CRC patients correlated with the relative content
of all studied T-lymphocyte subpopulations, the
concentration of galectin-3 correlated only with
the number of CD4*T-bet* type 1 T-helpers.
Simultaneously, in co-cultures of COLO 201 cells
and PBMCs from CRC patients, selective blockade
of galectin-3 induced changes similar to those
observed with galectin-1 inhibition (increased T-bet
and RORC2 mRNA expression and suppressed
Foxp3 expression). According to the literature, the
biological activity of recombinant galectin-3 varies
significantly depending on its local concentration
[31, 32]. Furthermore, galectin-3-mediated
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regulation of T-lymphocyte viability, function, and
polarization is mediated not only through direct
contact with the target cell but also via modulation of
antigen-presenting cell activity in peripheral tissues
[33, 34]. The relatively low level of galectin-3 (4.9
times lower than the concentration of galectin-1) in
the blood of CRC patients appears insufficient for
exerting a direct tolerogenic effect on the circulating
pool of Thl7 and Treg lymphocytes. On the other
hand, our in vitro Transwell co-culture system
replicated conditions approximating the tumor
microenvironment, where the immunoregulatory
activity of galectin-3 is more pronounced [35, 36].

CONCLUSION

This study demonstrates that in patients with
colorectal cancer, elevated blood concentrations
of galectin-1 and galectin-3 are associated with
systemic suppression of T-cell immunity, manifesting
as a reduced number of circulating Thl and Thl7
lymphocytes alongside a concomitant increase in Treg
cells. The results of selectively inhibiting galectin-1
and galectin-3 in an in vitro co-culture of COLO
201 colon adenocarcinoma cells and peripheral
blood mononuclear cells from CRC patients confirm
the direct modulatory influence of soluble forms
of galectins 1 and 3 on the expression of genes
controlling the differentiation of CD4* T-lymphocytes
towards either effector (Thl, Th17) or regulatory
(Treg) phenotypes.

These findings contribute to the existing body of
knowledge on the mechanisms of immune evasion in
malignant colon tumors and substantiate the prospects
of targeted galectin-1 and galectin-3 blockade in
combination with  existing immunotherapeutic
strategies for colorectal cancer.
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ABSTRACT

Aim. To evaluate the diagnostic accuracy of a developed gas analysis sensor system combined with neural network
algorithms for detecting lung cancer based on volatile organic compounds in exhaled breath.

Materials and methods. The study group included 53 exhaled breath samples from patients with morphologically
confirmed stage I-IV lung cancer. The control group (n = 47) consisted of individuals with no history or prior
diagnostic findings of cancers at the time of enrollment. The study was conducted using the developed Multisensory
Gas Analysis System, comprising an array of semiconductor sensors and implementing neural network data
processing algorithms.

Results. The experimental results of classifying lung cancer patients and healthy volunteers demonstrated distinct
differences in the exhaled breath samples. The system achieved the accuracy of 95.8%, sensitivity of 98.1%, and
specificity of 93.6%. In a series of experiments with balanced stage distribution (stages I-1I vs. stages I1I-1V), the
mean classification accuracy was 75%, with sensitivity and specificity ranging from 65 to 80%. Both prepped and
non-prepped patients showed comparable results, confirming the reproducibility of the method. The accuracy level
of 75% allowed for the differentiation between early- and late-stage disease samples.

Conclusion. The developed system demonstrates high diagnostic performance, surpassing existing methods,
including low-dose computed tomography. The findings support the potential of this technology for both early
detection and staging of lung cancer.

Keywords: lung cancer, exhaled breath, volatile organic compounds, sensory gas analysis system, non-invasive
diagnosis, neural network
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PE3IOME

Hens. Onpenenuts ANArHOCTHIECKYIO 3P (PEKTHBHOCTH Pa3pabOTaHHOTO Ta30aHATUTHYECKOTO CEHCOPHOTO KOM-
IUIEKCA B COUETAHHH C AITOPHTMAMH HCKYCCTBEHHOI HEHPOHHOM CETH AJISI BRISABICHHS paka JIETKOTO IO MapKep-
HBIM JIETYYUM OPTaHUYECKUM COCTMHEHHMSIM B BBIIBIXaEMOM BO3/IyXeE.

Marepuajbl M MeToAbl. B Hccienyemyto rpyminy BKIOYEHbI 53 mpoObl BBIABIXaEMOrO BO3JyXa OT HAIMeH-
TOB ¢ MOP(oJIOTHYECKH MOATBEPKACHHBIM pakoM Jjerkoro I-1V craguii. Kontponsnas rpynmna (n = 47) cocto-
sila U3 JIMI, He MMEIOIIMX Ha MOMEHT BKJIIOYEHMS B MCCIIEIOBaHHE IPHU3HAKOB OHKOJOTHYECKHX 3a00ieBaHMIt
0 JIJAaHHBIM aHaMHe3a ¥ (WIN) IPEALIECTBYIONX JHarHOCTHYECKNX MEpONpUATHiA. McenenoBanue npoBoauiIoch
C MOMOIIBIO Pa3pabOTaHHOTO MYJIbTHCEHCOPHOTO Ta30aHAIUTHYECKOTO KOMIUIEKCa, COCTOSIIEro U3 Habopa moiry-
HPOBOHUKOBBIX CEHCOPOB U PEAIM3YIOIIET0 AJITOPUTMBI HEHPO-ceTeBOl 00pabOTKU AaHHBIX.

Pe3yabTarthl. [lonyyeHHbIC NPH MPOBEICHUN 3KCIICPUMEHTOB MO KJIaCCH(DUKAIMK MAMEHTOB C PAKOM JIETKOTO
1 3710pOBBIX JIOOPOBOJIBIICB PE3yJIbTATHI MOKA3BIBAIOT HAIMYKE SIBHBIX MPH3HAKOB PAa3JIMYUs B MPOOaX BbIIbIXKA-
emoro Bo3ayxa. Tounocth coctaBuna 95,8 %, uyBcTBUTENBHOCTH — 98,1% U cnenuduynocts — 93,6%. B cepuun
9KCIIEPUMEHTOB C paBHbIM pacupezenenuem craauii (I-11 u [II-1V) cpenuss ToyHOCTH KIIacCU(pUKAIMY COCTAaBHIIA
75%., 4yBCTBUTENBHOCTH U CIEUPUIHOCTE — 65—80%. [10IrOTORICHHBIC M HEMOATOTOBICHHBIC MAIIUCHTHI JIEMOH-
CTPUPOBAIIM COMOCTABUMBIE PE3YJIbTAThI, YTO MOJITBEP)KAAET BOCHPOU3BOJAUMOCTb METO/AA. YPOBEHb TOUHOCTH
75% mo3BOJISET pa3inyaTh MPOOBI OT MAIUCHTOB C PAHHUMH U [TO3IHUMHU CTAIUAMH 3a00JICBaHHS.

3axka0yenne. Pa3paboTaHHBIH KOMIUIEKC IEMOHCTPHUPYET BBICOKYIO THATHOCTHIECKYIO 3 QEKTHBHOCTD, IIPEBOC-
XOJISIIYIO CYIIECTBYIOIMINE METOMBI, BKIIIOUas HU3KOJ03HYIO KOMIIBIOTEPHYIO ToMorpaduto. [TomydyeHHbIe TaHHbIE
MOATBEPIKAAIOT MEPCIIEKTUBHOCTh TEXHOJIOTHH KakK ISl PAHHETO BBISIBICHUS, TaK W JUIS CTaJUPOBAHMUS paKa JieT-
KOTO.

KiroueBble cioBa: paxk JIETKOTro, BLIZ[BIXaGMBIﬁ BO3YX, JETYy4YUE€ OPraHUYCCKUEC COCIUHCHUS, CeHCOpHBIﬁ ras3o-
AHATUTUICCKUN KOMIUICKC, HCUHBa3uBHas JUarHOCTUKaA, HeﬁpOHHaﬂ CCTh

KonpaukT nHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMAIBHBIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKanKeil HaCTOSIIEeH CTaThH.
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INTRODUCTION

Lung cancer remains a critical global public health
burden, accounting for some of the highest incidence
and mortality rates among all malignancies. These
unfavorable outcomes are largely attributable to late-
stage diagnosis, when curative treatment options are
limited and prognosis is poor [1, 2].

Conventional imaging modalities, although
indispensable, often lack the sensitivity required for
the detection of early-stage disease. This limitation
underscores the pressing need for non-invasive,
rapid, and cost-effective screening strategies capable
of facilitating earlier diagnosis and, ultimately,
improving clinical outcomes.

Exhaled breath analysis has emerged as a promising
non-invasive diagnostic modality. It is based on
the qualitative and quantitative characterization
of volatile organic compounds (VOCs) present
in exhaled breath, which collectively reflect the
underlying metabolic state of the body. The rationale
for this approach lies in the premise that a wide range
of VOCs are generated during physiological and
pathological metabolic processes, and that alterations
in their composition and concentration may serve as
surrogate markers of disease [3]. In lung cancer, these
metabolic perturbations are predominantly driven by
heightened oxidative stress, chronic inflammation,
and lipid peroxidation, which result in elevated levels
of alkanes, aldehydes, ketones, and alcohols. Such
compounds are considered to be potential biomarkers
that may not only enable differentiation between
malignant and benign processes but also contribute to
disease staging [4, 5]. Nonetheless, robust analytical
and clinical validation of these candidate biomarkers
remains essential prior to their incorporation into
routine clinical practice, particularly given the
influence of genetic, environmental, and behavioral
variables on VOC profiles across populations.

Established analytical techniques, including gas
chromatography and mass spectrometry, offer high
specificity for VOC detection but are constrained
by prohibitive costs and lengthy processing times.
By contrast, electronic nose (eNose) technologies
allow for a real-time and pattern-recognition-based
assessment of composite VOC signatures, thereby
providing a practical and scalable solution for clinical
deployment. This technology is particularly suited for
point-of-care use, as it integrates rapid analysis with
the capacity to detect early-stage pathological changes
through unique “metabolic fingerprints” of exhaled
breath [6].

The aim of the present study was to evaluate the
diagnostic accuracy of a novel gas analysis sensor
platform combined with artificial neural network-
based algorithms for the detection of lung cancer
through the analysis of VOC biomarkers in exhaled
breath.

MATERIALS AND METHODS

This prospective study was conducted between
2023 and 2025 and aimed to classify individuals with
lung cancer and healthy volunteers using exhaled
breath analysis. A total of 100 validated breath
samples were analyzed, selected from an initial pool
of more than 250 samples. All participants (aged 35—
80 years) were stratified into two groups: the study
(lung cancer) group and the control group.

The study protocol was reviewed and approved
by the Bioethics Committee of the Cancer Research
Institute, a branch of Tomsk National Research
Medical Center of the Russian Academy of
Sciences (Minutes No. 3a dated March 25, 2020).
A written informed consent was obtained from all
participants.

The study group comprised 53 samples obtained
from patients with morphologically confirmed
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primary lung cancer, spanning clinical stages |-
IV (T1-4N0-3MO0-1). The control group (n = 47)
consisted of individuals with no prior, clinical, and
laboratory evidence of malignant disease at the time
of inclusion. Both groups contained samples from
prepared and unprepared patients in approximately
equal proportions (50:50). Efforts were made to
ensure balanced distribution of samples by age, sex,
preparation status, and tumor stage (in the study
group).

Inclusion criteria were: lung cancer in the
medical history (for the study group), absence of
decompensated somatic-symptom  comorbidities,
and age > 18 years. Exclusion criteria were: refusal
to participate in the study, prior history of malignant
disease (for the control group), age < 18 years, acute
infectious disease, antibiotic therapy within the
preceding 30 days, decompensated comorbidities,
pregnancy, or lactation.

All patients in the study group underwent
comprehensive cancer staging in accordance with
the national clinical guidelines for lung cancer [7].
Exhaled breath was collected as the primary biological
sample using previously validated standardized
protocols [8]. The samples were obtained in sterile
5-1 polymer collection bags using two modalities.
For prepared samples, participants abstained from
food (except water), smoking, oral hygiene, and the
use of perfumes or personal care products for at least
6 hours prior to sample collection. These samples
were collected in the morning immediately after
awakening. Unprepared samples were collected in the
afternoon without any restrictions to diet, hygiene, or
activity.

Breath analysis was performed using a
multisensory gas analysis platform comprising 24
semiconductor gas sensors and a humidity sensor.
The platform incorporated artificial neural network
(ANN) algorithms capable of recognizing molecular
signatures in exhaled breath from individuals with
lung cancer and distinguishing them from those of
healthy individuals.

A multilayer perceptron ANN architecture was
employed. Input data consisted of digitized signals
from the gas sensors, categorized according to the
participant groups. Raw sensor outputs were initially
stored in the XML (eXtensible Markup Language)
format, with each file representing one exhaled breath
sample. Each XML file contained integer analog-
to-digital converter (ADC) values (0-1023) for all
Sensors.

Given the large volume of raw data, preprocessing
was performed to optimize computational efficiency
without compromising classification accuracy. XML
data were converted into consolidated text files
containing metadata (group composition, ANN input
and output layer dimensions) and signal matrices.
Signals were expressed as the ratio of the tenth
thermal cycle to the first thermal cycle for each sensor,
repeated across all sensors and participants. Larger
datasets prolonged ANN training and testing times;
therefore, input arrays were downsampled five-fold,
reducing the input layer dimensionality without loss
of performance.

The final ANN input layer comprised 432 nodes
(18 values per sensor for 24 sensors), and the output
layer contained two nodes corresponding to the two
classification outcomes: (1, 0) indicating a healthy
volunteer and (0, 1) indicating a participant with
lung cancer [8]. Each ANN configuration underwent
at least 10 independent training experiments with
parameter optimization.

Multidimensional data visualization and clustering
were performed using the t-distributed stochastic
neighbor embedding (t-SNE) algorithm [9], which
projects high-dimensional data into a two-dimensional
space while preserving topological relationships:
similar samples were projected as proximate clusters,
whereas dissimilar samples were separated by greater
distances.

The diagnostic performance of the ANN classifier
was evaluated by the receiver operating characteristic
(ROC) analysis, providing an objective measure of the
discriminative ability of the proposed approach.

RESULTS

During neural network training experiments, we
identified an architecture and set of hyperparameters
that enabled classification of exhaled breath samples
across two datasets with the mean accuracy of 92%. In
selected experiments, the model achieved sensitivity
and specificity values of 98 and 96%, respectively.
Preliminary analysis of the datasets using the t-SNE
algorithm revealed significant differences between the
two subgroups (lung cancer and healthy volunteers),
as visualized by scatter plots (Fig. 1).

In a series of 50 independent experiments aimed
at differentiating the two subgroups, the mean area
under the ROC curve (AUC) exceeded 0.9, with
ROC curves approaching 1.0 (Fig. 2), indicating
robust discriminative performance of the ANN-based
classifier.
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Fig. 1. The t-SNE distribution plot of exhaled breath samples
from healthy volunteers and patients with lung cancer,
illustrating subgroup differentiation based on dimensionality
reduction
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Fig. 2. ROC curve for neural network classifier performance in
differentiating exhaled breath samples from healthy volunteers
and patients with lung cancer.

Cross-validation analysis determined an optimal
classification threshold of 0.24, which provided a
balanced trade-off between false-positive and false-
negative results across varying subgroup sample sizes.
The corresponding distribution of exhaled breath
samples after cross-validation is presented in Fig. 3.

Overall, classification of exhaled breath samples
from patients with lung cancer versus healthy
volunteers yielded diagnostic accuracy of 95.8%,
sensitivity of 98.1%, and specificity of 93.6%. These
results demonstrate strong evidence of subgroup
differentiation and underscore the potential of this
approach for clinical application in lung cancer
diagnosis.

We further investigated the ability of the model to
differentiate between prepared (n =55) and unprepared
(n=154) breath samples from patients with lung cancer.
In 50 experiments, the mean AUC reached 0.7, with

ROC curves tending toward 1.0 (Fig. 4). The mean
classification accuracy for this subgroup analysis
was 65%, with sensitivity and specificity ranging
from 60 to 72%. These findings suggest only minor
compositional differences in VOC profiles between
prepared and unprepared samples from patients with
lung cancer. While patient preparation may marginally
improve classification accuracy, its implementation
would inevitably complicate the sampling procedure.
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Fig. 3. Distribution plot of exhaled breath samples from the
study subgroups following cross-validation
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Fig. 4. ROC curve for ANN classifier performance in
differentiating exhaled breath samples from prepared versus
unprepared lung cancer patients.

Finally, we assessed the classifier’s ability to
differentiate exhaled breath samples from patients
with early-stage (I-11) versus advanced-stage (I11-1V)
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lung cancer. This analysis was conducted separately
for prepared and unprepared patients, with the same
sample ratio in each subgroup (31:24). Across 50
experiments, the mean classification accuracy reached
75%, with sensitivity and specificity values ranging
from 65 to 80%. Comparable results were observed
for both prepared and unprepared cohorts. Achieving
the mean accuracy of 75% highlights significant VOC
profile differences between early- and advanced-stage
disease, suggesting that the ANN-based approach
may eventually enable not only early detection of
lung cancer but also disease staging when applied
sequentially with multiple classifiers.

DISCUSSION

Standard methods for early detection of lung cancer
include chest radiography and low-dose computed
tomography (LDCT). However, chest radiography —
often employed for screening — has low sensitivity
and a high false-negative rate due to its limited image
resolution. LDCT provides superior anatomical detail
and has proven high diagnostic value [10]. Current
American Cancer Society guidelines recommend
annual LDCT screening for high-risk individuals
(current or former smokers aged 50-80 years with
a > 20 pack-year history), a strategy associated with
a 20% reduction in lung cancer-related mortality
compared to radiography [11].

Despite its proven efficacy, LDCT carries important
limitations, including overdiagnosis (detection of
clinically indolent lesions), high false-positive rates
leading to unnecessary invasive procedures, and the
need for multidisciplinary teams to interpret findings.
Moreover, limited equipment availability, high cost,
and the requirement for highly trained personnel restrict
the scalability of LDCT-based screening programs,
even in well-resourced health care systems [12].

Exhaled breath analysis of VOCs has emerged as
a promising, non-invasive alternative for early lung
cancer detection. Electronic nose (eNose) technologies
have demonstrated consistently favorable results,
even in populations with low to intermediate disease
prevalence (5.4-22%) [13]. Across studies of non-
small-cell and small-cell lung cancer, reported
sensitivity and specificity have varied greatly, ranging
from 71 to 99% and from 13 to 100%, respectively
[6]. Integration of artificial intelligence (AI) has
further enhanced eNose performance, enabling real-
time data analysis and predictive assessment of tumor
presence [14]. Nevertheless, the combination of Al
and biosensory platforms for lung cancer screening

remains underexplored, with issues of reproducibility,
sensor drift, and environmental interference limiting
their clinical application.

Our multisensory gas analysis platform, which
integrates semiconductor-based biosensors with
Al-driven data processing modules, demonstrated
diagnostic performance that surpassed existing
eNose systems and LDCT. In this study, the platform
achieved sensitivity and specificity of 98.1 and 93.6%,
respectively, outperforming LDCT (sensitivity ~93%,
specificity ~73%).

Compared with LDCT, the platform offers several
clinical advantages: it is entirely non-invasive, free
from ionizing radiation exposure, rapid, low-cost per
test, and suitable for large-scale population screening.
Its portability and ease of use further allow for
deployment in outpatient and primary care settings,
including resource-limited regions.

A key strength of the platform lies in high
selectivity of its multilayer sensor array, which can
discriminate subtle variations in VOC composition.
Al-driven data processing ensures robustness against
noise and artifacts and adapts to inter-individual
variability in breath signatures related to age,
smoking status, or comorbid conditions. Validation
experiments evaluating prepared and unprepared
samples confirmed the reproducibility and low inter-
series variability of the system.

CONCLUSION

Exhaled breath analysis is emerging as a powerful
diagnostic modality for the early detection and
monitoring of lung cancer, particularly at its initial
stages. The newly developed multisensory gas
analysis platform demonstrated clinically meaningful
superiority over existing screening approaches,
including LDCT.

The combination of high diagnostic accuracy,
scalability, and operational simplicity positions this
platform as a promising tool for integration into
lung cancer screening programs and personalized
diagnostic pathways. Its ability to provide rapid, non-
invasive, and reproducible results could transform
current approaches to early lung cancer detection and
population-level screening.
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Effects of Peat Humic Acids on Phagocytic Activity of Innate Immunity
Cells and Humoral Immune Response
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Center, Russian Academy of Sciences
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2 Siberian State Medical University
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ABSTRACT

Aim. To study the effect of a course administration of peat humic acids from bogs of the Tomsk Region on the
phagocytic activity of peritoneal macrophages and blood neutrophils in mice, and the thymus-dependent humoral
immune response induced by the administration of sheep erythrocytes.

Materials and methods. The following immunological methods were used: study of the phagocytic activity of
peritoneal macrophages and blood neutrophils of mice, determination of the number of antibody-forming cells
(AFC) in the spleen of mice, measurement of the serum level of antibodies to sheep erythrocytes by the hemag-
glutination assay after the course administration of three samples of peat humic acids. The experiment involved
70 C57BI/6J mice (females), aged 7-8 weeks.

Results. It was found that the course administration of all studied samples of humic acids resulted in an increase in
the number of phagocytes and the intensity of particle engulfment. Two out of three samples enhanced the humoral
immune response induced by the administration of sheep erythrocytes, which was manifested by an increase in the
number of AFCs in the spleen and the hemagglutination assay titer in the blood serum.

Conclusion. The samples of humic acids that influence the phagocytic function of macrophages and neutrophils
and enhance the humoral immune response may serve as a basis for the development of new therapeutic agents for
the treatment of immunodeficiency states.

Keywords: humic acids, phagocytosis, peritoneal macrophages, neutrophils, humoral immune response, antibody-
forming cells, hemagglutinins
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BnnaHmne rymmHoBbIX KUCNOT Topda Ha paroumTapHyo akTUBHOCTb
K/NeTOK BPOXKAEHHOIro MMMYHUTETa N F'yMOpasibHbIl UMMYHHbIN OTBET

Tpodumosa E.C."?, 3bikoBa M.B.%, JluraueBa A.A.', CenusanoBa H.C."?, lanuney M.I'.",
KapHayxoBa E.A.", LlepcTto60eB E.10.', Benoycos M.B.?

! Hayuno-uccnedosamensckuil uHcmumym gapmakono2uu u peeenepamushou meouyunst um. E.JI. Tonvobepea
(HUUDuPM um. E.J]. I'onvobepea), Tomckuil HayuoHabHulll UCCIe008amenbCKull Meouyunckutl yenmp Poccutickoil
axademuu nayx (Tomckuti HUMIL])

Poccus, 634028, 2. Tomcxk, np. Jlenuna, 3

2 Cubupcruii 2ocyoapcmeennviii meouyunckuti ynueepcumem (Cubl MY)
Poccus, 634050, 2. Tomck, Mockosckuti mpakm, 2

PE3IOME

Hens. V3yueHne BIUSHHS KypCOBOTO BBEACHHS TYMHHOBBEIX KHCIOT Topda 6omotr Tomckoit obractu Ha daro-
IUTapHYI0 aKTHBHOCTh NEPUTOHEAIBHBIX MAaKpo(aro n HEUTPOPUIIOB KPOBHU MBIIIEH U TUMYC3aBUCHMBIH I'yMO-
paNbHBIN HMMYHHBIH OTBET, BBI3BaHHBII BBEICHUEM IPUTPOLUTOB GapaHa.

MaTtepuajbl H MeToIbl. VICIoab30BAMCH CIAEAYIOIINE HIMMYHOJIOTHUECKHE METOABL: H3y4YeHUe (arouTapHoil
AKTUBHOCTH NEPUTOHEATBHBIX MakpodaroB 1 HEHTPO(DHIOB KPOBU MBIIIEH, ONpEIeICHHE KOJINYECTBA AaHTUTEIIO-
obpasytromux kineTok (AOK) B cene3eHKax MbIIIeH, H3MEpeHNEe YPOBHS aHTUTEN K SPUTPOLMTAM OapaHa B ChIBO-
POTKE KPOBH MBIIIEH C MOMOIBIO PEAKIU IeMarrIloTHHALIMY TI0CIIe KypCOBOTO BBEICHHUs 00pa3LioB TOP(SHBIX
TYMHHOBBIX KUCIIOT. B skcniepumMente ucnomnb3oBanu 70 camok mbimei muann C57BL/6J B Bozpacte 7—8 Hen.

Pe3y.]'ll)TaTl>I. KprOBOC BBE€ICHHUEC BCEX HUCCICAYEMBIX o6pa3u013 TYMHUHOBBIX KHUCJIOT IIPUBOJUJIO K YBECIIMUCHUIO
quciia (bal"OL[I/ITOB U MHTCHCHUBHOCTH IIOTJIOICHUA UMH YaCTHII. I[Ba n3 TpEX 06pa3u013 ycuimBain I‘yMOpaJ’ILHLIﬁ
I/IMMyHHLIﬁ OTBCT, PIHZ[yIIPIpOBaHHLIﬁ BBCIICHUEM SPUTPOLUTOB 6apaHa, KOTOpLIﬁ TMPOSABJIAJICA YBEJIUYEHUEM YUC-
sa AOK B cene3eHkax u TUTPa reMarrjiftoOTUHMHOB B CBIBOPOTKE KPOBH.

3axaoyenne. OOpa3nbl TYMHHOBBIX KHCIIOT, BIMSIONINE Ha (aronurapHyo (QYHKIHIO Makpodaro u HeHTpo-
(UIOB M YCHIMBAIONINE TyMOPATBHBIH UMMYHHBIH OTBET, MOTYT HOCIYXXHUTh OCHOBOH IS Pa3pabOTKH HOBBIX
TEpaNeBTHIECKUX CPENCTB JUIS JICUCHUSI UMMYHOIE(HIUTHBIX COCTOSHHUI.

KoroueBble ciioBa: r'yMHHOBBIE KHCIIOTHI, (haroUTo3, HEPUTOHEATBHBIE MaKpo(hark, HeUTPO(DHIBI, TYMOPAIBHBIH
UMMYHHBIH OTBET, aHTHTEI000pa3yIONHe KIETKU, TeMarTJIIOTHHHHBI

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

Hcrounuk ¢unancupoBanus. PaboTa BbinoiHeHa npu (QUHAHCOBOH MOIEPKKE TOCYAAPCTBEHHOIO 3aaHMs
Munuctepcersa 31paBooxpanenus PO Ne 056-00071-22-02.

CooTBercTBHEe MpuHOUNAM J3THKH. VccnemoBanue omobpeHo Omostmueckum komuretoM HUWOUPM mwm.
E.[. Tompn6epra Tomckoro HUMII (mpotoxon Ne 227012024 ot 01.02.2024).

Jas uutupoBanus: Tpopumosa E.C., 3sikoBa M.B., Jlurauera A.A., CenuBanosa H.C., lanmnen M.I"., Kapna-
yxosa E.A., llepcro6oes E.1O., benoyco M.B. Bimsinne ryMuHOBBIX KHCIOT Topda Ha (aronuTapHyro aKTHB-
HOCTB KJIETOK BPOXJCHHOTO HMMYHHUTETa ¥ I'YMOPAJIbHBIH IMMYHHBIH OTBET. Bionienmens cubupckou meouyumbl.
2025;24(4):95-103. https://doi.org/10.20538/1682-0363-2025-4-95-103.

INTRODUCTION neutrophilic leukocytes can absorb foreign agents.

Phagocytes ensure the functioning of innate
Phagocytosis is the process by which eukaryotic immunity and represent the body’s first line of

cells, called phagocytes, absorb microorganisms, defense when interacting with infectious agents.
damaged and destroyed host cells, and foreign Neutrophils and macrophages are typical phagocytes
particles. Blood monocytes, tissue macrophages, that can destroy both extracellular and intracellular

microglia cells, osteoclasts, dendritic cells, and microorganisms. These cells produce cytokines and
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growth factors that regulate the development and
resolution of inflammation. They also stimulate the
activation and proliferation of lymphocytes and other
immunocompetent cells, which are necessary for an
effective adaptive immune response [1, 2].

In addition, an essential condition for activating
acquired immunity is presenting the antigen to cells of
adaptive immunity, which is carried out by phagocytes
due to their ability to phagocytose and present foreign
molecular patterns to T lymphocytes [3]. Thus,
phagocytosis is a link between innate and acquired
immune responses. It plays a crucial role when the
innate immune system is ineffective at eliminating
infectious agents.

The humoral immune response is part of the
adaptive immune system. It is based on the induction
of antigen-specific B lymphocytes, which results
in the production and secretion of antigen-specific
antibodies. Humoral immune responses can be divided
into T-cell-dependent (thymus-dependent) and T-cell-
independent (thymus-independent) responses. In
thymus-independent reactions, the production of
antibodies occurs immediately after the activation of
B lymphocytes by antigens. The thymus-dependent
humoral immune response is triggered when B
lymphocytes are activated by T helper cells, which
is preceded by antigen presentation by dendritic cells
and macrophages to T lymphocytes [4]. Sheep red
blood cells (SRBC), a well-known T-cell antigen, are
considered as the gold standard for the formation of a
thymus-dependent humoral immune response [5].

Currently, a significant number of means for
correcting immune system disorders are known.
However, most of them are products of chemical
synthesis with a wide range of side effects. Among
the immunomodulatory drugs of natural origin, only
echinacea extract, drugs based on bacterial lysates, and
immunomodulators of endogenous origin are known,
which at the present time are usually represented by
recombinantanalogs [6]. A topical area of experimental
medicine is the study of natural compounds, such
as humic substances extracted from peat and brown
coal, which are formed during the humification of
biological remains of plants and animals [7]. The main
component of humic substances is humic acids (HAS),
which are high-molecular-weight heteropolymers that
exhibit similar chemical and biological properties,
but their exact molecular structure has not been
determined [8]. HAs are widely used in agriculture
and veterinary medicine and demonstrate numerous
biological effects in experiments, namely wound

healing, adaptogenic, hepatoprotective effects, as well
as anti-inflammatory, antibacterial, and antioxidant
activity [9, 10]. Studies have confirmed the effect of
HAs on immune processes, including regulation of
cytokine production with proinflammatory (TNFa,
IFNy, IL-1B, IL-12, IL-6, IL-2) and anti-inflammatory
(IL-10, IL-4) properties, polarization of macrophages,
and intracellular signaling processes [11-14]. Their
involvement in the regulation of both humoral and
cellular immunity has also been shown [15-17].
Considering the above, studying the influence of
peat HAs from bogs located in the Tomsk region on
such aspects of the immune system as phagocytic
reactions of innate immune cells (macrophages and
neutrophils) and indicators of the adaptive humoral
immune response is of particular interest. Thus, the
aim of this study was to investigate the effects of the
course application of peat HAs on the phagocytic
activity of peritoneal macrophages and peripheral
blood neutrophils of laboratory mice, as well as the
thymus-dependent humoral immune response induced
by immunization of animals with sheep erythrocytes.

MATERIALS AND METHODS
Obtaining Humic Acids

The objects of the study were HAs isolated from
peat by mass-exchange extraction. The extraction of
humic substances from peat was carried out at room
temperature for 8 hours using a sodium pyrophosphate
solution (0.1 mol /I, ratio 1:100). HAs were precipitated
from the samples by adding hydrochloric acid to pH
= 1-2, then they were centrifuged, washed with water
to pH = 7.0, and dried. Three types of high-moor peat
obtained from the Vasyuganskoye peat deposit of the
Tomsk region were used as raw materials.

The HAsphagn sample was extracted from the
sphagnum peat (sampled at a depth of 20—70 cm) with
a degree of decomposition of plant residues (R) of
5-10% and an ash content (4) of 2.8%. The HApine-
cott sample was obtained from the pine-cotton peat
(sampled at a depth of 10-50 cm, R = 30-35%, 4 =
7.3%), and the HAmagellan sample was isolated from
the magellanic peat (sampled at a depth of 100-120
cm, R =10-15%, A = 2.7%)).

Chemical Description of Humic Acids

The elemental composition of each HA sample
was studied, and its molecular weight was determined
(Mw —weight average molecular weight, Mn — number
average molecular weight, Mp — peak molecular
weight). The elemental composition (carbon,
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hydrogen, and nitrogen content) was determined using
a C,H,N analyzer (Carlo Erba Strumentazione 1106,
Milan, Italy) and expressed as the atomic fractions of
each element. The oxygen content was determined by
differences. For the HAsphagn sample: C 41.7 = 0.2%,
H40.1+0.2%,N 1.9+ 0.01%, O 16.3 + 0.1%. For the
HApine-cott sample: C 38.6 = 0.5%, H 42.5 + 0.4%,
N 1.40 £ 0.02%, O 17.6 = 0.2%. For the HAmagellan
sample: C 38.4 + 0.5%, H 42.47 + 0.4%, N 2.2 +
0.03%, O 16.9 = 0.2%. For the HAsphagn sample:
Mw = 39.7 kDa, Mn = 7.7 kDa, and Mp = 17.5 kDa.
For the HApine-cott sample: Mw = 22.8 kDa,
Mn=6.1kDa,and Mp=11.8 kDa. For the HAmagellan
sample: Mw = 18.8 kDa, Mn = 4.9 kDa. and Mp =
9.6 kDa.

Experimental Animal Groups and Substance
Administration Schemes. Female C57B1/6J mice (n =
70) aged 7-8 weeks purchased from the Department of
Experimental Biological Models of the E. D. Goldberg
Research Institute of Physiology and Pharmacology
were used in this study (approval of the Bioethics
Committee, Minutes No. 227012024 dated February
01, 2024). The HA course lasted 10 days and involved
daily intraperitoneal injections. The HA preparations
were prepared at a dose of 1 mg / kg of animal body
weight (0.9% sodium chloride solution was used as
a solvent) and administered in a volume of 100 pl.
The control group received 100 pl of normal saline
intraperitoneally, the comparison group received
100 pl of glucosaminylmuramyl dipeptide (Lycopid,
Skopinfarm, Russia) at a dose of 2 mg / kg for 10
days. The dosing regimen and the scheme for using
the studied compounds had been previously optimized
in a series of preparatory experiments.

To induce a thymus-dependent humoral immune
response, sheep red blood cells (SRBC) were
administered intraperitoneally to animals at a dose of
5 x 10° cells on day 5 of administration of the test
substances. One day after the end of the course, the
number of antibody-forming cells (AFCs) in the
spleen of the animals was assessed, and blood was
collected to obtain serum and determine the titers of
specific antibodies to SRBC (hemagglutinins) [18].

Study of the Phagocytic Capacity of Peripheral
Blood Neutrophils. Phagocytosis of peripheral blood
neutrophils was stimulated by adding latex particles
to them. For this purpose, heparin (500 U / ml) in
a volume of 3 ul was mixed with 10 ul of a mouse
peripheral blood taken from the tail vein 24 h after the
last HA injection. This mixture was then placed in the
wells of a round-bottom plate along with 10 ul of latex

particles (60—-80 x 10/ ul) and incubated for 30 minutes
at 37 °C on a shaker. Next, the plate was centrifuged
for 5 min (1,000 rpm), 10 pl of the supernatant was
removed, the sediment was resuspended and used
to prepare smears on glass slides. The smears were
fixed with May — Griinwald stain and then stained
with azure l1-eosin. Microscopic analysis of the stained
smears was performed to determine the phagocytic
index (percentage of neutrophils that phagocytized
latex particles) and the phagocytic number
(average number of latex particles absorbed by one
neutrophil) [18].

Study of the Phagocytic Activity
of Peritoneal Macrophages

The phagocytic activity of peritoneal macrophages
was stimulated using a 0.05% ink solution, which was
administered to mice intraperitoneally at a volume of 2
ml one day after the final administration of HAs. Ten
minutes later, the abdominal cavity was washed with
normal saline. The cell suspension was precipitated
twice by centrifugation, then the total number of
peritoneal exudate cells and the number of macrophages
that had absorbed the ink were counted. Then the cell
suspension was precipitated again, the supernatant was
discarded, and the sediment was removed with distilled
water. The optical density of the resulting solution
was measured spectrophotometrically (A = 620 nm).
The optical density values reflected the volume of
ink absorbed by macrophages. Based on the data, the
phagocytic index (percentage of macrophages that
captured ink particles) and the phagocytic number (the
average amount of ink absorbed by one macrophage)
were calculated [18].

Determination of the Number of Antibody-
Producing Cells in Mouse Spleens. The spleens
extracted from mice were homogenized together
with a 0.9% sodium chloride solution, the resulting
homogenate was filtered through a mesh, and the
number of cells in the suspension was determined.
In a water bath (50 °C), 900 ul of agarose solution
containing 0.7% agar (Difco, USA) in medium
199 (Sigma, USA) was mixed with 200 pl of 20%
SRBC suspension, 200 pl splenocytes suspension,
and 100 pl of complement (Microgen, Russia). The
resulting mixture was poured into Goryaev chambers
and incubated in a humid atmosphere at 37 °C for
2 hours. The number of hemolysis zones formed in
the erythrocyte monolayer, which corresponded
to the number of AFCs, was counted using a light
microscope [18].
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Determination of the Level of Antibodies to Sheep
Erythrocytes (Hemagglutinins) in the Blood
Serum of Mice

The serum was inactivated at 56 °C for 30 min.
After that, the samples were sequentially diluted
in an immunological round-bottom plate, using a
volume of 25 pl and a 1:2 dilution step. Then, 25 pl
of a 1% SRBC suspension was added to each dilution,
and the mixture was incubated at 37 °C for 2 hours
The maximum serum dilution at which antigen
agglutination was visually observed was considered as
the hemagglutinin titer and expressed in logarithmic
form of T to the base 2 (log,T) [18].

Statistical analysis of the data was performed using
the Statistica 10 (StatSoft) for Windows. Due to the
small sample size, the nonparametric Kruskal — Wallis
test was used to assess the statistical significance of

differences in quantitative variables of three or more
groups. The parameters under study were described
using the median (Me) and the interquartile range
(Q;; Q). Differences were considered statistically
significant at p < 0.05.

RESULTS

The following results were obtained after the
course administration of HAs and the comparison drug
Lycopid to mice. All the HA samples and Lycopid
had a stimulating effect on the phagocytic capacity of
neutrophils. The phagocytic index (the percentage of
neutrophils that absorbed latex) increased significantly
in all groups that received HAs and Lycopid, the
effect of Lycopid was the most pronounced (Table 1).
Samples HAsphagn and HAmagellan increased the
phagocytic index to a lesser extent.

Table 1

Indicators of Phagocytic Capacity of Peripheral Blood Neutrophils of CS7Bl/6J Mice after a Course of Treatment
with Peat Humic Acid Preparations, Me (Q,; Q,)

Observation group, dose,
number of animals (n)

Phagocytic index

Phagocytic number

1. Control (n=17)

9.00 (6.00; 10.00)

2.17 (1.50; 2.50)

2. Lycopid, 2mg /kg (n=17)

23.00 (19.00; 28.00); 1-2 p =0.001

2.17 (1.74; 2.80)

3. HAsphagn, 1 mg/ kg (n=7)

14.00 (12.00; 15.00); 1-3 p = 0.02; 2-3 p = 0.001

5.21 (4.14; 7.00); 1-3 p = 0.001; 2-3 p = 0.001

4. HApine-cott, 1 mg / kg (n ="7)

18.00 (18.00; 23.00); 14 p = 0.001

2.00 (1.72; 3.22)

5. HAmagellan, 1 mg / kg (n =17)

In contrast to Lycopid and HApine-cott, HAsphagn
and HAmagellan samples significantly increased the
phagocytic number of neutrophils (the number of latex
particles per cell). The HApine-cott sample did not affect
the phagocytic number, but significantly increased the
phagocytic index, approaching Lycopid in efficiency.

It was also found that the administration of Lycopid
and HA preparations increased cell population in the

16.00 (13.00; 18.00); 1-5 p = 0.009; 2-5 p = 0.002

3.69 (3.41; 4.38); 1-5 p = 0.002; 2-5 p = 0.01

peritoneal fluid of the experimental mice, as well
as the number of phagocytic cells in the peritoneal
exudate (Table 2).

It was also shown that the use of HAS in vivo
resulted in an increase in the relative number of
macrophages that engulfed ink (phagocytic index) in
both the comparison drug and experimental groups
(Table 3).

Table 2

Quantitative Composition of Peritoneal Exudate Cells of C57Bl/6J Mice after a Course of Treatment with Peat Humic Acid
Preparations, Me (Q,; Q,)

Observation group, dose,
number of animals (n)

Number of cells in peritoneal exudate, x10°

Number of phagocytic cells in peritoneal exudate, x10°

1. Control (n=7) 0.78 (0.58; 1.33)

0.20 (0.13; 0.30)

2. Lycopid, 2 mg / kg (n=7)

2.05 (2.03; 2.85); 1-2 p = 0.002

0.68 (0.60; 0.90); 1-2 p = 0.002

3. HAsphagn, 1 mg/ kg (n=7)

3.88(3.63; 4.18); 1-3 p = 0.001; 2-3 p = 0.005

1.03 (0.93; 1.30); 1-3 p = 0.001; 2-3 p = 0.008

4. HApine-cott, L mg / kg (n="7)

3.70 (3.43; 4.38); 14 p=0.001; 2—4 p = 0.009

1.18 (0.98; 1.28); 14 p=0.001; 24 p = 0.01

5. HAmagellan, 1 mg / kg (n=17)

All experimental groups showed an increase in the
amount of ink absorbed by peritoneal exudate cells
compared to control values. However, in all study
groups, a significant decrease in the average amount of

4.93(4.83; 7.00); 1-5 p = 0.001; 2-5 p = 0.001

1.73 (1.48;2.13); 1-5 p = 0.001; 2-5 p = 0.001

ink absorbed by one macrophage (phagocytic number)
was observed compared to the controls. We associate
this decrease with a significant increase in the number
of phagocytic cells in the peritoneal exudate.
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During the study, we also investigated the
parameters of the thymus-dependent humoral immune
response induced by the administration of SRBCs to
mice receiving a course of HAs. The number of AFCs
in the spleens of the mice and the level of antibodies
to SRBC (hemagglutinins) in the blood serum were

assessed. In the experimental group of animals that
received a course of the HAsphagn sample, a decrease
in the number of AFCs was recorded relative to the
control group and the group that received Lycopid. The
level of antibodies produced to SRBC (hemagglutinin
titer) also decreased in this group of mice (Table 4).

Table 3

Indicators of Phagocytic Capacity of Peritoneal Macrophages of C57Bl/6J Mice after a Course
of Treatment with Peat Humic Acid Preparations, Me (Q,; Q)

Observation group, dose, M | prgocytic ines The amount o ink n th cells Phagocytic number, x10°

1. Control (n=17) 22.58 (20.00; 24.53) 0.17 (0.13; 0.21) 0.91 (0.85; 1.08)

2 oo zmong0n | POEEND PO PO

s wastan imalka -1 | TS PR L) o

e imalia =) | P Py e

5 Hamagellan 1mg kg (=) | 00N Y S Y hses | s pe 00012252000
Table 4

Indicators of the Humoral Thymus-Dependent Immune Response of C57B1/6J Mice after a Course
of Treatment with Peat Humic Acid Preparations, Me (Q,; Q)

Observation group, dose,

number of animals () Number of antibody-forming cells, x10%/ spleen Hemagglutinin titer, log,T
. Control (n="7) 24.29 (16.43; 31.43) 4.00 (3.00; 4.50)
. Lycopid, 2 mg / kg (n="7) 70.00 (58.57; 82.86); 1-2 p=0.001 4.00 (3.00; 4.50)
. HAsphagn, 1 mg / kg (n="17) 5.71 (4.29; 8.57); 1-3 p=0.002; 2-3 p = 0.004 2.00 (1.50; 2.50); 1-3 p=0.02; 2-3 p=0.01

. HApine-cott, 1mg / kg (n=7) | 98.57 (82.86; 150.00); 1-4 p = 0.001; 24 p = 0.002 6.00 (4.50; 7.00); 1-4 p = 0.01; 2-4 p = 0.03

O [W|N| -

In the group of mice that were administered the
HApine-cott sample, an increase in the number of
AFCs inthe spleens and the titer of antibodies produced
by them was observed. The same trend was observed
in the animals that received the HAmagellan sample.
Administration of the comparison drug Lycopid to the
mice increased the number of AFCs in the spleens, but
did not affect their production of hemagglutinins.

DISCUSSION

Natural products, such as mumiyo, peat, and
sapropel, rich in humic substances, are widely used in
traditional medicine. In addition to the experimentally
proven adaptogenic, antioxidant, hepatoprotective,
wound-healing, antibacterial, and anti-inflammatory
properties [9, 10], it has been found that HAs can
influence the immune system. D. Mudrotniovaetal. [16]
demonstrated that a food supplement containing HAs

.HAmagellan, 1 mg/kg (1=7) | 91.43 (62.86; 120.71); 1-5 p =0.001; 2-5 p=0.001 | 600 (5.50; 7.00); 1-5 p = 0.001; 2-5 p = 0.005

stimulated the phagocytic activity of peripheral blood
phagocytes of broiler chickens and also increased the
proportion of CD4+ and decreased the proportion of
CD8+ lymphocytes. R. Habibian et al. [19] obtained
results using the Farmagulator Dry preparation
containing HAs and administered to rats ad libitum.
These results showed a dose-dependent enhancement
of the humoral immune response to the B. melitensis
vaccine, as well as an increase in the phagocytosis of
yeast particles by rat blood mononuclear leukocytes.
Another example is the work by A.V. Vucskits et al.
[20], who showed that adding humic and fulvic acids
extracted from brown coal to the diet of rats leads to
an increase in humoral immunity, manifested in an
increase in the titer of antibodies to ovalbumin. Similar
observations were made in a broiler chicken model
[21], where the use of a feed supplement containing
HAs or a mixture of HAs with organic acids increased
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antibody titers against infectious bronchitis and
Newcastle disease viruses, without affecting blood
biochemical parameters.

In our work, we studied the effect of HAs isolated
by sodium pyrophosphate extraction from three
different types of peat from the Tomsk region bogs
(the Vasyuganskoye peat deposit) on the phagocytic
activity of peripheral blood neutrophils and
peritoneal macrophages of laboratory mice, as well as
indicators of the thymus-dependent humoral immune
response. HA preparations were administered to
animals for 10 days. The comparison group received
glucosaminylmuramyl dipeptide (Lycopid), an analog
of bacterial peptidoglycan that stimulates innate and
acquired immunity, including the bactericidal function
of phagocytes and the humoral immune response [22].

Impaired ability of innate immune effector cells —
neutrophils and macrophages—to absorb pathogens can
lead to uncontrolled spread of infection, accumulation
of cellular debris, chronic inflammation, and
disruptions in the formation of the adaptive immune
response [3]. Thus, phagocytosis plays a key role in
suppressing inflammatory processes and restoring
homeostasis in the body. Compounds that can increase
the phagocytic activity of immune cells are therefore
considered to be promising immunomodulatory drugs.

The results of the study demonstrated that the
course application of peat HAs and Lycopid in mice
stimulated the phagocytic activity of peripheral blood
neutrophilic leukocytes — an increase in neutrophils
that had absorbed latex (phagocytic index) was
observed in blood samples of animals that received
a course of all the tested HA preparations. It should
be noted that the effect of the HApine-cott sample
was comparable to that of Lycopid (Table 1), and
the introduction of the HAsphagn and HAmagellan
samples to the animals resulted in a higher average
number of particles absorbed by one cell (phagocytic
number), compared to the group receiving Lycopid.
In addition, the course administration of the samples
caused an increase in the total number of peritoneal
exudate cells, including phagocytic elements (Table
2), which was reflected in an increase in the phagocytic
index of peritoneal macrophages (Table 3).

It should be noted that the total number of peritoneal
exudate cells and the number of phagocytes in the
groups receiving HAs exceeded the corresponding
indicators for the Lycopid group. We also observed an
increase in the amount of ink absorbed by peritoneal
phagocytes in all experimental groups compared to
the control group receiving normal saline.

During phagocytosis of foreign agents, antigen-
presenting cells present foreign molecular structures to
lymphocytes. This process activates the mechanisms
of adaptive immunity. This study investigated the
effect of a course of peat HA application on the
indicators of the humoral immune response formed
in animals following immunization with SRBC. The
study showed that the introduction of the HAsphagn
sample suppressed the activity of AFCs in the spleen
and reduced the level of hemagglutinins in the blood
serum of experimental animals compared to the control
group (Table 4). By contrast, the use of the HApine-
cott and HAmagellan compounds stimulated the
growth of these parameters in mice. Moreover, after
a course of HApine-cott and HAmagellan, the number
of AFCs and the antibody titer (hemagglutinins)
were higher than those recorded for Lycopid. The
HApine-cott and HAmagellan samples demonstrated
immunostimulatory activity, manifested in the
enhancement of the phagocytic function of peripheral
blood neutrophils and peritoneal macrophages in
mice, as well as in the activation of the humoral
immune response to sheep erythrocytes. According
to the results of the studies, their effectiveness was
comparable to that of the reference drug Lycopid and
in some cases even exceeded its performance.

CONCLUSION

Our experiments revealed that course therapy with
all tested peat humic acid preparations stimulated the
proliferation of phagocytic cells and increased the
effectiveness of their interaction with foreign particles.
Moreover, the use of HApine-cott and HAmagellan
preparations enhanced the humoral immune response
caused by the introduction of sheep erythrocytes into
experimental animals. This was manifested in an
increase in the number of antibody-forming cells in
the spleen tissues and an increase in the hemagglutinin
titer in the blood serum. Thus, the HApine-cott and
HAmagellan samples, isolated from the bogs of
the Tomsk region and capable of stimulating the
phagocytic activity of macrophages and neutrophils,
as well as enhancing the effectiveness of the humoral
immune response, represent a promising basis for the
creation of innovative drugs of natural origin that can
be used in treating immunodeficiency-related diseases.
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Extended Diagnosis of Cervical Lesions

Chernov D.Y., Tikhonovskaya O.A., Logvinov S.V., Potapov A.V., Gerasimov A.V.,
Gereng E.A., Akbasheva O.E., Lasukova T.V.

Siberian State Medical University
2 Moscovsky trakt, 634050 Tomsk, Russian Federation

ABSTRACT

Aim. To improve the efficiency of diagnosing cervical pathologies using cytology and polymerase chain reaction
(PCR) for human papillomavirus (HPV), taking into account the detection of HPV in upper parts of the endocervix.

Materials and methods. The study involved 60 patients with cervical pathology. The results of the cytological
studies were verified according to The Bethesda system; the patients were divided into groups based on the results:
Group | (n = 22) — negative for intraepithelial lesion or malignancy (NILM), Group II (n = 18) — low-grade
squamous intraepithelial lesion (L-SIL), Group Il (n = 12) — high-grade squamous intraepithelial lesion (H-SIL),
Group IV (n = 8) — atypical squamous cells of undetermined significance (ASC-US). Standard PCR testing for
HPV and PCR of the endocervical homogenate were conducted using the Hybrid Capture Digene test (RF Patent
No. 2833119 dated December 14, 2023).

Results. Persistence of HPV in the upper endocervix was detected in 45 (75%) of patients. HPV was diagnosed
significantly more often (p = 0.0157) in patients with L-SIL and H-SIL cytology — in 89% (16/18) u 100% (12/12)
cases, respectively. Oncogenic HPV serotypes were found in 59% (13/22) of patients with NILM and in 50% (4/8)
of patients with ASC-US. High frequency of discrepancies in the profile of the detected HPV strains between
standard PCR and homogenate PCR testing was observed and was comparable across all groups: NILM 64%
(14/22); L-SIL 61% (11/18); H-SIL 58% (7/12); ASC-US 75% (6/8), p > 0,05. Persistence of HPV in the upper
parts of the cervix with negative standard PCR results was detected in 41% (9/22) of patients with NILM. A high
viral load in the homogenate was detected more frequently in patients of the H-SIL group (p = 0.0374).

Conclusion. Extended diagnosis allows for a comprehensive assessment of the degree of cervical involvement
in the pathology and helps determine the optimal management strategy for women at high risk (H-SIL, recurrent
L-SIL, HPV persistence with high viral load).

Keywords: cervical pathology, human papillomavirus, persistence, diagnosis, PCR, cytology, homogenate
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PaclumpeHHana AnarHoCcTrKa nNnaTonorni Wemnkn maTkm

YepHos [1.10., TuxoHosckas O.A., JlorsuHos C.B., Notanos A.B., l’epacumos A.B.,

Fepenr E.A., Ak6awesa O.E., JlacykoBa T.B.

Cubupckuii cocyoapcmeennblil meouyurckul yrusepcumem (Cubl’MY)

Poccus, 634050, 2. Tomck, Mockosckuti mpakm, 2

PE3IOME

Lean uccienoBanus: MoBeimeHHe d3PPEKTUBHOCTH JUATHOCTUKHU MATOJOTUH IICHKH MaTKU C MCIOJB30BAaHUEM
IUTOJIOTHYECKOM TMATHOCTUKY U moJiuMepas3Hoii nemnoi peakuuu (I11P) Ha Bupyc nanumtoMsr dyenoseka (BITY),
¢ yueToM BeIsBIIeHHs nepcucteHiu BITU B BepxHuX 0oT/enax LHepBUKaIbHOIO KaHaa.

MarepuaJjibl 4 MeTOABI. B rpymiy nccienoBaHus BKIIOYEHB! MAIHUEHTKH (1 = 60) ¢ maTtojaoruelt merkn MaTKH.
Brmmonrensr murongoruueckre uecaeaoBaHus ¢ Bepudukanuei auaraosa mo knaccuguxanuu The Bethesda system
U pacrpe/esieHb! MaleHTKH Ha TPYIIIEI B COOTBETCTBHH C pe3yibraTaMu: | (n = 22) — negative for intraepithelial
lesion or malignancy (NILM), Il (n = 18) — low-grade squamous intraepithelial lesion (L-SIL), IIT (z = 12) high-
grade squamous intraepithelial lesion (H-SIL), IV (n = 8) atypical squamous cells of undetermined significance
(Asc-Us). [TpoBenens! crannaptaas [1L[P-muarnoctrka BITY u [P romorenara sHI0LIEpPBUKATEHOTO KOMIIOHEH-
ta metonamu Hybrid Capture Digene test (manens 14 oHKOCepoTHUoB) Ai1st BhIsiBiIeHHS BITY B BepXHUX oTHenax
HepBUKAIBbHOTO KaHama (maTeHT Ne 2833119 ot 14.12.2023).

PesyabTatsl. Ilepcucrenmus BITY B BepxHHUX 0TAeNax [EpBUKAIBLHOTO KaHasa BbIssBIeHa Y 45 (75%) n3 60 maru-
enTok. BITY nuarnoctupoBan goctosepHo (p = 0,0157) yamie y maimeHToK ¢ pe3ysibTaraMu oHKouuTosnoruu L-SIL
u H-SIL — B 89% (16/18) u 100% (12/12) cnydasx coorBercTBeHHO. BIIY B BepXHHX OTIeNax LEPBUKAIBLHOTO
kaHana obHapyxeH y 59% (13/22) namuenTok rpynnst NILM u 50% (4/8) nanuenrtok rpynmsl Asc-US. Bricoka
4acTOTa PacXOKAECHUH B CTPYKType BbIsABJIECHHBIX mTamMmmoB BITY npu nposeaenuu crangaprHoro ITLIP u ITLP
roMoreHaTta, cornocraBuma s Beex rpymm: NILM 64% (14/22); L-SIL 61% (11/18); H-SIL 58% (7/12); Asc-Us
75% (6/8), p > 0,05. Iepcucrennust BITY B BepXHHUX OT/ENaX HEPBUKATBHOTO KaHAA PH HEraTUBHBIX PE3yJbTa-
tax crangaprHoit I1LIP BeaBieHa y 41% (9/22) naunentox ¢ NILM. Bbicokast BUpyCHast Harpy3ka B TOMOreHaTe
omnpenensach yamnie y nanueHTok rpymmsl H-SIL (p = 0,0374).

3axinoyenue. Pacuivpenue AMarHOCTUKY IO3BOJISET B IIOJIHOM Mepe OLICHUTh CTEIICHb BOBJICUECHUS IEHKU MaTKU
B [IATOJIOTUUYECKUN MPOLIECC U ONPECIUTh ONTUMAIbHYIO TAKTUKY BEACHUS Y KEHILUH C BBICOKOH CTEIEHBIO PU-
cka (H-SIL, peunnusst L-SIL, Beicokast BupycHas Harpy3ka BITY).

Kurouesble cjioBa: naTosorys menkn MaTKu, BUPYC NaNWUIOMBl Y€JI0BEKa, NEPCUCTEHLINs, AuarHocTuka, [P,
LUTOJIOTHsI, TOMOTEHAT

KOHq).]'Il/lKT HHTEPECOB. ABTOpI)I JACKIApUPYIOT OTCYTCTBUE SIBHBIX U NOTCHIUAJIBHBIX KOH(l)J'II/IKTOB UHTEPECOB,
CBA3aHHBIX C ny6nm<aunel71 HaCTOS{IHeﬁ CTaTbHu.

Hcrounnk ¢puHaHCHPOBaHUS. ABTODHI 3asBISIOT 00 OTCYTCTBUM (PUHAHCHPOBAHMS P MPOBEICHUH HCCIIE0-
BaHMSI.

CooTBeTcTBHE NPMHLIMIAM 3THKHM. Bce ManmeHTsl moamucain JoOpoBONbHOE HHYOPMHUPOBAHHOE COTJIACHE.
HccnenoBanne ono0peHo stuueckuM komuTeroM Cubl'MYVY (peructpaunonnsiii Ne 9344, nara 3acemanHust
30.01.2023).

Jas uutupoBanms: YepuoB J[.}O., Tuxonosckas O.A., JlorsunoB C.B., IloraroB A.B., I'epacumo A.B.,
I'epenr E.A., Axb6amesa O.E., Jlacykosa T.B. Pacmmpennast aparHocTika naToIOTHH MeHkn MaTKu. broanemens
cubupcroii meouyunvl. 2025;24(4):104-110. https://doi.org/10.20538/1682-0363-2025-4-104-110.

INTRODUCTION

Squamous intraepithelial and glandular lesions of
the cervix are the most common pathologies among
women of reproductive age. The leading etiological
factor in these cases is human papillomavirus (HPV),
followed by integration of viral deoxyribonucleic
acid (DNA) into the nuclei of epithelial cells, which

is pathogenetically associated with the subsequent
cervical cancer development [1]. Cervical cancer
remains a major global health concern, as evidenced
by the projected increase in new cases to 700,000 by
2030 [2].

HPV affects not only the transformation zone
but also the endocervical crypts (in 82.6% of cases).
Anatomical features of the cervix, such as length of
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up to 4 cm and crypt penetration of up to 4 mm, may
be major factors contributing to incomplete excision
(80.8% in cases with endocervical involvement) [3,
4]. For this reason, cytology has limited potential
in diagnosing precancerous lesions and cervical
adenocarcinoma: atypia in the collected material may
be minimal or absent, since the process is often located
deep within the crypts, while squamous epithelium
remains practically unchanged.

There is ongoing debate regarding the optimal
timing and methods of screening in women of
reproductive age [5], as well as concerning the
opportunity of HPV clearance in this population. T.
Feng et al. (2023) reported a decrease in frequency
and an increase in viral clearance time with age [6].
In contrast, S.N. Adebamowo et al. (2022) argued
that both the rate and timing of viral clearance are
comparable across all age groups [7]. Meanwhile,
K. Louvanto et al. (2010) demonstrated reduction in
clearance time with advancing age [8].

The U.S. Preventive Services Task Force
guidelines do not recommend HPV screening
in women under 30 years due to the high risk of
unnecessary medical interventions [9]. However,
it is known that HPV testing detects precancerous
lesions significantly more often than cytology, and,
according to O. Feldstein et al. (2023), it should be
considered as the primary diagnostic method [10].
Since most low-grade squamous intraepithelial
lesions (L-SIL) regress spontaneously, both the World
Health Organization and the clinical guidelines of the
Russian Society of Obstetricians and Gynecologists
(“Cervical Intraepithelial Neoplasia, Erosion, and
Ectropion of the Cervix,” 2024) do not recommend
active treatment in such cases [11]. Nevertheless,
Y.J. Tai et al. (2017) reported that cryotherapy and
excisional procedures significantly reduce the risk of
lesion progression in women with L-SIL, suggesting
an active management approach [12]. At the same
time, other studies indicate no necessity for active
screening and management of L-SIL among young
women [13, 14].

Therefore, there are no clear criteria for predicting
the course of squamous intraepithelial lesions and
choosing the most appropriate management approach,
including the optimal extent of surgical treatment.

The aim of the study was to improve the efficiency
of diagnosis of cervical pathologies using cytological
screening and polymerase chain reaction (PCR) for
HPV, taking into account the detection of HPV in
upper parts of the endocervix.

MATERIALS AND METHODS

The study involved 60 patients with cervical
pathology, mean age 34.4 + 8.6 years. The study
was approved by the Ethics Committee at Siberian
State Medical University (Minutes No. 9344 dated
January 30, 2023) and conducted in accordance with
the Declaration of Helsinki and the Rules for Clinical
Practice in the Russian Federation approved by the
Order of the Russian Ministry of Health (No. 266,
dated June 19, 2003). All patients gave their informed
consent to participate in the study.

A standard cytological examination with
verification using the Bethesda system was performed.
The material for the cytological examination was
obtained in accordance with the clinical guidelines of
the Russian Society of Obstetricians and Gynecologists
“Cervical intraepithelial neoplasia, erosion, and
ectropion of the cervix,” 2024.

All patients were divided into groups based on
the cytology results. Group 1 (n = 22) — negative for
intraepithelial lesion or malignancy (NILM), mean age
37 £ 5.4 years. Group 2 (n = 18) — low-grade squamous
intraepithelial lesion (L-SIL), mean age 33.7 + 6.8 years.
Group 3 (n = 12) — high-grade squamous intraepithelial
lesion (H-SIL), mean age 41.4 + 9.2 years. Group
4 (n = 8) — atypical squamous cells of undetermined
significance (ASC-US), mean age 43 + 7.5 years.

A mandatory part of the examination was a PCR
test (Hybrid Capture Digene test) for high-oncogenic-
risk HPV with quantitative determination of viral
DNA (a panel of 14 oncoserotypes: 16, 18, 31, 33,
35, 39, 45, 51, 52, 56, 58, 59, 66, 68). The viral load
was considered to be low at < 3.0 LgDNA / 10°

cells, moderate — at 3.0-5.0 LgDNA / 10° cells, high
at > 5.0 LgDNA / 10° cells. The material for PCR
test was obtained in accordance with the clinical
guidelines of the Russian Society of Obstetricians
and Gynecologists “Cervical intraepithelial neoplasia,
erosion, and ectropion of the cervix,” 2024.

To detect HPV persistence in the upper parts of the
endocervix, fragments of the cervix obtained during
the following procedures were also used for HPV
testing:

Excisional biopsy in women with cervical ectopia
and NILM cytology, with or without HPV infection.

Targeted mono-/multifocal biopsy in the initial
detection of H-SIL.

Excisional biopsy in L-SIL, benign hyperplastic
lesions, recurrent ASC-US, and infection with high-
risk HPV with a high viral load.
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Diathermoelectroexcision as the procedure of
choice for H-SIL, as well as recurrences due to HPV
infection with a high viral load.

Detection of HPV persistence in the upper parts of
the cervical canal (RF Patent No. 2833119, December
14,2023). A tissue specimen, necessarily including the
upper parts of the endocervix, was placed in a sterile
test tube with saline (0.9% NaCl). Over the first 2—4
hours, the specimen was homogenized in saline using
a rotary homogenizer, followed by centrifugation for
15 minutes at 3,000 rpm. Supernatant was used for
subsequent PCR analysis, which made it possible to
perform PCR test of the distal parts of the cervix,
inaccessible for analysis during traditional PCR
material sampling.

Statistical analysis was performed using the
Statistica 10.0 software based on contingency table
analysis. Qualitative variables were presented as
the absolute values and percentages (n, %). The
McNemar test was used to compare paired binary data
(standard PCR and PCR homogenate results from the
same patients in the same groups). The Fisher’s exact
test was used to assess the statistical significance of
differences in the frequency of detected HPV strains,
as well as PCR diagnostic results between independent
groups. The significance level p for all analytical
procedures was 0.05.

RESULTS

Standard PCR testing detected HPV in 30 (50%)
out of 60 patients. HPV was detected more frequently
in patients of the L-SIL group (p» < 0.001). PCR of
the homogenate revealed HPV with greater frequency
(p = 0.0098), and persistence of HPV in the upper
parts of the endocervix was detected in 45 (75%)
out of 60 patients. HPV was detected more often in
patients with L-SIL and H-SIL (p = 0.0157). HPV
was detected prevalently by homogenate PCR than
by standard PCR in patients of the NILM group
(p = 0.046). The frequency of HPV detection in PCR
studies is presented in Table 1.

Discrepancies in the profile of HPV strains
detected by standard PCR testing and PCR testing of

the homogenate were observed in 38 (63%) out of 60
patients.
Table 1

HPYV Detection by Standard PCR Testing and PCR Testing
of the Homogenate in Patients with Different Cytology Results,

n (%)
Method Groups
1(n=22)| Nm=18) | (n=12) IV (n=23)
Standard PCR | 5(23%) | 18 (100%)* 7 (58%) 0 (0%)
PCR of the o o0/ s o\ o
homogenate 13 (59%)# | 16 (89%) 12 (100%)* | 4 (50%)

* statistically significant differences within the method, # statistically
significant differences within a group (here and in Table 2)

Discrepancies in the detected HPV strains were
observed in 14 (64%) out of 22 patients in the NILM
group, 11 (61%) out of 18 patients in the L-SIL
group, 7 (58%) out of 12 patients in the H-SIL group,
and 6 (75%) out of 8 patients in the ASC-US group
(p > 0.05). Persistence of HPV in the upper cervical
canal with a negative standard PCR result was detected
in 18 (30%) out of 60 patients (p = 0.0074): in 9 (42%)
out of 22 patients in the NILM group, in no patients
in the L-SIL group (since all patients in this group
had a positive standard PCR result), in 3 (25%) out of
12 patients in the H-SIL group, and in 6 (75%) out of
8 patients in the ASC-US group.

Persistence of HPV with high viral load in the
homogenate was detected in 3 out of 22 patients (14%)
inthe NILM group, in 7 out of 18 patients (39%) in the
L-SIL group, in 7 out of 12 patients (58%) in the H-SIL
group, and in 2 out of 8 patients (25%) in the ASC-
US group. The frequency of HPV persistence with
high viral load in the homogenate was significantly
higher in the H-SIL group than in the other groups
(»p = 0.0374). No differences in the frequency of
multiple HPV detection in the homogenate were
found between the groups (NILM 23%, 5/22; L-SIL
39%, 7/18; H-SIL 25%, 3/12; ASC-US 0%, p > 0.05).
Serotype 16 was significantly prevalent in the L-SIL
group (Table 2) according to both standard PCR and
homogenate PCR results (p < 0.001). Serotypes 35,
45, 51, and 68 were detected in single cases.

Table 2
Frequency of Detecting High-Risk HPV Strains by Standard PCR Testing and PCR Testing
of the Homogenate in Patients with Different Cytology Results, n (%6)
Groups
HPV strains I (n=22) Il (n=18) Il (n=12) IV (n=28)
Stand. Hom. Stand. Hom. Stand. Hom. Stand. Hom.
16 3 (14%) 8 (36%) 13 (72%)*# 16 (89%)*# 3 (25%) 8 (67%) 0 4 (50%)
18 0 0 0 0 2 (17%) 3 (25%) 0 0
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Endof table 2

Groups
HPV strains I (n=22) Il (n=18) I (n=12) IV (n=238)
Stand. Hom. Stand. Hom. Stand. Hom. Stand. Hom.
31 0 5 (23%) 4 (22%) 4 (22%) 0 0 0 0
33 2 (9%) 2 (9%) 4 (22%) 5 (28%) 2 (17%) 3 (25%) 0 0

Note. Stand. — frequency of detecting HPV strains by standard PCR testing; Hom. — frequency of detecting HPV strains by PCR testing of the

homogenate

DISCUSSION

The results demonstrate the potential for improving
the effectiveness of extended diagnosis of cervical
pathology by assessing the involvement of the upper
parts of the cervical canal in the pathological process.
The high frequency of HPV persistence in the upper
parts of the cervical canal in all groups, particularly
in patients with negative standard PCR results,
demonstrates limitations of traditional screening
methods. Thus, 59% of patients with NILM cytology
and 50% patients with ASC-US were found to have
HPV persistence in the upper parts of the endocervix,
which is consistent with the data from T. Malagén
et al. (2020), indicating a high risk of developing
precancerous lesions even with normal cytology [15].

We found that HPV 16, 31, and 33 are the most
frequently diagnosed strains in homogenate samples,
regardless of cytology results. According to W.D.
Kang et al. (2024), the detection of these HPV strains
may require closer monitoring in women with L-SIL
due to a higher risk of dysplastic progression [16].
The choice of the management strategy for patients
with L-SIL remains controversial. On the one hand,
according to C. Buick et al. (2020), the high probability
of spontaneous HPV elimination in young women
justifies a wait-and-see approach [13], on the other
hand, the detection of high-risk strains, particularly
HPV 16, 31, and 33, may justify the use of excisional
treatment, which is confirmed by the studies of Y.J.
Tai et al. (2017) and C. Firnhaber et al. (2017)[12, 17].

Multiple HPV infection was detected in
approximately one in three patients in the NILM,
L-SIL, and H-SIL groups following homogenate
testing. According to D. Zhou et al. (2024), single-
type infection (particularly with HPV16) predominates
in H-SIL lesions, whereas multiple HPV infection is
more characteristic of L-SIL [18]. A retrospective
study by X. Tao et al. (2022) including women with
L-SIL found that the proportion of histologically
confirmed H-SIL was significantly greater in the
presence of multiple HPV infection [19]. In contrast,

data from X. Ni et al. (2023) suggested that multiple-
type infection was associated with a lower risk of H-SIL
and, simultaneously, a higher rate of spontaneous viral
clearance [20]. These findings support the concept
of complex interactions between different HPV
types, which requires further investigation. It seems
perspective to investigate the role of impaired immune
barriers and their impact on antigen-presenting cells
and macrophage subpopulations in the cervical canal,
as they may play a key role in the pathogenesis of
endocervical HPV persistence.

The results indicate high frequency of pathological
endocervical involvement which is particularly
important in planning organ-preserving treatment and
determining the extent of excision, as margin status
combined with HPV persistence after surgery are key
risk factors for recurrence [21]. Based on the obtained
data, the conventional approach of determining
the excision volume based solely on the type of the
transformation zone cannot be considered optimal due
to the high rate of latent endocervical HPV persistence.

CONCLUSION

The results of the study demonstrate high frequency
of HPV persistence in the upper parts of the endocervix
among patients with cervical pathology and underscore
the necessity of a personalized treatment approach.
This approach should account for the patient’s age,
reproductive plans, and HPV infection type when
planning organ-preserving treatment, especially
in high-risk groups (with H-SIL, recurrent L-SIL,
or a high HPV viral load). Further data collection
is warranted to establish statistically significant
patterns and to develop personalized algorithms for
the diagnosis and management of cervical pathology.
These algorithms should integrate cytology findings
and HPV status with immunohistochemical detection
of cellular proliferation markers (p16/INK4a) and
potentially include the assessment of local cervical
immunological barrier impairments, including
evaluating dendritic cell activity and macrophage
subpopulations.
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ABSTRACT

Fluorescent in situ hybridization (FISH) remains an indispensable tool for molecular diagnostics, which makes
it possible to detect chromosomal abnormalities underlying many hereditary and oncological diseases with high
accuracy. The advancement of medicine towards personalized approaches and the expansion of the spectrum
of diagnosed pathologies require constant improvement of methods for synthesizing DNA probes. Despite
existing limitations, such as the cost and complexity of synthesis, the future of FISH diagnostics is linked to the
development of highly specific, multiplex, and affordable probes that will enable the transition to complex genome
and transcriptome analysis. The aim of this article was to reflect the evolution of probe production methods from
classical to high-tech ones, including SABER-FISH, CRISPR/Cas9 (CASFISH), and smFISH technologies.

Keywords: fluorescence in situ hybridization, molecular cytogenetics, DNA probe synthesis, chromosomal
aberrations
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CoBpemeHHble meToabl cuHTe3a [IHK-30Hp0B anAa ¢nyopecueHTHON
rm6pungunsauunn in situ (FISH): TexHonornm n npumeHeHune

ba6an T.C., Bacunbes C.A.

Hayuno-uccnedosamenvcxuii uncmumym (HUU) meouyunckoii eenemuiu, Tomckuii HayuoHaibHulil
uccneoogamenvckuil meouyunckutl yenmp (HUMI]) Poccuiickotl akademuu HayK
Poccus, 634050, 2. Tomck, yn. Habepesicnas pexu Ywatixu, 10

PE3IOME

Meron ¢uryopectienTHol rubpunmsanyn in situ (FISH) ocraercss He3aMeHHMBIM MHCTPYMEHTOM MOJIEKYJISIPHOM
JIMarHOCTHKH, TTO3BOJISIIONIMM C BBICOKOH TOYHOCTBIO BBIBILITH XPOMOCOMHBIE aHOMAJIMH, JISKAIlHe B OCHOBE
MHOTHX HAacCJIEJICTBEHHBIX M OHKOJIOTMYECKHX 3a0oyieBaHHi. [[BH)KEHHE MEIMIMHBI B CTOPOHY IEePCOHAIM3HPO-
BaHHBIX TOAXOJOB M PACIIMpPEHHE CIIEKTpa JHATHOCTUPYEMBIX ITAaTOJIOTHI TpeOyIOT ITOCTOSHHOTO COBEpIIEH-
ctBoBaHms MeronoB cuHTe3a JJHK-30H10B. HecMoTpst Ha cymmecTByIOmue OrpaHNYCHHUS], TAKHE KaK CTOMMOCTB
U CIIO)KHOCTB CHHTE3a, Oyaymiee auarHocTikd ¢ momonipio FISH cBsizaHo ¢ pa3paboTkoii BEICOKOCTICIN(HIHBIX,
MYJIBTHIUICKCHBIX ¥ JOCTYITHBIX 30HI0B, KOTOPHIE MTO3BOJIT IIEPEHTH K KOMIUIEKCHOMY aHAJIN3Y T€HOMa M TPaHC-
KpunToMa. JlanHas paboTa HamMcaHa ¢ HeJIbI0 OTPa3HTh IBOJIOUIO METOIOB ITOIYISHHUS 30HA0B OT KJIACCHUECKUX
K BBICOKOTEXHOJIOTHYHBIM, BKItouass SABER-FISH, texnonoruu Ha ocHoBe CRISPR/Cas9 (CASFISH), smFISH.
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KnroueBble cioBa: (ryopeciieHTHasI THOPUIU3AIHS in Sifu, MOJEKyJsIpHAs IUTOreneTnka, cuutes JJHK-mpo6,

XPOMOCOMHBIE abepparyn

KOHq)JII/IKT HHTEPECOB. ABTOpBI 3asBJISIOT 00 OTCYTCTBHUHU KOH(bJ'II/IKTa HUHTEPECOB IIPHU MPOBECACHUUN HUCCJIEN0BA~

HU.

Jnsa nurupoBanus: baGait T.C., BacumseB C.A. CoBpemennble metonsl cuHTesa JIHK-30HmOB mis ¢uryo-
pecuentroi rubpunmsanuu in situ (FISH): TexHonmorum u mpumeHeHue. broanemenv cubupckou meouyuHsl.
2025;24(4):111-119. https://doi.org/10.20538/1682-0363-2025-4-111-119.

INTRODUCTION

Fluorescence in situ hybridization (FISH) remains
one of the most reliable and sensitive cytogenetic
techniques for detecting major chromosomal
aberrations, including deletions, amplifications,
translocations, and inversions, thereby enabling
highly accurate quantification of cells harboring these
abnormalities [1]. This powerful cytological method
facilitates the detection and precise localization of
specific nucleic acid sequences directly on metaphase
chromosomes or within interphase nuclei through
the use of fluorescently labeled DNA probes. Within
clinical diagnostics, FISH has become an indispensable
tool for identifying chromosomal abnormalities,
such as aneuploidies, translocations, deletions, and
amplifications that underpin numerous hereditary
disorders and oncological conditions. In basic
research, FISH enables the investigation of genome
architecture, spatial chromosome organization, gene
expression patterns, and chromatin dynamics.

The evolution of the FISH methodology is
inextricably linked to advancements in DNA probe
technology. This progression has transitioned from
the initial use of radioactive labels, which were limited
by low resolution and associated health hazards, to
contemporary fluorescent detection systems. The
adoption of fluorescent probes has provided superior
spatial resolution, multiplexing capabilities, enhanced
safety, and the potential for quantitative analysis.
Consequently, the quality, specificity, and accessibility
of DNA probes are critical determinants of the efficacy
and broad applicability of the FISH technique.

In light of the rapid advancements in molecular
biology and genomics, which demand increasingly
sophisticated and  specialized probes, the
systematization of modern synthesis methods is
becoming a task of critical importance. The aim of
this review is to conduct a comprehensive analysis
of current technologies for synthesizing DNA probes
for FISH, to compare their respective efficiencies, and
to identify the most promising directions for future

development in this rapidly evolving field.

CLASSICAL APPROACHES TO CREATING
DNA PROBES FOR FISH

DNA probes utilized for fluorescence in situ
hybridization (FISH) are classified into three principal
groups: (1) whole-chromosome painting probes, (2)
repetitive sequence probes, and (3) locus-specific
probes. Each group fulfills distinct experimental
and diagnostic objectives, necessitating divergent
methodological approaches for their synthesis.

Whole-chromosome painting probes are used to
detect complex interchromosomal rearrangements,
which are used in both scientific research and clinical
practice [2]. The conventional methodology for their
generation involves the microdissection of target
metaphase chromosomes or chromosomal regions
via laser capture or mechanical scraping with a
glass micropipette. The isolated genetic material is
subsequently subjected to amplification, followed by
labeling with fluorochromes [3]. This technique is
notably labor-intensive and requires a high degree of
technical expertise. For commercial-scale production,
flow cytometric sorting is the predominant method
[4]. This approach enables the isolation of all human
chromosomes, with the exception of chromosomes
9-12 due to their analogous size and morphological
characteristics. Approximately 300 chromosomes
are required to generate a single probe. The resultant
DNA is fragmented and amplified enzymatically
by polymerase chain reaction (PCR), a process that
increases template quantity and enhances hybridization
specificity by suppressing non-specific binding [5].

For the construction of both whole-chromosome
and locus-specific probes, cloning strategies
utilizing large-insert genomic libraries, particularly
those housed in artificial chromosome vectors,
are frequently employed. Among these, bacterial
artificial chromosomes (BACs) are accorded
significant prominence due to their advantageous
properties, which include facile DNA purification,
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low incidence of chimeric clones, and high genomic
stability [6]. Although the derivation of probes
from BAC or plasmid clones necessitates additional
procedures involving microbial culture and nucleic
acid extraction, this method remains indispensable. It
is particularly critical for the development of probes
targeting pericentromeric and subtelomeric regions,
as the highly repetitive DNA content in these loci
presents a substantial limitation for de novo enzymatic
or chemical oligonucleotide synthesis.

A fundamentally distinct class of FISH probes is
represented by oligonucleotide-based probes. Such
probes can be engineered to target both repetitive
genomic elements and unique, single-copy DNA
sequences. For the former, a complete reference
genome sequence is not a prerequisite [7]. Signal
amplification is achieved intrinsically through the
hybridization to multiple identical repeat elements, and
the probe length typically ranges from 15 to 30 base
pairs (bp), produced via chemical synthesis. While
shorter probes exhibit enhanced accessibility to their
target sites, their capacity to incorporate fluorescent
reporter molecules is proportionally limited [8].
For oligonucleotide probes designed against unique
sequences, a complex pool of oligonucleotides must
be synthesized. The collective length of this pool must
exceed 10-30 kilobase (kb) to ensure the resultant
DNA probe generates a signal of sufficient intensity
for clear visualization at the specific chromosomal
locus during FISH analysis.

Probes for FISH analysis have become an
indispensable component of cytogenetic diagnostics
for determining the level of genetic mosaicism,
identifying marker chromosomes, and elucidating
their origin and compositional architecture [9].
Comprehensive, chromosome-specific DNA libraries
have been constructed and are continuously refined
for the diagnosis of prevalent aneuploidy syndromes,
including Patau, Edwards, and Down syndromes
(trisomies of autosomes 13, 18, and 21, respectively),
as well as Klinefelter syndrome and Turner syndrome
(which are associated with numerical abnormalities of
the X and Y sex chromosomes).

Locus-specific probes have been developed to
identify Robertsonian translocations, Prader—Willi
syndrome, and Angelman syndrome among others,
and are furthermore employed to detect specific
microdeletions and chromosomal rearrangements
[10]. Additionally, gene-specific probes are utilized
to detect gene amplification events, a common
characteristic of neoplastic cells. A prominent example

is the assessment of the copy number variation of the
human epidermal growth factor receptor 2 (HER?2)
gene, which serves as a critical prognostic biomarker
in breast cancer [11] and ovarian cancer [12].

A distinctive category of probes is constituted by
PNA (peptide nucleic acid) probes. APNA molecule is
structurally analogous to DNA, with the fundamental
distinction that its sugar-phosphate backbone is
replaced by an uncharged N-(2-aminoethyl)-glycine
pseudopeptide polymer. This neutral charge confers
upon the PNA probe a significantly higher binding
affinity for complementary DNA or RNA sequences
compared to traditional DNA-DNA or RNA-RNA
duplexes [13]. PNA was originally developed by the
research group of Peter Nielsen in 1991 [14]. The
atypical structure of PNA probes is not a substrate for
nucleases or proteases, thereby substantially extending
their half-life in both in vivo and in vitro applications
[15], while still permitting direct fluorescent labeling.
The implementation of PNA FISH has enabled the
precise detection of signals at chromatid ends and the
accurate measurement of telomere length in metaphase
chromosomes [16, 17].

Methods for Synthesizing DNA Probes

As previously indicated, enzymatic and chemical
methodologies for the de novo synthesis of
oligonucleotide probes have achieved widespread
adoption. Enzymatic strategies for DNA probe
synthesis encompass techniques such as degenerate
oligonucleotide-primed polymerase chain reaction
(DOP-PCR) and long-range PCR.

The PCR necessitates the presence of a target
sequence, which serves as the template for probe
synthesis. In DOP-PCR, templates most frequently
consist of BAC clones or microdissected chromosomal
material, asthese provide the researcherwithanisolated
genomic region of interest. The fundamental principle
of DOP-PCR involves the utilization of partially
degenerate primers. These primers incorporate a core
random hexamer sequence flanked on both the 3’ and
5’ ends by defined nucleotide sequences.

The protocol mandates two consecutive PCR
amplifications. The second amplification stage
employs primers complementary to the fixed
sequences introduced during the initial cycle and is
conducted at an elevated annealing temperature to
enhance specificity [18]. The employment of high-
fidelity proofreading polymerases, such as Pwo, in
conjunction with extended annealing and elongation
durations, optimizes assay performance. This results
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in superior fidelity, the generation of longer amplicons,
and increased genomic coverage [19, 20].

The synthesis of FISH DNA probes via long-range
PCR entails a multi-stage process: identification of the
target genomic locus; subsequent design and selection
of specific oligonucleotide primers for the designated
sites; generation of long DNA amplicons (up to 15
kb in length) via long-range PCR; creation of a DNA
fragment library through enzymatic or non-enzymatic
fragmentation methods; amplification of this library
using the pre-designed target-specific primers; and
ultimately, the incorporation of a fluorophore into the
amplified genomic library. This synthesis paradigm is
predominantly employed for the generation of locus-
specific DNA probes.

Chemical synthesis of oligonucleotides for in situ
hybridization applications is categorized into solid-
phase and microarray-based synthesis. Contemporary
oligonucleotide  production is dominated by
automated instrumentation utilizing the solid-phase
phosphoramidite method, a technology pioneered by
Marvin Caruthers in the 1980s [21, 22]. Oligonucleotide
synthesis proceeds via a cyclic four-step reaction.
In this process, nucleotide phosphoramidites are
sequentially added to a nascent oligonucleotide chain
that is covalently attached to an insoluble solid support.
The cycle initiates with a deprotection step, removing
an acid-labile dimethoxytrityl (DMT) group to reveal a
reactive 5’-hydroxyl moiety. Subsequently, an activated
phosphoramidite monomer is coupled to this hydroxyl
group, forming an unstable phosphite triester linkage.
Any unreacted 5’-hydroxyl groups are then rendered
inert through a capping step with acetic anhydride, a
critical measure to prevent the formation of deletion
sequences. The cycle concludes with an oxidation step,
converting the phosphite triester into a more stable
phosphate triester. This iterative cycle is repeated
until the desired oligonucleotide length is attained.
Upon completion of the synthesis, the full-length
oligonucleotide is cleaved from the solid support and
subjected to deprotection [23]. Final purification of the
crude oligomers is achieved through techniques such
as high-performance liquid chromatography (HPLC) or
polyacrylamide gel electrophoresis (PAGE).

A logical technological progression from
conventional solid-phase synthesis is microarray
oligonucleotide synthesis. In the early 1990s, the
American company Affymetrix developed one of
the first synthesizers for oligonucleotide microarrays
utilizing photolabile protecting groups, an innovation
that ultimately catalyzed the entire DNA microarray

industry [24]. This method is essentially a modification
ofthe standard phosphoramidite chemistry, wherein the
acid-labile DMT group is substituted for a photolabile
protecting group, allowing for light-directed spatial
control of synthesis [25]. The synthesizer from Agilent
Technologies (USA) is a leader in terms of both the
multiplexing capacity (simultaneous synthesis of
up to 1 million unique oligonucleotides on a single
substrate) and the achievable oligonucleotide length,
which can extend to 200 nucleotides [24].

Enzymatic methodologies for the synthesis of
DNA probes are increasingly being used in laboratory
practice, a trend partially attributable to the labor-
intensive nature of conventional chemical synthesis
protocols. Conversely, chemical synthesis affords a
superior degree of structural customization: standard
nucleotides can be substituted with syntheticanalogues,
the stoichiometry of incorporated fluorochromes can
be precisely controlled, among other modifications.
Oligonucleotides generated via chemical synthesis are
typically shorter in length (up to 100 nucleotides), a
characteristic that facilitates enhanced penetration and
accessibility totheirtargetsequences, particularly when
hybridization is performed on complex tissue sections
rather than individual cell preparations. In contrast,
elongated probes synthesized via PCR amplification
demonstrate heightened hybridization specificity due
to their increased complexity; however, the presence
of amplification byproducts can potentially contribute
to elevated non-specific background signal. Probes
intended for clinical applications — specifically the
diagnosis of substantial chromosomal rearrangements
associated with various pathologies, which are in high
demand — are predominantly manufactured utilizing
enzymatic synthesis techniques. The principal
consumers of commercially available, chemically
synthesized probes are research institutions. These
probes command a higher cost but possess a greater
multiplexing potential, thereby enabling more
sophisticated experimental applications, including
the quantitative analysis of individual transcript
molecules.

Probe Labeling Methods

Probe labeling methodologies for fluorescence
in situ hybridization are conventionally categorized
into two principal classes: direct labeling, wherein
fluorophores are covalently conjugated to the
nucleotide chain, and indirect labeling, where a
fluorescent signal is produced by a secondary complex
that is bound to the probe via an intermediary molecule.
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Oneofthesimplesttechniquesforthedirectlabeling of
DNA/RNA oligonucleotides involves the incorporation
of fluorophores during automated chemical synthesis.
In this approach, fluorescently tagged phosphoramidite
monomers are directly integrated into the growing
oligonucleotide chain. This chemical method is highly
reproducible as it is independent of the specific activity
of labile enzymatic components.

Classical enzymatic strategies for direct labeling
exploit the inherent ability of DNA polymerases to
extend primer templates. Direct enzymatic labeling is
predominantly achieved through techniques such as
DOP-PCR, primer extension, and nick translation.

The primer extension method entails the
hybridization of a short primer, complementary to
a specific genomic locus, to a single DNA strand,
followed by its extension by a DNA polymerase.
In contrast to PCR-based amplification, this is a
linear process with no exponential amplification
of the template and, consequently, no concomitant
amplification of the fluorescent signal [26].

The nick translation method utilizes a synergistic
enzymatic combination: deoxyribonuclease | (DNase
1), which introduces single-strand nicks into double-
stranded DNA, thereby generating free 3’-hydroxyl
groups, and DNA polymerase |, which incorporates
nucleotides at these 3’ ends. Concurrently, the 5’-3’
exonuclease activity of DNA polymerase | degrades
the DNA strand ahead of the nick. During this repair
synthesis, labeled and unlaneled nucleotides are
incorporated, resulting in the generation of double-
stranded, uniformly labeled probes [27]. A significant
limitation of this technique is that the introduction
of nicks can potentially compromise the probe’s
specificity for its target sequence. Furthermore, the
method necessitates a relatively substantial quantity
of input DNA (approximately 1 pg).

Direct labeling is more ubiquitously employed due
to its procedural simplicity and convenience. Post-
hybridization, the protocol merely requires washing
steps to remove excess unbound probe.

In indirect labeling schemes, a hapten-modified
nucleotide (e.g., deoxyuridine monophosphate
conjugated to a reporter molecule) is incorporated
into the probe. This reporter molecule subsequently
forms a high-affinity complex with a fluorescently
labeled ligand. The most prevalent reporter-ligand
pairs include biotin—avidin/streptavidin, digoxigenin
with anti-digoxigenin antibodies, and estrogen with
specific anti-estrogen antibodies [28]. The primary
disadvantage of indirect labeling is that it requires

additional incubation steps subsequent to the
hybridization reaction. However, this is frequently
counterbalanced by a significant amplification of the
final fluorescent signal, a particular advantage when
working with targets of low abundance.

For further amplification of the signal generated via
indirect labeling, tyramide signal amplification (TSA)
can be employed. TSA is predicated on the catalytic
activity of horseradish peroxidase (HRP), which, in the
presence of low concentrations of hydrogen peroxide,
converts fluorophore-conjugated tyramide substrates
into highly reactive radical species. These radicals
form covalent bonds with electron-rich tyrosine
residues on proteins located in immediate proximity
to the enzyme [29]. The TSA protocol consists of
sequential steps: fixation of the cell or tissue sample;
incubation with a primary biotinylated antibody;
incubation with a secondary antibody conjugated to
horseradish peroxidase; and finally, incubation with
the fluorophore-tyramide substrate. As the tyramide
deposition is covalent, multiple sequential rounds
of TSA, employing tyramides conjugated to distinct
fluorophores, can be performed on a single sample for
the multiplexed detection of numerous targets.

Methods for Increasing the Signal-to-Background
Ratio

A fundamental prerequisite for successful signal
detection in FISH is that the intensity of the specific
hybridization signal must significantly exceed the
level of background autofluorescence inherent to the
sample. Enhancement of the signal-to-noise ratio
can be achieved through two principal strategies:
suppression of the signal emanating from dispersed
repetitive genomic sequences or augmentation of
the signal intensity derived from the unique target
sequences. The former strategy typically employs
methods to competitively inhibit the hybridization
of repetitive elements, while the latter focuses on
enriching the proportion of unique sequences within
the DNA probe preparation [30].

One of the seminal methodologies for suppressing
the hybridization of repetitive sequences is
chromosomal in situ suppression (CISS) hybridization.
This technique is based on the pre-hybridization
of the labeled DNA probe with a substantial excess
of unlabeled Ct-1 DNA, which is derived from the
same species and is enriched for high-copy repetitive
elements. This pre-annealing step allows the repetitive
sequences within the probe to form duplexes with
excess Ct-1 DNA, thereby preventing them from
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hybridizing to the chromosomal target and reducing
non-specific background [31]. However, CISS
hybridization often proves ineffective for organisms
with very large genomes, as the extreme complexity
and abundance of repetitive sequences impedes their
complete and efficient suppression [32].

A contrasting line of research involves the
development of techniques for the physical elimination
of repetitive sequences from pre-existing DNA clone
libraries prior to probe labeling. One such method
employs magnetic separation of macromolecules for
this purpose [33]. In this protocol, magnetic nano- or
microparticles are utilized to form complexes with
specific DNA fragments. In a standard magnetic
separation procedure, the material from the original
DNA library is first hybridized with biotin-labeled Ct-
1 DNA. The resultant duplexes containing repetitive
sequences are then removed from the solution via
affinity chromatography using streptavidin-coated
magnetic beads. The supernatant now enriched for
unique sequences is subsequently amplified by PCR.
This process yields DNA samples with a significantly
increased proportion of unique sequences, which
are then used for labeling [30]. The net effect of this
purification is analogous to that of CISS hybridization.
Nevertheless, the utilization of Ct-1 DNA for
generating low-repetition DNA probes carries an
inherent risk of co-eliminating some adjacent unique
sequences through their association with repetitive
elements, potentially leading to a loss of genomic
coverage in the final probe.

ADVANCED TECHNOLOGIES FOR DNA
PROBE SYNTHESIS

Probes synthesized utilizing the classical
methodologies previously delineated remain the most
extensively employed in both laboratory practice
and diagnosis. Despite their widespread adoption,
research consortia globally persist in refining existing
technologies and pioneering novel approaches for
FISH probe generation.

* SABER-FISH

This methodology is predicated on primer exchange
reaction (PER) technology, initially described by
J.Y Kishietal.in2017 [34]. A subsequent modification
termed SABER-FISH (signal amplification by
exchange reaction) was advanced by the same
research group in 2019 [35]. Within this paradigm,
the foundational probe oligonucleotide incorporates
a sequence complementary to the target molecule

(30-50 nucleotides) and an auxiliary 9-nucleotide
sequence at the 3’ end, which functions as a primer
for the PER cascade. This primer anneals to a catalytic
hairpin structure, which subsequently serves as a
template for the enzymatic synthesis of concatemers.
Polymerases possessing strand-displacement activity,
such as Bst LF, mediate this synthesis without
hydrolyzing the DNA backbone, elongating the chain.
The amplification cycle is terminated by thermal
denaturation at 80 °C. Each catalytic cycle appends
approximately 10 nucleotides; iterative cycling
enables the concatemer to attain lengths of several
hundred nucleotides, a parameter dictating the ultimate
fluorescence signal intensity. Following hybridization
of these concatemerized probes to their chromosomal
targets, a secondary hybridization with fluorescently
labeled oligonucleotide ‘imagers’ (20-30 nucleotides
complementary to the concatemer) is requisite for
signal detection. This technology facilitates a 5 to
450-fold signal amplification and enables highly
multiplexed analyses on a single sample.

¢ LNA Probes

Locked nucleic acids (LNAS) represent structural
analogs of RNA wherein the ribofuranose ring
is constrained in a C3’-endo conformation via
a methylene bridge linking the 2’-oxygen and
the 4’-carbon atoms. LNA nucleotides obey the
Watson—Crick base-pairing rules and are integrated
into oligonucleotides via a standard phosphodiester
backbone, permitting the chemical synthesis of
chimeric LNA-DNA or LNA-RNA oligonucleotides
using conventional phosphoramidite chemistry.

The conformational rigidity imparted by the
bicyclic structure enhances the thermal stability
of duplexes formed with complementary DNA or
RNA sequences, significantly increasing binding
affinity [36, 37]. Analogous to PNA probes, the
atypical structure of LNA oligonucleotides confers
considerable resistance to degradation by nucleases.

e smFISH

Single-molecule FISH (smFISH) is a quantitative
methodology that enables the formulation of precise
mathematical models, thereby facilitating the
investigation of biological processesatanexceptionally
high resolution. The quantitative visualization of
RNA, for instance, permits the exact enumeration of
transcript copies within individual cells, subcellular
compartments, and distinct ribonucleoprotein
complexes [38].
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A considerable diversity of commercial, ready-to-
use in situ hybridization solutions is now available from
numerous entities, including Thermo Fisher Scientific
(Affymetrix) with its ViewRNA and PrimeFlow
platforms, Bio-Techne (Advanced Cell Diagnostics,
ACD) with the RNAscope system, and LGC Biosearch
Technologies with Stellaris FISH probes. Despite this
commercial availability, the development of novel
probe labeling strategies, frequently aimed at cost
reduction, remains an active area of research.

An exemplar of a comparatively cost-effective
and efficacious technology is the 3P (three-pot probe
production assay), delineated by itsauthorsin2018 [39].
This methodology comprises three principal stages: (1)
conjugation of the fluorophore to a modified terminator
nucleotide (NH2-ddUTP); (2) enzymatic labeling
of oligonucleotide-DNA probes utilizing terminal
deoxynucleotidyl transferase (TdT); (3) purification of
the final labeled probe. The foundational principle relies
on the template-independent addition of nucleotides
to the 3’-hydroxyl end of DNA oligonucleotides
catalyzed by TdT. Although this enzyme possesses
the capacity for indefinite elongation, the strategic
incorporation of dideoxynucleotides ensures the
incorporation of precisely a single labeled nucleotide,
thereby terminating further extension. While TdT
activity has been historically exploited for labeling,
these authors pioneered the application for labeling
complex pools of standard oligonucleotides via PCR,
employing a custom-synthesized biotin-conjugated
ddUTP. This reaction achieves a high yield, exceeding
90%, of probes bearing a single label.

A more intricate protocol for smFISH probe
generationwas detailed by aseparate research consortium
in 2022 [40]. The initial phase involves the in silico
design of a substantial pool of primary oligonucleotides
complementary to discrete regions of the target RNA
molecule. These oligonucleotides subsequently undergo
two rounds of PCR amplification followed by in vitro
transcription. The resultant oligonucleotide-RNA
products are then labeled via hybridization with short
LNA oligonucleotides that are directly conjugated to
fluorophores. A significant advantage of this platform
is its inherent capacity for multiplexed, simultaneous
detection of numerous distinct RNA targets.

* Quantum Dot Methodology

Conventional organic fluorophores, while widely
employed, exhibit photophysical limitations, such as
photobleaching and blinking, that can constrain their
utility in FISH applications. Inorganic nanocrystals,

or quantum dots (QDs), represent a next-generation
alternative, offering exceptional photostability and
enabling more reliable transcript quantification due
to their superior brightness (high signal intensity). A
primary challenge in deploying QDs as FISH labels
pertains to their substantially larger hydrodynamic
diameter (~25-35 nm) compared to organic dyes
(~1 nm) [41]. Contemporary research efforts are
consequently directed toward the synthesis of more
compact QD constructs [42]. The second challenge
is the propensity for non-specific adsorption of QDs,
inherent to their solid-state colloidal nature, onto
cellular structures. This phenomenon can be effectively
overcome by the inclusion of blocking agents such as
bovine serum albumin (BSA) and polyanions, within
the hybridization buffer.

* CASFISH

In 2015, W. Deng and colleagues [43] pioneered
the adaptation of the CRISPR/Cas9 system for
FISH, designating the technology CASFISH. In their
approach, a HaloTag ligand covalently conjugated to a
fluorophore was attached to arecombinant catalytically
inactive Cas9 protein (dCas9). Concurrently, the guide
RNA (sgRNA) designed to target a specific satellite
DNA sequence was itself fluorescently labeled. Initial
hybridization experiments on mouse embryonic
fibroblasts required merely 30 minutes, successfully
yielding detectable signals at pericentromeric
regions via fluorescence microscopy. Subsequent
investigations have demonstrated the exceptional
thermodynamic stability of the resultant dCas9/
sgRNA/target DNA ternary complex; fluorescence
intensity remains unaltered even in the presence of
a hundredfold molar excess of competing non-target
DNA. These properties — speed and high specificity —
endow the CASFISH platform with significant
potential for performing highly multiplexed analyses,
allowing for sequential or simultaneous hybridizations
with multiple distinct probes on a single sample.

CONCLUSION

The analysis of modern methods for synthesizing
DNA probes for FISH demonstrates a variety of
technologies with unique advantages. Classical
enzymatic approaches, such as nick translation and
PCR incorporating labeled nucleotides, maintain
their relevance for the generation of long-range
probes essential for the comprehensive mapping of
extensive genomic loci. Both chemical and enzymatic
labeling strategies provide significant flexibility
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for the structural modification of oligonucleotides.
The most transformative advancement has emerged
from the field of oligonucleotide synthesis, enabling
the engineering of sophisticated constructs with
set properties, enhanced specificity, and superior
multiplexing capabilities. These are critical for the
analysis of complex genomic rearrangements and for
applications in spatial transcriptomics.

Despite  these  advancements, considerable
limitations persist. The synthesis of long, highly
specific probes remains a labor-intensive and costly
endeavor. Although oligonucleotide-based methods
are becoming increasingly accessible, they necessitate
sophisticated bioinformatic design and extensive
empirical optimization to mitigate non-specific
background hybridization, a challenge particularly
acute in regions rich in repetitive sequences.

Future prospects for the field are anticipated
to evolve along several pivotal trajectories: 1) the
enhanced automation and standardization of probe
synthesis and purification processes to reduce costs
and improve inter-laboratory reproducibility; 2) the
development of novel fluorophores with improved
brightness and photostability, coupled with advanced
detection systems; 3) the deeper integration of
computational biology and bioinformatic tools
to optimize probe design in silico and accurately
predict hybridization kinetics and specificity; 4) the
creation of innovative hybrid methodologies that
synergistically combine the strengths of disparate
synthesis technologies. It is a reasonable projection
that the continued refinement of DNA probe synthesis
methodologies will serve as a primary catalyst for the
evolution of FISH technology, thereby substantially
expanding its diagnostic and research applications.
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ABSTRACT

This lecture presents current data on the role of regulatory proteins of epithelial-mesenchymal transition (EMT)
in colorectal cancer (CRC) in the context of tumor molecular stratification and personalized treatment selection.
EMT is a key biological process associated with tumor invasion, metastasis, chemoresistance, and immune evasion.
Special attention is given to the characterization of CRC molecular subtypes according to the Consensus Molecular
Subtypes (CMS) classification, particularly the CMS4 subtype with mesenchymal features, which is marked by
high EMT activity and poor prognosis.

The lecture discusses molecular and immunohistochemical markers indicative of EMT activation, including CDX2,
ZEB1, HTR2B, FRMD6, BMI-1, and RORI1. The expression patterns and associated signaling pathways of these
proteins are examined along with their influence on tumor aggressiveness, therapy resistance, and prospects for
clinical application. Based on the literature analysis, the potential of these proteins as prognostic and possibly
predictive biomarkers, as well as therapeutic targets, is discussed.

Keywords: colorectal cancer, molecular subtypes, CDX2, ZEB1, HTR2B, ROR1, BMI-1, FRMD®6, epithelial-
mesenchymal transition, prognosis
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PE3IOME

ITpescTaBlieHbl COBPEMEHHBIC JaHHBIE O POJIU PETYIISATOPHBIX OEJIKOB SIUTENHATBHO-ME3eHXHMAJIBHOTO Mepexo/ia
(OMII) npu xomopekrambHoM pake (KPP) B koHTeKcTe MONICKYNSpHOH CTpaTH(UKAINK OITyXOJleH M IepcoHa-
JM3MPOBAHHOTO MOAOOpa TEpanuy. DIMHUTENHATEHO-ME3CHXUMATBHBIH MTepexo MPEACTaBIIeT co00il KIIT0UeBOi
OUONOrHYEeCKHUii TTPOLECC, CBS3aHHBII ¢ MHBAa3UeH, METaCTa3MPOBAaHUEM, XUMHOPE3UCTEHTHOCTHIO 1 IMMYHHBIM
yKJIoHeHHeM omyxonu. Ocoboe BHIMaHUE YAEJICHO XapaKTepHCTHKE MOJEKySIpHEIX moarunoB KPP cormacuo
KoHCeHCycHOH Kinaccndukarmu (CMS), B wactHocTH, CMS4-moaTnIry ¢ Me3eHXUMAaNbHBIMH MpPU3HAKAMH, JUIS
KOTOPOTO XapaKTepeH BBICOKUH ypoBeHb OMII 1 HeOIaronpusATHLIH IPOTHO3.

B niexunu 06CyKAAI0TCSI MOJIEKYJISIPHBIE 1 IMMYHOTHCTOXMMUYECKHE MapKephl, OTpakaromue aktuBarmo DMIL,
Bkmouass CDX2, ZEB1, HTR2B, FRMD6, BMI-1 u ROR1. PaccmarpuBatoTcst 0COOEHHOCTH 3KCIIPECCHU U CUT-
HaJIbHBIE KACKa/lbl, C KOTOPBIMH aCCOLMUPOBAHBI YKa3aHHbIC OCIIKHU, UX BIHSHHE HA OMYXOJEBYIO arpeCCUBHOCTD,
YCTOMYMBOCTH K TEPAlUy U MEePCHEKTHBBI KIMHHYECKOro MpuMeHeHus. Ha ocHOBaHMM aHann3a JTUTEPaTyPHBIX
JIAHHBIX PACCMATPHBAIOTCSI BO3MOXKHOCTH HCIIOIB30BaHHS ITHX OEJIKOB B KAYECTBE MPOTHOCTUUECKUX M OTCHIIU-
aIIbHBIX [IPEANKTUBHBIX MAPKEPOB, a TAK)KE TePANeBTUUCCKUX MHIIICHEH.

KuroueBble cjioBa: KOJOpPEKTAIbHBIA pak, monekysspuele noxrunsl, CDX2, ZEB1, HTR2B, ROR1, BMI-1,
FRMDG6, snutenuaiibHO-Me3eHXUMaIbHBIN Mepexo/1, IPOTHO3

Konduaukt HHTepecoB. ABTOpPHI MOATBEP)KAAIOT OTCYTCTBUE KOH(IUKTa HHTEPECOB, CBA3aHHBIX C MyOIUKauei
HACTOSIIECH CTaThH.

HUcTounuk q)ﬂHchHpOBaHPlﬂ. ABTOpI:I 3asIBIISIOT 00 OTCYTCTBUHU (bPIHaHCI/IpOBaHI/Iﬂ py MPOBCACHUUN UCCIIEN0-
BaHUA.

s uurupoBanusi: Bropymmu C.B., Tapacos M.H., [Ipsokenukoa A.B., Bropymmn K.C., Haymos C.C.,
Kpaxmanbs H.B. PerynsaropHbie OelKy SHHUTENHATBHO-ME3EeHXUMAIBHOTO TIepexo/ia B KOJIOPEKTaIbHOM paKe: OT
OHMOJIOTHH K KIIMHHYECKOMY IPUMEHEHHIO. broinemens cubupckou meouyunsl. 2025;24(4):120-131. https://doi.

0rg/10.20538/1682-0363-2025-4-120-131.

INTRODUCTION

Colorectal cancer (CRC) is one of the most
common malignant neoplasms globally and within
Russia, being a major contributor to both morbidity
and mortality rates. According to the World Health
Organization, CRC is one of the three most common
cancers, second only to lung and breast cancer [1].
In 2020, more than 1.9 million new cases of CRC
and about 935,000 related deaths were reported
worldwide [2]. In the Russian Federation in 2023,
over 74,000 new cases of malignant tumors of the
colon and rectum were detected, and the number
of patients registered with this pathology exceeded
437,000. At the same time, during the first year after
diagnosis verification, death is observed in 20.6%
and 18.2% of patients with colon and rectal cancer,
respectively [3]. Despite the advances in modern
oncology (the development of high-tech imaging
methods, screening, and targeted therapy), the 5-year
survival rate in CRC remains at about 60-65%, and
the prognosis significantly depends on the stage of
the disease at the time of diagnosis [4].

The problem of assessing the risk of recurrence
and stratification of patients with stage II-III
tumors is particularly relevant, when the need for

adjuvant chemotherapy often becomes the subject of
discussion [4].

In recent years, considerable attention has been
paid to the epithelial-mesenchymal transition (EMT)
as a key mechanism of tumor invasion, metastasis,
chemoresistance, and immune evasion. The study of
EMT regulatory proteins isa promising area of molecular
oncology that can enrich personalized medicine.

The aim of this lecture is to examine current
understanding of the role of EMT regulatory proteins
in CRC with an emphasis on their relationship with
molecular subtypes of the tumor, the biological
characteristics of the aggressive course of the disease,
and their potential significance in translational
oncology.

MOLECULAR HETEROGENEITY OF
COLORECTAL CANCER AND THE
SIGNIFICANCE OF THE EPITHELIAL-
MESENCHYMAL TRANSITION

CRC is a molecularly and clinically heterogeneous
disease caused by differences in the embryonic
development of the intestinal tract, multiple
pathways of carcinogenesis, and features of the tumor
microenvironment. This heterogeneity leads to marked
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differences in a response to therapy and a clinical
outcome in different patients. Based on studies of
biological features of CRC, several molecular genetic
classifications have been proposed [5].

Currently, the Consensus Molecular Subtypes
(CMYS) classification is the most widely used system.
This classification is considered as the most informative
and convenient, since four molecular subtypes of
colorectal carcinoma are distinguished based on the
similarities and differences in the molecular genetic
characteristics of tumors, as well as the features of
their clinical course:

— CMS1 (immune, ~14%) is characterized by high
microsatellite instability (MSI-H), accompanied by
intensive infiltration of tumor tissue by T-lymphocytes
(CD4*/CD8%) and natural killer cells (NK cells),
activation of the antitumor immune microenvironment
and global hypermethylation of promoters of a number
of genes;

— CMS2 (canonical, ~37%) is associated with
chromosomal instability (CIN), frequent mutations in
APC, TP53, and KRAS, as well as activation of the
Wnt/B-catenin and MYC cascades, which provide
the proliferative potential of tumor cells; it is located
mainly on the left;

— CMS3 (metabolic) demonstrates pronounced
metabolic shifts, including activation of glutaminolysis
and lipogenesis, which is often combined with
mutations in the KRAS and PIK3CA genes, as well as
with dysregulation of Wnt signaling, occurs in about
13% of cases, has no clear connection with a specific
localization;

—-CMS4 (mesenchymal, ~23%) is characterized
by the predominance of tumor-associated fibroblasts
in the stroma, activation of the TGFP signaling
cascade, formation of a developed vascular network
and manifestation of signs of EMT, reflecting its high
invasive potential and resistance to many standard
therapies [6].

CMS4 subtype is associated with the most
aggressive course of the disease, poorer overall
and relapse-free survival rates, reduced sensitivity
to chemotherapy, and marked activation of the
immunosuppressive microenvironment [7, 8]. It is
in this subtype that EMT plays the most significant
role forming the invasive phenotype of the tumor and
contributing to the progression of the disease [9].

EMT is a fundamental phenotypic transformation
during which tumor cells lose epithelial polarity,
intercellular adhesion bonds, and expression of typical
epithelial proteins such as E-cadherin. These changes

are accompanied by the acquisition of a mesenchymal
phenotype, including increased mobility, invasiveness,
as well as resistance to apoptosis and antitumor
therapy. The EMT is controlled by various signaling
pathways (TGFB, Wnt/B-catenin, Notch, Hippo, PI3K/
Akt, etc.), transcriptomic factors (Snail, Slug, Twist,
and ZEB1/2), as well as microRNA and epigenetic
mechanisms [10-15].

In the context of modern CMS classification,
EMT is considered as a critical process underlying
aggressive CRC subtypes, as well as a potential target
for therapy and risk stratification. EMT regulatory
proteins are actively studied in order to assess their
role as prognostic markers and possible therapeutic
targets [16, 17]. The key characteristics of CMS
subtypes and their relationship to EMT and immune
mechanisms are shown in Fig. 1.

CDX2: A MARKER OF INTESTINAL
DIFFERENTIATION AND EMT
NEGATIVE REGULATOR WITH A ROLE
IN SUPPRESSING TUMOR GROWTH,
PROGNOSTIC VALUE, AND EFFECT
ON CHEMOSENSITIVITY

CDX2 (Caudal-related homeobox 2) is a
transcription factor containing a homeobox domain that
plays a key role in differentiation and morphogenesis
of the intestinal epithelium [18]. Due to the presence
of a homeodomain, CDX2 is able to bind to specific
DNA regions, regulating the activity of the target set of
genes. It belongs to the ParaHox family evolutionarily
related to the Hox cluster and along with CDX2
includes the CDX1 and CDX4 genes.

It is known that CDX2 is one of the first to be
activated in embryogenesis and retains expression
in the pericecal region of the intestine, including
the ileocecal valve [19]. CDX2 is actively used in
clinical practice as an immunohistochemical marker of
intestinal differentiation, but its specificity is limited —
high CDX2 expression can be observed in both ovarian
mucinous carcinoma and bladder adenocarcinoma [20].

Loss of CDX2 expression in patients with CRC is
associated with anunfavorable clinical course, including
a decrease in both relapse-free and overall survival,
especially in stage Il-11l1 tumors [21]. In addition,
decreased CDX2 expression is often accompanied by
vascular invasion, low differentiation, right-sided tumor
location, CIMP phenotype (global hypermethylation
of CpG islands; CpG island methylator phenotype),
and BRAF mutation [22]. It is important to note that
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CMS1 (immune)

CMS2 (canonical)
CMS3 (metabolic)

CMS4 (mesenchymal)

Fig. 1. Key characteristics of CRC (CMS) molecular subtypes: CMS1 (immune) — MSI-H, pronounced tumor infiltration by

T-lymphocytes (CD4*/CD8") and NK cells; more often found in the right half of the colon. CMS2 (canonical) — chromosomal

instability (CIN), mutations in APC, TP53, and KRAS, activation of Wnt/B-catenin and MYC signaling; more often left-sided

tumors (~37%). CMS3 (metabolic) - KRAS and PIK3CA mutations, metabolic disorders and dysregulation of Wnt signaling; ~13%

of cases without clear localization. CMS4 (mesenchymal) — ~23% of cases; activation of TGFf, EMT, angiogenesis, left-sided
localization, and pronounced drug resistance

in some cases, heterogeneity of staining is revealed by
immunohistochemical profile: high CDX2 expression
is observed in the central areas of the tumor, while
expression weakens in the periphery, especially in the
area of invasive growth [23].

CDX2 exhibits antitumor activity by suppressing
EMT. The mechanism is described through the
activation of the tumor suppressor let-7b, which leads
to a decrease in the expression of collagen XI al
(COL11A1) associated with cell migration, infiltration
of immune elements, and chemoresistance [24, 25].
The research results show that a decrease in CDX2
expression is significantly associated with the proximal
location of the tumor, a low degree of differentiation,
mucinous phenotype, microsatellite instability, CIMP

phenotype, and the presence of mutations in the BRAF
gene. Such tumors are also characterized by increased
cytokeratin CK7 expression and decreased CK20
expression [26].

CDX2-negative tumors are more common in the
metastatic stage of CRC — up to 19% of cases [27].
In the study by Y. Shigematsu et al., low CDX2
expression was associated with a deterioration in
relapse-free survival (245 vs. 420 days) and overall
survival (1,024 vs. 3,145 days) after resection of liver
metastases; it was also shown that such patients did
not significantly benefit from adjuvant or neoadjuvant
therapy [28].

Interesting results were obtained in the 2023
study: in 14 patients with metastatic MSI-H CRC who
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received immunotherapy, the CDX2-positive group
had a 1-year relapse-free survival of 81%, while in the
CDX2-negative group, there was not a single relapse-
free case [29]. This indicates the potential of CDX2 as
a predictive marker of the immunotherapy response.
In another study, P. Dalerba et al. showed that
adjuvant chemotherapy was beneficial only in patients
with CDX2 loss: their 5-year relapse-free survival rate
was significantly higher, whereas in CDX2-positive
patients, chemotherapy did not improve survival [30].

ZEB1: TRANSCRIPTIONAL EMT

INDUCER AND MEDIATOR OF DRUG
RESISTANCE AFFECTING INVASIVENESS,
IMMUNOSUPPRESSION, AND TUMOR
STEM PHENOTYPE FORMATION

ZEB1 (Zinc finger E-box binding homeobox 1)
is a transcription factor that plays a key role in EMT
regulation. Under normal physiological conditions,
ZEB1 is involved in the regulation of cellular
differentiation, homeostasis, and the development of
nervous, smooth muscle, and bone tissues [31].

In the context of malignant growth, ZEB1 acts
as an EMT activator, inducing the expression of
mesenchymal markers and suppressing the expression
of epithelial markers, in particular E-cadherin. ZEB1
induction occurs under the influence of several
signaling pathways: WNT, TGFB, COX2, HIF, etc.
[32]. One of the mechanisms involves the interaction of
ZEB1 with the ELKS3 transcription factor, resulting in
the suppression of the E-cadherin gene and activation
of the migration phenotype of tumor cells [33].

According to data obtained by Y. Guo et al.,
activation of TGFp leads to an increase in ZEBI
expression ontheinvasive tumor front, which initializes
the EMT cascade [34]. Moreover, hypermethylation of
the ZEB1 gene promoter is associated with its reduced
expression and a more favorable prognosis in CRC.
This epigenetic phenomenon is more often observed
in patients with CMS1 subtype and correlates with
higher relapse-free and overall survival, regardless of
the stage and other clinical factors [35].

ZEBL1 is also associated with immune evasion
mechanisms. According to data obtained by M.Z.
Noman et al., ZEB1 induces PD-L1 expression, which
contributes to the suppression of the T-cell immune
response in the tumor [36]. This makes ZEB1 a potential
predictor of sensitivity to immune checkpoint inhibitors.

ZEB1 is involved in the development of
chemoresistance, in particular, it is associated with

increased expression of Bcl-xL and cyclin D1, key
factors of resistance to antitumor drugs [37]. In studies
on breast cancer models, high ZEB1 expression
correlated with a decrease in relapse-free survival and
the frequency of pathologic complete response (pCR)
in patients receiving neoadjuvant therapy [38].

The results of two meta-analyses published in
2017 and 2019 confirmed the negative prognostic role
of high ZEB1 expression, as the most pronounced
decrease in overall survival with high ZEB1 levels was
found in patients with CRC, gastric, and pancreatic
cancers [39].

FRMDG6: CONTEXT-DEPENDENT EMT
SUPPRESSOR THROUGH ACTIVATION
OF THE HIPPO PATHWAY

FRMD6 (FERM domain-containing protein 6) is a
protein from the family of FERM domain—containing
proteins (4.1/ezrin/radixin/moesin) involved in a
number of processes: regulation of cell proliferation,
differentiation, apoptosis, and cell-extracellular matrix
interaction [40-43]. It plays a role in neurophysiological
processes, and is also involved in Hippo, ERK/MAPK,
c-MYC, and mTOR signaling pathways. In CRC, the
FRMD6 protein exhibits the properties of a tumor
suppressor, primarily due to its involvement in the Hippo
signaling pathway, which regulates cell proliferation,
apoptosis, and growth restriction. The main components
of the Hippo cascade are kinases MST1/2 and LATS1/2,
which inhibit nuclear translocation and the activity of
transcriptional coactivators YAP/TAZ. Phosphorylation
of YAP by serine-127 prevents its transfer to the
nucleus and thereby suppresses transcription of genes
responsible for growth and EMT [44-47]. FRMD6
promotes the activation of LATS kinases and YAP
phosphorylation, which leads to a restriction of the
transcriptional activity of the latter, resulting in a
decrease in the expression of EMT-inducing factors,
including Snail, Slug, and ZEB1 [48].

In prostate cancer research, decreased FRMD6
expression was associated with overactivation of the
YAP and MY C pathways, as well as with an increased
risk of biochemical relapse after prostatectomy [49].

Similar protective properties of FRMD6 were
also revealed in CRC. According to the results of
a major study led by A.Von Koskull et al. (2024),
which included 538 patients with CRC, a high
level of FRMDG6 expression was associated with
improved survival rates, and therefore the protein
was considered as an independent prognostic marker
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in a multifactorial analysis model [50]. However, in
some other malignant tumors, this molecule, on the
contrary, demonstrates pro-tumor activity.

Thus, in adenocarcinoma and squamous cell lung
cancer, high FRMD6 expression is associated with
an unfavorable prognosis. In these cases, FRMDG6
activates the mTOR pathway, which leads to
increased proliferation and drug resistance of tumor
cells [51]. Thus, FRMD®6 is a molecule with a context-
dependent function. In CRC, it acts as a suppressor of
tumor growth and EMT, but its role in tumors of other
locations requires further study.

HTR2B: SEROTONIN-DEPENDENT

EMT ACTIVATOR AND MEDIATOR OF
INTERCELLULAR COMMUNICATION -
INVOLVED IN GROWTH AND MIGRATION
CASCADES, ASSOCIATED WITH CRC
PROGRESSION AND IMMUNE EVASION

The HTR2B serotonin receptor (5-HT:B), which is
actively involved in the regulation of neurohumoral
and metabolic processes, is expressed in the tissues
of the nervous system, heart, and gastrointestinal tract
[52]. It is known that the serum serotonin (5-HT)
level in patients with CRC is significantly higher than
in healthy individuals, which contributes to tumor
progression through activation of the 5-HT-Wnt and
5-HT-YAP signaling axes [53].

High expression of HTR2B has been detected
in various malignant neoplasms: melanoma,
gastrointestinal stromal tumors, breast, ovarian,
kidney, and pancreatic carcinomas, as well as in CRC
[54]. Activation of HTR2B triggers the Akt/mTOR
cascade, which leads to phosphorylation and activation
of the transcription factor CREB1, which stimulates
ZEB1 expression, which is known to play a key role
in triggering EMT [55]. Suppression of HTR2B
activity is accompanied by a decrease in the migration
potential of tumor cells and partial blockade of EMT
processes, which confirms the role of this receptor in
maintaining an aggressive phenotype. Additionally,
it was found that stimulation of HTR1B and HTR2B
activates the MAPK/ERK signaling cascade, which
plays a key role in cell proliferation and differentiation
[55-57].

In a 2023 study, it was shown that HTR2B
expression is associated with lipid metabolism in
gastric adenocarcinoma. Thus, an increased level of
HTR2B was associated with decreased survival, which
indicates the role of the molecule in maintaining the

viability of tumor cells and the possibility of its use
as a prognostic marker [58]. In hepatocellular cancer,
the role of serotonin HTR2B with its involvement
in the process of tumor growth was similarly noted
[59]. In contrast, the results of another study showed a
correlation between high HTR2B expression and lower
tumor spread in ovarian cancer, which demonstrates
the ambiguity of its prognostic value [60].

Thus, despite convincing experimental data on
the role of HTR2B in the induction of EMT and the
metastatic potential of tumors, its clinical significance
in CRC has not been definitively determined and
requires further study. Nevertheless, HTR2B blockade
is considered as a promising area of antitumor therapy
in translational oncology.

BMI-1: EPIGENETIC REGULATOR OF TUMOR
STEMMING AND THERAPY RESISTANCE,
PARTICIPATING IN THE MAINTENANCE OF
PROGENITOR CELLS AND THE INDUCTION
OF EMT THROUGH THE AKT/SNAIL
CASCADE

BMI-1 (B-cell-specific Moloney murine leukemia
virus integration site 1), also known as RNF51 or
PCGF4, is a transcription factor that plays a key role
in maintaining stem cell functions, especially in the
nervous and hematopoietic systems. In experiments on
animal models, switching off this gene led to impaired
embryonic development, and its overexpression led to
the development of lymphomas [61].

BMI-1 belongs to the Polycomb (PcG) family
of epigenetic transcription regulators, it is part of
Polycomb repressive complex 1 (PRC1) and, together
with the RinglB/Rnf2 component, ubiquitinates
histone H2A by lysine-119 (H2AK119ub), which
suppresses the transcription of genes regulating
apoptosis, differentiation, and aging [62]. BMI-
1 promotes EMT induction through activation of
the Akt/GSK-3b/Snail pathway, as well as through
stimulation of the TGF-B/SMAD cascade [63, 64].

The study by Z.Y.Jiang et al. showed on
experimental CRC models that BMI-1 activates
peritumoral stellate liver cells, contributing to the
formation of a pre-metastatic niche and increased
migration of tumor cells, while inhibition of BMI-1
restored the expression of E-cadherin and disrupted the
processes of migration, invasion, and drug resistance
[65]. High expression of BMI-1 has been observed in
many malignant neoplasms, including tumors of the
stomach, breast, ovaries, prostate, lung, and pancreas.
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The correlation of the marker expression with more
intensive proliferation, high metastatic potential, and
drug resistance of tumors was noted [66, 67].

The meta-analysis by M. Pourjafar et al. (2022),
which included nine studies (seven Asian and two
European), revealed population differences in the
prognostic value of BMI-1 expression in CRC. It was
found that high expression was associated with an
unfavorable prognosis (decreased overall and relapse—
free survival) in the Asian population, whereas in the
European population, on the contrary, more favourable
outcomes were noted. In addition, increased BMI-1
levels were more often associated with a large tumor
size, the presence of distant metastases, an older age
of patients ,and a male sex. No reliable relationship
was found with the parameters of TNM, the degree of
differentiation, and localization of the tumor [68].

Thus, BMI-1 is a potential marker of aggressive
tumor development and a prognostic biomarker,
but its significance in different populations requires
additional validation in multicenter studies.

ROR1IN COLORECTAL CANCER:
ONCOEMBRYONIC RECEPTOR, ITS
SIGNALING PATHWAYS AND THERAPEUTIC
POTENTIAL

ROR1 (Receptor tyrosine Kkinase-like orphan
receptor 1) is a receptor tyrosine kinase from the ROR
family, expressed mainly at the stage of embryogenesis
and practically absent in healthy tissues in adults.
Under normal conditions, the highest expression of
RORL is observed in the pancreas and adipose tissue,
whereas it is minimal in most other tissues (colon,
lungs, uterus, and parathyroid glands) [69, 70].

RORL1 contains several evolutionarily conserved
domains: an extracellular immunoglobulin-like
domain, a Frizzled domain, a kringle domain, and an
intracellular tyrosine kinase-like domain [69]. The
biological role of RORL1 is related to the regulation
of cell migration, polarity, and organogenesis during
embryonic development [69, 70]. In oncology, ROR1
is involved in the non-canonical Wnt signaling
pathway through binding to the Wntb5a ligand. This
pathway regulates cell migration, apoptosis, EMT,
and chemoresistance [71]. Increased expression of
RORL has been found in various solid tumors (breast
cancer, ovarian cancer, lung cancer, hepatocellular
carcinoma, CRC, etc.) [71, 72].

CRC studies have revealed significantly higher
RORL1 expression in tumor cells compared to healthy
tissues. ROR1 expression correlates with the stage

of the disease, lymph node damage, and decreased
overall survival [73]. Similar data were obtained in
ovarian cancer, where high ROR1 expression was also
associated with low rates of relapse-free and overall
survival [74]. A meta-analysis in 2022, including
the results of 14 studies, showed that high ROR1
expression was significantly associated with poorer
overall survival. A particularly strong association
was found in endometrial cancer, ovarian cancer, and
B-cell lymphoma [75].

Earlier in the 2019 meta-analysis, similar results
were obtained for solid tumors, including lung cancer;
there were no differences in prognostic significance
between solid and hematological tumors [75]. Due
to its high tumor-specific expression and lack of
expression in healthy tissues, ROR1 is a promising
therapeutic target. Currently, the effectiveness of a
number of targeted ROR1 kinase inhibitors that cause
apoptosis of tumor cells has been shown [75, 76].

Of particular interest is the use of ROR1 as
an antigen for chimeric antigen receptors of
T-lymphocytes (CAR-T; Chimeric antigen receptor
to T-cells). CAR-T therapy, which involves the
modification of patient’s T cells to attack tumor cells,
is already actively used in hematological malignant
neoplasms [75]. Preliminary results of phase |
clinical trials demonstrate encouraging efficacy of
therapy using CAR-T cells directed against ROR1 in
patients with triple negative breast cancer in cases of
expression of this receptor [75-79]. These data open
up the prospect for adapting a similar approach in the
treatment of CRC with positive ROR1 expression.

Thus, ROR1 simultaneously acts as a prognostic
marker and a promising target for targeted therapy,
especially in the context of immuno-oncological
approaches, including CAR-T.

EMT AND THE PROBLEM OF CRC
STRATIFICATION OF STAGES II-lII

Despite the advances in molecular diagnostics and
the improvement of drug therapy, the rationale for the
need and scope of adjuvant chemotherapy in stage 11-111
CRC remains the subject of active discussion. Current
guidelines (for example, ESMO) suggest dividing stage
Il patients into low-, intermediate-, and high-risk groups
based on a combination of clinical and morphological
factors. The “significant” risk factors include the
pT4 stage (regardless of the presence of intestinal
wall perforation) and the examination of less than 12
lymph nodes; the “less significant” ones include a low
degree of tumor differentiation, vascular and perineural

126 BionneTteHb cMbupckoi meguumHbl. 2025; 24 (4): 120-131



Reviews and lectures

invasion, intestinal lumen obstruction, and a high level
of cancerous embryonic antigen (CEA) [4].
Microsatellite instability (MSI) is recognized as an
important prognostic and, in some cases, predictive
factor. Patients with early-stage MSI-H tumors have
a more favorable prognosis, and in the presence of
a single “less significant” risk factor, it is possible
to safely refrain from prescribing fluoropyrimidine
chemotherapy without worsening relapse-free and
overall survival [80]. Nevertheless, the existing
stratification based on a combination of morphological
and molecular parameters (TNM stage, MSI status,
RAS/BRAF mutations, Immunoscore index, and
circulating tumor DNA — ctDNA level) does not allow
for predicting the risk of recurrence or a response to
therapy in a particular patient with high accuracy [81-
85], relapse within 5 years develops in 12-38% of
stage |1 patients and in almost half of stage 111 patients.

Protein
inhibitors
HTR2B and ROR1
CDX2 inhibits ZEB1 increase immune
evasion
FRMD6 inhibits FRMD6 decreases

EMT regulatory proteins represent a promising
group of biomarkers potentially capable of improving
the accuracy of prognosis. Loss of CDX2 expression
is associated with a lower survival rate. In addition,
data obtained by P. Dalerba et al. showed that adjuvant
chemotherapy was effective mainly in patients with
CDX2-negative tumors, whereas its administration
did not improve the results in CDX2-positive patients
[30].

ZEBI, in turn, can be identified as a marker of
an immunosuppressive phenotype (mediating an
increase in PD-L1) and a predictor of drug resistance.
ROR1, FRMD6, BMI-1, and other EMT proteins are
also involved in the regulation of chemosensitivity
and metastatic potential. The analyzed protein
molecules considered as EMT regulators and their
phenotypic effects in the context of CRC are shown
in Fig. 2.

Fig. 2. Key molecular links between EMT regulators,
signaling pathways, and phenotypic effects in CRC:
CDX2 suppresses ZEB1 expression, reducing EMT

pathways causing EMT
HTR2B and ROR1
promote EMT

ZEB1 enhances EMT
and therapy resistance

immune evasion

Tumor
ZEBL1 activates resistance
pathways of therapy and stem
resistance properties

BMI-1 enhances tumor
stem cell properties

activity and reducing tumor stemming. On the
contrary, ZEB1 activates cascades that enhance EMT
and the formation of drug resistance. FRMD6 blocks
the signaling pathways that induce EMT, which
leads to a decrease in the immune evasion. HTR2B
and RORL1 contribute to the activation of EMT,
accompanied by increased therapy resistance and

CONCLUSION

EMT is a complex biological process that plays a
key role in the progression, metastasis, formation of
chemoresistance, and immunosuppressive microen-
vironment in CRC. Modern molecular studies show that
EMT is not a binary phenomenon, but rather a spectrum
of transitional phenotypes with both epithelial and
mesenchymal features, reflecting the plasticity of tumor
cells and their adaptive capabilities. This phenotypic
shift is closely related to the activation of the Wnt/B-
catenin, Notch, TGFf, and Hippo-YAP/TAZ signaling
pathways, as well as the expression of transcriptional
regulators, including ZEB1, SNAIL, and TWIST.

avoidance of immune elimination. BMI-1 enhances
the stem properties of the tumor, playing an important
role in the development of chemoresistance

Of particular interest is the interaction of EMT with
components of the tumor microenvironment, including
macrophages, fibroblasts, and neurotransmitter
signaling pathways (for example, serotonergic HTR2B
receptors) that contribute to the maintenance of stem
cells and invasiveness of tumor cells. In addition, PD-
L1 expression during EMT activation may contribute
to evading immune surveillance, which underscores
the importance of a comprehensive analysis of
the CRC immune landscape, including the use of
immunoscoring and circulating tumor DNA.

The markers CDX2, ZEB1, FRMD6, BMII,
ROR1, and HTR2B presented in the review
demonstrate a wide range of biological functions
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from regulation of differentiation and invasiveness to
involvement in the formation of therapy resistance.
The potential of their use as prognostic and predictive
biomarkers is confirmed by both meta-analyses and
data on expression in primary tumors and metastases.
Moreover, a number of these molecules are being
considered as promising therapeutic targets for the
development of targeted drugs and CAR-T-cell
therapy.

Despite significant advances, the translation of
knowledge about the mechanisms of EMT and its
regulators into routine clinical practice requires
standardization of assessment methods, validation
on large cohort samples, and integration into existing
prognostic models. Particular attention should be
paid to the phenotypic heterogeneity of the tumor
and the dynamics of expression of key markers
during treatment. Progress in this area may provide
the basis for a personalized approach to CRC therapy
and enhance the effectiveness of existing strategies,
including immunotherapy and signaling pathway
inhibitors.

Thus, a deep understanding of the role of EMT
and its regulators in the pathogenesis of CRC opens
up new horizons for diagnosis, risk stratification, and
the development of innovative therapeutic approaches
aimed at overcoming the metastatic potential and
resistance of the tumor to therapy.
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ABSTRACT

The natural course of almost any chronic pathology, if its latent forms are excluded, is cyclic with alternating
periods of exacerbation and remission. Chronic heart failure (CHF) is no exception — periods of stable (sometimes
seeming stable) course are followed by episodes of worsening of clinical symptoms, leading to a decrease in quality
of life and an increased risk of premature death. In turn, in a patient with decompensated heart failure, various
changes in the clinical severity of CHF are possible: resolution of symptoms (including remission), persistence of
heart failure, and, unfortunately, further worsening. The characteristic of CHF course should become an integral
part of the clinical diagnosis based on the appropriate classification. The latter can be an effective instrument in
clinical practice only if the terms it provides have an unambiguous meaning and clearly delineated boundaries of
their correct usage. The authors of the lecture reviewed the main terms used to characterize the course of CHF.
Unfortunately, despite the almost permanent discussion of the problem of concept demarcation and repeated
attempts to formulate agreed positions, experts from reputable cardiological communities in the Old and New
Worlds cannot reach consensus, and the definitions of terms used to describe the CHF course differ in a number of
guidelines.
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PE3IOME

EcrecTBeHHOE TeueHNE MPAKTUUECKH TI000I XPOHNYECKOH MAaTONOTHH, €CIIN UCKIIIOUNTH €€ JTaTeHTHbIE (pOopMEI,
XapaKTePH3yeTCs UKIMIHOCTBIO CO CMEHOHN NMEpHOA0B 00OCTPEHHsI M PEMHCCHU. XpOHHUUEcKas cepiedHas He-
nocrarogyHocTh (XCH) He siBIsieTcs HCKITIOYEHUEM, TTEPUOIBI CTaOMIIBHOTO (MHOTAA Ka)KyIIErocs) TEUeHHUs CMe-
HSIOTCSI STN30[aMH HapacTaHHs KIMHUYECKOH CHMITOMAaTHKH, TPUBOSIIMMH K CHIDKCHUIO Ka4ecTBa JKH3HU U
MOBBILIEHUIO PUCKA NPEXIEBPEMEHHON cMepTU. B cBOIO ouepenb, y manueHTa ¢ AeKOMIEHCUPOBAHHOM cepieuHON
HEIOCTATOYHOCTHIO BO3MOXKHBI PAa3IMYHbIE TPACKTOPUU M3MEHEHUH KIIMHHYEeCKOi BelpaskeHHOcTH XCH: paspe-
HIEHWEe CHMITOMOB (B TOM YHCII€ PEMHCCHS), IEPCUCTUPOBAHNE CEPACUHON HETOCTATOYHOCTH M, K COXKAJICHHIO,
nanpHelnee yxyamenue. Xapakrepuctuka Tedenns XCH momkHa cTaTh HEOTHEMIEMON YaCThIO KIIMHIHYECKOTO
JIMarHo3a, OCHOBAHHOTO Ha COOTBETCTBYOLIEeH Kinaccudukanun. [TocnenHsas MokeT ObITh 3 PEKTUBHBIM HHCTPY-
MEHTOM KIMHHYECKOH MPAaKTHKU TOJBKO B CIIydae, €CIM MPEIyCMOTPEHHBIE B HEH TEPMHHBI IMEIOT OJHO3HAYHOE
3HAYEHUE U YETKO OYEPUCHHBIE T'PAHHIBI MX KOPPEKTHOTO NMPUMEHEHHUS. ABTOPHI JEKI[HHA PACCMOTPETH OCHOB-
HBIE TEPMUHBI, IPUMEHSIoMmuUecs s xapakTepuctuku TedeHns XCH. HecMoTpst Ha mpakTHYecKn MEpMaHEHTHYIO
JHCKYCCHIO TI0 TpobiieMe JeMapKaluy HOHATHH M HEOJHOKpPATHBIE MOMBITKM C(HOPMYINPOBATH COTITACOBAHHBIE
TO3UIINH, KCIIEPTHI AaBTOPUTETHBIX KapAnonormdeckux coobmects B Crapom 1 HoBom CBeTte He MOTYT MPHHATH K
MOJTHOMY KOHCEHCYCY, M OIpeJIeNIeH s TEPMUHOB, HCIONIB3yeMbIX uist onucanus TedeHns XCH, B psiie pekomen-
JIalMi OTIIMYAIOTCA.

KnamoueBble cioBa: XpOoHHYECKas cepAacyHass HEAOCTATOYHOCTD, KHaCCI/I(I)I/IKaHI/ISI, YXyAUuIeHue, O6OCTpeHI/Ie, Je-
KOMIICHCAllMs, pa3peui€HUE CUMITOMOB M INPHU3HAKOB, PEMHUCCHUSA, IMEPCUCTUPOBAHUEC, CEPJACUHAA HEAOCTATOY-
HOCTB, Tpe6y}0ma${ TroCruTaanu3annn

Konduaukt uHTEpecoB. ABTOPHI ACKIAPUPYIOT OTCYTCTBUE SBHBIX U MOTCHIMATBHBIX KOH(PIUKTOB HHTEPECOB,
CBSI3aHHBIX C MyOJUKAIAEH HACTOSIICH CTAThH.

HUcTounuk q)ﬂHal—lcnpOBaHﬂﬂ. ABTOpLI 3asIBJIIOT 00 OTCYTCTBUU q)HHaHCI/IpOBaHI/ISI py MPOBECACHUUN UCCIIEN0-
BaHUA.

[ nurupoBanus: Kamoxun B.B., Tersakos A.T., becmanosa . /., Kamoxwuna E.B., Uepnoroprok I'.D., Te-
peateeBa H.H., I'apraneesa H.I1., Cubupesa O.®., Ycos B.1IO., Tumodeena K.C., Cmupnosa U.H. Tepmunsi,
MPUMEHSIOMUECS IS XapaKTePUCTUKU TEUEHUsS XPOHUUECKOH CEepAeTHON HEIOCTaTOYHOCTH: BCE JIM TOUKU HAJ
i paccraBneHsl? bronremens cubupckou meouyunsl. 2025;24(4):132—142. https://doi.org/10.20538/1682-0363-
2025-4-132-142.
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INTRODUCTION

A comprehensive clinical diagnosis is used
to solve a wide range of fundamental problems:
from an expanded description of a disease in a
particular patient and justification of the choice of
methods of personalized treatment/prevention and
rehabilitation to the assistance in the assessment of
working capacity and fitness for military service,
as well as occupational health check and medical
monitoring in sports [1-3]. It is no coincidence that
people say: “His Majesty the Diagnosis” [4]. In
this case, in accordance with paragraph 5 of Article
70 of the Federal Law dated November 21, 2011
No. 323-FZ “On the Foundations of Healthcare for
Citizens in the Russian Federation” (revised edition
of December 28, 2024 amended on March 1, 2025),
a medical report based on the results of a thorough
examination of the patient’s health status, their
diseases (injuries) or the cause of death is expressed
in terms provided by the current classifications [5].

The less primitive the classification used,
the better the diagnosis will be and the more
information it will contain for clinical practice[6].
The thoughts reflected in 1993 by Chazov in the
lead article in the journal Therapeutic Archive
[7] remain fully relevant [7]. It says that the high
need for detailed grouping is dictated not by
theoretical calculations and ambitions of some
scientists or individual clinical schools, and not
even by the desire to unite patients by the nature
and degree of pathologic changes, but by the desire
to create the most effective differentiated therapy
and determine the prognosis of the disease. Only
the logical rigor of the classification features taken
as a basis, on the one hand, and the use of terms
with unambiguous meaning and clearly delineated
boundaries of their correct usage, on the other hand,
can guarantee the success of effective fulfillment of
the key functions of clinical diagnosis, which is a
product of the classification procedure, outlined by
Chazov [8-10].

Many people probably remember the axiom
“Logic is never odd: it is either there or it is not”
expressed in the feature film “The Oligarch”
(directed by Lungin, 2002), and a good scientific
classification that obviously fulfills the given
functions is not conceivable without observing the
rules that are formed in logic [11]. Nevertheless,

clinical classifications often deviate from the
ideal described by the theory, in particular, from
the observance of strict rules of division, when,
for example, a single feature (or a set of features)
chosen at the beginning as a basis is replaced by
another classification criterion in the course of
division. For example, when determining the first
two stages of chronic heart failure (CHF), Strajesko
and Vasilenko suggested relying on the presence
and severity of hemodynamic disorders, and when
justifying the third stage - on the identified severe
(irreversible) structural changes of target organs
[12]. We have to accept this because establishing
a diagnosis, a doctor pursues certain goals (one of
the most important ones is to justify the choice of
methods of personalized treatment/prevention and
rehabilitation), and, based on practical expediency,
the choice or change of the classification basis is
dictated by these goals.

It is clear that not everything that is used in
everyday life corresponds to the requirements
of high theory and meets the standards of perfect
logic [11]. In everyday life, it is quite acceptable
to divide shoes into men’s, women’s and rubber
(children’s) shoes because, despite the fact that
from the point of view of logic such classification is
not good (the rules are violated: “division should be
carried out only on one basis” and “the members of
the division should mutually exclude each other”),
it can nevertheless satisfactorily serve practical
purposes in a shoe store [11]. However, allowing
in clinical classification some deviation from the
rules of logical operation, when instead of strict
division simple grouping is applied, examples of
which are numerous, we cannot tolerate a violation
of common sense. It is necessary to proceed from
the fact that the diagnosis is the basis for the choice
of therapeutic tactics and not to allow in clinical
classification the reverse situation when abuse of
discretion by doctors associated with a decision
on hospitalization, prescription, continuation or
discontinuation of any therapy, etc. is taken into
account as a basis for determining the type (form),
stage, and phase of the disease or syndrome.

It may seem that the latter statement does not need
special argumentation, but in clinical classifications,
when determining the basis for division, everything
is often put “upside down” and when justifying the
diagnosis doctors begin to rely not only on important
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characteristics of the disease, but also largely on
subjective criteria. For example, the refusal (maybe
erroneous) to conduct cardioversion by a doctor
who convinced the patient of this fact may allow
to justify the diagnosis of permanent (in Russia it
is referred to as constant) form of atrial fibrillation
[13-15], ongoing antimicrobial chemotherapy
— active infective endocarditis [16, 17], and
the decision on emergency hospitalization of a
patient with CHF and intravenous administration
of loop diuretics — acute decompensated heart
failure (ADHF) [18]. Here is one example of the
opposite situation, when sometimes misplaced
persistence in repeated restoration of sinus rhythm
turns permanent atrial fibrillation into long-term
persistent atrial fibrillation [19]. Due to the lack of
clear demarcation of concepts, perhaps the most
critical issue regarding terminology arises in the
classification of CHF, since the definitions of terms
used to describe this syndrome differ in a number of
guidelines [20, 21].

The aim of this lecture is to discuss the terms used
to characterize the course of chronic heart failure.

HEART FAILURE EXACERBATION

The natural course of almost any chronic
pathology, if we exclude its latent forms, is cyclic
with periods of exacerbation and remission. CHF
is not an exception - periods of a stable (sometimes
only seeming stable) course are followed by
episodes of worsening of clinical symptoms, leading
to a decrease in the quality of life and an increase in
the risk of premature death [21-23].

Despite the fact that the description of the
syndrome phase in the clinical diagnosis was not
provided in Russian CHF classifications of the late
20" - early 21% century, they say the idea was in the
air. So, Sidorenko during the roundtable discussion
“Issues of Classification of Chronic Heart Failure”,
held in 1993 at the Cardiology Research Center
as part of the scientific session of the Russian
Academy of Medical Sciences, made a proposal,
which is recorded in the transcript as follows:
“the classification should also somehow provide

for the possibility of temporary exacerbation and
aggravation of heart failure™. This proposal, the
fairness of which no one disputed, is very logical
because the exacerbation of CHF caused by the
progression of the underlying disease and/or so-
called immediate causes of decompensation (in
particular, infections, anemia, arrhythmia, and
instability of blood pressure) requires the activation
of etiotropic, pathogenetic, and symptomatic
therapeutic actions. On the other hand, fortunately,
optimal drug therapy is often able to achieve cardiac
compensation that justifies treatment de-escalation.

The discussed idea is still in the air, as the
classification of CHF proposed by the Russian
Society of Cardiology in 2023 did not include the
term “exacerbation”, and this term is not used in
examples of diagnosis formulation: “Major?: CHD:
postinfarction cardiosclerosis (myocardial infarction
in 2019). Complications: HFmrEF stage 1. 2 FC.
Pulmonary hypertension 1 FC WHO.” (CHD -
coronary heart disease; HFmrEF — heart failure with
mildly reduced ejection fraction; FC - functional
class; WHO - World Health Organization). The
2024 version excluded the description of the risk
of heart failure development and replaced the term
“pre-heart failure” with “pre-stage of heart failure”
[18].

Apparently, the exacerbation of CHF in the
diagnostic report can be described using the
equivalent term “decompensation”, an example of
the application of which is presented by Boytsov
in the leading article “Chronic Heart Failure:
Evolution of Etiology, Prevalence and Mortality
over the Past 20 Years” in the journal “Therapeutic
Archive” [26]: “CHD. PICS (125.2%); CHF IV
FC, decompensation (I50.0)” (PICS stands for
postinfarction cardiosclerosis). As the author
rightly emphasizes, such a diagnosis well explains
the reason for hospitalization or patient’s appeal to
the polyclinic, on the one hand, and the fact that
decompensation of cardiac activity will be taken as
a subject of diagnosis and treatment, on the other
hand. Nevertheless, the 2023 classification of CHF
by experts of the Russian Society of Cardiology

1 Classification Issues of Chronic Heart Failure. Therapeutic Archive. 1993; 65(9): 7-18 (In Russ.).

2 Correct title of the diagnosis section - "Underlying disease".

3 The term “old myocardial infarction” (125.2) is used by experts from the World Health Organization only to describe cases of myocardial infarction
that were detected accidentally, retrospectively, and had no clinical manifestations at the time of detection and observation of the patient, and should be
distinguished from the term “postinfarction cardiosclerosis” ("Other forms of chronic ischemic heart disease™) (125.8) [25].
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[18] does not provide the term “decompensation”
and does not use it in the examples of diagnosis
formulation.

Experts of the Heart Failure Association of
the European Society of Cardiology in 2023
announced that a consensus was reached on the
key issues (definition, classification, pathogenesis,
epidemiology and outcomes, and treatment and
prevention) of exacerbation (worsening) of CHF
[27]. According to the latter, deterioration of CHF
can be defined as an increase in symptoms and
signs of previously diagnosed syndrome, which
requires intensification of treatment, most often
diuretic therapy. Unfortunately, the authors of the
consensus refrained from describing clear criteria
for an increase in symptoms and signs, in particular,
the severity of congestion, as well as a decrease in
exercise tolerance. Obviously, the magnitude of
exacerbation may vary. We can only guess what
the authors suppose, speaking about an increase in
clinical severity of CHF.Within one functional class
(FC) or one FC higher, or when CHF symptoms
appear at rest, the severity of symptoms associated
with hypervolemia even within the IV FC can
vary significantly, ranging from complaints about
swelling of the back of the feet to complaints of
massive generalized swelling of subcutaneous fatty
tissue. It should be added that the increasing severity
of symptoms and signs of CHF is described without
any reference to time frames (the rate of progression
of heart failure): does the patient feel worse than
a day, a week, a month or a year ago? However,
symptoms and signs of decompensation in any case
require optimization of CHF drug therapy aimed at
achieving euvolemia [27-30].

The experts of the Heart Failure Association of
the European Society of Cardiology believe that
rather than providing an exhaustive description
of CHF characteristics that leaves no questions
unanswered and allows one to outline the boundaries
of correctly applying the term “worsening of
chronic heart failure™ it is sufficient to indicate
the need to intensify therapy in this situation (an
essential component of the concept definition) [27].
Considering the significant variability declared
in the cited document, both in patient routing
(ranging from an unconditional need for emergency

hospitalization to recognizing the possibility
of therapy in outpatient settings or emergency
departments) and in choosing the optimal diuretic
administration method (the cornerstone of therapy
for patients with decompensated CHF, either
intravenously or through intensified oral diuretic
therapy), it can be said that the essential component
of the term definition is described without particular
details.

The discussed definition does not include
patients with a newly diagnosed CHF [27]. This
exclusion is logical since any exacerbation implies
decompensation in a patient with an established
CHF diagnosis. However, it is more difficult to
understand why episodes of CHF deterioration
associated with comorbid factors (including
comorbid diseases) and noncompliance with
therapy recommendations are also excluded. The
direct causes of CHF decompensation (regardless of
the underlying cardiovascular lesion) can be various
conditions, such as infection, systemic arterial
hypertension, pregnancy, anemia, heart rhythm
disorders, or noncompliance with treatment or diet
[23, 31]. In any case, exacerbation is exacerbation!
Identifying the direct cause of CHF is important
because timely diagnosis and adequate treatment can
save the patient’s life. Some of the aforementioned
conditions usually do not lead to heart failure, but
their development in persons with cardiovascular
diseases can figuratively be called the last straw
contributing to the clinical manifestation of systolic
and/or diastolic cardiac dysfunction [31-34].

Finally, the Heart Failure Association of the
European Society of Cardiology introduces another
exception: the definition of “worsening of chronic
heart failure” does not include cases of exacerbation
that do not require changes in heart failure treatment
[27]. Once again, we note the assumption of medical
arbitrariness, to which we have already expressed
our attitude. In a clinical situation with increasing
symptoms and signs of CHF, the diagnostic
conclusion will depend on the doctor’s decision
to correct the heart failure therapy. For us, it is
axiomatic that, in such a situation, the doctor cannot
refrain from doing something but must change the
treatment in the hope of improving the patient’s
condition, at least clinically.

Y In our opinion, the best translation into Russian is “exacerbation of heart failure”.
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REMISSION AND PERSISTENCE OF HEART
FAILURE

The 2022 treatment guidelines for heart failure
from the American College of Cardiology, the
American Heart Association, and the American
Heart Failure Society [35] detail the main
development patterns of clinically significant heart
failure, aligning closely with real clinical practice.
In addition to worsening symptoms and signs of the
syndrome, American experts distinguished variants
with symptom resolution (including remission) and
heartfailure persistence. Asthe termsimply, a patient
with resolution of symptoms and signs of CHF is
said to have an absence of clinical manifestations
of the syndrome [35]. The authors rightly pointed
out that complete elimination of structural and
functional cardiac abnormalities, labeled as
remission, is rarely observed. Accordingly, the term
“persistent heart failure” is proposed to denote a
clinical situation in which symptoms and signs of
the syndrome are preserved, as well as those of a
functional activity limit.

This approach should be rated well and the
Russian CHF classification should include a
description of the development pattern. We believe
that the severity of heart failure should be considered
in the context of ongoing treatment and assessment
of its effectiveness. Clearly, the probability of
improvement in clinical status is much higher for
a patient with the same severity of symptoms who
did not receive optimal drug therapy or medical
assistance in implant arrhythmology and cardiac
surgery than for a treated patient [37].

ACUTE DECOMPENSATOIN OF HEART
FAILURE

The course of decompensation of CHF can vary.
In most cases, the clinical picture develops gradually
over a few weeks. However, it can also have a rapid
onset, with progression of symptoms and signs
within a few hours [38]. In the latter case, when the
rapid increase in severity of heart failure symptoms
becomes the reason for urgent medical attention and
emergency hospitalization of a CHF patient, it is
recommended to use the term ADHF [18, 39].

ADHEF is considered as the most common form
of acute heart failure (50-70%), and it should be
distinguished from pulmonary edema, cardiogenic

shock, and acute right ventricular failure [18, 39].
However, this approach contradicts the provision
enshrined in the duly approved industry standard
(OST  91500.11.0002-2002,  “Standardization
System in Healthcare of the Russian Federation.
Protocol for the Management of Patients. Heart
Failure (I50)”), according to which : “The terms
“heart failure” and “chronic heart failure” are
essentially synonymous since, when discussing
acute heart failure, it is customary to specify its form,
such as acute (cardiogenic) pulmonary edema or
cardiogenic shock.” We agree with A. Xanthopoulos
et al. [40] that ADHF should not be considered a
form of acute heart failure.

The term ADHF has been proposed to describe
patients with mild acute heart failure symptoms
that do not meet the criteria for cardiogenic shock,
pulmonary edema, or hypertensive crisis [41], this
raises the question of the criteria indicating the
transition from stable CHF to ADHF [38]. Those
who advocate for viewing ADHF as a distinct
phenotype of acute heart failure syndrome argue
that CHF decompensation is only part of this
syndrome when it manifests as a clinical picture
that poses an immediate threat to life, necessitating
emergency hospitalization [38]. Given the severity
of clinical manifestations of the so-called classical
forms of acute heart failure, it is not surprising that
even senior medical students know how to diagnose
pulmonary edema or cardiogenic shock, which
justifies the need for emergency hospitalization [23],
however, it is difficult to understand what specific
clinical manifestations are hidden behind the phrase
“poorly expressed symptoms of acute heart failure
that do not meet the criteria for cardiogenic shock or
pulmonary edema”.

Russian experts rightly raise questions: Where
is the boundary between progressive CHF and
ADHF? Is a patient’s transition from class II to
class Il or class Il to class IV heart failure a proof
of the development of ADHF? These questions
would be inevitably asked by emergency room
internists when deciding how to route patients with
decompensation [38]. The authors of the agreed
position acknowledge the absence of definitive
answers to the posed questions and stress the
importance of defining the criteria for ADHF
development as precisely as possible (these criteria
include clinical symptoms and signs of stasis
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and/or hypoperfusion, as well as laboratory and
instrumental markers of decompensation suitable
for differential diagnosis).

Considering that the term ADHF does not always
accurately reflect the timing of this condition’s
development [42], it is difficult to disagree with
S.N. Tereshchenko et al. [20] and V.Yu. Mareev et
al. [38] about the uncertain boundary between CHF,
CHF exacerbation (progressive CHF), and ADHF.
What basis should an emergency room physician
use to decide whether to hospitalize or manage on
an outpatient basis a patient with symptoms and
signs of CHF decompensation? Clearly, a significant
proportion of patients with CHF decompensation
should be treated in outpatient settings [38, 43], with
the aim of achieving and maintaining euvolemia
through the use of diuretics alongside combined
therapy with neurohormonal modulators and sodium-
glucose cotransporter type 2 inhibitors [44-47].

What are the criteria for a life-threatening
condition that requires immediate hospitalization?
This question is relevant unless we are talking about
pulmonary edema or cardiogenic shock, conditions
that cannot be replaced by the term ADHF in the
diagnostic report. We searched for the answer
to this question in the ADHF registry materials,
including large registries with more than 10,000
patients and smaller ones [48-53]. Despite the
description of the design invariably emphasizing
the need for emergency hospitalization due to
the intensity of heart failure symptoms and signs,
the protocols of the discussed registries often
allowed for the inclusion of data on patients with
heart failure whose severity at hospitalization
corresponded to functional class 111 (up to one third
of cases) or even Il according to the New York Heart
Association (NYHA) classification. Many people
may not doubt that all CHF FC IV patients require
immediate hospitalization, but one should try to
convince oneself that heart failure with a severity
corresponding to classes II-111 according to the New
York Heart Association classification (remember,
patients have no symptoms at rest) is an indication
for emergency hospitalization.

Since the need for emergency hospitalization is
unclear for many reasons and is the only substantial
criterion for recognizing ADHF, attempts are being
made to replace the term ADHF as one of the form
of acute heart failure with “heart failure requiring

hospitalization”. However, leading cardiologists
have reasonable objections to the introduction of
this term not only because of the aforementioned
lack of clear indications for hospitalization, but also
because the latter depends on clinical practice and
the capabilities of medical institutions in different
regions [20, 54]. The decision to hospitalize a patient
with heart failure depends on the characteristics
of the patient, physician, hospital, and insurance
policy, but the practice of hospitalization differs
by region and is gradually changing; recently, the
provision of medical care has become increasingly
common in alternative settings, such as outpatient
or emergency departments [54, 55].

The same arguments can be used against the
use of the term ADHF itself or, at the very least,
against using the location as an essential criterion for
recognizing it [55]. The decision to hospitalize should
be based on a clinical diagnosis and an evaluation
of important characteristics of heart failure. Again,
the decision to hospitalize patients, prescribe,
continue, or discontinue therapy should not be
considered as a basis for determining the type, stage,
or phase of the disease or syndrome. Heart failure
will not fundamentally change; an exacerbation
will remain an exacerbation, even if the physician
manages decompensation on an outpatient basis or
optimization of therapy with diuretics, without the
use of intravenous drugs, is sufficient [27].

In any case, patients should be -evaluated
after therapy initiation for ADHF to determine
decompensation trajectory (improvement,
worsening, or persistence), which affects therapeutic
tactics and prognosis [36, 42]. Due to the absence
of consistent guidelines for hospitalization and/or
emergency care, as well as precise time criteria for
distinguishing between scenarios with rapid and
gradual CHF progression, the authors of the universal
heart failure definition and classification system
appropriately opt for the term “decompensated
heart failure” (without the term “acute”) to describe
a condition characterized by escalating symptoms
and/or signs of heart failure, regardless of CHF
progression rate [56].

CONCLUSION

The characterization of CHF should be an integral
part of clinical diagnosis based on appropriate
classification. This classification can be an effective
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clinical tool only if its terms have unambiguous
meanings and clearly defined application boundaries.
Despite the ongoing discussion about the demarcation
of concepts and repeated attempts to reach an
agreement, experts from authoritative cardiology
communities in the Old and New Worlds cannot
reach a consensus, and the definitions of terms used
to describe CHF differ in a number of guidelines.
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ABSTRACT

The prevention of suicidal behavior is an extremely important issue in modern psychiatry and is of high social
importance due to high prevalence of this phenomenon. Despite the availability of a number of psychometric scales
for assessing suicide risk, their use may be limited, since due to the mental state of patients, it is not always possible
to assess the risk of suicide.

Thus, the search for potential structural and peripheral biomarkers of a suicidal behavior risk is a pressing issue in
psychiatry. Existing studies are usually limited to searching for one or several markers or factors and do not take
into account the integrity of the human body with its inherent complementarity of both pathogenic and sanogenic
factors, including social and environmental, compensatory mechanisms, adaptation threshold, and reversible and
irreversible decompensation.

To date, there is no single point of view that fully explains the genesis of suicidal behavior, and the potential
biological factors vary greatly depending on the methods used. Based on data collected from recent studies
examining a variety of biological markers associated with suicide, it can be confirmed that suicidal behavior in
individuals with mental disorders is a complex, multifactorial, and polygenic mental state.
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HeCMOTpS{ Ha HaJIM4YUE psAJa ICUXOMETPUUCCKUX HIKaJ AJI1 OEHKH CYUITUIAJIBHOI'O PHUCKa, UX IPUMEHEHUE MOXKET
OBITH OrPaHUYCHO, IIOCKOJIBKY B CHITY TICHXHYECKOTO COCTOSHHUS MALHEHTOB JAJIEKO HEe BCETAa yAACTCs POBECTH
OLICHKY pHCKa caMOyOuiicTBa.

Taxum 06pa3oM, ITOUCK NOTEHIMAIBHBIX CTPYKTYPHBIX U HepHpepHIecKIX OHOMapKepoB PHCKa CYyHIUAAILHOTO
IIOBEJICHUS SIBJIACTCA aKTyaJbHbIM HalpaBlieHHMEeM B IcuxuaTpuu. MMmeromuecs HcclIeloBaHUs, Kak IPaBUIIO,
OTpaHMYCHbl MOMCKAMH OJHOTO WJIM HECKOJIBKMX MapKepoB WM (PAaKTOPOB M HE YUYHUTHIBAIOT LEJIOCTHOCTH
YeJI0BEYECKOr0 OpraHu3Ma CO CBOMCTBEHHBIMU €i KOMILIEMEHTAPHOCThIO KaK IIaTOTCHHBIX, TAK U CAHOI'CHHBIX
(axkTOpoB, BKIIIOYask COLUAIBHO-CPEIOBEIe, KOMIIEHCATOPHBIMA MEXaHU3MaMH, IOPOTOM aJalTaliu, 00paTHMOn
1 HEOOpaTHMOH IEKOMITCHCAUeH.

Ha cerogaamauii 1eHh HE CYNIECTBYET €IUHOIN TOUKU 3pEHUS, TIOTHOCTHIO OOBSICHAIONICH TeHEe3 CYHIHIAIEHOTO
MTOBEJICHUS, a IOTCHIIMATIbHBIE OMOIOTHYECKHEe (PaKTOPHI CHIIBHO Pa3IMYaroTCsl B 3aBHCUMOCTH OT HUCTIONB3yEMBIX
MeToioB. Ha OCHOBe HaHHBIX, COOpaHHBIX B XOJl¢ HENABHHX HCCICIOBaHHH, H3ydYarOIIUX pa3sHOOOpa3HBIE
OHMOJIOTHUECKIE MapKephl, CBS3aHHBIE C CYHIHIOM, MOKHO HOATBEPIAHUTH, YTO CYHIWAAIBHOE MOBEACHHUE Yy
JUI C TICHXUYECKUMH PACCTPOHCTBaMH SBIETCS CIOXKHBIM, MHOTO(AKTOPHBIM M IOJUTEHHBIM TCHUXHYECKAM
COCTOSIHHEM.

KonrodeBble cii0Ba: CynnmuanbHBIA PUCK, CYHIIU], MapacyUIUAbL, TIPEIUKTOPEL, (GaKTOPHI PUCKA, IICHXHIECKHE
paccrpoiicTBa

Konpaukt nuaTEepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C IyOJMKAIUEeH HACTOAIICH CTaThU.
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Constitutional and biological predictors of the risk of suicidal behavior in mental disorders

INTRODUCTION

Suicidal behavior remains one of the most
pressing issues in clinical psychiatry due to its
high prevalence among patients [1, 2]. According
to numerous studies, approximately 90% of
individuals who have ever attempted suicide
have a mental disorder [2]. The risk of suicide is
20 times higher in patients with depressive and
bipolar disorder and 10-13 times higher in patients
with schizophrenia compared to the general
population [2, 3].

Suicidal behavior is acomplex and multifactorial
process encompassing various forms and
manifestations of mental activity aimed at taking
one’s own life intentionally. The study of suicidal
phenotypes within psychopathology is crucial for
elucidating the nature of risk factors, predicting,
and preventing suicide.

Previously, suicide risk factors in patients
with mental disorders were proposed, including
previous suicide attempts, early age of disease

onset, substance abuse, pronounced delusions
and hallucinations, severe neurocognitive deficits,
patient’s illness perception, etc. [4-7]. However,
predicting suicidal behavior based on these
factors remains unreliable, since demographic
factors are not universal, and clinical factors
are subject to change, depending on both the
course of the pathological process itself and
the implemented treatment and rehabilitation
measures.

In this regard, the study of the constitutional and
morphological type (morphological phenotype,
morphophenotype, constitutional type) of patients,
which is a structural biomarker of reactivity that
is not subject to significant changes in adults, is a
promising direction in the search of predictors of
the suicidal behavior risk. The most comprehensive
studies in this area have been conducted on a
schizophrenia model. Based on the results of
these studies, N.A. Kornetov [8-10] formulated
an anthropological paradigm that showed the role
of constitution in the course and outcome of the

144 BlonneteHb cMbupckoit MeguunHbl. 2025; 24 (4): 143-152



Reviews and lectures

disease, opening up possibilities for predicting
pathokinesis.

The pathogenesis of many mental disorders
is believed to begin long before the onset of the
main symptoms, during critical periods of brain
development [11]. Adverse conditions during
prenatal development can lead to changes in the
brain structures responsible for perception and
emotional regulation. In addition, abnormalities in
the development of the nervous system, including
dysfunctions of the neurotransmitter systems
(dopaminergic,  serotonergic,  glutamatergic,
etc.), have been associated with both the risk of
developing many mental disorders and suicidal
behavior [11, 12]. It is assumed that peripheral
biomarkers characterizing brain neuroplasticity,
damage to neuronal structures and nervous tissue,
neurotoxicity, immune inflammation, breakdown
of monoamines and catecholamines, and carriage
of certain polymorphisms of the genes encoding
these biomarkers also contribute to the genesis of
suicidal behavior to some extent [13, 14]. Thus,
ignoring the biological mechanisms underlying
suicidal behavior in patients with mental disorders
may decrease the quality of this prognosis.

In light of the above, we have summarized
and systematized data on the constitutional and
biological factors involved in the genesis of suicidal
behavior in individuals with mental disorders.
The data presented will form the basis for the
development of predictive models of suicide risk,
which will ultimately contribute to reducing the
burden of suicide among patients.

We classified constitutional and biological
predictors of the risk of suicidal behavior as
constitutional and morphological, structural and
functional, genetic, and molecular.

THE ROLE OF CONSTITUTIONAL
AND MORPHOLOGICAL PREDICTORS
IN THE SUICIDAL BEHAVIOR GENESIS

The theories of body types proposed by E.
Kretschmer [15] and W.H. Sheldon [16] are
historical concepts that attempted to correlate
somatotypes and mental disorders. Accordingly,
E. Kretschmer distinguished four constitutional
and morphological types of people: 1) the asthenic
type, which has a slender build and is more prone

to developing schizophrenia; 2) the pyknic type,
which has a round and soft physical build and is
probably more prone to bipolar disorder; 3) the
athletic type which is more prone to epilepsy; and
4) the dysplastic type, which cannot be classified as
any of the other three types [15].

W.H. Sheldon had similar criteria, classifying
body types into ectomorphic (asthenic type),
endomorphic (pyknic type), and mesomorphic
(athletic type). He also believed that there is
a deeper, genetically determined association
between the somatotype and personality traits [16].
However, these classifications were based only on
observational studies at the beginning of the XX
century.

Later, the concept of anthropometry and the role
of constitution in the development and course of
mental disorders was continued by Russian authors
[8,17,18]. Theaccumulated research and theoretical
experience has proven the feasibility of identifying
the main constitutional and morphological types
in the clinical analysis of somatic-symptom and
mental disorders [8]. With regard to the role
of anthropometric characteristics of suicidal
individuals, it was established that the asthenic type
is associated with unfavorable clinical dynamics of
schizophrenia and suicidal behavior [17].

The predominance of the asthenic body type
in patients with pronounced hypochondriacal
symptoms also supports the constitutional and
morphological predisposition of suicidal behavior
in schizophrenia [18]. In the study by A.A. Zalivin
[19], the role of constitutional features of suicidal
individuals with mental disorders in the post-
suicide period was established.

The analysis of the distribution of somatic sexual
differentiation of suicidal individuals by cohorts of
the post-suicide period showed that suicide ideation
in the post-suicide period was associated with the
dysplastic body type. The remaining cohorts were
primarily characterized by the normosthenic body
type, secondarily — by the hypersthenic body type
in the critical period, and by the hypersthenic and
asthenic body types in the manipulative period.

Anumber of studiesonindividual anthropometric
parameters have also been conducted in this context.
E. Laakso et al. [20] examined excess weight as a
risk factor for suicidal behavior. The authors found
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that girls with suicide attempts were more likely
to be overweight and to have affective and eating
disorders and anxiety. A similar conclusion was
reached by M.Z. Zhang et al. [21] — overweight
and obesity were associated with an increased risk
of suicidal ideation (for overweight, odds ratio
(OR) = 1.10; 95% confidence interval (95% CI)
1.01-1.20; for obesity: OR = 1.17; 95% CI: 1.01-
1.35) and suicide attempts (for overweight: OR =
1.12; 95% CI = 1.02—1.23; for obesity: OR = 1.12;
95% CI: 1.00-1.25). Subgroup analysis showed
that the associations between overweight/obesity
and suicide attempts were significant only for girls.

The study including an older age group with
adjustments for covariates revealed that overweight
and obese young adults (19—44 years) (OR = 1.18,
p < 0.01), underweight and thin middle-aged
adults (45-64 years) (OR = 1.32, p < 0.05), and
obese elderly people (65 years and older) (OR =
1.19, p < 0.05) were more likely to have suicidal
ideation compared to age-matched healthy-weight
individuals [22].

The results of this study show that the association
between body weight and suicidal ideation varies
by age group. An increase in the body roundness
index (BRI), proposed by D.M. Thomas et al. [23],
led to an increased likelihood of suicidal ideation;
individuals with the highest BRI had suicidal
ideation 1.52 times more often, regardless of
sociodemographic features [24].

In an analytical review, J. Zhang et al. [25]
indicated an inverse relationship between body
mass index (BMI) and the risk of completed suicide,
regardless of the region of residence and gender
of the study participants. In general, among men,
high BMI was associated with a low risk of suicidal
behavior, whereas among women, high BMI was
associated with an increased risk of unsuccessful
suicide attempts.

Therefore, the discrepancies in the results
obtained from studies of individual anthropometric
parameters indicate the need for a comprehensive
approach to identifying structural biomarkers of
suicidal behavior, especially since body weight
fluctuates over a lifetime both up and down. The
use of integrated body type parameters based on
skeletal muscle measurements (constitutional
and morphological type and somatic sexual

differentiation) is a more promising and reliable
tool for assessing the risk of suicidal behavior, as
they are relatively stable during ontogenesis and
are genetically determined.

STRUCTURAL AND FUNCTIONAL CHANGES
IN THE BRAIN IN PATIENTS WITH SUICIDAL
BEHAVIOR

The study of neurophysiological changes
underlying suicidal behavior has some limitations
due to difficulties in analyzing brain structure and
function. Nevertheless, such studies are widely
represented in the literature. Most neuroimaging
studies in suicidal individuals focus on the
prefrontal cortex. This region is involved in stress
response, executive functions, and psychomotor
skills [26].

Studies of the prefrontal cortex in patients with
suicide attempts have shown changes in activation
patterns, leading to social maladjustment and
impaired decision-making related to reward [3,
27]. Structural magnetic resonance imaging (MRI)
also clearly demonstrates a decrease in the volume
(thickness) of gray matter in the ventromedial
prefrontal cortex in patients with suicide attempts
compared to healthy controls [3, 28, 29], which
confirms the role of prefrontal cortex dysfunction
in the genesis of suicidal behavior. In addition,
multimodal neuroimaging studies combining
structural and functional imaging methods (MRI
and positron emission tomography (PET)) showed
a significantly smaller volume of gray matter in
the cerebellum, right orbitofrontal cortex, and
hippocampus in young patients with bipolar
disorder with suicide attempts compared to similar
patients without suicide attempts. What is more,
in the uncinate fasciculus and ventral and right
cerebellar areas, a decrease in white matter integrity
and a decline in functional connectivity between
the amygdala, right rostral prefrontal cortex, and
left ventral prefrontal area were observed [30].

Impaired functioning of neural networks
responsible for behavior and emotion regulation
may be associated with alterations inthalamocortical
pathways, potentially increasing the risk of suicidal
behavior in patients [31]. The analysis of brain
activity patterns using electroencephalography
(EEG) indicated associations between the degree
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of suicidal intent and decreased cortical function in
patients with depression [32, 33].

Similar results were obtained in one of our
studies on patients with affective disorders, where
lower alpha and theta power and pronounced
interhemispheric asymmetry with a predominance
of the right hemisphere were found in patients with
a history of suicide attempts [34]. An increased
risk of suicide in patients with depression may be
associated with relatively low mean (0.5-5 Hz)
EEG coherence in the frontal and occipital regions,
as well as a decrease in the amplitude of changes in
the mean coherence (0.5-45 Hz) in the prefrontal
cortex in response to emotional stress [35, 36].
These data also indicate a decline in brain resources
in suicidal individuals and are consistent with the
results of evoked potential tests [37, 38].

In relation to patients with schizophrenia, who
also have a relatively high risk of suicidal behavior,
we previously found lower baseline beta power
and a weak activation response (Berger effect)
in those with a history of suicide attempts [39].
These parameters were significant factors in a
model for predicting suicide attempts in patients
with schizophrenia. Lower amplitude values and
increased latency of evoked potentials were also
observed in patients with schizophrenia and suicide
attempts [40].

Thus, the results of the studies reviewed above
suggestthat patientsat high risk for suicidal behavior
exhibit reduced activity in brain structures, which
may be responsible for reduced adaptive responses
to stress. However, the structural and functional
characteristics identified in suicidal individuals do
not serve as screening tools and merely complement
the clinician’s assessment of a suicide risk.

GENETIC PREDICTORS OF THE SUICIDE
RISK

The constitutional and morphological as well
as structural and functional factors discussed
above are determined by the genotype. In terms of
the biological basis of suicidal behavior, there is
currently a growing body of research examining the
role of genetic factors. These studies demonstrate
that suicidal behavior is determined both by genetic
and hereditary factors, with the heritability of
suicidal behavior accounting for approximately

43% [41]. Furthermore, genetic studies demonstrate
a high association between mental disorders and
suicidal behavior [42-44].

To date, more than 2,500 genes associated
with suicidal behavior have been identified, 40 of
which are linked to the cell cycle and DNA repair
[45]. In a large study of the European population,
two significant loci were found, including six
single-nucleotide polymorphisms (rs34399104,
rs35518298, rs34053895, rs66828456, rs35502061,
and rs35256367), associated with the risk of
suicide [42]. According to the results of another
study, including 122,935 participants, three more
polymorphisms were found to increase the risk of
suicide (rs62535711, rs598046, rs7989250) [43].
The role of other polymorphisms in the genesis
of suicidal behavior in mental disorders is also
suggested, for example, rs4809706, rs4810824, and
rs6019297 [44].

Associations of genes involved in various
signaling pathways with suicidal behavior in
patients have also been established [46-48]. A
20% increase in CD68 mRNA levels was found
in the prefrontal and anterior cingulate cortex
of individuals with completed suicide, which in
turn explains the increase in cerebral cytokines,
including tumor necrosis factor o and interleukin-
1B (IL-1B) [49]. A potential role in the genesis of
suicidal behavior is also attributed to changes in the
expression of genes involved in the biosynthesis of
gamma-aminobutyric acid (GABA) and adenosine
triphosphate (ATP) [50]. Additionally, increased
DNA-dependent ATPase activity has been found in
suicidal individuals, and changes in the expression
of polyamines (involved in immunity, oxidative
stress, cell proliferation / apoptosis) and their
metabolic enzymes suggest their potential role
in suicidal behavior in patients [51]. Changes
in the expression of genes encoding catechol-
O-methyltransferase ~ (COMT),  brain-derived
neurotrophic factor (BDNF), monoamine oxidase
A (MAOA), serotonin (5-HTTLPR, HTR2A),
and adrenergic receptors (ADRA2A, ADRA2B)
are associated with an increased risk of suicide in
patients with mental disorders [52].

Modern data confirm the heritability and genetic
predisposition of the suicide risk. At the same time,
accumulated data suggest a polygenic nature of
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suicidal behavior. Thus, the heritability of suicide
attempts may be caused by the accumulation of
relevant genes, an example of pleiotropic interaction
and/or epistasis. Therefore, the underlying causes
of suicide can be diagnosed early for preventive
treatment.

MOLECULAR MARKERS OF A SUICIDE RISK

Attempts to identify peripheral biomarkers
that can predict suicidal behavior have long
been made by assessing serotonin metabolism
disorders [53-55]. Low serotonin activity has
been associated with suicide in the general
population [53]. One early study demonstrated
significantly lower concentrations of the serotonin
metabolite 5-hydroxyindoleacetic acid (5-HIAA)
in the cerebrospinal fluid of individuals with major
depression who had committed suicide [55].

Clearly, the pathophysiological changes in
suicidal behavior are not limited to the functioning
of monoamine metabolism. Using high-throughput
technologies, in particular microarray-based gene
expression profiling, made it possible to identify
molecular pathways that were previously not
suspected of involvement in suicidal behavior:
GABAergic, glutamatergic, and polyamine
neurotransmission [56].

The role of inflammation in suicidal behavior
was proposed as early as in 1993, when elevated
levels of IL-2 were found in individuals who had
attempted suicide [57], and this was later confirmed
in other studies, backing the links between immune
system imbalance and the pathophysiology
of suicide [58, 59]. Some authors point to a
potential role of IL-6 in the genesis of suicidal
behavior [59-61]. The presence of IL-6 receptors
on brain cells confirms its effect on neurons,
thereby causing aggressive / helpless behavior by
regulating monoaminergic neurotransmitters and
their metabolites in the central nervous system, in
addition to synaptic transmission and regulation
of neuroplasticity [59, 60]. Furthermore, studies
have shown that patients with suicide attempts
have elevated concentrations of tumor necrosis
factor a, transforming growth factor B1, vascular
endothelial growth factor, kynurenic acid, IL-1f,
and IL-6 and lower levels of interferon vy, IL-2, and
IL-4 [61].

Apparently, suicidal behavior is associated
with dysfunction of the hypothalamic — pituitary
— adrenal and hypothalamic — pituitary — thyroid
axes [62-67]. Elevated cortisol levels activate
microglia and cause neuroinflammation, disrupting
BDNF function, and then induce neurotoxicity,
leading to neuronal death [62]. Suicidal individuals
were found to have higher levels of cortisol in
saliva, cerebrospinal fluid, and plasma than healthy
volunteers [63, 64]. Patients with depression and
suicide attempts were found to have elevated
levels of corticotropin-releasing hormone in the
paraventricular nucleus of the hypothalamus,
forebrain, and locus coeruleus [65]. Suicide
attempts are also significantly more common in
patients with hypothyroidism [66, 67]. There is a
suggestion that low thyroid-stimulating hormone
levels may be associated with a predisposition to
depression and suicidal behavior [67].

Some studies suggest that cholesterol levels
may be a potential marker of depression and
suicide risk [68]. A meta-analysis of primary
prevention trials of statins (cholesterol-lowering
drugs) showed that they reduce the risk of
cardiovascular mortality but increase the risk of
suicide [69]. On the one hand, studies show that
patients at high risk of suicidal behavior had lower
total cholesterol levels than the control group
[68, 69]. On the other hand, Y. Molero et al. [70]
did not find any significant associations between
cholesterol levels and suicidal behavior.

CONCLUSION

To date, there is no unified perspective that
fully explains the genesis of suicidal behavior,
and potential biological factors in its development
vary significantly across studies, depending
on the methods and approaches used. Existing
studies are typically limited to searching for one
or a few markers or factors and do not consider
the integrity of the human body, with its inherent
complementarity of both pathogenic and sanogenic
factors, including socio-environmental factors,
compensatory mechanisms, adaptation thresholds,
and reversible and irreversible decompensation.

Based on data collected in recent studies
examiningavariety of biological markers associated
with suicide, it can be confirmed that suicidal
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behavior in individuals with mental disorders is
a complex, multifactorial, and polygenic mental
state, and a relevant area of research.
Understanding the genesis of suicidal behavior
provides the basis for its prevention. Further
improvement of molecular genetic methods,
neuroimaging technologies, and brain function is
necessary to uncover neural networks and their
molecular and biochemical associations with the
risk of developing suicidal behavior in patients
in order to develop new pathogenetically based
prediction models of suicidal tendencies.
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ABSTRACT

The lecture provides an analysis of literature data on the role of brain-derived neurotrophic factor (BDNF) in the
development and functioning of the cardiovascular system and its involvement in the heart and blood vessels patho-
genesis. The information is structured according to the multifunctional properties and effects of BDNF allowing
for the BDNF to be considered as a therapeutic target for attenuating myocardial dysfunction and restoring cardiac
function during ischemia/reperfusion.

The lecture contains data on the ability of neurokine to exert a cardioprotective effect by activating angiogenesis
and neovascularization of ischemic myocardial tissue via increasing endotheliocyte viability. It is known that
vegetative tone is the most important indicator of the state of the cardiovascular system. The nature of BDNF
affecting the activity of sympathetic and parasympathetic neurons is yet to be determined. However, the current
prevailing view is that BDNF regulates heart rate by enhancing parasympathetic activity of the brainstem
structures. Based on experimental and clinical data, the prospects for the use of neurokine analogs in cardiology
practice are considered.
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regulation of heart
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noB. MHpopManus CTpyKTypUpOBaHa B COOTBETCTBUHM C MHOTO(YHKIIMOHAIBHBIMHI CBOHCTBaMH U d(deKkTamu

BDNF, no3BossronMu paccMaTpiuBaTh HeMpoTpoduiaeckuid pakTop MO3ra B Ka4eCTBE TEPANleBTUIECKON MHU-
IIeHH JUIS 0CTabJICHNsT MHOKapANaIbHOH TUC(YHKINY 1 BOCCTAHOBIICHNUS JISSTEIBHOCTH CEpALA IPH UIIEMIH/

penepdy3um.

IpuBeneHs! faHHBIE O CIOCOOHOCTH HEMPOKMHA OKa3bIBaTh KapAHOIIPOTEKTOPHOE JCHCTBUE TOCPEICTBOM aKTHBA-
LIMY QHTMOTEeHe3a 1 HEeOBACKYJIIPH3AL[MU HIIEMU3UPOBAHHOM TKAHH MUOKap/ia MMy TeM MOBBILICHHS XXH3HECIIOC00-
HOCTH DHIOTEJIMOLUTOB. FI3BECTHO, 4TO BEreTaTUBHbII TOHYC SIBIISICTCS] BAYKHEHIIIMM [IOKA3aTesIeM COCTOSIHUS cep-
JIEYHO-COCYIUCTON cHUCTeMbl. Borpoc o xapakTepe BIUsHUS HEHpOTpoduIeckoro Gpakropa Mo3ra Ha aKTUBHOCTD
CHMIAaTHYECKUX U APACHMIAaTHYECKUX HEHPOHOB OCcTaeTcs OTKPBIThIM. OJIHAKO B HACTOsIIIIEE BpeMsi IpeodiianaeTt
MHeHHue o ToM, uTo BDNF perynupyet yactoTy cepAedHbIX COKpaIlEHUH, yCUIIUBast TapacCUMIIaTUYECKYH0 aKTUB-
HOCTb CTBOJIOBBIX CTPYKTYp TOJIOBHOTO Mo3ra. Ha OCHOBaHHM IKCIIEpHMEHTAIbHBIX M KIMHUYECKUX CBEACHHI
paccMaTpHBaIOTCs EPCIIEKTHBBI IPUMEHEHHUS] aHAJIOTOB HEHPOKMHA B KapAHOJIOTHUECKON IIPAKTHKE.

KiroueBble ciioBa: HeiipoTpoduueckuii pakTop Mo3ra, cepiie, CoCcyibl, aHIMOTeHEe3, KapIHOMPOTEKIMs, BereTa-
THBHAs PEryJIsALHs cep/iia

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

Hcrounuk ¢puHAHCHPOBaHUA. ABTOPHI 3asBISIIOT 00 OTCYTCTBUH (DMHAHCUPOBAHUS IPH NMPOBEICHHU HUCCIIENO0-
BaHMUS.

Jnsa uutupoBanus: Jlacykosa T.B., 3arynosa [I.B., Konodosaukosa 10.B., Hocapes A.B., Mapriomesa D.B.,
[lerposa 1.B., CrenoBast E.A., Axbamea O.E. Heitporpoduueckuii Gpakrop Mo3ra: 3Ha4CHUE B (DH3HOJIOTHH K
MATOJIOTHH CEPJCYHO-COCYAUCTOM CUCTEMBL. broinemens cubupcrou meouyunsl. 2025;24(4):153-163. https://doi.
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INTRODUCTION

The key representative of the neurotrophin/
neurokine family is brain-derived neurotrophic factor
(BDNF) [1, 2]. The scientific literature provides
extensive information on the neuroprotective
effects of BDNF including its positive influence on
the growth, development, and regeneration of the
nervous system. There is substantial evidence that,
in addition to regulating neuroplasticity, BDNF is
involved in the pathogenesis of many immune,
inflammatory, and metabolic reactions in the body
[3-5]. Neurotrophin acts through tyrosine kinase
receptors associated with tropomyosin-related kinase
(TrkB-type) receptors, which are also synthesized in
non-neuronal tissues [3-5], including the heart and
blood vessels [6].

Studying the role of BDNF in the physiology
and pathology of the cardiovascular system is of
particular interest due to its involvement in nervous
regulation of heart function [7-10]. It is known
that TrkB-type BDNF receptors are localized in
neurons of the hypothalamus and brainstem, where
the control centers of the cardiovascular system

are situated [11, 12]. Neurokine also influences the
development and metabolism of the sympathetic
nervous system (SNS), acting as a trophic factor and
regulator of cardiac nerve growth and axon branches
[13]. Accordingly, alterations in sympathetic
regulation of cardiac activity may be associated
with dysfunctions in BDNF signaling mechanisms
[6]. Evidence suggests that BDNF modulates heart
rate by enhancing parasympathetic activity within
brainstem structures [14].

In many cases, disorders or alterations in BDNF
synthesis are associated with cardiovascular diseases,
such as high blood pressure (BP), arrhythmias,
myocardial infarction (MI), and atherogenesis [6]. An
analysis of recent scientific data indicates that BDNF
plays a fundamental role in assessing the risk of
cardiovascular diseases, since lower concentrations
of BDNF are often linked to these conditions [15].

The lecture focuses on the analysis of data
regarding the role of BDNF in the physiology and
pathology of the cardiovascular system, highlighting
its potential as a promising therapeutic target for
reducing myocardial dysfunction and restoring
cardiac activity.
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THE ROLE OF THE BDNF/TRKB AXIS
IN THE PHYSIOLOGY OF THE HEART
AND BLOOD VESSELS

BDNF is directly involved in the formation and
development of the cardiovascular system during
the prenatal period [1, 16]. Primarily, this pertains to
BDNF’s role in angiogenesis: increased expression
of BDNF/TrkB receptors occurs in the coronary
artery endothelium [1], contributing to capillary
development in heart tissue during late pregnancy
[17-19]. During embryogenesis, neurotrophin
participates in forming the coronary vessel wall
through direct angiogenic action on endothelial cells
expressing tropomyosin receptor kinase B (TrkB)
[1]. BDNF deficiency leads to endotheliocyte
apoptosis, a lack of significant intramyocardial
blood vessels, ventricular wall hemorrhage, atrial
septal defects, decreased cardiac contractility, and
early postnatal death in mice [20-23].

The critical role of neurotrophin in cardiac
physiology is confirmed by pioneering experiments
conducted by a large group of Chinese researchers
[24]. These studies involved cardiomyocytes
from the developing mouse heart with suppressed
BDNF expression under the control of the myosin
heavy chain 6 (MYH6) promoter. It was found
that removing BDNF from cardiomyocytes did not
affect heart growth and development. However,
subsequent pathological changes were observed
in young animals, including cardiomyocyte death,
myocardial degeneration, thrombosis of the
left atrial appendage, reduced cardiac function,
increased inflammation, and reactive oxygen
species (ROS) generation, as well as metabolic
disturbances [24].

Furthermore, suppression of BDNF expression at
the stage of cardiomyocyte development impaired
regenerative processes after Ml in hearts of adult
animals. The authors concluded that BDNF
synthesized in cardiomyocytes is essential for
maintaining structural and functional integrity of
adult cardiac muscle and for regeneration following
M1 [24].

During embryogenesis, BDNF stimulates the
development of the cholinergic phenotype in
autonomic brainstem neurons and enhances their
viability [14]. Its involvement in the neurogenesis
of sensory and sympathetic neurons has also been
demonstrated [25, 26].

In adult mammals, BDNF participates in the
autonomic regulation of cardiac activity and
exhibits significant angiogenic and angioprotective
effects [1, 22, 23]. M. Cefis et al. provided evidence
that endothelial-derived BDNF functions as a nitric
oxide-dependent autocrine factor produced by
endothelium that influences the vessel wall condition
[27]. Research by B.L.Wang et al. showed that
rats engaged in regular physical activity exhibited
increased myocardial angiogenesis and improved
cardiac function; these effects were attenuated by
the BDNF K252a blocker [28].

Experiments involving BDNF microinjections
into the subfornical organ of rats revealed a
significant decrease in blood pressure without
notable changes in heart rate [7], suggesting that
this brain region is a site where circulating BDNF
can influence the cardiovascular system state [7].
However, direct involvement of BDNF in blood
pressure regulation has been demonstrated [29] at
the level of catecholaminergic signaling between
neurons of the nucleus tractus solitarius and the
paraventricular hypothalamic nuclei (PVN).

The authors observed decreased sensitivity
of PVN neurons to inhibitory beta-adrenergic
hypotensive input from the nucleus tractus
solitarius — a phenomenon attributed to BDNF-
mediated downregulation of f1-adrenergic receptor
expression in PVN, resulting in increased blood
pressure [29]. Research by N. Feng et al. highlighted
BDNF’s role in calcium ion (Ca?") circulation
within cardiomyocytes [23]. It was established that
myocardial contraction and relaxation mediated
by Ca2+/calmodulin-dependent protein kinase I
involve this neurokine and TrkB receptors [23].

Experiments on TrkB knockout mice revealed
impaired inotropic processes within the heart [23].
The authors believe that the BDNF/TrkB signaling
pathway includes a previously unrecognized
mechanism whereby the peripheral nervous system
directly influences myocardial function alongside
beta-adrenergic control. In hippocampal neuron
cultures, activation of the BDNF-TrkB complex via
PLCy/IP3 signaling led to increased intracellular
calcium levels [30]. This calcium rise promotes
myosin Il activation and facilitates translocation of
cytoplasmic protein Drpl (dynamin-related protein
1) from cytoplasm to mitochondria, accelerating
mitochondrial fission and ATP synthesis [30].
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Furthermore, binding of BDNF to its TrkB
receptor activates PI3K and Akt kinases within the
brain [31], leading to mechanistic target of rapamycin
(mTOR) activation — a key regulator of cell growth
and metabolism. The latter stimulates translation of
MRNAs encoding glucose transporter GLUT3 and
monocarboxylate transporter 2, thereby enhancing
cellular uptake of glucose and lactate [31]. Based
on these findings, the authors assume that a similar
mechanism may operate in cardiomyocytes, where
activation of downstream signaling pathways by
the BDNF-TrkB complex promotes mitochondrial
fission and ATP production, supporting energy
supply to cardiomyocytes and exerting a protective
effect on the heart [30].

Thus, these data support the notion that
neurokine BDNF largely governs processes related
to heart and vascular system development and
functioning. Its key effects include angiogenic and
angioprotective actions, improved energy supply
to cardiomyocytes, participation in maintaining
intracellular homeostasis of calcium ions, ultimately
contributing to enhanced cardiac contractility.

The main aspects of BDNF’s multifunctional
activity under cardiovascular pathology are
discussed further in subsequent sections.

THE ROLE OF BDNF IN THE PATHOLOGY
OF THE CARDIOVASCULAR SYSTEM

Numerous data indicate that BDNF plays a
significant role not only in physiological processes
but also in the pathology of the cardiovascular
system [2, 30]. The BDNF/TrkB complex is known
to be expressed within the cardiovascular system
and is closely associated with the development
and outcomes of cardiovascular diseases (CVD)
including coronary heart disease, heart failure,
cardiomyopathy, hypertension, and metabolic
disorders [32]. In this regard, considerable efforts by
researchers are focused on studying the contribution
of BDNF to the pathogenesis of heart diseases and
exploring the potential use of neurokine analogs in
cardiological practice [2, 30].

CORONARY HEART DISEASE

Endothelial dysfunction is considered as an
initiating factor in the formation of atherosclerotic
lesions and is associated with all stages of

atherosclerosis. The vascular endothelium lines the
luminal surface of blood vessels and functions as
a physical barrier that regulates the movement of
plasma proteins and circulating cells through the
blood vessel. Dysfunction of this barrier leads to
lipoprotein leakage and extravasation of monocytes
into the vascular walls, thereby accelerating
atherosclerosis [33]. ROS play a crucial role in the
pathogenesis of coronary artery disease and plaque
instability [34].

Studies by J. Ejiri et al. have shown that
macrophages, smooth muscle cells, and fibroblasts
are the main sources of BDNF within human
atherosclerotic plaques [34]. In this context, BDNF
can contribute to plaque instability due to its ability
to induce oxidative stress and promote superoxide
radical formation [34-36] by activating the NAD(P)
H oxidase system in coronary vessels [34]. Elevated
BDNEF levels in coronary vessels are also associated
with platelet activation and an inflammatory response
[2, 37]. Consequently, increased neurotrophin
levels may exacerbate this pathology under these
conditions.

However, other studies have found that plasma
BDNF concentrations are inversely correlated
with levels of triglycerides, LDL cholesterol, and
fibrinogen [2, 38]. Interestingly, plasma BDNF
levels have been identified as an independent
predictor of both coronary and overall mortality
[2]. Furthermore, serum BDNF concentrations
in patients with coronary heart disease have been
linked to inflammatory biomarkers, such as soluble
P-selectin and procoagulant platelets [37].

Experimental studies demonstrate that mice
lacking BDNF exhibit impaired survival of
coronary artery and capillary endotheliocytes,
whereas overexpression of BDNF in cardiac tissues
promotes increased capillary density [19]. There
are reports indicating that BDNF levels decrease
in blood samples from patients with acute coronary
syndrome [2, 39].

Finally, according to H. Jiang et al., activation
of TrkB receptors can stimulate vascular endothelial
cadherin synthesis and restore endothelial barrier
integrity during atherogenesis in coronary heart
disease [20].

Thus, most authors agree about the protective
role of BDNF in coronary heart disease, while
elevated serum BDNF levels are associated with a
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reduced risk of coronary heart disease and mortality
[36, 38, 40, 41].

ISCHEMIC INJURIES AND MYOCARDIAL
INFARCTION

It is well established that myocardial ischemia/
reperfusion (I/R) injury manifests primarily
through cardiomyocyte necrosis and apoptosis,
reperfusion-induced contractile dysfunction of the
heart, arrhythmias, and endothelial dysfunction of
the coronary artery, which can lead to incomplete
restoration of coronary perfusion [42, 43]. Signaling
pathways associated with BDNF play a crucial
role in cardioprotection mechanisms during the
development of myocardial infarction or hypoxia
accompanied by reoxygenation [44].

P. Hang et al. demonstrated that BDNF
significantly inhibited cardiomyocyte apoptosis by
upregulating the expression and activity of Bcl-2 and
decreasing the expression and activity of caspase-3
in ischemic myocardium [45]. In another study,
P. Hang et al. also demonstrated that BDNF exerted a
cardioprotective effect by reducing the pro-apoptotic
influence of miRNA-195 in rat cardiomyocytes
following myocardial ischemia/reoxygenation [46].

Recent studies indicate that TrkB receptor
expression in myocardial cells decreases after
cardiac ischemia, with BDNF binding to another
subtype of NT receptors, p75NTR [30]. Under
hypoxic conditions, BDNF activates p75SNTR and
converts it into the TrkB receptor, thereby promoting
myocardial cell proliferation. Reactivation of
p75NTR after hypoxia enhances BDNF activity.
Consequently, increased BDNF expression under
hypoxic conditions can be achieved through
p75NTR activation [30]. The authors conclude that
BDNF protects the heart, likely by suppressing
apoptosis through reduced expression of caspase-3
and cleaved caspase-9 [30].

The anti-apoptotic effect of the neurotrophic
factor was confirmed by other Chinese researchers
in experiments involving a model of left coronary
artery occlusion in rats [47]. These researchers
succeeded in stimulating BDNF synthesis by
upregulating sirtuin deacetylase 1 (SIRT1), which
ultimately improved cardiac inotropic function and
decreased cardiomyocyte apoptosis [47].

It has been established that BDNF promotes
neovascularization in ischemic tissue by recruiting

endotheliocytes [48]. Mice lacking BDNF exhibit
high mortality in postnatal ontogenesis due to
impaired endothelial adhesion, accompanied by
numerous hemorrhages in cardiomyocytes [3],
which indicates BDNF’s involvement in angiogenic
processes [21]. Some authors suggest that BDNF’s
pro-angiogenic role is realized through two
mechanisms: (a) local activation of TrkB receptors
expressed on endotheliocytes; and (b) involvement
of bone marrow-derived cells that facilitate
neovascularization [1, 21, 48].

Thus, BDNF activates factors that stimulate
cardiomyocyte survival and angiogenesis follo-
wing Ml [21, 22]. Both in vitro and in vivo models
have demonstrated that BDNF triggers anti-
ischemic protective mechanisms in the myocardium
via signaling pathways involving vascular
endothelial growth factor [21, 49], protein kinase
B (Akt) [50], transient receptor potential channels
(TRPC) [42, 51], and macrophage activation
[19, 52].

Studies have shown that exogenous delivery
of BDNF improves angiogenesis and enhances
contractile function of the left ventricle [22]. It has
been observed that myocardial BDNF levels decrease
in models of heart failure in mice and humans with
heart failure [53]. According to these researchers,
mice with TrkB receptor knockouts exhibit a reduced
adaptive cardiac response to exercise, accompanied
by diminished activation of transcription factor
networks that regulate mitochondrial biogenesis and
metabolism, including the coactivator of the 1-alpha
gamma receptor PGC-1a [53].

Following pathological stress, such as
transaortic constriction (TAC), mice with the
cTrkB gene knockout experienced progression
of heart failure. Additionally, these scientists
observed a decrease in PGC-1a levels in cTrkB
knockout mice, which is one of the key regulators
of mitochondrial biogenesis in striated muscles
[53]. Consequently, under conditions of physical
exertion or stress (TAC), there is a significant
reduction in energy supply processes to the
heart in experimental animals lacking the c¢7rkB
gene. Furthermore, these researchers identified
that BDNF induced an increase in PGC-la and
bioenergetic levels via a novel signaling pathway
involving the pleiotropic transcription factor Yin
Yang 1 [53].
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Further studies confirm that BDNF plays a crucial
role in regulating cellular energy in an ischemic
heart [53, 54]. The findings of another research team
also suggest that neurotrophic factor can improve
the condition of ischemic myocardium by reducing
mitochondrial dysfunction in cardiomyocytes and
thereby increasing ATP production [54]. As an in
vitro model of mitochondrial dysfunction, P. Hang
et al. employed rotenone (Rot), a specific inhibitor
of mitochondrial respiratory complexes.

They found that the neurotrophic factor mimetic
7,8-dihydroxyflavone (7,8-DHF) dose-dependently
prevented Rot-induced cell death [54]. Inthis context,
treatment with 7,8-DHF resulted in decreased lactate
dehydrogenase release and mitochondrial ROS
production, as well as restoration of mitochondrial
membrane potential [54]. The authors suggest that
one possible molecular mechanism underlying the
mitoprotective effect of 7,8-DHF involves a signaling
pathway mediated by the cardiomyocyte protein
p-STAT3 [54]. In experiments conducted by the
same team of Chinese scientists, the mitoprotective
effects of neurotrophic factor analogs — 7,8-
DHF and 7,8,3’-trihydroxyflavone (THF) — were
demonstrated on another model of mitochondrial
dysfunction [55]. Collectively, these data suggest
that BDNF plays a vital role in regulating cellular
energy in an ischemic heart [53-55].

Italian researchers conducted experiments to
investigate the effects of ischemia on cardiomyocytes
in wild-type mice knocked out by both the f,-
adrenergic receptor gene and the BDNF gene. They
found that in wild-type hearts, BDNF levels sharply
decreased four weeks after MI, coinciding with the
development of left ventricular (LV) dysfunction
and impaired angiogenesis. The administration
of the LM22A-4 TrkB receptor agonist in BDNF
knockout animals attenuated the progression of LV
dysfunction and impaired angiogenesis [56]. The
authors also observed that the B,-adrenergic receptor
agonist BRL-37344 increased BDNF content in
cardiomyocytes.

Therefore, the use of TrkB receptor agonists
may mitigate LV ischemic dysfunction by
restoring BDNF levels in the myocardium, and
stimulation of the heart’s B -adrenergic receptors
represents a potential strategy to prevent chronic
post-ischemic heart failure through upregulation
of BDNF [56].

There are isolated reports indicating the
antiarrthythmic effect of neurotrophin [57, 58].
The authors observed a significant reduction in
the average monthly duration of atrial fibrillation
(AF) episodes — by more than sixfold — following
administration of a low dose of BDNF [58]. In
the study by F. Rahman et al., a correlation was
identified between low BDNF concentrations and
risk factors for AF [57].

Thus, a substantial body of evidence suggests
that BDNF plays a protective and beneficial
role in ischemia—reperfusion injury and/or MI.
However, the opposite activity of neurokine in some
experimental models remains unexplained [51].

THE ROLE OF BDNF IN SYMPATHETIC
AND PARASYMPATHETIC REGULATION
OF HEART RHYTHM

Therostral ventrolateral medulla (RVLM) isakey
integrative region involved in heart rate regulation,
containing sympatho-excitatory neurons that play
a crucial role in modulating sympathetic nerve
activity [59]. These sympatho-excitatory neurons
tonically regulate the activity of sympathetic neurons
by transmitting excitatory signals to preganglionic
sympathetic neurons located in the intermediolateral
cell column of the spinal cord [59].

It has been demonstrated that BDNF is expressed
in several neural groups within this pathway,
indicating its potential role in cardiovascular
regulation [60]. The neurotrophic factor is involved
in the development and functioning of the arterial
baroreceptor system [61], and its injection into
the RVLM results in increased blood pressure
[60]. Additionally, BDNF and its TrkB receptors
are localized in neurons within the hypothalamus
and brainstem, regions that house autonomic
control centers of the cardiovascular system
[11, 12, 60].

BDNF is an unusual neurotrophin that acts not
only as a classical neurotrophic factor promoting
neuronal survival and differentiation but also as a
neurotransmitter [60]. Two lines of evidence have
been proposed to explain BDNF-dependent synaptic
transmission as a key component of heart rate
regulation:

Physical exercise and intermittent fasting, which
increase BDNF expression in various brain regions
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[14, 62], can reduce resting heart rate by enhancing
parasympathetic activity [14, 63];

BDNF induces the expression of choline
acetyltransferase and promotes the synthesis and
release of acetylcholine (ACh) in developing
autonomic neurons cultured in vitro [14].

Vagal cardioinhibitory preganglionic cholinergic
neurons of the brainstem project their axons via the
vagus nerve to the heart where they release ACh onto
cardiacganglion cells, thereby reducing heartrate [14].
Vagal preganglionic neurons in the brainstem express
the high-affinity TrkB receptor [14] and produce
BDNF [14]. A study by R. Wan et al. demonstrated
that intracerebroventricular administration of BDNF
to haplon-deficient (BDNF+/-) mice enhanced the
activity of parasympathetic nuclei in the nucleus
ambiguus, resulting in a decreased heart rate.
Collectively, these findings suggest that BDNF
signaling is essential for normal cardioinhibitory
parasympathetic regulation of the heart at rest [14].

Research on bimodal neonatal sympathetic
neurons capable of maintaining both adrenergic
and cholinergic neurotransmitter status in co-
culture with cardiomyocytes [64] has shown that
BDNF acting through the panneurotrophin receptor
p75NTR induces a rapid switch toward ACh release
[64, 65], leading to a slowdown in spontaneous
cardiomyocyte contractions [14]. Sympathetic
neurons express TrkA and Trkc receptors, which are
not activated by BDNF and do not express BDNF-
specific TrkB; instead, they express p7SNTR [66].
It appears that BDNF functions as an agonist for
p75NTR in sympathetic neurons [66].

It is also noteworthy that BDNF likely influences
neurons providing glutamatergic or GABAergic
input to the CNS. Indeed, BDNF enhances glutamate
release from presynaptic terminals of hippocampal
and visual cortex neurons [14], and modulates
activity in GABAergic synapses [ 14]. These findings
highlight a novel background and potential role for
altered BDNF signaling in disorders associated with
autonomic dysregulation. Accordingly, mice with
Huntington’s disease mutations exhibit increased
heart rates associated with a significant decrease
in brainstem BDNF levels [14]. Elevated BDNF
levels have also been observed in patients with
Chagas disease, a phenomenon attributed to both
inflammatory processes and cardiac autonomic
dysfunction [67].

A group of researchers evaluated the effect of
BDNF on the autonomic tone of the heart using heart
rate variability (HRV) [68]. A comparative analysis
of HRV parameters and serum BDNF levels was
performed in patients diagnosed with generalized
anxiety disorder (GAD) and healthy individuals.
The authors observed a significant decrease in HRV
in these patients compared to the control group.
Additionally, significantly higher levels of BDNF in
blood plasma were detected in healthy individuals
relative to patients with GAD at the initial stage of
the study [68]. Following pharmacological treatment
with paroxetine, an increase in HRV and BDNF
levels was noted [68].

Based on our own studies involving 28 healthy
volunteers aged 20 to 22 years, HRV indicators
also demonstrate a close relationship with blood
plasma levels of BDNF. A statistically significant
negative correlation was established between
BDNF content and the absolute power of the VLF
parameters. This finding may serve as evidence
of the cerebral ergotropic effects of neurotrophin
on underlying autonomic regulation and suggests
a relationship between BDNF content in blood
plasma, psychoemotional stress, and the functional
state of the cerebral cortex.

The NT content in tissues innervated by the SNS
changes with age, and these changes are associated
with altered sympathetic function during heart diseases
[66]. There is evidence that nerve growth factor (NGF)
and BDNF exert functionally antagonistic effects on
sympathetic neuron growth. BDNF has been shown
to inhibit sympathetic nerve growth via p75NTR [69]
and is necessary for normal programmed cell death and
regulation of neuronal numbers during development
[70]. Additionally, BDNF promotes local axonal
degeneration and suppresses NGF-stimulated TrkA
signaling in vitro [70].

CONCLUSION

Neurotrophins have been extensively studied
in relation to their effects on the development
and functioning of the nervous system and have
historically been investigated exclusively within
the field of neuroscience. In the lecture, we focused
on highlighting the significance of the most well-
studied representative of this class of neurokines,
BDNF, in maintaining a cardiovascular phenotype
and homeostasis. We discussed the multifunctional
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properties of BDNF and its potential role in conditions
characterized by resistance or heart failure.

Beyond its critical role in neurobiology,
increasing evidence suggests that BDNF is also
involved in the development and pathophysiology of
the cardiovascular system. It is known that BDNF
promotes cardioprotection by activating angiogenesis
and neovascularization in ischemic tissue through
the recruitment of endotheliocytes and regulation of
their survival. Studies have demonstrated that BDNF
and its receptors are expressed in various tissues,
including the heart, endothelium, macrophages,
vascular smooth muscle cells, and atherosclerotic
coronary arteries [6, 53, 71, 72].

According to R. Samal et al., BDNF-mediated
effects are not limited solely to neurons or
endotheliocytes but can also exert regulatory
influence on cardiac progenitor cells, promote cardiac
recovery, and mitigate myocardial dysfunction [16].
Over the past decade, cell therapy has emerged as
a potential alternative approach. Data indicate that
a subset of undifferentiated progenitor cells resides
in the adult heart and can stimulate regeneration
of damaged myocardium, thereby offering
new opportunities for endogenous heart repair
mechanisms [16]. Additionally, circulating BDNF
has been identified as a promising biomarker for
both the diagnosis and prognosis of cardiovascular
disease (CVD) [32].

Therefore, further research on neurotrophins
is essential to develop new effective therapeutic
strategies for the treatment and prevention of
cardiovascular diseases.
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ABSTRACT

Aim. To evaluate the effectiveness of artificial intelligence in diagnosing and predicting multimorbidity in people
over 65 years based on current literature data.

Materials and methods. A systematic review of 153 studies from January 1, 2020 to March 1, 2025 was conducted
following PRISMA 2020 guidelines. The PICO model was applied: population —elderly people with multimorbidity
(two or more chronic conditions), intervention — artificial intelligence tools (machine learning, deep learning),
outcomes — diagnostic accuracy and prognostic performance. Keyword searches were performed in PubMed,
Scopus, Web of Science, and Google Scholar databases. Data were synthesized narratively and quantitatively via
meta-analysis using the R software version 4.3.2. The method excels in detecting hidden patterns compared to
clinical scales.

Results. Artificial intelligence demonstrated high diagnostic accuracy for dementia (AUC = 0.833), stroke
(AUC = 0.91), cardiovascular diseases (AUC = 0.986-0.991), and osteoporosis (AUC= 0.972). Prognostic
performance reached AUC = 0.87 (95% confidence interval: 0.83—0.91) for mortality and hospitalizations. However,
for multimorbidity, accuracy was lower (AUC = 0.787— 0.93) due to data heterogeneity and the complexity of
disease interactions.

Conclusion. Artificial intelligence enhances diagnostic and prognostic capabilities in geriatrics, particularly for
individual conditions, but requires data standardization and dynamic models for multimorbidity. Challenges, such
as digital ageism and data quality, still hinder its implementation.

Keywords: artificial intelligence, multimorbidity, the elderly, diagnosis, prognosis, machine learning, deep learning,
geriatrics
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MCKVCCTBEHHbIﬁI MHTEJINIEKT B ANarHoCctuke M nporHose
I'IOﬂI/IMOpGI/IﬂHOCTI/I Y NOXXMNbiX

MapTbiHeHKo A.B.

000 «MHozogpynxyuoranbHblil Meouyunckull yewmpy» M-clinic
Vsoexucman, 100142, 2. Tawxenm, ya. Taumana, 1

PE3IOME

Iesnb: oueHNTh 3Q(HEKTHBHOCTH HCKYCCTBEHHOTO MHTEIUICKTa B JUarHOCTHKE U IIPOTHO3UPOBAHUH MOIUMOPOUI-
HOCTH y NOXKWJIBIX JIFOZEH cTapiie 65 JeT Ha OCHOBE aKTyallbHOM JUTepaTyphbl.

P Martynenko Alexander V., docalex120@gmail.com
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Marepuansl u MeToasl. [IpoBeneH cucrematuueckuii 003o0p 153 nccnenosanuii 3a nepuona ¢ 1 stusapst 2020 r.
no 1 mapra 2025 r. o ctanaapram PRISMA 2020. Vicnions3oBan ¢petimBopk PICOS: momysiiust — Hoxuibie ¢
HOIMMOPOUIHOCTBIO (IBa U 60JIee XPOHUUECKUX 3a00JIeBaHMUs), BMEIIATEIbCTBO — HHCTPYMEHTHI HCKYCCTBEH-
HOTO MHTeJUIeKTa (MallMHHOEe 00ydueHHe, rTyOoKoe 00yueHHe), UCXObl — TOYHOCTh TUATHOCTUKU M IIPOTHO-
ctuyeckas apdexruBHocTb. [Tonck Beimonner B PubMed, Scopus, Web of Science u Google Scholar. Jlannsie
CHUHTE3UPOBaHBl HAPPATUBHO M KOJIMYECTBEHHO C MOMOILBIO0 METaaHalK3a B MPOrpaMMHOM obecrieueHnd R v.
4.3.2. [IpenMy1ecTBO METOIa — CIIOCOOHOCTH BBISIBIISITH CKPBIThIE 3aKOHOMEPHOCTH 0 CPAaBHEHHUIO C KJIMHUYE-
CKHMH IIKaJTaMHU.

Pe3yabTaTthl. VIcKycCTBEHHBIIT HHTEIUIEKT [TOKA3all BEICOKYIO TOYHOCTH B uarHoctuke nemenimn (AUC = 0,833),
uHcynbTa (AUC = 0,91), cepaeyno-cocymuctoix 3adoneBanuii (AUC = 0,986-0,991) u octeomoposza (AUC =
0,972). IIporaoctuueckas 3¢ pexruBHocTh coctaBmwia AUC = 0,87 (95%-# noseputensubii nHTepBat: 0,83—-0,91)
JUISE CMEPTHOCTH | rocnutanu3anuid. OHaKo npu nonuMopounHocT TouHocTh Hike (AUC = 0,787-0,93), uto
CBSI3aHO C T€TEPOreHHOCTEIO JAHHBIX M CJIOKHOCTBIO B3aUMOJICHCTBUS MATOJIOTHH.

3aki0ueHue. HCKyCCTBeHHLIﬁ HUHTCJUICKT YJIy4HIa€T AUArHOCTHUKY W NPOrHO3 B IrépuaTpuu, 0COOEHHO JJId OT-
JCIBbHBIX 3a6OH6BaHHfI, HO TpC6y€T CTaHAApTU3allU JaHHBIX U TUHAMUYCCKUX MoJeIIeH It HOJII/IMOp6I/IIIHOCTI/I.
L[H(I)pOBOﬁ SMIKU3M B Ka4eCTBO JTaHHBIX OCTAIOTCS BBI30BAMH JIJIS BHEAPCHUA.

KuroueBble ci10Ba: HCKYCCTBEHHBII HHTEIUIEKT, HOJIMMOPOUIHOCT, TIOJKHUIIBIE JIFO/IN, IUATHOCTHKA, IPOTHO3HUPO-
BaHHUE, MAIIMHHOE 00y4eHue, IITy0oKoe 00yueHUe, repHaTpHs

KonpaukTt nHTepecoB. ABTOp AEKIApUPYET OTCYTCTBUE SBHBIX U MOTEHIIMAIBHBIX KOH(QIINKTOB HHTEPECOB, CBSI-
3aHHBIX C IMyONUKaIel HacTOSIIEeH CTaThu.

HMcrounnk puHaAHCHPOBaHHUSA. ABTOD 3asBJseT 00 OTCYTCTBUU (PUHAHCHPOBAHUS IPU NPOBE/ICHHHU HCCIIEIOBAHMS.

Jnsa uutupoBanus: MapTeiHeHKO A.B. VICKyCcCTBEHHBIN MHTEIUICKT B JUATHOCTHUKE M MPOTHO3E TOIUMOPOUI-
HOCTH Y TIOKWIBIX. Broinemens cubupcroul meouyunwvl. 2025;24(4):164—-171. https://doi.org/10.20538/1682-0363-

2025-4-164-171.

INTRODUCTION

Population ageing is one of the most pressing
global challenges, especially in regions where the
proportion of people over 65 is increasing rapidly.
According to the United Nations, the number of people
aged 65 years and older will reach 1.5 billion by 2050,
which will significantly increase the burden on health
systems worldwide [1]. Multimorbidity, defined
as the coexistence of two or more chronic diseases
in one person, affects 60-80% of the elderly and
poses significant challenges for timely diagnosis and
treatment [2]. Traditional approaches, such as clinical
assessment scales, are not often sufficiently accurate
due to complex interactions between pathologies and
individual patient characteristics, which highlights the
urgent need to develop innovative solutions to improve
care for this population group [3].

Artificial intelligence (Al), including machine
learning and neural networks, has become arevolutionary
tool in healthcare, demonstrating outstanding results in
analyzing large and complex datasets [4]. International
studies show that Al can improve the accuracy of
diagnosis and prediction of complications in chronic
diseases, outperforming traditional methods by 15-20%
in various applications [5].

In geriatric practice, Al offers opportunities for
the management of multimorbidity due to its ability
to identify hidden patterns in patient data, such as
electronic health records or parameters of wearable
devices, enabling the development of personalized
treatment strategies [6]. For example, Al-based models
have proven efficient in improving cardiovascular risk
prediction in the elderly based on data from various
clinical sources [7]. However, the use of Al to manage
multimorbidity in the elderly remains understudied,
especially in regions with limited technological
infrastructure [8].

This review is motivated by the need to summarize
the current evidence on the role of Al in the diagnosis
and prognosis of multimorbidity in the elderly, whichiis
becoming increasingly importantin the face of growing
health care needs [9]. Although individual examples
of Al applications, such as health monitoring and risk
assessment, have been documented, comprehensive
studies of their effectiveness and scalability remain
rare [10].

The aim of this systematic review was to assess the
effectiveness and feasibility of Al in the diagnosis and
prognosis of multimorbidity in elderly people (> 65
years) based on current evidence from the literature.
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MATERIALS AND METHODS

A systematic review was conducted according to
PRISMA 2020 guidelines to analyze the role of Al
in the diagnosis and prognosis of multimorbidity (>
2 chronic diseases) in the elderly. Literature from
January 1, 2020 to March 1, 2025 focusing on Al
methods (machine learning, deep learning, etc.) was
included [11, 12].

Inclusion criteria according to the PICO model:

— population: elderly (> 65 years, elderly/older
adults/geriatric) or studies with relevant conditions
(multimorbidity);

— intervention: Al tools for the diagnosis or
prognosis of multimorbidity;

—outcome: diagnostic accuracy (sensitivity, speci-
ficity, AUC), prognostic performance (mortality,
hospitalization);

— design: original research, systematic reviews,
randomized controlled trials (RCTs); non- peer-
reviewed sources excluded;

— time frame: 2020-2025, language — English (or
annotated in English)

Studies dated earlier than 2020, without a focus on
the elderly, Al or multimorbidity were excluded.

The literature search was conducted in PubMed,
Scopus, Web of Science, and Google Scholar

databases using keywords and MeSH terms: “artificial
intelligence”, “machine learning”, “deep learning”,
“multimorbidity”, “comorbidity”, “elderly”, “older
adults”, “geriatric”, “diagnosis”, and “prognosis”.
An example query for PubMed: (“artificial
intelligence”[MeSH Terms] or “machine learning”
or “deep learning”) and (“multimorbidity”’[MeSH
Terms] or “comorbidity”) and (“aged”[MeSH Terms]
or “elderly” or “older adults”) and (“diagnosis” or
“prognosis”) and (“2020/01/01”[Date - Publication]:
“2025/03/01”[Date - Publication]). The search was
performed in March 2025, covering the period from
January 1, 2020 to March 1, 2025.

Initially, 199 records were identified: 194 from
the main databases (PubMed, Scopus, and Web
of Science) and 5 additional records from Google
Scholar and reference lists of relevant articles. After
removing 2 duplicates (e.g., Alsaleh M.M. et al., 2023
[13]), 197 records remained. At the title and abstract
screening stage, 44 studies were excluded: 20 did not
match the population criteria (e.g. GuptaR. etal., 2021
[14] did not describe the elderly), 10 did not match the
time range, 8 did not match the Al focus, and 6 were
unreviewable. Full-text analysis of the 153 remaining
records confirmed they met the inclusion criteria. The
selection process is summarized in the PRISMA flow
diagram (Figure).
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The following data were retrieved: authors, year
of publication, study design, age of participants, Al
methods (e.g. Random Forest), outcomes (AUC, HR/
OR), limitations. Data were collected manually.

The risk of bias was assessed using the
ROBINS-I, RoB 2, and AMSTAR 2 (selection bias,
confounding, reporting) tools. Most studies showed
low to moderate risk.

Data were synthesized narratively (diagnosis,
prognosis, multimorbidity) and quantitatively (meta-
analysis for a subset of studies with > 3 similar
metrics, performed in R v. 4.3.2 with a meta-package;
heterogeneity was assessed through I? and 12). GRADE
assessment revealed high reliability for the diagnosis
of dementia and moderate reliability for predicting
mortality in the respective subgroups.

Bivariate models and HSROC were used for the
diagnosis; odds ratio (OR) / hazard ratio (HR) with
95% confidence interval (CI) were used for prognosis.
R v. 4.3.2 software was applied.

RESULTS

The application of Al in the diagnosis and
prognosis of multimorbidity in elderly people (> 65
years) represents a promising area of modern geriatrics,
but is accompanied by a number of challenges due
to the complexity of multimorbid conditions. This
systematic review, performed according to PRISMA
2020 standards, analyzed 153 studies published
between January 1, 2020 and March 1, 2025. The
focus was on assessing the accuracy of Al-based
diagnostic maodels, their prognostic performance
and applicability in the context of multimorbidity
(the presence of two or more chronic diseases).
Quantitative data synthesis was performed using
the meta-analysis in the R software (version 4.3.2),
allowing for aggregation of key metrics, such as area
under the ROC curve (AUC), sensitivity, specificity
and, where available, risk ratios (HR/OR). The risk of
bias assessment of most of the included studies for the
ROBINS-I, RoB 2, and AMSTAR 2 tools showed low
to moderate risk of bias, confirming the validity of the
results presented.

Al has demonstrated high efficiency in diagnosing
certain diseases in elderly patients, which emphasizes
its potential as a tool for screening and early detection
of pathologies. For example, a study by S. P. Obuchi
et al. applied machine learning (ML) algorithms to
analyze gait to diagnose cognitive disorders, including
dementia [15]. Using motion sensor data, the authors
reported mean classification accuracy of 80.2%, with

sensitivity of 96.1%, specificity of 64.3%, and AUC =
0.833 based on 30 test datasets.

GRADE assessment showed high confidence in
these data due to the rigorous study design and low
risk of bias associated with participant selection,
although confidence intervals for the metrics were not
provided. A similar approach was implemented by Y.
Wang et al. where Al based on deep neural networks
(Efficient Net, Xception, VGG, ResNet) analyzed
facial images to detect acute ischemic stroke [16]. The
model trained on 185 stroke patients and 551 controls
using cross-validation achieved AUC = 0.91, accuracy
of 86% (95% ClI: 83.5-88.5%), sensitivity of 76%, and
specificity of 89% at a probability threshold of 0.40. On
an independent test set (38 strokes, 50 controls), the
AUC was 0.82, and the accuracy was 73% (95% CI:
64.2-81.8%). This makes the model a valuable tool for
emergency diagnosis in settings with limited access to
MRI or CT, especially given its ability to confirm the
diagnosis in the face of conflicting imaging findings.
The low risk of bias assessed by RoB 2 is due to strict
age and sex matching in the sample and the use of
cross-validation to prevent overtraining.

In the field of cardiology, Al has shown itself to
be a highly accurate method. Y. Wang et al. used
deep learning to analyze cardiovascular magnetic
resonance imaging (MRI) including SAX cine
and 4CH cine projections for screening [17]. The
screening model achieved AUC = 0.986 (95% CI:
0.984-0.988), sensitivity of 97.3% (95% CI: 96.8-
97.8%), and specificity of 90% on a primary dataset
(n = 7,900) to detect abnormalities covering 11 types
of cardiovascular diseases, including coronary heart
disease (CHD) and hypertensive heart disease (HHD),
frequently occurring in the elderly.

On the external test set (n = 1,819), the AUC
was 0.990 (95% CI: 0.986-0.992). A diagnostic
model using SAX cine, 4CH cine, and SAX LGE
achieved a weighted mean AUC = 0.991 to classify
these diseases (n = 6,650). The high performance was
supported by rigorous three-fold cross-validation and
generalizability to external data, although potential
differences in MRI protocols between centers may
have affected the results, consistent with a moderate
risk of bias according to ROBINS-I.

Y. Yang et al. applied chest CT data analysis to
screen osteopenia and osteoporosis, achieving AUC =
0.831 for osteopenia and AUC =0.972 for osteoporosis
in the healthy group [18]. The method is based on
density assessment of the thoracic vertebrae and the
first lumbar vertebrae, where with an increase in CT
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values by 10 HU, the risk of osteopenia was reduced
by 32-44% and the risk of osteoporosis decreased
by 61-80%. This approach is particularly useful in
the elderly with multimorbidity, as it allows for the
detection of hidden pathologies without additional
examinations. Confidence intervals for AUC are
not given in the article, and the pooled diagnostic
performance of all thoracic vertebrae was greater than
that of a single vertebra, although a specific value was
not given.

However, the effectiveness of models may be
reduced in the diagnosis of multimorbidity. H. Chen
et al. investigated cognitive impairment in cerebral
microvascular disease (CMD) with consideration of
vascular risk factors, such as hypertension (81.5%)
and diabetes (21.9%) using a model based on oculo-
gait measurements (antisaccade accuracy, step rate,
and sweep rate) [19]. In the hospital cohort (n =
194), the adjusted model achieved the AUC = 0.787
after accounting for age and education, and in the
population-based cohort with early CMD, the AUC
was 0.810. These values are lower than for some
isolated conditions due to variability in factors, such
as age and education, although confidence intervals
for AUC are not specified. The limitations of the study
do not include explicit social factors, but the influence
of demographic characteristics is emphasized.

Y. Wang et al. in their bibliometric analysis noted
that Al-based research in geriatric care has focused
on the monitoring and treatment of diseases, such as
Alzheimer’s disease and mild cognitive impairment,
as well as daily care and rehabilitation of the elderly
[20]. Narrative synthesis confirms the effectiveness
of Al in addressing individual pathologies, but
highlights limitations, such as cost, safety in the
home environment, and digital inequality, which may
complicate the application of Al in more complex
scenarios, including multimorbidity

Predicting clinical outcomes in the elderly using
Al involves mortality estimation. C. Guo et al.
developed a ML (ensemble) model to predict 28-day
mortality in elderly patients with colorectal cancer
in the ICU, achieving AUC = 0.86 in the training
cohort (elCU, n = 693), AUC = 0.73 in the validation
cohort (MIMIC-1V, n = 181) and AUC = 0.81 in the
Union cohort (rn = 95) [21]. The predictive value of
the model is supported by the analysis of key features
(vasopressors, albumin, urea nitrogen), although
confidence intervals for AUC are not specified. The
limited sample size, especially in the Union cohort,
may affect the generalizability of the results.

Y. Song et al. investigated prediction of
postoperative delirium (POD) in elderly patients with
hip fractures using ML and logistic regression models
[22]. The best model (Random Forest) achieved AUC
=0.81, and logistic regression model achieved AUC =
0.77 (95% CI: 0.696-0.845) in the training sample (n =
557) and 0.71 (95% CI: 0.593-0.827) in the validation
sample (n = 240). These data support the ability of
the models to detect complications associated with
multimorbidity (renal failure, COPD) in the elderly,
although Cls for ML models are not reported.

In the context of repeat hospitalizations, R. Loutati
et al. developed a multimodal model predicting 30-
day remissions (16.65% of 19,569 cases), achieving
AUC = 0.93 with the TabNet model (sensitivity
86.7%, specificity 88.9%) [23]. Random Forest
showed AUC = 0.89, gradient boosting of 0.87, with
no Cls indicated. Key factors were the number of
hospitalizations, heart failure (45.3%), and chronic
kidney disease (47.9%), highlighting the difficulty of
prediction in the elderly. Social reports were limited
(n = 4,721) but were accounted for through NLP
assessment. A meta-analysis of three studies (C. Guo
etal., Y. Songetal., R. Loutati et al.) showed a pooled
AUC ~0.87 (95% CI: 0.83-0.91, I2 = 70%, 1> = 0.04),
indicating high heterogeneity due to differences in
populations and outcomes [21-23].

For chronic diseases, Al shows prognostic potential.
AT. Ayers et al. applied Al to predict diabetes
complications (retinopathy, nephropathy) with high
accuracy [24]. R.D. Sriram et al. used wearable
devices to monitor diabetes, improving glycemic
control [25]. J. Yang et al. achieved AUC = 0.972
to diagnose osteoporosis (vs. normal) on chest
CT, indirectly supporting fracture prevention in
the elderly, although fracture risk was not directly
predicted [26]. G. Voltan et al. developed a tool to
detect osteoporosis in primary care, but validation of
models on large cohorts considering multimorbidity
remains a common challenge [27].

The application of Al in multimorbidity faces
limitations, including data heterogeneity affecting the
accuracy of models. R.J. Woodman et al. in a review
of ML algorithms noted that differences in data from
EMR and loT devices create challenges, such as
insufficient validation and transparency, which may
reduce the effectiveness of Al in geriatrics [28]. For
example, in the work by R. Loutati et al., incomplete
data on social factors (available for 24% of the cohort)
limited the analysis, although their influence was
accounted for through NLP assessment. Y. Wang et
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al. emphasized the need for standardization of data and
algorithms to improve the quality of Al applications,
which is particularly important when there is high
heterogeneity in multimorbidity studies [29].

Secondly, ethical challenges, such as digital ageism,
limit the availability of Al to the elderly. C.H. Chuetal.
and Y. Aranda Rubio et al. note that low digital literacy
and limited access to technology (especially in rural
areas) deprive some patients of the benefits of Al [30,
31]. This is supported by E. Burnazovic et al., where
the use of Al in geriatrics during the pandemic was
limited by technical barriers [32]. T. Skuban-Eiseler
et al. add that the opacity of algorithms may impair
patient autonomy, increasing the risk of decision bias
(moderate AMSTAR 2 score) [33].

Thirdly, the dynamics of disease interactions in
multimorbidity are not adequately accounted for in
current models. M.M. Alsaleh et al. note that most
studies (19 out of 22) rely on static retrospective data,
which may limit their applicability to the dynamic
processes in multimorbidity [34]. For example, H.
Chen et al. analyzed oculo-gait measurements in CMD
based on one-step data without considering temporal
changes, although the model achieved moderate
accuracy (AUC 0.787-0.810) for screening cognitive
impairment.

Al improves diagnosis and prognosis in geriatrics,
especially for isolated pathologies. The accuracy for
dementia (AUC 0.833) and stroke (AUC 0.91) supports
its role in screening and early intervention [15, 16].
In telemedicine, as suggested by E. Burnazovic et
al., Al may speed up diagnosis, which is important
in the elderly with multimorbidity, but specific data
are limited [32]. For complex conditions, the AUC
varies: 0.787-0.810 for cerebral vegetative — vascular
dystonia and 0.87-0.93 for repeat hospitalizations,
suggesting that models need to be optimized [19, 23].

Prospects include the development of data
standards and the potential for personalized care,
although integration of wearable devices and specific
approaches require further validation [25, 29, 35, 36].
Validation of models in multimorbidity remains a

priority.

DISCUSSION

The application of Al in geriatrics is showing
significant progress, especially in the diagnosis and
prognosis of diseases in the elderly. Our systematic
review covering 153 studies from 2020 to 2025
emphasizes the potential of Al as a screening and
early intervention tool. The high accuracy of the

models in detecting isolated pathologies, such as acute
ischemic stroke or cardiovascular disease, allows for
the use of Al for emergency diagnosis and resource
optimization, especially in settings with limited access
to conventional imaging modalities [16, 17]. This is
clearly important for timely initiation of treatment,
which can reduce mortality and improve quality of
life in patients over 65 years of age. However, the
transition to multimorbidity, a key characteristic of
advanced age, decreases the effectiveness of Al due
to heterogeneity of data and complexity of disease
interactions [19].

Heterogeneity of data due to differences in sources
(e.g., electronic medical records vs. Internet of
Things devices), as well as insufficient consideration
of social factors, limits the creation of universal
models [23, 28]. In addition, most studies rely on static
data, making it difficult to capture the dynamics of
multimorbidity [34]. For example, analyses of oculo-
gait measurements in CMD have shown moderate
accuracy but have not accounted for progression of
the condition, which reduces its prognostic value [19].
The prediction of mortality and repeat hospitalizations
also demonstrates the potential of Al, but the high
heterogeneity of results (I = 70%) indicates the need
to adapt models to specific populations and outcomes
[21-23]. For chronic conditions, such as diabetes and
osteoporosis, Al offers opportunities for the prevention
of complications, although it requires validation in the
context of multiple comorbidities [24, 26].

Ethical and practical challenges play a key role in
limiting the adoption of Al. Digital ageism associated
with low digital literacy and access to technology,
especially in rural areas, deprives a proportion of older
patients of the benefits of Al [30, 31]. In Uzbekistan
and CIS countries, where medical infrastructure is
often limited, Al can optimize screening in primary
care by identifying multimorbidity risks early, but
requires adjustment to local conditions, including staff
training and integration with existing systems. The
opacity of algorithms, as noted by T. Skuban-Eiseler
et al., can undermine physician and patient confidence,
emphasizing the importance of developing explainable
models [33].

The prospects for Al in geriatrics are related to
overcoming these barriers. Standardization of data and
algorithms has the potential to reduce heterogeneity
and improve accuracy [29]. The integration of
wearable devices promises to improve monitoring,
and telemedicine, as shown by E. Burnazovic et
al., can accelerate diagnosis in the elderly with
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multimorbidity through remote analysis of data (e.g.
gait or glycaemia), which is particularly relevant in
times of crises, such as the COVID- 19 pandemic [32].
The development of dynamic models that take into
account time trends and disease interactions will be the
key to managing the complexity of multimorbidity,
providing a personalized approach to care.

CONCLUSION

This systematic review confirms that Al
significantly enhances diagnostic and prognostic
capabilities in geriatrics, especially for selected
diseases, such as dementia, stroke, cardiovascular
pathologies, and osteoporosis. Its role in screening and
early intervention makes Al a valuable tool in resource-
limited settings. However, in multimorbidity, the
accuracy of models is reduced due to heterogeneity of
data, static approaches, and insufficient consideration
of the dynamic nature of pathologies.

The prognostic potential of Al to assess mortality
and hospitalizations is clear, but needs to be optimized
for complex conditions. The introduction of Al into
clinical practice, including Uzbekistan and CIS
countries, holds promise to improve early diagnosis
of multimorbidity in primary care, but faces ethical
challenges (digital ageism, opacity) and technical
barriers (data standardization). Future research
should focus on building dynamic models, integrating
wearable devices, and increasing technology
accessibility to enable effective management of
multimorbidity in the elderly.
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ABSTRACT

The mutually aggravating role of endocrine glands and metabolic disorders in the process of carcinogenesis is
well known, but it is underestimated in modern oncological practice. The study of the manifestations of thyroid
dysfunction, its effect on carcinogenesis in patients with metabolic syndrome and the possibility of improvement
should become an important direction in refining patient outcomes in colorectal cancer (CRC).

The aim of our review was to study the issue of thyroid dysfunction as a key link in the concept of colorectal
carcinogenesis in metabolic syndrome. Current research data demonstrate a link between hypothyroidism and
metabolic syndrome, suggesting that they mutually exacerbate each other, thereby worsening the condition of
patients. Metabolic syndrome not only contributes to the development and progression of cancer, but also affects
patient outcomes.

In clinical practice, an imbalance of thyroid hormones occurs in various types of cancer and is regarded as a
confounding factor. Existing data regarding the influence of thyroid hormones on tumors are inconsistent. While
hypothyroidism appears to play a role in promoting cancer progression, the underlying mechanisms of this
association remain poorly understood and necessitate further research. Despite conflicting evidence regarding the
impact of thyroid hormones on CRC development, their significance in influencing a patient’s overall condition
should not be overlooked. Therefore, it is important to integrate strategies for controlling the endocrine profile
and correcting its changes into standard cancer treatment protocols. Moreover, some publications report the
effect of levothyroxine replacement therapy on reducing the risk of developing CRC. Investigating the interplay
between metabolic syndrome and cancer, particularly through the lens of thyroid dysfunction, may contribute to the
development of novel approaches to colorectal cancer management and improve patient outcomes.

Keywords: thyroid dysfunction, cancer, carcinogenesis, thyroid hormones, hyperthyroidism, hypothyroidism,
metabolic syndrome
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AnchyHKUMA WNTOBMAHON XKene3bl Kak KnloyeBoe 3BeHO B npobneme
Nle4eHNA KOJIOPEKTaJIbHOro paKka B COUeTaHUN C MeTabonnuyeckum

CUHAPOMOM: 0630pHasA cTaTbA

Mypasbes C.10., Tapa6bpuH E.A., Cupgoposa B.A., Pasymosckui B.C., Dabpuka A.I.,
d6paxumHexxap M., HukonaeB A.M., TapacoBa U.A., liinaxaHaH A.K., KoHoceBuu [.0.

Iepsviii Mockosckuii cocyoapcmeennuiii meouyunckuil ynueepcumem um. .M. Ceuenosa (Ceuenosckuii Ynusepcumem)

119992, 2. Mocksa, yn. Tpybeyxas, 8, cmp. 2

PE3IOME

BzaumooTsrommarommas poiib xene3 BHyTPEHHEH CeKpelnt 1 MeTabOINYeCKUX HapyIIeHHi B poliecce KaHIepo-
reHe3a OOIIEH3BECTHA, HO COBPEMEHHAs OHKOJIOTMYECKas TPAaKTHKa ee HeloOleHUBaeT. M3yueHne nposBiIeHuit
JUCQYHKINY IIMTOBUIHON JKele3bl, €€ BIMAHNSA Ha KaHIEeporeHe3 y OOMbHBIX ¢ METaOONIHYECKHM CHHIPOMOM M
BO3MOKHOCTH KOPPEKIMH JOJDKHO CTaTh BAXKHBIM HANPaBJICHUEM B YIIYUIICHUH PE3yJIbTATOB JICUeHHs OOJILHBIX B
Tepanuu KojopekransHoro paka (KKP).

Llenbio Hamero 00630pa CTajgo OCBEIICHHE BOIPOCA TUCHYHKIMHU IUTOBHIHOMN JKele3bl KaK KIFOYEBOTO 3BCHA B
KOHIIETIIIMU KOJOPEKTAJIBHOI0 KaHIEPOreHe3a Mpu MeTaboIMIeCKOM CHHAPOME M BO3MOXKHBIX ITYTEH €ro peiie-
HUsL. AKTyaJIbHbIE JJAHHBIE UCCIIEI0BAHUI IEMOHCTPUPYIOT CBA3b MEXKY MMIIOTHPEO30M U META0OIMIECKHM CHH-
JIPOMOM, yKa3bIBasi HA BO3MOKHOCTh MX B3aHMHOI'0 YCHJICHHUS, YTO YXYJIIIAET COCTOSHUE nanueHTos. MeraGosu-
YECKHIA CHHJPOM HE TOJIBKO CIIOCOOCTBYET PA3BUTHUIO M IIPOrPECCUPOBAHMIO PaKa, HO U BIMAET HA UCXOJ JICUEHUSL.

B ximHMueckoil mpakTHke aucOaTaHC THPEOUTHBIX TOPMOHOB BCTpEUaeTcs IpU pPa3HBIX BHIAX paka H
pacrieHHBaeTcsl Kak oTsromaronmii ¢akrop. CymiecTByromye MOJIOKCHUS O BINSHUN THPEOMIHBIX TOPMOHOB
Ha OITyXOJIb IIPOTHBOPEUMBEL, W, XOTSI THIIOTHPEO3, BEPOSITHO, CIIOCOOCTBYET PAaKOBOMY IIPOTPECCY, MEXaHH3MBI
3TOTO BIMSHHS OCTAIOTCS HESICHBIMHU U TpeOyIOT HanbHEHIINX ncciaenoBaHuid. HecMOTpst Ha IPOTHBOPEUYNBOCTD
JAHHBIX O BIMSHHUU THPEOUIHBIX TOpMOHOB Ha pa3ButHe KKP, nx ponb B COCTOSHHM mamnueHTa He JOJDKHA He-
JooleHnBaThcs. [109TOMy BakKHO WHTETpUpPOBATH CTPATETMH KOHTPOIS T'OPMOHAIBHOTO (OHA M KOPPEKIUH
€ro W3MEHEHUH B CTaHIapTHBIC NPOTOKOJIBI JICYCHHSI KOJOPEKTAIBHOrO paka. Tem Ooiee, 9YTO B HEKOTOPHIX
MyOIUKAIMAX TPUBOJUTCS BIMSHUE 3aMECTHTEIBHON Tepaluy JIEBOTHPOKCHHOM Ha CHIDKEHHE PHCKA Pa3BUTHS
KPP. HccrenoBanme B3aMMOAEHCTBHH MeXIy MeTaOONIMYECKHM CHHIPOMOM M PaKOBBIM IIPOIIECCOM depe3
HpU3MY OUCOYHKIUH IUTOBUIHOM JKeJIe3bl, BO3MOXHO, IOMOXKET B pa3padoTKe HOBBIX cTpareruil 60psosl ¢ KKP
U yIIy9IIeHUN Pe3yJIbTaTOB JICUCHHS.

KuroueBrbie ciioBa: Z[I/IC(I)yHKL[I/ISI H.[I/ITOBI/IZ[HOﬁ JKCIIE3BI, KOHOpeKTaHLHLIﬁ paK, KaHIEPOTr€HE3, TUPECOUAHBIE I'OP-
MOHBI, THIIEPTUPEO3, TUIIOTHUPEO3, MeTabOoIMIECKUI CUHIAPOM

KonpaukT nHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTEHIMAIBHBIX KOH()IUKTOB HWHTEPECOB,
CBSI3aHHBIX C MyOIUKanueil HaCTOSIIEeH CTaThH.

HUcTounuk q)ﬂHchHpOBaHﬂﬂ. ABTOpLI 3asIBIISIIOT 00 OTCYTCTBUU (bPIHaHCI/IpoBaHI/ISI py MPOBCACHUUN UCCIIEN0-
BaHUA.

s untupoBanusi: MypasbeB C.1O., Tapabpun E.A., Cunoposa B.A., Pasymosckuii B.C., ®a6puxa A.Il.,
D6paxumuexan M., Hukonaes A.M., TapacoBa M.A., Siinaxansn A.K., Konocesnu J.0. Juchynxuus muro-
BH/IHOM JKeJe3bl KaK KIII0YeBOEe 3BEHO B MPOOJeMe JIeUCHHs KOJIOPEKTAaJIbHOIO paka B COYETaHHU C MeTabosu-
YECKUM CHHIPOMOM: 0030pHasi ctathbsi. bioanemens cubupckon meouyunst. 2025;24(4):172—183. https://doi.
0rg/10.20538/1682-0363-2025-4-172-183.

INTRODUCTION perception that the endocrine system does not play
a significant pathogenetic role in tumor growth and
Modern  oncological ~ practice tends to  cancer development. At the same time, tumor growth

underestimate the mutually aggravating role of
endocrine dysfunction and metabolic disorders
in carcinogenesis. This is due to the widespread

itself alters the metabolism through the shutdown
or distortion of the hormonal activity of endocrine
glands, particularly the thyroid gland. In the study
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by J.J. Diez et al., which included 506,749 patients,
23,570 (4.7%) were diagnosed with hypothyroidism.
The overall incidence of malignancy in the group of
patients with hypothyroidism examined was 13.8%,
which is significantly higher than the incidence in
patients without hypothyroidism [1].

The lack of attention from the scientific and
medical communities to the state of endocrine glands
in patients with colorectal cancer (CRC) has left
one of the most significant links in the pathogenesis
unexplored. This, in turn, inevitably leads to an
incomplete understanding of the clinical picture,
ultimately leading to suboptimal or ineffective
treatment strategies. In this regard, we believe that in
patients with tumor activity, it is essential to take into
consideration the role of the endocrine system and seek
ways to address any destabilization in their function.

Thyroid dysfunction, especially hypothyroidism,
is closely related to metabolic syndrome (MS),
which encompasses a number of disorders, such
as insulin resistance, atherogenic dyslipidemia,
central obesity, and hypertension [2]. Patients with
hypothyroidism frequently exhibit characteristic
clinical manifestations, such as overweight or
obesity. These conditions are known to be linked to
inflammation and the development of metabolic and
hormonal imbalances, which may contribute to the
formation and growth of malignant tumors [2]. Given
these associations, the detection of hypothyroidismis
an important element of early diagnosis in oncology,
which creates opportunities for active monitoring
and, if necessary, screening for CRC.

We hypothesize that implementing this strategy
would not merely enable the prompt detection
of CRC at its earliest stages, but also substantially
enhance treatment efficacy, thereby improving
prognosis and survival rates for these patients — an
imperative goal amidst contemporary efforts.

The aim of our review was to study thyroid
dysfunction as a key link in the concept of
carcinogenesis in patients with CRC and MS and
possible ways to correct it. Given the absence of
a consensus regarding the course of hormonal
imbalance in different cancer stages and types,
despite every bodily phenomenon adhering to
inherent mechanisms, we aim to scrutinize literature
guided by expert perspectives and research insights
to elucidate the thyroid gland’s role in colorectal
carcinogenesis.

MATERIALS AND METHODS

A systematic review of the literature was
conducted in accordance with the guidelines
Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA).

To identify the literature, we conducted a search
using keywords that, when searched in the title and
abstract, necessarily varied, combined and included
thyroid dysfunction, colon cancer, carcinogenesis,
thyroid hormones, hyperthyroidism, hypothyroidism,
and metabolic syndrome in the PubMed and Semantic
Scientist databases from 1990 to 2024.

The search results turned out to be unexpected
and ambiguous, and as this may be of some scientific
value, we decided to reflect their characteristics.

Upon further examination, accounting for
terminological variations revealed divergent results.
Notably, the most prevalent keyword combination
emerged as (metabolic syndrome) AND (colorectal
cancer) AND (thyroid dysfunction) with seven
publications. The next most common combination
was (metabolic syndrome) AND (colorectal cancer)
AND ((hyperthyroidism) OR (hypothyroidism))
with five publications. Then, in descending order of
frequency, the following search results were observed
((metabolic syndrome) AND (carcinogenesis))
AND (thyroid dysfunction) with two publications,
(metabolic syndrome) AND (colorectal cancer)
AND (thyroid hormones), ((metabolic syndrome)
AND (carcinogenesis)) AND (thyroid hormones)
and (metabolic syndrome) AND (carcinogenesis)
AND ((hyperthyroidism) OR (hypothyroidism))
with one publication each.

Impressive results were obtained from Semantic
Scholar, another popular academic search engine.
Employing the designated search criteria, the platform
retrieved a comprehensive dataset comprising a
total of 12,570 relevant publications. For example,
a combination (metabolic syndrome) AND
(colorectal cancer) AND (thyroid hormones) was
found in 5,210 publications. The request (metabolic
syndrome) AND (colorectal cancer) AND (thyroid
dysfunction) turned out to be the second most
common with 3,630 related publications. Search
for the combination ((metabolic syndrome) AND
(carcinogenesis)) AND (thyroid hormones) resulted
in 1,600 publications, and by ((metabolic syndrome)
AND (carcinogenesis)) AND (thyroid dysfunction) —
718 publications. Search for combinations such as
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(metabolic syndrome) AND (colorectal cancer)
AND ((hyperthyroidism) OR (hypothyroidism)) and
(metabolic syndrome) AND (carcinogenesis) AND
((hyperthyroidism) OR (hypothyroidism)) resulted
in 1,220 and 192 publications, respectively.

At the second stage, all the articles obtained as
a result of the search were processed using Rayyan
platform, which allowed us to significantly simplify
the selection of necessary publications and eliminate
repetitive researches.

Three independent authors read all the abstracts
and applied the inclusion and exclusion criteria,
which were taken from the Oxford Centre for
Evidence-Based Medicine (CEBM) criteria. Two
reviewers read the selected quotes in full, while the
grounds for exclusion were indicated in Covidence.
The discussion or participation of athird reviewer was
used to resolve disagreements between the reviewers.
Duplicate entries were automatically deleted from
all uploaded extracted links in Covidence. The titles
and abstracts were evaluated by two independent
reviewers, who removed the publications that did not
meet the inclusion requirements.

The publications selected this way were classified
according to the level of evidence from degree | to
V and recommendations from A to D within the
framework of evidence-based medicine. After this,
the authors thoroughly reviewed the selected studies
to draw the conclusions presented in this review.

Thus, as of April 7, 2025, we identified 42
publications related to thyroid dysfunction in the
context of CRC and MS.

In addition, as a reliable clinical expert of a
broad profile, we also used the Jadad scale, which
is sometimes known as Jadad scoring, and is a
procedure for evaluating the methodological quality
of a clinical trial according to objective criteria.
It forms a system for assigning ratings from zero
to five for different tests and is designed to more
accurately reflect the methodological quality of each
individual study. It is the most universally adopted
method of assessment. Unpublished materials,
abstracts of congressional reports, hearing materials,
and reviews were excluded. The search results were
checked by two current authors separately. Both
guantitative and qualitative data were extracted from
the studies included in the review by two independent
reviewers using AGREED II. If necessary, the
data extraction tools were modified to take into

account the differences of each included study; our
review describes the conclusions in detail. Any
disagreements that arose between the reviewers were
resolved through discussion or with the help of the
third reviewer. If required, we contacted the authors
of the articles to request any missing or additional
information.

As a result, we selected reviews from the original
publications. We received a total of 42 publications
appropriate for analysis.

RESULTS

Thyroid hormones (thyroglobulin, TG) are key
regulators of major cellular reactions, including
proliferation,  differentiation,  apoptosis, and
metabolism. Tetraiodothyronine (T4), the main
hormone synthesized in the thyroid gland, is
catalyzed to triiodothyronine (T3) by specific
iodothyronine deiodinases. T3 acts as the main
metabolic agent through the formation of complexes
between T3 and the nuclear receptors of thyroid
hormones alpha (TRa) and beta (TRp). This T3
receptor complex within the cell nucleus interacts
with thyroid hormone response elements on specific
genes, thereby regulating their expression. Disorders
associated with elevated TG levels (hyperthyroidism)
or TG deficiency (hypothyroidism) are prevalent and
have distinct clinical manifestations [3].

Hypothyroidism is one of the most common
endocrine  disorders, and even subclinical
hypothyroidism (SCH) is a widespread and
asymptomatic condition, which, unfortunately,
often goes unnoticed not only by patients, but also
by doctors. SCH is characterized by high levels
of serum thyroid-stimulating hormone (TSH)
and normal levels of free TG [4]. Cross-sectional
studies have additionally revealed a link between
hypothyroidism (or SCH) and the components
of MS [5, 6]. According to S.S. Alsulami et al., a
high normal TSH level is associated with a higher
incidence of MS [7]. Previous studies have also
demonstrated that elevated TSH levels are linked to
an increased risk of MS, particularly in women. Data
provided by S.S. Alsulami et al. claimed that age has
a significant effect on the severity of SCH [7]. Half
of the participants with markedly elevated TSH were
older than 50 years.

Dyslipidemia is the most commonly observed
metabolic disease associated with hypothyroidism.
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Patients with dyslipidemia account for 1.4% to
13.3% of all patients with hypothyroidism [8].
A. Shinkov [6] conducted a cross-sectional study of
2,153 euthyroid subjects and found that, within the
normal range, the MS prevalence increased along
with TSH levels, mainly manifesting itself as an
increase in dyslipidemia.

Thus, MS was more common in the group with
the highest TSH levels (34.9%) than in the group
with the lowest levels (27%) (p < 0.001), as were
low HDL-C levels (32% vs. 25%, p <0.001) and
hypertriglyceridemia (26.8% vs. 20.4%, p = 0.015).
Furthermore, treatment for hypothyroidism has
been shown to improve lipid metabolism. Some
randomized controlled trials have found that T4
replacement therapy has a positive impact on
dyslipidemia improving total cholesterol and LDL-
cholesterol levels [9, 10].

Most studies suggest that the more MS components
a patient has, the higher the risk of developing cancer
[11, 12, 54]. At the same time, MS also increases
cancer mortality by up to 2.4 times [11]. Individual
components of MS appear to have a different impact
on carcinogenesis. Mechanisms of interest regarding
cancer etiology include the roles of insulin, insulin-
like growth factor 1 (IGF-1), hyperglycemia, high
triglyceride (TG) levels, and low high-density
lipoprotein levels [13].

In addition, increased insulin levels can stimulate
the expression of vascular endothelial growth factor
and promote the proliferation of vascular endothelial
cellsin cancer [11]. These changes in the composition
and phenotype of immune cells in adipose tissue
in obese individuals contribute to hormonal and
metabolic alterations that, in combination with
inflammation, create an ideal environment for tumor
growth. This multistage involvement of metabolic
disorders in carcinogenesis may explain the
increased risk of severe cancers among individuals
with MS [11].

Due to the lack of sufficient information regarding
the direct impact of MS on carcinogenesis and patient
survival, it is worthwhile considering conditions
closely related to MS, specifically non-alcoholic
fatty liver disease (NAFLD). The study by Z. Liu et
al. included 352,911 people (37.2% with NAFLD),
among whom 23,345 developed cancer. Compared
with non-NAFLD, NAFLD was significantly
associated with 10 of 24 cancers studied, including

cancers of the uterus (hazard ratio [HR] = 2.36; 95%
CI 1.99-2.80), gallbladder (2.20; 1.14-4.23), liver
(1.81; 1.43-2.28), kidneys (1.77; 1.49-2.11), thyroid
gland (1.69; 1.20-2.38), esophagus (1.48; 1.25-1.76),
pancreas (1.31; 1.10-1.56), bladder (1.26; 1.11-1.43),
breast (1.19; 1.11-1.27), and CRC and cancer of the
anus (1.14; 1.06-1.23) [14]. Associations between
NAFLD and cancers of the liver, esophagus, pancreas,
rectum, anus, bladder, and malignant melanoma
were increased in men. In contrast, associations with
cancers of the kidneys, thyroid gland, and lungs were
increased in women [14].

It is important to note that thyroid hormones
affect liver lipid metabolism through various
mechanisms, including stimulating the transport of
free fatty acids into the liver for their re-esterification
into triglycerides and enhancing the beta-oxidation
of fatty acids, which affects the accumulation of fat
in the liver [15].

In their study, A. Bano et al. showed that SCH is
associated with the risk of NAFLD [16]. The study
by Y. Tao et al. aimed to assess the association of
NAFLD with changes in thyroid function within
the euthyroid range [17]. Higher TSH levels in
euthyroidism have been found in subjects with
NAFLD, but they may also be associated with a
slight increase in serum alanine aminotransferase
(ALT) in the context of MS and insulin resistance. A
large population-based study by E.H.Van den Berg
et al. demonstrated that NAFLD was associated
with higher FT3 levels and lower FT4 levels among
severely euthyroid individuals [18]. The findings
collectively support the hypothesis that elevated
levels of FT3 within the range of euthyroidism may
be associated with increased fat accumulation in the
liver, likely as part of central obesity [18].

TSH levels are related to body mass index (BMI)
and are often higher in obese people than in normal-
weight people of the same age, gender, and weight.
The study by B. Biondi showed that a genetically
predetermined high BMI significantly increased
serum TSH levels; as a result, an increase in BMI
can cause an increase of FT3 [19]. Moreover, data
collected from humans and a mouse model suggest
that obesity causes fat accumulation in the thyroid
gland. The work by L.Zhong et al. mentioned a study
in obese mice that shows that obesity can affect the
thyroid gland’s ability to produce hormones and
cause SCH [20].
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As is well known TG and their derivatives play
numerous roles in various tissues, including the
activationand remodeling of adipose tissue. Recently,
it has been demonstrated that some TG metabolites
that were previously believed to be inactive products
of thyroid hormone metabolism actually possess
biological activity. One such example is 3,5-T2 [21].
This metabolite exhibits some TG effects within
one hour after administration, and mitochondria are
considered as a direct target of 3,5-T2. In addition,
in vivo studies show that 3,5-T2 has a metabolically
beneficial effect on adipose tissue [21].

J. Gomez-Izquierdo et al. concluded that SCH is
associated with an increased risk of cancer, as well
as mortality associated with it [22]. The study by
F. Gagliardi et al. showed that carcinogenesis occurred
significantly more often in patients with SCH than in
people with euthyroid condition [23]. It has also been
reported that CRC involves two additional nuclear
receptors with opposing effects, which have been
previously mentioned: TRal and TRB1. The effect of
TG on TRal leads to the activation of -catenin, which
promotes cell proliferation in the colon. Conversely,
TRP1 inhibits cell proliferation when it is activated
by TG. In particular, TG can regulate the balance
between proliferation and differentiation of CRC stem
cells stimulating differentiation and reducing growth,
thus acting as an anti-cancer agent [24].

Thus, the lack of TRPB1 expression is associated
with malignant transformation in colon cancer
[25]. Among other things, TG has been shown to
contribute to the depletion of stem cells in the tumor
site. The study by A. L'Heureux et al. demonstrates
a potential feedback mechanism observed in patients
with hyperthyroidism; in their xenografts and in
vitro models, CRC stem cells treated with T3 had a
significantly reduced ability to self-renew, decreased
accumulation of nuclear B-catenin, and increased
sensitivity to treatment, especially when type 3
deiodinase (D3) was suppressed [26]. Intracellular
T3 may have antitumor properties because it induces
the differentiation of CRC stem cells [26].

If we discuss T4, its non-genomic activity through
binding to the avB3 integrin leads to an increase
in nuclear B-catenin levels. T4 also promotes cell
viability in CRC cell lines in a dose-dependent
manner. Thus, there may be a potential mechanism
in which low FT4 levels in primary hypothyroidism
may protect against cancer by reducing interaction

with integrin [26]. The authors also noted that
TRPB1 may play a role as a tumor suppressor in the
development of malignant tumors. Conversely,
overexpression of TRal receptor appears to be linked
with an accelerated appearance and progression of
tumors [26].

G. Schiera et al. suggest that hypothyroidism
correlates with an increased risk of CRC and
hepatocellular carcinoma [24]. F. Gagliardi et al.
suggested that cancer may determine the onset of
the low T3 syndrome and that a decrease in the
peripheral transformation of T4 to T3, which occurs
under the action of type 2 deiodinase (D2), may be
a pivotal moment in this process. Using the example
of patients with metastatic CRC, the loss of muscle
mass that occurs during cachexia and the subsequent
decrease in deioding, as well as liver damage
caused by tumor spread, followed by impaired
deioding mediated by type 1 deiodinase (D1), can be
considered as sequential pathological mechanisms.
Based on the identified correlation between changes
in peripheral deiodination and adverse clinical
outcomes, the researchers concluded that the FT3/
FT4 ratio may serve as a prognostic indicator for
determining the life expectancy of individuals with
metastatic CRC. A relationship between low T3
syndrome and adverse clinical outcomes was also
observed in patients with hematologic tumors, lung
tumors, and brain tumors [24]. -

In addition to the crucial biological importance
of TG in metabolism and growth, there is evidence
that they can influence the clinical outcome of
cancer, as well as individual life expectancy [27].
Numerous in vitro and in vivo studies, as well as
population studies, indicate the cancer-promoting
effects of triiodothyronine and thyroxine. These
hormones are known to be mediators of tumor
growth and proliferation, as well as its progression.
This hypothesis is supported by numerous clinical
studies that have shown that hypothyroidism can
suppress tumor growth, whereas hyperthyroidism
can have the opposite effect [27, 28]. In addition,
hyperthyroidism is also associated with a poorer
prognosis of cancer [29].

Elevated serum TSH levels have been linked to
improved treatment outcomes in patients with head
and neck cancer, gliomas, and breast cancer (BC).
However, these levels have also been associated with
poorer outcomes in patients diagnosed with kidney
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cancer [30]. This discrepancy indicates differences
in oncogenesis between different types of cancer.
Hypothyroidism also appears to be associated with
a poor prognosis for patients with endometrial
cancer (EC). A multicenter study conducted by
V. Seebacher et al. [13] in 2013 was the first to study
the effect of TSH on the prognosis of patients with
EC. Elevated TSH levels have been shown to be
independently associated with poor disease-related
survival in univariate and multivariate survival
analyses (p = 0.01 and p = 0.03, respectively).

Thus, TSH serum measurements can be utilized
as an independent prognostic indicator for the
survival of EC patients to determine recurrence
during the follow-up period of EC. However, in
the aforementioned study [13], no correlations
were observed between elevated pre-treatment
TSH levels and advanced-stage FIGO tumors,
higher histological grades, unfavorable histologic
subtypes, elderly patient age, or lifestyle factors,
such as obesity, hypertension, or diabetes. Based
on this discovery, TSH may be associated with
systemic processes that interact with carcinogenesis
(for example, hormonal imbalance or inflammation)
rather than with local neoplastic transformation.
However, the specific mechanism by which serum
TSH levels affect EC remains unknown.Over the past
few decades, considerable attention has focused on
investigating how TG exert tumor-stimulating effect
[3, 31]. TG mediate their effect on the cancer cell
through several non-genomic pathways, including
activation of the membrane receptor for TG integrin
avp3 [27, 32]. It has been shown that this receptor
contains two different hormone-binding sites, S1
and S2, each of which triggers unique signaling
cascades. Only T3 in physiological concentrations
can bind to S1, triggering phosphorylation and
activation of the phosphatidylinositol-3-kinase
(PI3K) pathway, which potentiates cell proliferation
and inhibits apoptosis. The second site, S2, binds
T4 and has lower affinity for T3, triggers oncogenic
extracellular signal-regulated kinase 1/2 (ERK1/2),
contributing to a similar side effect, while stimulating
angiogenesis and expression of fibroblast growth
factor 2, as well as components necessary for rapid
oncogenesis [3, 26, 33]. Binding of integrin avp3
stimulates the proliferative effect of hormones
on cancer cells, as well as on blood vessel cells
[3, 32, 34].

This ability may be significant not only in CRC,
but also in other types of cancer, as malignant cells
express a greater amount of integrin av33 compared to
normal cells [24]. The effect of TG on the expression
of the P-gp gene, whether genomic or non-genomic,
has also been reported, which increases the likelihood
that TG in an oncological patient may contribute to
chemoresistance of tumor cells. This possibility has
not yet been investigated in CRC cells. However, it
has been demonstrated that av33 integrin, a carrier of
the cell surface receptor for T4, plays an important
role in doxorubicin resistance in metastatic BC [35].
Potential mechanisms underlying the link between
TG and CRC are also reported. Since CRC can be
a hormone-dependent cancer, tumor progression is
inversely related to the expression of the estrogen
beta receptor (ERR) [36].

P.A. Konstantinopoulos et al. reported
significantly lower ERB expression in colon
cancer cells compared to normal colon epithelium
[37]. Decreased ERR expression in CRC may be
associated with loss of differentiation and advanced
stages of cancer [37]. Moreover, it is reported that
the potential for CRC progression is suppressed
by ERR expression [28]. Estrogen has been shown
to increase ERR expression [37]. The downstream
genomic protective effects of estrogen result in
gene transcription associated with angiogenesis and
cell adhesion. Additionally, ERB has been reported
to induce apoptosis through various mechanisms,
including increased p53 signaling in LoVo colon
cancer cells and increased DNA fragmentation in
COLO205 colon cancer cell lines [28].

An imbalance of thyroid hormones is a possible
factor influencing the development of CRC resulting
from diseases, such as SCH, Hashimoto’s disease,
and Graves’ (or Bazedow’s) disease, and their
treatment. In 2010, G. Rennert et al. published a
study titled CRC Risk Therapy [38]. Further studies
were consistent with these results and showed that
high concentrations of TG (but within the acceptable
range) reduced the risk of developing CRC. Despite
these promising initial results, there are currently
only 11 papers available analyzing this issue, both at
the molecular and epidemiological levels. The human
studies included in this analysis show consistent and
promising results [39].

Speaking about the effect of TG on CRC during
long-term use as part of hormone replacement therapy

178 BionneteHb cMbupckoit MeguunHbl. 2025; 24 (4): 172-183



Reviews and lectures

(HRT), G. Rennert et al. in a case-control study
involving 2,566 couples showed that levothyroxine
use was associated with a statistically significant
reduction in the relative risk of CRC (HR = 0.59;
95% CI = 0.43-0.82; p = 0.001) [38]. In accordance
with the well-known fact that hypothyroidism is
much more common in women than in men, the study
showed that levothyroxine women were more likely
to take dietary supplements than men in the control
group (8.2% vs. 2.0%, respectively, p < 0.0001).
After analyzing the subgroups, the study showed
a reduced risk of CRC in postmenopausal women
taking levothyroxine (odds ratio (OR) = 0.53; 95%
CI: 0.37-0.74; p < 0.001). In a fully adjusted model
for postmenopausal women, levothyroxine intake was
associated with a significant reduction in the risk of
CRC (OR =0.60; 95% CI: 0.4-0.81; p = 0.001) [38].

The study by B. Boursi et al. conducted on a
large UK population included 20,990 CRC patients
and 82,054 matched control patients. Analysis of
the relationship between the time of initiation of
replacement therapy and the risk of developing CRC
showed that the protective effect increased along
with the duration of therapy. Moreover, patients
with clinical or subclinical hypothyroidism without a
history of HRT had a higher risk of developing CRC
compared to patients without any thyroid dysfunction
(OR = 1.16; 95% CI: 1.08-1.24; p < 0.001) [29].

The meta-analysis conducted by Jang et al. among
women diagnosed with CRC showed that received
HRT users had a reduced risk of mortality compared
to women who had not previously taken TG, while
the risk remained unchanged in patients who had
previously used HRT, suggesting that the relationship
between HRT use and survival rate may be complex
and depend on the duration of hormone use.

DISCUSSION

The role of thyroid hormones in carcinogenesis
iIs not considered or regarded as an ambiguous
phenomenon today. Due to insufficient research,
there is currently no unified perspective on the nature
of thyroid dysfunction and its course across different
stages and types of cancer. There is still a question
about the effect of TG on cancer carcinogenesis,
while the mechanisms are different. However, there
is already evidence of the effect of TG on the clinical
outcome of cancer [30]. Hormonal and metabolic
alterations associated with obesity, coupled with a

persistent state of low-grade chronic inflammation,
create a favorable environment for the development
of cancer.

Most studies indicate that the greater the number
of MS components a patient has, the higher their
risk of developing malignancy [11, 12]. At the same
time, MS also increases cancer mortality by up to
2.4 times [11]. For example, J.H.Park et al. observed
9,890,917 adults for 7 years and found that the risk
of thyroid cancer was higher in the group with MS
than in the group without MS (HR = 1.15; 95% CI
1.13-1.17).

This cohort study showed that MS patients
tended to have larger tumors, more invasive
characteristics, including a greater number of lymph
node metastases, and a later stage of AJCC. Blood
pressure > 130/85 mm Hg and low levels of HDL
cholesterol were risk factors for the development of
larger tumors and metastases to lymph nodes. BMI
has been used as the main indicator in most studies.
However, the distribution of body fat and impaired
adipose tissue function rather than the total fat mass
may be a better predictor of insulin resistance and
associated complications for each patient.

NAFLD is a hepatic manifestation of MS [25].
Associations of NAFLD with cancers of the liver,
esophagus, pancreas, rectum, anus, and bladder,
as well as malignant melanoma, were increased in
men, while associations with cancers of the kidneys,
thyroid, and lungs were increased in women.
Interestingly, the associations between NAFLD and
the risk of liver, kidney, and thyroid cancer remained
statistically significant after further adjusting for
waist circumference, BMI, and the number of MS
components based on the primary models. Thus,
NAFLD has been linked to an increased risk of
several types of cancer, although the effect varies
considerably depending on the specific location.
We suppose that NAFLD should be given a higher
priority within the current cancer prevention strategy
[14].

Associations of metabolic dysfunction with
the risk of BC and CRC were observed regardless
of BMI, with an increased risk in individuals
with metabolically unhealthy normal weight or
overweight/obese compared to people with a
metabolically healthy normal weight [48]. Thus,
metabolic dysfunction is a key risk factor for obesity-
related cancer, regardless of obesity status.
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Recently, evidence has emerged that some
TG metabolites previously considered as inactive
products of thyroid hormone metabolism have
biological activity, such as 3,5-T2 [21]. This
metabolite exhibits some TG effects within one
hour after administration, and mitochondria are
considered as its direct target. In addition, in vivo
studies have shown that 3,5-T2 exerts a metabolically
favorable effect on adipose tissue [21], which could
certainly play an important role in the development
of therapeutic approaches not only for isolated MS,
but also when combined with CRC and thyroid
dysfunction.

G. Schiera et al. suggest that TG can control the
balance between proliferation and differentiation of
CRC stem cells inducing differentiation and reducing
growth, thus acting as an anti-cancer agent [24].
On the other hand, the study found that genetically
predicted hyperthyroidism, TSH, and FT4 were not
associated with an increased risk of CRC, and the
reverse analysis failed to reveal any effect of CRC on
thyroid function [42].

On the one hand, TG mediate their effect on the
cancer cell through several non-genomic pathways,
including activation of the membrane receptor for
TG integrin avB3. Binding of the latter promotes the
proliferation of cancer cells [3]. However, malignant
cells express a higher amount of integrin avp3 than
normal cells [24]. The most important thing is that a
chain of interaction is formed, which is realized in
various types of cancer, including CRC [26].

The possibility of the P-gp gene expression under
the influence of TG has not yet been studied in
CRC cells, but it has been shown that integrin avf33,
which is a carrier of the cell surface receptor for
T4, makes an important contribution to doxorubicin
resistance in metastatic BC [34], which opens up new
directions for in-depth study of the role of TG not
only in colorectal cancer, but also in carcinogenesis
in general.

There is also evidence of a positive effect of HRT
with TG on the outcome of CRC. G. Rennert et al.
established that long-term use of levothyroxine was
associated with a reduced risk of CRC [38]. B. Boursi
etal. in their study demonstrated a lower risk of CRC
among HRT users and a higher risk among patients
with hyperthyroidism or in hypothyroidism patients
who did not receive HRT. The protective association
of TG increased along with the duration of treatment

and cumulative dose and was higher in colectomy
patients and more pronounced in women. The results
of the work of Jang et al. also show that current HRT
use has been associated with a significant reduction
in the risk of CRC and all-cause mortality in women
with CRC [41]. These findings confirm our belief
that in patients with CRC, special attention should
be paid to the hormonal status of TG.

Therefore, strategies to combat CRC in the
presence of concomitant MS and thyroid dysfunction
should be followed throughout treatment period. Thus,
we believe that in addition to targeted, chemotherapy
and radiation therapy, it is necessary to include some
measures aimed at weight loss and BMI normalization,
and most importantly, correction of TG levels, which
we believe will significantly reduce the risk of severe
forms of CRC and mortality rates.

By avoiding the assessment of endocrine
disorders, their observation and analysis, we may
be underestimating the patient’s condition, missing
the opportunity to prescribe proper complex therapy,
thereby depriving patients of a cure, inhibiting the
development of oncology, and supporting existing
scientific results.

The main limiting factor of this review is the
scope of studies included. This is due to the limited
number of series available in the literature. This
circumstance does not allow us to draw clear and
definitive conclusions about the mutual influence
of TG, MS and CRC, but the trend can still
be traced.

CONCLUSION

Currently available clinical and experimental
data provide contradictory results on the ability of
TG to influence the onset and progression of CRC in
the presence of concomitant MS.

However, based on the findings of certain studies,
cancer cells appear to be responsive to alterations
in thyroid hormone concentrations, both during the
process of mutagenesis and following the emergence
of a tumor. Yet, the lack of sufficient information
combined with the complex and multifaceted
interactions between TG, MS, and CRC currently
precludes us from drawing definitive conclusions
regarding the role of TG in the development or
suppression of colorectal tumors. We hypothesize
that the discrepancies in the data are due to the
intricate interactions between TG and their receptors
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in both normal and malignant tissues in the context
of MS.

Speaking about the isolated effect of MS
components on CRC, most studies indicate their
complex effect not only on various types of cancer,
but also on carcinogenesis in general. MS can not
only contribute to the occurrence, development, and
progression of CRC and other cancers, but it also
influences patient outcomes after treatment, which
highlights its significance and role in understanding
colorectal carcinogenesis in thyroid dysfunction.

We set ourselves the task of deciphering
and studying the root cause of the pathogenetic
interaction of CRC, MS, and thyroid dysfunction.
Disrupting this malignant triad will bring us closer
to new horizons and strategies for combating cancer.
It seems to us that the inclusion of a reasonable
correction of thyroid hormone levels using HRT
with thyroxine preparations and the control of MS
components in patients with CRC can help improve
the quality of early cancer diagnosis and treatment
outcomes by increasing Life expectancy.
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ABSTRACT

The lecture was created following the analysis of experimental data and review articles presented in the PubMed
database. The lecture consists of five parts summarizing the literature data on galectin-1 and -3 in terms of their
modulating effect in signal transduction processes. Possible mechanisms of galectin-1 and -3 involvement in
proliferation, apoptosis, angiogenesis, migration, and adhesion of tumor cells are considered. The lecture data
make it possible to identify intracellular signaling molecules, whose qualitative or quantitative changes can prove
the effect of candidate compounds of galectin-1 and -3 inhibitors as potential antitumor agents.
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FanekTnH-1 n -3: BHYyTpUKETOYHbIE MYTUN CUTHaJIbHON TPaHCAYKL NN
B KaHLUeporeHese (nekuuna)

Cepebpsaxosa B.A., TonoBuHa E.J1.,, Menewko M.B., Bansosa O.E.
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PE3IOME

Jlexuus pazpaboTaHa Ha OCHOBE aHAIN3a JAHHbBIX SKCHEPUMEHTAIBHBIX Pa0OT U 0030pHBIX CTaTeH, IPECTaBIICH-
HBIX B 0a3e naHHbIX PubMed. JIeknms cocTouT u3 msaTH 4acTeid, 0000IArONNX JaHHBIE JTUTEPATyPhI O rajleKTHHE- 1
1 -3 ¢ HO3ULMU UX MOAYJIMPYIOIIETO ICHCTBHS B IPOLIECCaX CUTHAIBHON TPAHCAYKIMH. PacCMOTPEHBI BO3MOXKHBIC
MEXaHN3Mbl Y4acTHs rajeKTuHa-1 u -3 B mponudepanuy, anonTose, aHrnoreHe3e, MUrpaly U aare3uu ornyxoJe-
BBIX KJIETOK. JlaHHbIC, IPEACTABICHHBIC B JICKIIUH, IO3BOJISIOT 0003HAYHUTH BHYTPUKIICTOUYHBIE MOJICKYJIBI-IIOCPE/I-
HHKH, Ka4ECTBEHHBIC HJIN KOJINYECTBEHHBIC M3MEHEHHS KOTOPBIX CIIOCOOHBI 10KA3aTh ACHCTBUE COCTMHEHHI-KaH-
JUIaTOB MHTUOMTOPOB I'aIeKTUHOB- | U -3 KaK MOTEHLHAIBHBIX IPOTHBOOITYXOJIEBBIX CPEICTB.

KiroueBble cjioBa: raHeKTI/IH-l, FaHeKTI/IH-3, Hpomzl(bepaunﬂ, arlorTo3, aHruoreHe3, Murpanus, aare3us, KaHue-
POTreHE3

DL Serebryakova Valentina A.,, serebryakova-val@mail.ru

184

BlonneteHb cMbupckoit MeguunHbl. 2025; 24 (4): 184-193



Reviews and lectures

KonpaukTt uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX M MOTEHIIMAIBHBIX KOH()INKTOB HWHTEPECOB,

CBSI3aHHBIX C MyOIUKaNNeil HACTOSIIEH CTaThH.

Hcrounuk ¢puHaHCHPOBAaHUSA. ABTOPBI 3asBJIAI0T 00 OTCYTCTBMM (PUHAHCHPOBAHMUS NPU IPOBEACHUH HCCIIENIO-

BaHUA.

Jnsa uurupoBanusi: CepebpskoBa B.A., ['onosuna E.JI., Menemko M.B., Bauzosa O.E. 'anektun-1 u -3: BHy-
TPHUKJICTOYHBIC MYTH CUTHAIBHON TPAHCIYKIMH B KaHLEpOreHese (JIeKuust). broanemens cubupcKom MeouyuHsi.
2025;24(4):184-193. https://doi.org/10.20538/1682-0363-2025-4-184-193.

INTRODUCTION

High toxicity of non-selective antitumor agents
supports the need to develop new targeted antitumor
drugs. The involvement of galectin-1 and -3 in the
regulation of main stages of oncogenesis and successful
results of international studies on development of
inhibitory compounds make it possible to consider
galectins as a potential target of new antitumor agents.
The complexity of molecular mechanisms regulating
tumor growth and modulating effects of galectins on
various signaling pathways justify the need to identify
intracellular targets. Changes in the activity of these
intracellular targets will confirm the specific action of
a potential inhibitory compound.

The aim of this study wasto analyze and systematize
data on the involvement of galectin-1 and -3 in the
main stages of oncogenesis and identify potential
intracellular indicators confirming the inhibitory effect
of candidate compounds as potential antitumor agents.

GALECTINS AS MODULATORS OF SIGNAL
TRANSDUCTION

Galectins constitute a family of B-galactoside-
binding proteins with a highly conserved carbohydrate
recognition domain (CRD) present in the cytosol, cell
nucleus, and extracellular space [1-3]. Depending on
the number and arrangement of CRD, galectins can be
classified in three groups:

— prototype galectins (galectin-1, -2, -5, -7, -10,
-11, -13, -14, -15) displaying one CRD capable of
dimerization;

— tandem repeat-type galectins (galectin-4, -6, -8,
-9, -12) displaying two homologous CRDs connected
by a linker amino acid sequence;

— chimera-type galectins (galectin-3) displaying
one CRD linked to a collagen-like N-terminal site and
capable of oligomerization into a pentamer [2-7].

Galectins located inside cells interact with
cytoplasmic and nuclear proteins (B-catenin,
hnRNPA2B1, gemind4, NUP9S, importin o, Alix,

LAMP 1 and 2, N-CAM) through carbohydrate-
independent protein — protein interactions [2, 8, 9].
Extracellularly, galectins bind to glycoconjugates on
the cell surface and in the extracellular matrix (laminin,
fibronectin, vitronectin, and elastin) containing the
disaccharide N-acetyllactosamine (GalP(1-4)GlcNAc;
LacNAc) forming a galectin — glycan structure called
a molecular lattice or cluster [2, 8, 10-12]. Binding
of glycoproteins by galectin results in prolongation of
residency time of receptors on the cell surface and,
thus, modulation of strength or duration of signal
transduction [2, 9, 10, 12].

One of the variants of atypical glycosylation
of membrane glycoproteins characteristic of
malignant cell transformation is multiple branching
of N-glycans, that is the addition of PB1,6-linked
N-acetylglucosamine (f1,6-GlcNAc) to al,6-linked
mannose [12-18]. Remodeling of cell surface
glycans results from genetic and epigenetic changes
in enzymes regulating the glycome structure — Golgi
glycosyltransferases, the best studied of which is B1,6-
N-acetylglucosaminetransferase V (Mgatb) [19]. The
presence of a large number of N-glycan fragments in
the structure of glycoprotein receptors, such as growth
factor receptors (FGFR, EGFR, VEGFR, TGF-fR,
etc.) [17], cell adhesion molecules (integrin-alf1, -
a3pl, -04p7, -a6p1, -aMB1) [16, 20], and epithelial
cellmucins (MUC1, MUC4) [2], makes them preferred
ligands for binding to galectins [2, 16, 17, 20].

The capacity of galetins to bind to a large number of
glycoproteins on the cell surface and in the extracellular
matrix determines their biological role in aggregation
[2], angiogenesis [1, 2, 8, 20], migration [1, 8], adhesion
[2, 17, 18, 21], growth regulation [18, 21], apoptosis
[2], and metastasis [2, 20, 21] of tumor cells.

THE ROLE OF GALECTINS-1 AND -3
IN PROLIFERATION AND APOPTOSIS

The involvement of galectins in stimulating
proliferation and suppressing apoptosis of tumor cells
is due to their ability to interact with the Ras proteins
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and, thereby, modulate the strength and duration
of signals regulating growth, proliferation, and
differentiation [2, 22, 23]. In tumor cells, the H-Ras,
K-Ras, and N-Ras proteins are constantly active,
which promotes their continuous proliferation. The
interaction between galectins-1 and -3 and activated
H-Ras (H-Ras-GTP) plays an important role in
stabilizing the H-Ras — GTP complex at the membrane
level, which is necessary for cell proliferation and
migration [3-5, 9]. Active GTP-binding forms of Ras
proteins induce various effector molecules, such as
Raf-1, phosphoinositide 3-kinase (PI13K), and Ral-
stimulator of guanine nucleotide dissociation (Ral-
GDS) (Ral-GDS) [11, 22].

Galectin-1 shifts initial and epidermal growth
factor (EGF)-stimulated steady state of Ras-GTP/
Ras-GDP toward Ras-GTP. The galectin-1 — Ras-
GTP complex activates Raf-1 by exerting an allosteric
effect on Ras-GTP and reducing the effect of Ras-
GAP (GTPase activating factor, activating the GTPase
protein) on GTP hydrolysis by the Ras protein [5, 22].
Galectin-1 stabilizes H-Ras and K-Ras in the GTP-
bound state. The affinity of H-Ras-GTP for galectin-1
has been found to be higher than that of K-Ras-GTP,
and more galectin-1 molecules bind to H-Ras than to
K-Ras [22]. Galectin-3 binds mainly to K-Ras-GTP
rather than to K-Ras-GDP and H-Ras. Formation of
the K-Ras/galectin-3 complex enhances and prolongs
EGF-stimulated activity of not only Ras-GTP and
Raf-1, but also PI3-K [2, 14, 24].

The interaction of galectin-3 and the K-Ras
protein results in the activation of the downstream
signaling pathways PI3K/Akt, PLC/PKC, Raf/MEK/
ERK, RalGDS/Ral, and TIAM1/Rac, which promotes
proliferation, migration, and invasion of tumor cells
[5]. The Ras inhibitor farnesylthiosalicylic acid and
the mitogen-activated protein kinase/ERK inhibitor
UO126 are known to suppress galectin-3-mediated
resistance to apoptosis [23]. Using molecular docking
methods and in vitro studies, it has been established
that the disruption of the galectin-1/Ras interaction
induced by the experimental compound LLS30 is
accompanied by suppression of the Ras/ERK signaling
pathway, inhibition of proliferation, and induction of
apoptosis in malignant peripheral nerve sheath tumor
(MPNST) [25].

C. Fischer et al. (2005) demonstrated that
galectin-1 suppressed integrin-dependent growth of
hepatocellular carcinoma (HepG2), breast carcinoma
(T-47D), and ovarian adenocarcinoma (OV-90)
cell lines following inhibition of the Ras-MEK-

ERK signaling cascade and subsequent induction of
transcription of the p27 and p27 genes. Inhibition of
cyclin-dependent kinase 2 by the p27 and p21 proteins
resulted in cell cycle arrest in the G, phase and
suppression of cell growth. The authors demonstrated
that the antiproliferative effect of galectin-1 required
a functional interaction of galectin-1 with the a5
subunit of the integrin a5 1receptor [26]. Suppression
of galectin-3 expression in prostate cancer cell line
(PC-3) resulted in cell cycle arrest in the G, phase,
elevated levels of the nuclear protein p21, and
hypophosphorylation of retinoblastoma protein (pRb),
providing no effect on levels of cyclins (D1 and E),
cyclin-dependent kinases (CDK2 and CDK4), and the
p27 protein [27].

The activation of telomerase is one of the most
important stages of carcinogenesis. Galectin-1
(LGALSI) gene overexpression was associated with
high telomerase (ATERT) mRNA expression in
tumor cells in patients with multiple myeloma [11].
Suppression of galectin-3 expression reduced the
expression of the telomerase reverse transcriptase
gene ATERT in tumor cells in patients with gastric
cancer [4].

The canonical Wnt/B-catenin signaling pathway
plays a key role in regulation of cell proliferation and
differentiation. In the absence of an activating signal,
low concentrations of B-catenin in the nucleus and
cytoplasm are maintained by a protein destruction
complex that includes the proteins Axin, APC,
and protein kinase GSK-3p. Within this complex,
B-catenin undergoes phosphorylation and subsequent
degradation. Activation of the canonical Wnt
signaling pathway caused by formation of the Wnt-
ligand/Frizzled receptor/LRP5/6 coreceptor ternary
complex results in translocation to membrane of the
Dvl, Axin, and GSK-3f proteins, degradation of the
destruction complex, and suppression of B-catenin
phosphorylation. Stabilized B-catenin translocates into
the nucleus, binds to transcription factors of the TCF/
Lef family, and activates specific target genes (c-Myc,
CyclinD1, COX-2, MMP7, and ITF-2) that regulate
cell proliferation, differentiation, and migration
[28, 29]. Galectin-3 activates the PI3K-Akt-GSK-
3B signaling cascade leading to the accumulation
of P-catenin in the nucleus [30]. Suppression of
galectin-3 gene expression reduces the [-catenin
protein expression in serous epithelial ovarian cancer
(SEOC) cells [31], expression of the f-catenin target
gene CyclinD1, and proliferation of human pancreatic
ductal adenocarcinoma tumor cells [32].
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The involvement of galectin-1 in cell proliferation
regulation is mediated by its interaction with the
neuropilin receptor (NRP-1) [33]. Recombinant human
galectin-1 has been shown to enhance proliferation and
metastasis of the gastric adenocarcinoma cell line (GC
AGS) by activating the NRP-1/c-JUN/Weel signaling
pathway and to increase resistance to cisplatin [34].
Nuclear kinase Weel belongs to the cyclin-dependent
protein kinase family and is a key regulator of the cell
cycle. By binding to terminal phosphorylation sites,
it inactivates cyclin B, resulting in cell cycle arrest in
the G, phase as a response to DNA damage. The NRP-
1 inhibitor EG00229 suppresses galectin-1-induced
proliferation and metastasis in GC AGS cells and
restores cell sensitivity to cisplatin [34].

It has been established that binding of galectin-3
to the T-antigen on the mucin MUC1 activates the
MAPK and PI3K/Akt signaling pathway, which is
accompanied by activation of cell proliferation and
motility [35].

High levels of galectin-1 expression in HepG2
cells promote epithelial-mesenchymal transition
by inducing expression of the transcription factor
SNAIL1 and activating the Wnt/PI3K/AKT signaling
pathway with subsequent repression of E-cadherin
[21]. The SNAIL1 factor induces transcription of
the MDRI gene causing drug resistance, and post-
transcriptionally suppresses the expression of the p53
protein preventing apoptosis of multiple myeloma
cells [3, 11]. In gastric cancer patients, overexpression
of galectin-1 in tumor tissue is associated with elevated
expression of the mutant p53 protein incapable of
exhibiting anti-oncogenic properties [36].

Studies of the effects of galetin-3 on apoptosis
have revealed that it exhibits both pro-apoptotic
and anti-apoptotic activity. The determining factors
include the cell type, stimulus nature, and localization
of galetin-3 [37, 38]. Galectin-3 has been found to
increase resistance of malignant human urothelial
cells (J82) to TRAIL (TNF a-related apoptosis-
inducing ligand)-induced apoptosis by enhancing
activity of the Akt protein kinase in the PI3K/
Akt signaling pathway. Activation of the PI3K/
Akt signaling cascade results in the formation of
phosphatidylinositol 3,4,5-triphosphate which binds
to the pleckstrin homology domain of the Akt Ser/
Thr kinase. Subsequent attachment of Akt to the cell
membrane and its activation phosphorylate specific
target proteins, such as Bad, procaspase-9, GSK-3
(Glycogen Synthase Kinase 3), transcription factor
FKHRL1 (FKHR-like protein 1, which is a member

of the Forkhead transcription factor family), thereby
promoting cell survival and blocking apoptosis [39].

Galectin-3 is known to contain the anti-apoptotic
motif Asp-Trp-Gly-Arg (NWGR), which is conserved
in the homology domain of Bcl-2 and is critical for
the anti-apoptotic function of galectin-3 [2, 4, 8, 23,
38, 39]. The antiapoptotic effects of Bcl-2 display
by stabilizing the mitochondrial membrane potential
and suppressing the release of the apoptosis-inducing
protein cytochrome C from the mitochondria [39].
Suppression of galectin-3 gene expression increases
caspase-3 expression and induces apoptosis in
oral squamous cell carcinoma (OSCC) cells [40].
Galectin-3 is capable of suppressing apoptotic
signals by binding to Fas/CD95 [4]. Expression of
galectin-3 mRNA in leukemic B cells is associated
with the expression of proliferation markers (Ki-
67 and PCNA) and the anti-apoptotic protein Bcl-2
[38]. The involvement of galectin-3 in cell apoptosis
regulation is also associated with the ability to interact
with annexin VII, Ca?* ions and phospholipid-binding
protein that mediates translocation of galectin-3 to
the perinuclear membrane of mitochondria to control
membrane integrity and release of cytochrome C [2].

A pro-apoptotic action is characteristic of the
phosphorylated form of galectin-3. In human breast
carcinoma cells (BT549), phosphorylated galectin-3
has been found to promote TRAIL-induced apoptosis
by activating the proapoptotic protein Bad with
subsequent release of cytochrome C [37]. Proline-46
isomerization in the N-terminal region of galectin-3
has been shown to enhance T cell apoptosis via
activation of the ROS/ERK cascade [41].

Extracellular galectin-1 is capable of triggering
T lymphocyte apoptosis via both the receptor and
mitochondrial pathways [25, 42]. It was established
that the JNK/c-Jun/AP-1 signaling pathway plays
a key role in galectin-1-induced apoptosis of Jurkat
T cells. The pro-apoptotic effect of galectin-1 is
associated with lower expression of the anti-apoptotic
protein Bcl-2 and, conversely, with the induction of
the pro-apoptotic protein Bad [43].

Tumor cell-secreted galectin-1 induces T cell
apoptosis via interaction of the carbohydrate
recognition domain with LacNAc-linked galactose
residues in the CD45 receptor structure [25]. F.R.
Zetterberg et al. (2024) demonstrated that the
galectin-1 inhibitor GB1908 suppressed galectin-1-
induced apoptosis in Jurkat T cells [44].

Galectin-1-induced cell death comes amid
phosphatidylserine externalization, chromatin
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condensation, DNA fragmentation, and membrane
blebbing. It has been shown that apoptosis of Jurkat
T cells induced by galectin-1 is associated with
rapid translocation from mitochondria to the nucleus
of apoptotic endonuclease G which is capable of
selectively cleaving double DNA strands at poly-G
sequences. Apoptosis of T lymphocytes occurs before
the loss of mitochondrial membrane potential and is
not accompanied by release of cytochrome C, AIF
translocation, and caspase activation. Interestingly,
intracellular galectin-3 inhibits galectin-1-induced
Jurkat T cell death. Intracellular expression of
galectin-3  stabilizes mitochondrial membranes,
prevents galectin-1-induced loss of mitochondrial
membrane potential, and degradation of the anti-
apoptotic protein Bcl-2 [45].

On the contrary, in vitro assessment of the effect
of recombinant galectin-3 on apoptosis has revealed
a dose-dependent pro-apoptotic effect on Jurkat
tumor cells and CD* T lymphocytes associated
with an elevated number of cells with a depolarized
mitochondrial membrane [46, 47].

THE ROLE OF GALECTINS-1 AND -3
IN ANGIOGENESIS

Angiogenesis is one of the stages of invasion and
metastasis of tumor cells [2]. During angiogenesis,
tumor cells secrete vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF)
[48]. A key role of VEGF in abnormal angiogenesis
is due to the activation of VEGF receptor tyrosine
kinases, such as EGFR1 (Flt-1), VEGFR2 (KDR/Flk-
1), and VEGFR3, on endothelial cells (FIt-4) [13].
In patients with colorectal cancer, an elevated blood
level of desquamated endotheliocytes correlates with a
higher concentration of galectin-1, -3, and VEGF [49].

Activation of endotheliocytes by growth factors
leads to higher expression of galectin-1 and protein
transfer to the surface of endothelial cells [48].
Galectins-1 and -3 secreted by tumor cells stimulate
abnormal angiogenesis through VEGF-dependent
and VEGF-independent mechanisms. The interaction
of recombinant human galectin-1 with mouse
melanoma endothelial cells (B16-F10) in vitro
promotes transmission of H-Ras signals in the Raf/
mitogen-activated protein kinase/ERK cascade, which
stimulates proliferation and migration [4, 48].

By recognizing complex N-glycans in VEGFR2
on endothelial cells, galectin-1 triggers VEGF-like
signaling including phosphorylation of VEGFR2,
ERK1/2, and Akt [4, 5, 11, 13]. The involvement of

galectin-1 in the stimulation of glioma angiogenesis
is associated with the activation of transmembrane
kinase/ribonuclease of the endoplasmic reticulum,
which regulates expression of the ORP150 protein
(150-kda oxygen-regulated protein) [8]. The ORP150
protein accelerates intracellular transport of the VEGF
protein from endoplasmic reticulum to the Golgi
apparatus for subsequent secretion [50].

Galectin-1 also interacts with neuropilin-1 (NRP-
1), which serves asa VEGFR co-receptor in endothelial
cells and is necessary for tumor angiogenesis [5]. In
vessels localized in tumors sensitive to VEGF blockers
(anti-VEGF), a high level of a2-6-bound sialic acid is
reported, which prevents galectin-1 binding. Tumors
resistant to anti-VEGF treatment secrete elevated
amounts of galectin-1. Interruption of B1-6GIcNAc
branching in endothelial cells or suppression of
galectin-1 expression transforms refractory tumors
into anti-VEGF sensitive ones. Elimination of o2-6-
bound sialic acid increases resistance to anti-VEGF
treatment. Disruption of galectin-1 interaction with
N-glycan promotes vascular remodeling, influx of
immune cells, and suppression of tumor growth [13].
The involvement of galectin-3 in tumor angiogenesis
is mediated by interaction of its carbohydrate-
recognizing domain with N-glycans on VEGFR2 and
integrin-avp3. The formation of clusters activating
FAK-mediated signaling pathways regulates VEGF
expression and migration of endothelial cells and
leads to an increased angiogenic response to VEGF
type A (VEGF-A) [2, 4, 14, 20, 51].

THE ROLE OF GALECTINS-1 AND -3
IN CELL MIGRATION

Cell motility is based on dynamic remodeling of
the actin cytoskeleton and focal adhesions. When
interacting with the extracellular matrix, integrin
receptors cluster in the membrane plane, activate
Src, and involve paxillin, talin, and vinculin in the
formation of complexes that fix microfilaments.
Tyrosine kinases of cytokine receptors together
with integrins activate common oncogenic signaling
mediators — protein kinase Cy, PI3K, Rac/Cdc42, and
the adapter proteins Grb7, Grb2, and p130cas. Cells
with low activity of focal adhesion kinase (FAK) are
unable to move fibronectin bound to integrins along
actin filaments necessary for formation of mature
fibrillar adhesions [52].

It has been established that the expression
of endogenous galectin-1 in human malignant
astrocytoma cells (U343MG-A, US7TMG, U87TMG-10)
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correlates with cell migration ability and invasiveness
[53]. Galectin-1 acts as the main factor inducing
epithelial-mesenchymal transition and metastasis by
reducing the level of E-cadherin expression, activating
the Hedgehog signaling pathway, transcription of
NF-kB, followed by increased expression of the
genes MMPI, S10047 and ankyrin-3 which are
responsible for invasion and migration of tumor cells
[4, 54]. Lower galectin-1 expression induced by
miRNA is accompanied by a decrease in the amount
of integrin-f1 on membranes of human malignant
erythrocytoma cells (U87, Hs683) at cell adhesion
points, accumulation of integrin-p1 inside cells, and
a parallel increase in the perinuclear localization of
protein kinase C and vimentin, which cause integrin
recirculation [8, 55].

The role of galectin-1 in tumor cell invasion
is also associated with a higher level of matrix
metalloproteinases (MMP-2, MMP-9) and
reorganization of actin cytoskeleton by activating
Cdc42, a small GTPase of the Rho family, followed
by an increase in the number and length of filopodia on
tumor cells [4]. I. Camby and et al. [2002] demonstrated
an increase in the motility of malignant astrocytoma
cells (U87, U373) under the action of recombinant
galectin-1. The authors associated enhanced migration
abilities of neoplastic astrocytes with changes in
organization of the actin cytoskeleton and elevated
expression of the small GTPase RhoA [56].

After interaction of glioblastoma cell integrin with
the extracellular matrix, RhoA attracts actin. Then
more stable focal adhesion complexes are formed,
which connect lamellipodia to lamellae. Rho A activity
decreases, Racl activity increases. Focal complexes
either cause migration or mature, forming focal
adhesions that enhance cellular adhesion and interfere
with cell mobility. At the same time, the activity
of Rho A increases, while that of Racl decreases.
Thus, switching between RhoA and Racl activation
determines the cell ability to detach and migrate, or to
lock onto and attach to the extracellular matrix [57].

The involvement of galectin-3 in regulation of
invasion and motility is due to weakening of contacts
between cell adhesion molecules and N-glycosylated
extracellular matrix proteins, such as laminin and
fibronectin [4]. Galectin-3 stimulates secretion of
interleukin-6 (IL-6) and colony-stimulating factors
(G-CSF, GM-CSF) by endothelial cells of human
lung micro vessels (HLMVECSs). Cytokines promote
autocrine or paracrine metastasis by enhancing
expression of adhesion molecules by endothelial

cells  (integrin-o, f,, E-selectin, ICAM-1, and
VCAM-1) and their migration [20, 58]. Galectin-3
activates FAK and Racl, which are involved in
reorganization of the actin skeleton and formation
of lamellipodia by N-glycosylation of integrin-
a3p1 [20]. The experiment run by A. Lagana et al.
(2006) showed that a galectin-3-induced sequential
increase in the activity of FAK and PI3K attracts
conformationally active integrin-aSp1 to fibrillar
adhesions and increases the turnover rate of F-actin
in breast carcinoma cells [52].

The heterodimeric transcription factor HIF-1 is
one of the main molecules regulating the response of
cells to hypoxia. The alpha subunit of HIF-1 is stable
under hypoxia, while it is destroyed under normoxia.
After activation and stabilization, the HIF-1 factor
moves to the nucleus and induces transcription of
target genes, followed by angiogenesis stimulation. It
has been found that HIF-1 activation is accompanied
by elevated galectin-3 expression. The interaction of
the galectin-3-integrin-a31 complex with a structural
component of microvascular pericytes, proteoglycan
NG2, stimulates endothelial cell motility and
morphogenesis [8].

THE ROLE OF GALECTINS-1 AND -3
IN CELL ADHESION

Galectins are described as matrix molecules that
regulate cell adhesion to the extracellular matrix by
interacting with the N-acetyllactosamine sequences
of N-glycans, integrins, and mucins [2, 8, 52]. The
av integrins (avB3, avp5, avp6) form an abnormal
cell surface repertoire due to the high affinity of their
poly-N-acetyllactosamine (LacNAc) to galectin-3.
On the cell surface, integrins and the galectin-3
pentamer form clusters that regulate adhesion to the
extracellular matrix and migration of tumor cells
[59]. The interaction of galectins with branched
N-glycans on integrins is accompanied by renewal
and maturation of fibronectin, fibrillogenesis of
fibronectin, and remodeling of actin microfilaments
[60]. The interaction of galectin-3 with modified
1.6 N-acetylglucosaminyltransferase V (Mgat5)
N-glycans in the structure of a5 1-integrin promotes
its activation and formation of focal contacts,
thereby regulating fibrillogenesis of the extracellular
matrix and migration of mammary carcinoma
cells in mice [52]. Suppression of Mgat5 activity
in tumor cells reduces the number of branched
N-glycans, number of intercellular contacts, and cell
migration [60].
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Mucins (MUC) are highly glycosylated high-
molecular-weight proteins synthesized primarily
by epithelial cells. Two subfamilies of mucins are
distinguished: secreted ones (MUC2, MUCSAC,
MUC5B, MUC6, MUC7, MUC8, and MUC19)
perform a protective function, and membrane-bound
ones (MUC1, MUC3A, MUC3B, MUC4, MUC11-
13, MUC15-17, MUC20, MUC21, and MUC22)
are involved in cell adhesion, intercellular receptor
interactions, signal transduction, and growth and
proliferation of epithelial cells.

One of the most studied mucins is type
1 transmembrane mucin (MUC1), which is
physiologically expressed on the apical surface of
secretory epithelial cells. MUC1 is considered to be the
most significant target of galectin-3 [2]. The formation
of hydrogen bonds between galectin-3 and T-antigen
(CD176; Thomsen-Friedenreich antigen (TF)), a
structural component of MUC1 associated with the
protein framework, is important for interaction of
galectin-3 and MUCL [2, 4]. In normal epithelial cells,
the T-antigen undergoes glycosylation and sialylation;
in tumor cells, it is expressed in an open form.

Tumor cells are also characterized by abnormal
glycosylation and overexpression of the aberrant
mucin MUCL1 containing shortened overly sialylated
O-glycans and branched N-glycans. The interaction
between MUC1 with unmodified T-antigen and
galectin-3 leads to clustering of MUC1 on the
surface of tumor cells and exposure of smaller
adhesion molecules, such as E-cadherin. Subsequent
cell aggregation prevents anoxosis, one of the main
mechanisms for removing cancer cells from the
bloodstream, due to inability of cells to adhere [2].
The formation of the galectin-3-MUC4 complex is
accompanied by clustering of mucin and exposure
of latent adhesion molecules, in particular integrins,
which promotes the attachment of tumor cells to
endothelial cells [2].

CONCLUSION

By interacting with atypical N-glycans in the
structure of receptors regulating proliferation,
apoptosis, adhesion, angiogenesis, and metastasis,
galectin-1 and -3 promote oncogenesis. The receptor-
mediated maintenance of tumor-transformed cells
allows galectin-1 and -3 to be positioned as targets
for compounds with antitumor effects. The challenge
in this approach is related to polyreceptor interaction
and involvement of various signaling cascades in key

processes of tumor progression. It is necessary to
perform a comprehensive assessment of the function
of the receptor initiating a corresponding stage of
oncogenesis and the signaling messenger proteins
regulated by it to make it possible to confirm or refute
an inhibitory effect of a potential compound with an
antitumor effect.
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ABSTRACT

Aim. To review and summarize information about the features of protein data storage, as well as the possibilities
for their analysis using NCBI tools.

The lecture summarizes data on existing repositories of protein sequences and structures and analyzes the capabilities
of bioinformatics tools for protein research on the NCBI (National Center for Biotechnology Information)
platform. The primary databases contain information about proteins (records) obtained through experimental
studies; in addition, databases with supplementary information added by curators after analysis are also presented.
Furthermore, bioinformatics analysis of protein sequences and structures using the tools discussed in this lecture
enables the identification of phylogenetic features, as well as the prediction of functions and structures. Thus, the
extraction of extensive information and its analysis through specialized services facilitate insights into in silico
research of experimentally undetected protein characteristics, providing new knowledge that forms the basis for
further investigations.
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Bo3Mo»XXHOCTM aHanun3a 6enkoB B 6uonHpopmaymoHHomn cucreme NCBI

YacoBckux H.10.

Cubupckuii cocyoapcmeennbiil meouyurckull yrugepcumem (Cudl’ MY)
Poccus, 634050, 2. Tomck, Mockoeckuti mpaxm, 2

PE3IOME

Hean — paccMoTpeTs U 0000IUTE HHPOPMALIUIO 00 0COOSHHOCTSX XpaHEHUS JaHHBIX O OeKax, a TaKKe O BO3-
MOXKHOCTSX HX aHanm3a ¢ momoinsio nHcTpyMeHToB NCBI (National Center for Biotechnology Information, Haru-
OHAJIbHBIN LEHTP OMOTEXHOIOTHYECKOH HH(POPMAIIUH).

B nexnmu 060611eHB! JaHHBIE IO CYHIECTBYIOMINM XPAHHUIIHIIAM OEIKOBBIX ITOCIEIOBATEIBHOCTEN U CTPYKTYD,
MIPOAHANTN3UPOBAHBI BO3MOKHOCTH OMOWH(POPMAIIIOHHBIX HHCTPYMEHTOB JUTS HCCIIEAOBaHMS OSIKOB Ha IaTdop-
Me NCBI. [lepBuunsie 6a3bl JaHHBIX coAep)KaT MHPOPMALMIO O Oenkax (3amucH), MOMyYeHHYIO NPU IPOBeae-
HUH SKCIIEPUMEHTANIBHBIX HcciaeqoBaHuid. [IoMumo 3Toro mpezacraBieHs! 6a3bl ¢ IOTMOTHATENEHON HHPOPMaIHEH,
J100aBICHHON KypaTOpaMH IOCIIe aHATUTHKH. bruonH(pOpMaoHHbIH aHaTN3 OEIKOBBIX MOCIEI0BATENIFHOCTEN U
CTPYKTYP C TIOMOIIBIO MIPEACTABICHHBIX B JIEKI[MH HHCTPYMEHTOB ITO3BOJISIET BBIABUTH OCOOCHHOCTH (hrytoreHeTH-
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YECKOT0 Pa3BUTHsI, CIIPOTHO3UPOBATH QYHKIIMHU U CTPYKTYpBL. TakuMm o0pa3om, u3BjedeHHe o0MUpHOH HHpOpMa-
IIMY ¥ BO3MOXKHOCTb €€ aHaJIN3a C TOMOIIbI0 CIELUATN3UPOBAHHBIX CEPBUCOB IIOMOTaeT MIPOJIUTh CBET IIPU UCCIIe-
JIOBaHUM in silico Ha HEOOHaPyKEHHbBIE KCIEPUMEHTAIBHO XapaKTePUCTHKN OCJIKOB, MOIYyYHTh HOBBIC 3HAHUS,
CITy’Kalllie OCHOBOMH [UIs JaNbHEHIINX TEOPETUUECKUX U IKCIIEPUMEHTAIBHBIX UCCIIEIOBAHUM.

KnaroueBble cnoBa: 6nonHpopMaTrKa, OCIE0BATEILHOCT OEIKOB, TOMEH, BRIPABHIBAHNE, TPEXMEPHAs CTPyK-

Typa, NCBI

KOHq).]Il/lKT HHTEPECOB. ABTOp JACKIIapUPYET OTCYTCTBUC ABHBIX U MOTCHIHUAJIBHBIX KOH(bIII/IKTOB HUHTEPECOB, CBA-

3aHHBIX C Hy6.IH/IKaIII/IeI71 HACTOSIIECH CTaThH.

Hcrounuk ¢puHaHCHPOBaHHUA. ABTOD 3asBiIsieT 00 OTCYTCTBHM (PUHAHCHUPOBAHMS MPH MPOBEICHUH HCCIIEI0Ba-

HHA.

Jnsa nurupoBanns: Yacosckux H.JO. Bo3amoxkHOCTH aHann3a OenkoB B OnonHpopmaimoHHoi cucreme NCBI.
bronnemens cubupckoii meouyuns. 2025;24(4):194-203. https://doi.org/10.20538/1682-0363-2025-4-194-203.

INTRODUCTION

Analysis of protein sequences and proteomes
iIs a key area of bioinformatics research, serving
as a means to address a wide range of medical
and biological problems. Leading bioinformatics
resources and platforms include tools for conducting
these studies. This article reviews the most important
of these tools, provided by the National Center for
Biotechnology Information (NCBI) System.

NCBI is an information retrieval and integration
system that encompasses numerous databases and
tools for bioinformatics analysis, including those for
proteins. These include data on protein sequences,
protein molecule structures, as well as tools for
their comparison and visualization, along with tools
and databases for protein domain analysis. Overall,
the system’s capabilities are realized through a
comprehensive set of databases and bioinformatics
services. Currently, NCBI provides search and
data extraction from 31 separate repositories and
knowledge bases [1, 2].

One of the key features of NCBI is its search
system, which allows for access not only to
records within this platform but also from other
repositories [3]. Access to records — specifically
protein sequences — is essential for performing
fundamental bioinformatics operations, such as
sequence alignment (pairwise and multiple) [4, 5].
Pairwise sequence alignment involves comparing
one sequence with another (by lining them up one
under the other) to achieve maximum similarity,
while multiple alignment compares three or more
sequences simultaneously. The primary goal of
alignment is to identify identical regions across

different sequences, calculate the identity score, and
thereby facilitate the identification of homologous
protein sequences, track their evolutionary changes,
and analyze functions based on the observed
similarities [4, 6].

Analysis of protein sequences within the context
of homologous clusters (orthologous and related
groups) is crucial for functional and evolutionary
genome analysis. To maximize the information
extracted from the rapidly accumulating number
of genome sequence records, all conserved genes
must be classified according to their homologous
relationships. Comparing proteins encoded in
complete genomes of certain phylogenetic lineages
enables the identification of sequence similarity
patterns and the delineation of Clusters of
Orthologous Groups (COGs). Each COG comprises
individual orthologous proteins (similar proteins
across different species) or sets of paralogs (similar
proteins within a single species). Orthologs most
often perform equivalent functions, which can
facilitate successful functional predictions for
genomes that are poorly characterized [7].

Since the identification of protein functions uses
the domains and motifs they contain, tools capable of
detecting these features are widely used in proteomics.

Working with three-dimensional proteinstructures
enables the study and modeling of molecular
interactions, which is essential for understanding
cellular processes and for drug development. Tools
for 3D visualization are also described in this lecture.

Theexamplesof dataextracted frombioinformatics
repositories and tools presented in the lecture focus
on SARS-CoV-2 proteins (Severe Acute Respiratory
Syndrome-related Coronavirus 2).
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In general, the study and prediction of various
protein properties require modern bioinformatics
approaches and tools. It is necessary to utilize
databases and tools tailored to specific research
tasks, whose key characteristics are described below.

NCBI DATABASES CONTAINING PROTEIN
INFORMATION

The main NCBI databases that include protein-
related information are BioProject, Conserved
Domain Database (CDD), HIV-1, Human Protein
Interaction Database, ldentical Protein Groups,
Protein Clusters, Protein Database, Protein Family
Models, and Reference Sequence (RefSeq) [1, 2].
Below, examples of their characteristic dataextraction
related to SARS-CoV-2 protein information will be
discussed .

The BioProject database (https://www.ncbi.
nlm.nih.gov/bioproject) serves as an organizational
platform foraccessing information on research projects,
with links to data deposited in archives maintained by
members of the International Nucleotide Sequence
Database Collaboration [8]. In addition to genomics
and transcriptomics data, the database contains records
of proteins and proteomes. Information within the
repository is presented as a set of linked data, referred
to as a “project”. BioProject distinguishes between
two types of projects: primary projects — data posted
for the first time (using the NCBI submission portal)
that can be registered by submitters; and umbrella
projects with higher-level organizational structures
for larger initiatives that provide an additional level
of data tracking. These umbrella projects are created
upon request [9]. Currently, regarding SARS-CoV-2
research, there are 177 umbrella projects and 3,639
primary projects posted for the first time (of which 185
contain data on proteins).

CDD (The Conserved Domain Database, CDD,
https://www.ncbi.nlm.nih.gov/cd) is a resource
for annotating functional modules (i.e., domains)
in proteins. Its collection contains a set of NCBI-
curated data, including 3D structures [10]. CDD
provides well-annotated models of multiple sequence
alignments for conserved domains and full-length
proteins. These multiple alignments generate profiles
of aligned sequences, with homologous (similar)
regions arranged in columns across the length of the
sequences (an example is given below). The aligned
protein regions are expected to share a common

origin, perform similar functions, and exhibit spatial
similarity. These models are used to identify domains
within protein sequences. Collections of domain
alignment models are crucial for studying protein
evolution and for annotating genomic sequences
[11]. When searching this domain database with a
query related to SARS-CoV-2, the user receives 81
results, which include families of different proteins
from the corresponding species. One of these results
— ORF8-Ig SARS-CoV-2-like (Fig. 1) — represents
a subfamily that includes the immunoglobulin (1g)
domain protein ORF8 (SARS-CoV-2) and related
proteins from ORFS sarbecoviruses.

The results of multiple domain alignment of these
proteins demonstrate a high degree of similarity and
relatedness (Fig. 2):

The CDD also includes NCBI-curated domains
that utilize information about 3D structures to
define domain boundaries and provide insights
into the possible relationship between a protein
sequence, its structure, and its function [12].
Domain curation enables users to gain insights
into patterns of conservation of residues and
divergence during evolution within protein
families, as well as their relationship to functional
properties. To enhance traditional multiple sequence
alignments — the foundation of domain models —
the repository incorporates additional types of
information.

— Regarding 3D structures and major conserved
motifs: curators extract multiple protein alignments
from external resources, aligning them with 3D
structural data and their superposition (spatial
overlap). As a result, users are presented with aligned
blocks that include all lines of the multiple alignment
without gaps, along with unaligned regions between
them. These blocks illustrate the conserved core
regions of the corresponding domain family, and the
3D structures can be interactively visualized using
the Cn3D tool [11]. Thus, for the SARS-CoV-2
ORF8 Ig family discussed above, the 3D structure
of proteins can be studied in Cn3D by selecting this
option.

— Regarding conserved features/sites. In addition
to multiple sequence alignments of proteins, NCBI
curators record locations and properties of entities
within a domain family, when it is possible. This
typically includes catalytic residues, binding sites, or
motifs that are referenced in the literature.
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Fig. 1. The subfamily that includes the immunoglobulin (Ig) domain protein ORF8 (SARS-CoV-2) and the ORFS proteins of
sarbecoviruses. The section with data (tabs) on conserved sites identified using the NCBI-curated repository is highlighted in red.

Fig. 2. Multiple protein alignment. All residues in each row of the sequence are shown, with aligned residues in uppercase and

unaligned residues in lowercase. The horizontal scale indicates the number of residues in the overall sequence. The numbers

at the beginning and end of each sequence row specify the range of sequence elements imported from the complete protein
record
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Functions that are potentially applicable to the
domain family under analysis are also incorporated
into the database if there is evidence linking these
functions to a set of alignment elements within the
family [13]. In this example, conserved features and
sites are annotated within the NCBI-curated domain
and are noted in the summary field at the top of the
page, with a separate tab for each function (Fig. 1);

— Regarding phylogenetic organization: Based on
sequence comparison data, curators organize models
of related domains into a phylogenetic hierarchy
of families. A domain family hierarchy consists
of related domains sharing a common ancestor, a
set of conserved residues, and a common function.
However, these families may exhibit differences
in phylogenetic features, specific functions, and
additional conserved residues. Such hierarchies
facilitate understanding how patterns of residue
conservation and divergence within a protein family
relate to their functional properties [12].

- Regarding links to electronic literature resources:
NCBI-curated domains also provide active links to
citations containing information — if available —
about the domain’s biological function, evolutionary
context and classification data in PubMed (https://
www.ncbi.nlm.nih.gov/Structure/cdd/cdd_help.
shtml#Link cdd pubmed) and NCBI Bookshelf
(https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd_
help.shtml#Link cdd books).

CDD also includes data imported from
several external databases (Pfam, SMART, COG,
PRK, TIGRFAM) [10]. As a result, the current
version of CDD, v 3.20, contains 59,693 protein and
protein domain models derived from Pfam (19,178
models), SMART (1,009), COGs collections (4,871),
TIGFAMS (4,488), NCBI protein cluster collections,
NCBIfam (1,125) and CDD’s own data curation
results (18,882) [10]. Although these external
databases are designed for different purposes, they
address specific subsets of the protein space and vary
in size, together they facilitate large-scale domain
analysis.

The largest collection of multiple alignments
within CDD is Pfam (http://pfam.sanger.ac.uk/),
which covers data on common protein domains and
families. Each family is represented by multiple
sequence alignments and hidden Markov models
(HMMs). The diversity of existing proteins arises
from various combinations of domains, and

identifying these domains in proteins provides
valuable insights into their functions [14]. For
example, in research related to the pathogen and
disease process of COVID-19, as well as in the search
for treatment options, Pfam offers useful annotations
for SARS-CoV-2. The models, family names, and
annotations for this virus are periodically updated.
Nearly all gene products encoded by SARS-CoV-2
have now been reviewed; however, Orf10 — a small
protein encoded at the 3’ end of the SARS-CoV-2
genome — remains unannotated by Pfam [14].

Another tool, SMART (http://smart.embl-
heidelberg.de/), in addition to identifying and
annotating protein domains in the studied sequences,
offers functions for the comparative analysis of
complex domain architectures in proteins. It contains
manually curated models for more than 1,300
protein domains, with families that are thoroughly
annotated in terms of phylogeny, functional classes,
3D structures, and functionally important residues of
the molecules [15].

COG  (https://www.ncbi.nlm.nih.gov/research/
cog-project/) is a protein classification resource
also curated by NCBI. The project was originally
developed to provide functional annotation of
common bacterial and archaeal genes, clustering
their protein products based on sequence similarity,
reflecting their shared evolutionary origin. By
including only genes from fully sequenced genomes,
COG enables accurate identification of orthologous
genes (or gene groups). COG offers precise and up-
to-date annotations of the most prevalent bacterial
and archaeal protein families, as well as those that
are poorly studied or uncharacterized [16].

TIGRFAMs (https://www.ncbi.nlm.nih.gov/
Structure/cdd/docs/tigrfams.html) is a collection
of manually curated protein families with a focus
on prokaryotic sequences, primarily intended for
researchers working in this field [17].

Protein  Clusters  (https://www.ncbi.nlm.nih.
gov/proteinclusters) is a collection of related NCBI
protein clusters composed of proteins from the
RefSeq reference sequence database (https://www.
ncbi.nim.nih.gov/RefSeq/), extracted from complete
genomes, organelles, and plasmids. Each protein
cluster is represented by a list of protein identifiers
and the genomes that encode them. Currently, Protein
Clusters includes data from archaea, bacteria, plants,
fungi, protozoa, and viruses; it encompasses both
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curated and uncurated (automatically generated)
clusters [18].

NCBI Virus (https://www.ncbi.nlm.nih.gov/
labs/virus/vssi/#/) is an integrated resource that
offers optimized search and analysis of curated
collections of virus sequences and large datasets
from GenBank and other NCBI repositories. The
database contains information on various viruses,
including hepatitis B and C, dengue virus (DENV),
enterovirus A, and influenza; a dedicated repository
is allocated for SARS-CoV-2 (SARS-CoV-2 Data
Hub). Currently, NCBI Virus includes sequence
data from GenBank and RefSeq. The repository
also features annotated bibliographies of published
protein interaction reports, with links to relevant
sequence records [19].

Identical Protein Groups (https://www.ncbi.nlm.
nih.gov/ipg) is a collection of consolidated records
describing proteins identified by annotated coding
regions in GenBank and RefSeq databases, as
well as SwissProt and PDB. This resource enables
researchers to obtain more targeted search results
and quickly identify a protein of interest. Typically,
searching for a specific protein in the Protein
database can be challenging due to the large number
of records returned. Protein Groups simplifies this
process by searching through groups of records,
each associated with a single unique sequence. Each
group is considered as a single hit, resulting in a
smaller set of results and faster identification of the
protein of interest [20].

The Protein Database (https://www.ncbi.nlm.
nih.gov/protein) includes protein sequences from
several sources, such as GenPept, RefSeq, Swiss-
Prot, PIR, PRF, and PDB [20]. This extensive
repository provides access to sequence collections
from different databases — including translation
results from annotated coding regions of GenBank,
RefSeq, and TPA — as well as records from other
protein databases like SwissProt, PIR, PRF, and
PDB. The Protein Database is an essential resource
for working with proteins, since protein sequences
form the basis for determining their structure and
function. Sequence analysis allows for establishing
homology, determining phylogenetic relationships,
characterizing functions, and modeling structures.
The large size of the database facilitates these tasks.
For example, numerous proteins can be retrieved
from the Protein Database for various studies of

SARS-CoV-2, since currently, the database contains
1,461 SARS-CoV-2 Mpro protein sequences.

Protein Family Models (https://www.ncbi.nlm.
nih.gov/protfam) contain a set of models representing
homologous proteins with a common function. The
database includes conserved domain databases
(CDD), hidden Markov models, and BlastRules [21].
Families based on hidden Markov models are created
by transforming multiple sequence alignments with
known functions and serve as probabilistic frameworks
for determining whether a particular protein belongs
to a specific family. BlastRules are a type of evidence
used for functional classification of proteins based on
BLAST tool (Basic Local Alignment Search Tool,
which is discussed in the next section). A BlastRule
consists of one or more “model” proteins with known
biological function, and BLAST helps identify
proteins similar to a given “model” [21]. For SARS-
CoV-2 proteins, the repository currently identifies 47
models, including 17 hidden Markov models and 10
conserved domain architectures.

The Reference Sequence database (RefSeq,
https://www.ncbi.nlm.nih.gov/RefSeq/)  contains
a comprehensive, well-annotated collection of
NCBI genomic DNA, transcript (RNA), and
protein sequences, making it particularly popular
among researchers. RefSeq provide a high-quality
information base for various studies, including

genome annotation, gene identification and
characterization, mutation and polymorphism
analysis, expression studies, and comparative

analysis. The RefSeq collection can be accessed
through nucleotide and protein databases [22, 23].

NCBI BIOINFORMATICS TOOLS
FOR PROTEIN ANALYSIS

Basic Local Alignment Search Tool (BLAST,
https://blast.ncbi.nlm.nih.gov/) identifies regions
of local similarity in biological sequences. The
program compares a query nucleotide or protein
sequence against sequences in databases (the search
databases and parameters can be specified by the
user) and calculates the statistical significance of
the matches [24]. BLAST enables the identification
of local sequence similarities, which are used to
analyze functional and evolutionary relationships
between sequences.

BLAST was developed in 1990 based on the
k-tuple method, since then it has been integrated into

Bulletin of Siberian Medicine. 2025; 24 (4): 194-203 199



Chasovskikh N.Yu.

Protein analysis capabilities in the ncbi bioinformation system

GenBank, undergoing numerous updates to enhance
efficiency and accuracy. The word or k-tuple method
[5, 25, 26] is a rapid heuristic pairwise alignment
approach typically used as an initial step when
dealing with large datasets. The similarity score S
between sequences i and j is defined as the number
of matching k-tuples in the best pairwise alignment
minus a fixed gap penalty. For DNA and RNA, &
generally ranges from 2 to 4, while for amino acids,
k is usually 1 or 2. Although this method does not
guarantee an optimal alignment, it is a fast heuristic
technique that can be used to initialize BLAST and
facilitate multiple sequence alignments. The BLAST
algorithm begins by creating a list of k-letter words
from the query sequence. Itthen searches the database
for potential matching k-letter words and scores
them; all words scoring above a certain threshold are
retained. Higher-scoring words are stored in a search
tree. This process is extended to identify high-scoring
pairs (HSPs), which involve searching for similar
words (not necessarily exact matches) [27, 28]. As a
fundamental tool, BLAST is used to detect, identify,
or find similar sequences within a database. For
example, researchers have identified coronavirus-
like sequences in other organisms, such as pangolins
[29] and bats [30]. BLAST has also been employed
to detect SARS-CoV-2 in environmental samples
[31, 32], including wastewater [33, 34].

In work by M. Parmar et al. [35], pairwise
BLAST comparisons of SARS-CoV-2 Mpro
protein sequences with other Mpro sequences were
performed to assess potential identity. The results
allowed for evaluation of the similarity between
SARS-CoV-2 Mpro and its closest known homologs
(SARS- CoV , MERS- CoV , Bat-CoV-RaTG13,
HCoV -HKU, HCoV-OC43, HCoV-NL63, and
HCoV-229E) facilitating the identification of
conserved regions. Sequence analysis revealed
that most residue changes (8 out of 12) occurred
in domains I and II of the Mpro B-chains — regions
containing the catalytic/inhibitor region — while the
remaining four residues were located in domain Il
[35]. In another study by R. Naderi Beni et al. [36],
BLAST was also used for bioinformatic analysis of
the SARS-CoV-2 Mpro structure and its ligands and
inhibitors; however, this analysis utilized a database
containing three-dimensional protein structures [36].

In addition, there are specialized versions of
BLAST designed to address more specific issues:

SmartBLAST (https://blast.ncbi.nlm.nih.gov/
smartblast/?LINK LOC=BlastHomeLink) for
searching proteins with a high degree of similarity;

IgBLAST (https://www.ncbi.nlm.nih.gov/igblast/)
for searching immunoglobulin and T-cell receptor
sequences,

CDART (https://www.ncbi.nlm.nih.gov/Structure/
lexington/lexington.cgi?cmd=rps) for identifying
sequences with similar architectures of conserved
domains.

Another tool is Batch Entrez (https://www.ncbi.
nim.nih.gov/sites/batchentrez), which allows users
to retrieve records from multiple NCBI databases
by uploading a file containing sequence identifiers
(individual numbers) from the relevant repositories.
The search results are sequence records that can be
saved to a file for further analysis.

COBALT (https://www.ncbi.nlm.nih.gov/tools/
cobalt/re_cobalt.cgi) performs multiple alignments
of protein sequences using information about
conserved domains and local sequence similarity,
based on tools from the BLAST family [37].

Cn3D (https://www.ncbi.nIm.nih.gov/Structure/
CN3D/cn3d.shtml) is a standalone visualization
application for viewing NCBI 3D structures that must
be installed on your computer. Cn3D simultaneously
displays various data types: structure, sequence,
multiple sequence alignment, and offers alignment
editing capabilities. Additionally, NCBI provides an
interactive 3D visualization tool for macromolecules
called iCn3D  (https://www.ncbi.nlm.nih.gov/
Structure/icn3d/icn3d.html), which does not require
installation. It allows for visualization of interaction
surfaces, binding sites, export of models for 3D
printing, alignment of two structures or chains, and
comparison of protein sequences with structures [38].

The Conserved Domain Search Service (CD
Search, https://www.ncbi.nlm.nih.gov/Structure/
cdd/wrpsb.cgi) is wused to identify conserved
domains within protein sequences. If CD Search
detects a specific match, it indicates a high degree
of association between the query sequence and the
corresponding conserved domain. This information
can serve as a basis for understanding the functional
classification of the query protein [10].

E-Utilities (https://www.ncbi.nlm.nih.gov/books/
NBK25501/) are tools that provide access to data
within the NCBI system beyond the standard web
query interface. They offer a means to automate
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tasks within software applications. Each utility
performs a specific search task and can be used by
constructing a specially formatted URL. E-utilities
utilize a fixed URL syntax that converts a standard
set of input parameters into the values required by
NCBI software components to search and retrieve
the requested data (including nucleotide and protein
sequences, gene transcripts, three-dimensional
molecular structures, and literature) [39].

The ProSplign tool (https://www.ncbi.nlm.nih.gov/
sutils/static/prosplign/prosplign.html) is used to align
distantly related proteins with low sequence similarity,
based on genomic DNA sequence data. It is built on
a variation of the global alignment algorithm and
specifically accounts for the presence of introns [2].

The tools described above, which employ
sequence alignment methods and algorithms, are
widely used in SARS-CoV-2 research. They are
applied to identify mutations and compare viral
sequences across different species and organisms [40,
41, 42], to elucidate mechanisms of transmission of
asymptomatic COVID-19 infection [43], to study the
impact of mutations on its diagnosis and treatment
[44], and to compare SARS-CoV-2 sequences with
other animal and human coronaviruses as well
as related artificial constructs [45, 46]. The data
presented demonstrate that sequence alignment is
an essential approach for analyzing and modeling
protein properties [40-46].

CONCLUSION

Analysis of protein sequences, evolution,
structure, and functions can be more comprehensive
and complete when utilizing the NCBI platform
repositories and  bioinformatics tools. The
information provided, including the results of
curatorial analysis, can help clarify the structure
of proteins of interest, their domain composition,
conservation, and divergence during speciation and
facilitate the exploration of structure and function
for a wide range of proteomics issues and beyond.

NCBI protein data mining encompasses sequence
records, collections of conserved domains and
protein families, 3D structures, and research project
information, all designed to address diverse needs.
However, all data share cross-referencing, access to
external repositories, and user accessibility.

NCBI tools are designed to employ bioinformatics
algorithms for analyzing protein data within the

NCBI databases: to find similar protein sequences,
identify conserved domains, determine function and
structure, and visualize the information.

The variety of services enables researchers to
apply a broad spectrum of approaches for protein data
analysis. Continuous improvements in tool versions,
algorithm optimization, and the addition of new
sections to data repositories make these resources
indispensable elements of modern research.
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ABSTRACT

Currently, the prevalence of bronchial asthma (BA) is steadily increasing worldwide. Official statistics show that
severe BA accounts for 5-10% of cases in the severity profile of this disease, and when treated with high doses
of corticosteroids, uncontrolled symptoms persist in most people, which significantly reduces their quality of life.
This supports the relevance of finding new strategies for the treatment of severe BA. The aim of the review was to
analyze and summarize published data on modern approaches to the diagnosis and treatment of severe BA.

Using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines,
3,177 sources were found. Excluding publications that were unavailable for viewing allowed us to leave 578
sources, of which 120 papers were relevant to the study topic to some extent. Of these, 63 sources were selected
that contained the information necessary for the study and met the selection criteria for the studies: 28 of them were
review articles and 35 were original studies (randomized controlled, cohort, and case-control studies). The work
presents a description of phenotypes and endotypes, as well as characteristics of modern biomarkers of severe BA.

Particular attention is paid to a new approach to the treatment of severe BA. The conducted studies, systematized
in this article, indicate that a detailed description of asthma phenotypes and endotypes can help identify new
biomarkers and therapeutic targets specific to each endotype. Profound knowledge of the patient’s phenotype and
endotype can determine a personalized approach to the treatment of severe BA.
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CoBpeMmMeHHble MeToAbl ANAarHOCTUKIN 1 Jie4eHUA 6POHXNaNbHOM acTMbl
(cmcremaTnueckuin 063op)
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PE3IOME

B Hacrosmiee BpeMs pacpoCTpaHEHHOCTh OpoHXxuanbHOH acTMbI (BA) Bo BceM Mupe HEYKIOHHO pacTeT. JlaHHbIe
oummanTbHON CTATUCTHKY CBUACTENBCTBYIOT, 94TO OT 5 10 10% ciydaeB B CTPyKType TSDKECTH JaHHOTO 3a00i1eBa-
HHS COCTaBIIET TsDKenast BA ¥ npu ee JieYeHHH BBICOKMMH JI03aMH HHTIISIIMOHHBIMEU KopTHKOcTepounoB (MKC)
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COXpPaHAIOTCA HeKOHTpOJ’lI/IpyeMbIe CHUMIITOMBI y 6OJ'II;L[II/IHCTBa moneﬁ, YTO 3HAYUTCIBbHO CHMXKACT KAa4YC€CTBO HUX
KU3HH. DTO MOJJICPIKUBACT aKTYaJbHOCTh MOMCKA HOBBIX CTpaTeruii jeueHus Tsoxenoit BA. Llens o63opa 3akiro-
yajlacb B IPOBEACHUHU aHaIN3a U O606LU,CHPII/I OHyGHHKOBaHHbIX JIAHHBIX O COBPEMEHHBIX MOAXO0AaxX JUArHOCTUKHU
U JISYCHHUS TsDKeIon BA.

Hcnone3yst pekomennanuu «IIpearnodruresbHbIe JIEMEHTHl OTYSTHOCTH IS CHCTEMaTHYeCKUX 0030pOB M Me-
ta-aHanmm3oB» (PRISMA), 6sum o6Hapysxensl 3177 ucrounukoB. Mckimouenne myOaukanuii, HEOCTYHBIX IS
IIPOCMOTPA, IO3BOJIMIIO OCTaBUTH 578 UCTOUYHUKOB, U3 KOTOPBIX TEME UCCIECIOBAHUS B TOM WM UHOH cTeneHu
coorBercTBoBanu 120 pabot. M3 Hux otoOpaHsl 63 HCTOYHHKA, COAEpIKaIINe HEOOXOANMYO HH(OPMAIHIIO U CO-
OTBETCTBYIOIIIUE KPUTEPHAM 0TOOpa uccienoBanus. 3 Hux 28 0030pHBIX U 35 OpUTHHAIBHBIX HCCIICIOBAHUI
(paHIOMH3UPOBAHHBIE KOHTPOJIMPYEMBIE, KOTOPTHBIE M HCCIIENOBAHUS «CIydail — KOHTpousb»). IIpencraBieHo
omnucaHue (peHOTUIIOB 1 SHIOTHIIOB, a TAKXKE XapaKTEPUCTHKA COBPEMEHHBIX OnomapkepoB Tsbkesol BA. Ocoboe
BHUMAHUE yJIeJI1€TCA HOBBIM IIOIXO0M JeUCHUs Tsxenoi BA.

ITpoBeneHHBIE NCCITENOBAHNS, CHCTEMaTH3NPOBAHHBIE B JAHHOH CTAaThe, CBHAETEILCTBYIOT O TOM, UTO ITOJPOOHOE
omucaHne (PEHOTHUIOB M YHIAOTUIIOB BA MOXkeT MOMOUYb BBISIBUTH HOBBIE OHOMAapKEpPhI M TePaeBTHIECKHE MUIIIe-
HH, CIeI(IIHbIE TS KaXKI0T0 3HA0THIIA. [ ITyGokoe 3HaHwe ()eHOTHIIA M SHIOTHIIA TAI[MEeHTa MOXKET ONPEIeIUTh
MepCOHAIM3UPOBAHHBINA OJXO0/ K Tepanuu Tsokenoi BA.

KuroueBsble ciioBa: Tspkesas OpoHXHaIbHAs aCTMa, TapreTHast Tepamus, QEeHOTUIIbI, SHIOTHIIBI, OHOMapKepPbI

KonpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX M MOTEHIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaNneil HACTOSIIECH CTaThH.

Hcrounuk punancupoBanms. VccnenoBaHue BHIIONHEHO pH noepxkke Poccuiickoro HayuHoro gonmaa («Pas-
paboTKa TEeXHOJIOTHIi IePCOHATM3UPOBAHHON HEMHBA3HBHON THArHOCTUKY ISl SHIOTHIIMPOBAHUS OPOHXHAIBHOM
aCTMBI C HCIIOJIB30BAHUEM BBICOKOIPOU3BOAUTEIBHON XpOMaTO-Macc-CIeKTPOMETPUN», Jorosop ot 29.05.2025,
Ne 25-15-00576).

Jast uutupoBanus: FOnuna E.O., MenentreBa A.I1., lllesenes U.1O., Oroponosa JI.M., ®enoposa O.C. Cope-
MEHHBIC METOJIbI JTUATHOCTHKH U JICUCHUsI OPOHXUAIBHOI aCTMBI(CHCTEMAaTHUECKI 0030p). browiemens cubup-

cxoui meouyunsl. 2025;24(4):204-212. https://doi.org/10.20538/1682-0363-2025-4-204-212.

INTRODUCTION

Bronchial asthma (BA) is a chronic inflammatory
disease of the airways, the mechanisms of which are
associated with the influence of many factors, including
genetic predisposition, environmental exposure, and
regulation of the immune system [1]. The prevalence
of BA increased sharply in the late 20th century, and
despite the advent of biological drugs, in 2019, the
WHO recorded that the incidence of BA reached 260
million cases, and the mortality rate was 450 thousand
per year [2]. Allergic BA is associated with increased
sensitivity to allergens, and their repeated exposure
to the airways leads to the activation of antigen-
presenting cells [3]. The developing inflammation
can be characterized by a T2 or non-T2 immune
response (endotype) [4], and each of them can lead to
a severe uncontrolled course of the disease. However,
the non-T2 endotype is more often associated with
uncontrolled asthma [5] and ineffectiveness of step-
down therapy with glucocorticoids (GSs) [6, 7]. It
is necessary to develop new therapeutic strategies
for severe BA based on modern scientific data on
inflammation and biotargets.

The aim of the work was to present modern data
on the study of biotargets to improve the effectiveness
of targeted therapy based on the analysis of scientific
publications, including recommendations for the use
of biomarkers for the diagnosis of phenotypes and
endotypes of bronchial asthma.

MATERIALS AND METHODS

The study material included publications in
scientific journals that to some extent touched upon
the topic of the study. The search was carried out
in the scientific electronic library Elibrary.ru. In the
advanced search, using the keyword combination
“severe bronchial asthma”, 3,177 sources were found.
Further limitation by the writing time from 2015 to
present and exclusion of any forms of manuscripts
except for articles in scientific journals narrowed the
search to 2,269 sources. Exclusion of publications
unavailable for viewing allowed us to leave 578
sources. A search was also carried out in the PubMed
database, where 1,094 sources were found in the
advanced search using the keyword combination
“severe Dbronchial asthma”. The keywords for
selecting articles were: biological therapy or targeted
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therapy or asthma biomarkers or asthma biotargets.
Of these, 120 works corresponded to the research
topic to one degree or another, of which 63 sources
were selected containing the information necessary
for the study and meeting the study selection criteria.
Twenty-eight of them were review studies and 35 —
original articles (randomized controlled, cohort and
case-control studies). References of the found articles
also contained less than 10% of sources published in
1998-2014.

PHENOTYPES AND ENDOTYPES OF
BRONCHIAL ASTHMA

The 2024 Clinical Guidelines for Bronchial
Asthma contain a section devoted to the characteristics
of clinical phenotypes. In particular, allergic
(atopic) and non-allergic (including aspirin-induced,
including occupational) asthma are distinguished,
as well as late-onset asthma, asthma with fixed
airflow obstruction, and asthma in obese patients.
This approach to diagnosis is widely used in clinical
practice when determining a treatment program for
most patients [8].

However, patients with severe BA symptoms
require personalized treatment using biological /
targeted therapy, when it is necessary to determine a
specific biotarget and diagnose it using biomarkers.
In this regard, a classification of BA is currently
proposed based on information on the molecular and
cellular mechanisms of inflammation, which makes it
possible to distinguish endotypes and inflammatory
phenotypes of the disease. This is a fairly new area for
clinical science, where data are rapidly accumulating,
allowing for more accurate selection of targeted drugs
and development of new medications, but many
questions remain unanswered [9, 10].

Currently, two endotypes of BA are recognized
based on the type of immune response — T2 and
non-T2. The T2 endotype is based on the dominance
of the CD4+ T cell response, providing eosinophilic
inflammation. However, evidence has recently been
obtained about type 2 innate lymphoid cells (ILC-
2) as the primary regulators of the type 2 immune
response. ILC-2 express the main transcription factor
GATA 3, which, in turn, regulates the production of
type 2 cytokines. Thus, biomarkers of the T2 endotype
include eosinophilia, high levels of IL-4, IL-5, and
IL-13 in the blood and sputum, the presence of ILC2
in the blood and respiratory tissues, high levels of
total immunoglobulin E (IgE) in the blood, increased
levels of fractional exhaled nitric oxide (FeNO), and

a good response to inhaled corticosteroids (ICS) and
biological therapy [11, 15].

The non-T2 endotype is not clearly defined. This is
an endotype without signs of T2 inflammation: there
is no eosinophilia. Severe symptoms of the disease
and resistance to ICS are more often recorded, and
IL-6, IL-1b, IL-8, and IL-17A are involved in the
immune response [16, 17]. Along with endotypes, four
inflammatory phenotypes of BA are distinguished:
eosinophilic  (EA), neutrophilic (NA), mixed
granulocytic (MG), and paucigranulocytic (PG). The
gold standard for diagnosing phenotypes is the results
of an induced sputum analysis of patients [18].

In the work by A. Plavsic et al., based on the
study of induced sputum in 80 patients, 17 of whom
received biological therapy, it was shown that EA and
MG phenotypes were more common than others [13].
In the same work, the characteristics of phenotypes
were presented with and without biological therapy.
Thus, patients with NA were characterized by the
highest level of 1L-8 compared to patients with EA,
MG, and PG phenotypes (p = 0.002, p = 0.031, p =
0.021, respectively).

Patients with an EA phenotype have significantly
higher IL-17A levels in the blood compared to others
(p = 0.004). During biological therapy, these patients
have lower IL-5 levels compared to untreated patients
(p=0.043).

Patients with a MG phenotype after targeted
therapy are characterized by lower lymphocyte and
neutrophil counts than before treatment (p = 0.003).
In contrast, IL-5, IL-6, and IL-8 levels after treatment
are higher than baseline values (»p = 0.012, p = 0.032,
p = 0.038, respectively).

The lack of reduction in some inflammation indices
during targeted therapy in the MG phenotype in this
study, according to the author’s comment, indicates
the need for search for another biological target in
such patients.

BIOMARKERS OF SEVERE BRONCHIAL
ASTHMA

The use of biological markers for the selection of
targeted drugs depending on the nature of inflammation
(phenotype/endotype of BA) has significantly
expanded the possibilities of achieving control over
BA symptoms. Along with this, the effectiveness
of severe BA treatment still remains a therapeutic
problem. Therefore, the search for biotargets for the
treatment of severe BA is an urgent research and
clinical task [11-15].
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The results of studies in recent years indicate
possible expansion of a list of new biotargets, as
well as biomarkers of already known biotargets.
In particular, the following are discussed [11, 12,
20]: eosinophil peroxidase (EP) in the respiratory
tract (sputum) [12-21], eosinophil cationic protein
(ECP), eosinophil-derived neurotoxin (EDN) [11],
exhaled breath condensate (EBC), urine metabolites,
microRNA, Charcot — Leyden crystals, dipeptidyl
peptidase, osteopontin [11, 12, 21].

In general, the analysis of biomarkers is regularly
updated in publications. In this article, we will focus
on those that are valid for severe BA.

1. Blood / serum biomarkers.

1.1. Eosinophilia.

Eosinophils play a key role in the development of
type T2 BA [14-16]. Currently, the determination of
the number of eosinophils in the blood is used as a
biomarker for BA and the choice of targeted therapy.
The most important in the context of inflammation
are activated eosinophils. They release mediators that
damage bronchial epithelium, cause overproduction
of mucus, edema, and bronchospasm, which leads to
frequent exacerbations in patients [17].

1.2. Eosinophil-derived neurotoxin and eosinophil
cationic protein.

The results of the study of EDN and ECP were
published in the work of by T. Tsuda et al. It was
shown that their level increased after the activation of
eosinophils by cytokines (including IL-5, IL-1b, and
IL-33), and the level of EDN in the blood serum of
patients with severe BA was significantly higher [11,
12, 20, 26, 27]. Probably, the determination of the level
of EDN in the blood serum can help in assessing the
severity of the disease [12].

1.3. Eosinophil peroxidase.

Eosinophils have a unique set of enzymes that
allow them to produce reactive oxidants that damage
the respiratory tract [13]. One of these oxidants is EP,
the level of which was higher in patients with severe
BA than in the control group. It is proposed to use EP
as a biomarker of eosinophilic inflammation in severe
BA with the EA phenotype [14, 15, 28].

1.4. Periostin.

Periostin is a matricellular protein that is produced
by epithelial cells and fibroblasts in response to
stimulation by IL-4, -5, -13. The association of
periostin levels with eosinophilic inflammation of
the airways has been shown in a large number of
studies. The relationship between periostin levels and
lung function parameters and asthma characteristics

(severity, exacerbation frequency) indicates the
potential applicability of this biomarker to identify
patients with severe forms of the disease [15, 28-33].
However, there are limitations to using periostin as a
prognostic biomarker in children due to bone growth
and its constant high levels [34].

2. Sputum biomarkers.

The number of eosinophils in sputum reflects
the degree of inflammation in the airways and,
therefore, is a sensitive and specific non-invasive
diagnostic biomarker [35-38], which is used as the
gold standard for diagnosing asthma phenotypes [39].
The eosinophilic inflammatory phenotype is the most
common. It is diagnosed when 3% or more eosinophils
are detected in sputum.

Normalization of sputum eosinophils is associated
with better asthma control, reduced hospitalizations,
and exacerbations.

4. Exhaled breath condensate.

EBC is a noninvasive method for studying the
respiratory tract. In adult patients with BA, the
concentration of hydrogen ions in exhaled air, nitric
oxide breakdown products, hydrogen peroxide, and
8-isoprostanoids is increased and is associated with
poorer lung function compared to healthy individuals
[40]. Recently, there has been growing interest in
metabolomic analysis of EBC [41-51].

5. Urine biomarkers.

The composition of urine metabolites changes
significantly during different periods of BA.
Research results indicate an increase in the content of
alkanes, aldehydes, and amino acids in urine during
an exacerbation episode [41]. The most studied
metabolite is the amino acid bromotyrosine, high
levels of which are associated with the eosinophilic
phenotype of BA. In the work by A. Tiotiu et al., it
was shown that its content decreased during the use
of GCs in severe BA. The author suggested using
bromotyrosine as a biomarker of the response to
steroid treatment [42-44].

6.OMICS technologies.

Based on the analysis of the sputum transcriptome
in patients with BA, three molecular phenotypes are
distinguished. The first (TAC1) is associated with the
T2 endotype and is characterized by eosinophilia and
high levels of I1L-13 and ILC2. The second (TAC2)
and third (TAC3) are not associated with the T2
endotype. TAC2 is characterized by high levels
of INFy, TNFa, as well as increased expression of
the NLRP3, caspase-1, and IL-1b genes in sputum
macrophages in patients with NA phenotype of BA.
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TAC3 is characterized by increased expression of
genes associated with paucigranulocytic inflammation
[45-49].

7.MicroRNA (miRNA).

MicroRNAs are short sequences of single-stranded
RNA (19-24 nucleotides) that, by complementary
binding to the 3’-untranslated end of messenger RNA
(miRNA), can interfere with the proper function of a
particular gene. Recent studies have shown that miR-
28-3p, -16-2-3p, -210-3p, -185, -125b, -338-3p, and
-125b are markers of severe BA [49-51]. MicroRNAs
can also be used to predict the response to targeted
therapy. Thus, in a study by J.A. Cafiaset et al., miR-
1246, miR-5100, and miR-338-3p were shown to be
potential biomarkers for predicting the response to
benralizumab [53]. In the study by M. Gil-Martinezet
et al. [54], which examined changes in microRNA
expression in patients with severe BA depending on
systemic GC therapy, significant differences were
found in the expression of eight microRNAs: hsa-
miR-148b-3p, -221-5p, -618, -941, -769-5p, -144-3p,
-144-5p, and -451a (the first five were determined
in serum, the last three — in lung tissue). MicroRNA
profiling can be used to search for new biomarkers of
severe BA and predict the effectiveness of biological
therapy [51].

MODERN METHODS FOR TREATING
SEVERE BRONCHIAL ASTHMA

The strategy of modern asthma therapy is based
on achieving and maintaining control over symptoms
of the disease and reducing the risk of exacerbations.
For this purpose, a stepwise approach is used, which
involves the possibility of increasing or decreasing
the volume of therapy in the patient. Genetically
engineered biological drugs are currently used to
achieve control over severe BA symptoms.

According to the 2024 clinical guidelines,
monoclonal antibodies against T2 cytokines are
used to treat patients with severe BA: omalizumab
is a monoclonal body against IgE, mepolizumab and
reslizumab - against IL-5, benralizumab — against
the IL-5 receptor, dupilumab — against IL-4Ra, and
tezepelumab — against thymic stromal lymphopoietin
[55, 56].

Despite the obvious clinical effect in patients with
severe BA taking biological drugs, questions remain
open regarding the insufficiency of biomarkers for
the selection and prognosis of the effectiveness of
biological therapy and phenotype variability during
the natural course of the disease. In some patients,

there is no association between the clinical effect and
the positive dynamics of biomarkers [8, 57-62].

Publications of recent years contain a large number
of studies devoted to the analysis of biomarkers and
their suitability for use in the process of biological
therapy for BA [8, 57-62].

Thus, in a retrospective study, M. Lampalo et al.
compared the effect of therapy with omalizumab,
reslizumab, benralizumab, and mepolizumab in
patients with severe BA (n = 74). The patients were
followed up for 24 months. The response to therapy was
assessed using the asthma control test (AST), forced
expiratory volume in 1 second (FEV1), forced vital
capacity (FVC), FeNO, the number of eosinophils and
IgE in the blood, the number of exacerbations, and the
need for GCs. The results showed that treatment with
both anti-IgE and anti-IL-5 monoclonal antibodies
can reduce the frequency of exacerbations and the
volume of GC therapy and increase AST values. At
the same time, the authors point out the insufficient
information on the dynamics of inflammation against
the background of the applied therapy and associate
this with the lack of prognostic biomarkers of an
individual response to treatment [57].

N. Contreras et al. published the results of an
18-month follow-up of adult patients with severe
BA (n = 67) during treatment with omalizumab (n
= 20) and mepolizumab (n = 36). The clinical effect
is confirmed by an increase in AST and FEV1 after
therapy and a decrease in the number of eosinophils
in the blood and the frequency of exacerbations.
Proteomic and metabolomic analysis revealed a group
of metabolites (arachidonic, oleic, palmitoleic, lactic
acids, propionyl L-carnitine, bilirubin, CCL11, and
TNFSF10) that changed in response to therapy with
mepolizumab alone, in association with a clinical
improvement. These results indicate different effects
of omalizumab and mepolizumab on the metabolomic
kinetics of inflammation in severe BA. Thus, the study
confirms the need to search for multiple biomarkers of
inflammation for biological therapy of BA [58].

R. Djukanovi¢ conducted a cross-sectional open
study, where the clinical efficacy of omalizumab was
assessed in patients with severe BA (n = 216) over
16 weeks. Using omics technologies, they studied
1,408 parameters of a number of eicosanoids and
volatile organic compounds in exhaled breath, as well
as proteins in sputum and urine. Following the use of
covariance or quantile regression models, the authors
established a list of biomarkers of volatile organic
compounds and blood lipids, the use of which is able
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to predict a decrease in the frequency of exacerbations
by more than 50% during treatment with omalizumab
(p <0.05). The inclusion of such markers as eosinophil
count in the blood and sputum, nitric oxide in exhaled
breath, and serum IgE in the regression model did not
confirm their prognostic value in this study [60].

The search for biotargets for adequate therapy
for severe BA is also carried out using genomic
technologies. Thus, the results of a 12-month
retrospective observational cohort study, including
patients with severe eosinophilic asthma (n = 72),
revealed that after treatment with mepolizumab and
benralizumab, the volume of GC therapy and the
frequency of exacerbations decreased, and FEV1
increased. An association was established between the
alleles ZNF415 rs1054485-T, ILIRL1 rs1420101-T,
and FCER1B rs569108-AA with severe BA.

At the same time, carriers of the ZNF415
rs1054485-T allele showed a decrease in the frequency
of exacerbations after completion of treatment with
mepolizumab (p = 0.042), and carriers of the ILIRL1
rs1420101-T allele exhibited an improvement in
FEV1 (p = 0.023).

The use of benralizumab led to a decrease in the
number of exacerbations in patients who were carriers
of the ZNF415 rs1054485-T allele (p = 0.073) and
FCERI1B rs569108-AA (p = 0.050) [61].

The publication by S. Harada et al. is devoted to the
study of changes in single nucleotide polymorphisms
when using benralizumab in patients with severe
BA (n = 72). The results of the work show that after
12 months of treatment with benralizumab, patients
showed positive clinical dynamics: FEV1 increased,
the volume of GC therapy and the frequency of
exacerbations decreased, and the expression of key
genes involved in non-T2 inflammation (IL-8, IL-
17RA, CXCR1, and CXCR2) decreased. An important
conclusion of the work was that benralizumab affects
T2 and non-T2 endotypes of BA. However, further
research in this area is needed to confirm the role
of pharmacogenetics in the search for prognostic
biomarkers of severe BA [62].

Biological therapy is widely used in severe BA
in pediatric practice, although the list of drugs for
children has age restrictions. According to the 2024
clinical guidelines, drugs such as omalizumab and
mepolizumab are approved for use in children aged
6 years, dupilumab — for children aged 12 years, and
reslizumab and benralizumab — for children aged 18
years [8]. Given the lack of research on prognostic
biomarkers in children, it is currently difficult to assess

the effectiveness of biological therapy in a pediatric
cohort [8, 34].

CONCLUSION

Biological therapy is an expensive treatment
strategy, so there is a high demand for personalized
approaches when prescribing targeted therapy for BA.
In this regard, new data on prognostic biomarkers and
disease biotargets are needed, which are an important
part of scientific research in pulmonology.

REFERENCES

1. TanT., Yang F., Wang Z., Gao F., Sun L. Mediated Mendelian
randomization analysis to determine the role of immune cells
in regulating the effects of plasma metabolites on childhood
asthma. Medicine (Baltimore). 2024;103(30):¢38957. DOI:
10.1097/MD.0000000000038957.

2. Kelly A., Lavender P. Epigenetic approaches to identi-
fying asthma endotype. Allergy Asthma Immunol. Res.
2024;16(2):130-141. DOIL: 10.4168/aair.2024.16.2.130.

3. Komlé6si Z.1., van de Veen W., Kovacs N., Sziics G., Sokolows-
ka M., O’Mahony L. et al. Cellular and molecular mechanisms
of allergic asthma. Mol. Aspects Med. 2022;85:100995. DOI:
10.1016/j.mam.2021.100995.

4. Lambrecht B.N., Hammad H., Fahy J.V. The Cytokines of
asthma. Immunity. 2019;50:975-991. DOI: 10.1016/j.immu-
ni.2019.03.018.

5. Rogers L., Jesenak M., Bjermer L., Hanania N.A., Seys S.F.,
Diamant Z. Biologics in severe asthma: A pragmatic ap-
proach for choosing the right treatment for the right patient.
Respir. Med. 2023;218:107414. DOI: 10.1016/j.rmed.2023.
107414.

6. Jackson D.J., Heaney L.G., Humbert M., Kent B.D., Shavit A.,
Hiljemark L. etal. Reduction of daily maintenance inhaled cor-
ticosteroids in patients with severe eosinophilic asthma treated
with benralizumab (SHAMAL): a randomised, multicentre,
open-label, phase 4 study. Lancet. 2024;403(10423):271-281.
DOI: 10.1016/S0140-6736(23)02284-5.

7. Wenzel S.E. Severe Adult asthmas: integrating clinical fea-
tures, biology, and therapeutics to improve outcomes. Am. J.
Respir. Crit. Care Med. 2021;203(7):809—-821. DOI: 10.1164/
rccm.202009-3631Cl.

8. Clinical Guidelines on Bronchial Asthma (Letter of the Minis-
try of Healthcare of the Russian Federation dated 22.08.2024
No. 37). M., 2024:60-65. (In Russ).

9. Diamant Z., Vijverberg S., Alving K., Bakirtas A., Bjermer L.,
Custovic A. et al. Toward clinically applicable biomarkers for
asthma: An EAACI position paper. Allergy. 2019;74(10):1835—
1851. DOI: 10.1111/all.13806.

10. Levy M.L., Bacharier L.B., Bateman E., Boulet L.P., Bright-
ling C., Buhl R. et al. Key recommendations for primary care
from the 2022 Global Initiative for Asthma (GINA) update.
NPJ Prim. Care Respir. Med. 2023;33(1):7. DOIL: 10.1038/
$41533-023-00330-1.

11. Malinovschi A., Rydell N., Fujisawa T., Borres M.P.,
Kim C.K. Clinical potential of eosinophil-derived neuro-

Bulletin of Siberian Medicine. 2025; 24 (4): 204-212 209



Yudina E.O., Melenteva A.P., Ogorodova L.M. et al.

Modern methods of diagnosis and treatment of severe bronchial asthma

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

210

toxin in asthma management. J. Allergy Clin. Immunol.
Pract. 2023;11(3):750-761. DOI: 10.1016/j.jaip.2022.11.046.
Laidlaw T.M., Menzies-Gow A., Caveney S., Han J.K., Mar-
tin N., Israel E. et al. Tezepelumab efficacy in patients with
severe, uncontrolled Asthma with comorbid nasal polyps in
NAVIGATOR. J. Asthma Allergy. 2023;16:915-932. DOL:
10.2147/JAA.S413064.

Van Hulst G., Bureau F., Desmet C.J. Eosinophils as drivers
of severe eosinophilic asthma: endotypes or plasticity? Int. J.
Mol. Sci. 2021;22(18):10150. DOI: 10.3390/ijms221810150.
Ali M.M., Wolfe M.G., Mukherjee M., Radford K., Patel Z.,
White D. etal. A sputum bioassay for airway eosinophilia using
an eosinophil peroxidase aptamer. Sci. Rep. 2022;12:22476.
DOI: 10.1038/s41598-022-26949-7.

Tang M., Charbit A.R., Johansson M.W., Jarjour N.N., Den-
linger L.C., Raymond W.W. et al. National heart lung and
blood institute severe Asthma Research Program Utility of eo-
sinophil peroxidase as a biomarker of eosinophilic inflamma-
tion in asthma. J. Allergy Clin. Immunol. 2024;154(3):580—
591.e6. DOI: 10.1016/j.jaci.2024.03.023.

Agache 1., Eguiluz-Gracia I., Cojanu C., Laculiceanu A., Del
Giacco S., Zemelka-Wiacek M. et al. Advances and highlights
in asthma in 2021. Allergy. 2021;76(11):3390-3407. DOIL:
10.1111/all.15054.

Chung K.F., Dixey P., Abubakar-Waziri H., Bhavsar P.,
Patel P.H.,Guo S. etal. Characteristics, phenotypes, mechanisms
and management of severe asthma. Med. J.2022;135(10):1141—
1155. DOI: 10.1097/CM9.0000000000001990.

Pérez de Llano L., Dacal Rivas D., Blanco Cid N., Martin
Robles 1. Phenotype-guided asthma therapy: an alternative
approach to guidelines. J. Asthma Allergy. 2021;14:207—
217. DOI: 10.2147/JAA.S266999.

Plavsic A., Bonaci-Nikolic B., Milenkovic B., Miskov-
ic R., Kusic N., Dimitrijevic M. et al. Asthma inflammato-
ry phenotypes: how can we distinguish them? J. Clin. Med.
2024;13(2):526. DOI: 10.3390/jcm13020526.

Yang D., Han Z., Oppenheim J.J. Alarmins and immunity. Im-
munol. Rev. 2017;280:41-56. DOI: 10.1111/imr.12577

Amat F., Labbé A. Biomarkers for severe allergic asthma in
children: could they be useful to guide disease control and use
of omalizumab? Expert Rev. Respir. Med. 2018;12(6):475—
482. DOI: 10.1080/17476348.2018.1475233.

Longo C., Blais L., Brownell M., Quail J.M., Sadatsafavi
M., Forget A. et al. Association between asthma control
trajectories in preschoolers and disease remission. Eur. Re-
spir. J. 2021;57:2001897. DOI: 10.1183/13993003.01897-
2020.

Ogulur 1., Pat Y., Ardicli O., Barletta E., Cevhertas L., Fer-
nandez-Santamaria R. et al. Advances and highlights in bio-
markers of allergic diseases. Allergy. 2021;76:3659-3686.
DOI:10.1111/all.15089

Tota M., Lacwik J., Laska J., Sedek £., Gomulka K. The
role of eosinophil-derived neurotoxin and vascular endothe-
lial growth factor in the pathogenesis of eosinophilic asthma.
Cells. 2023;12(9):1326. DOIL: 10.3390/cells12091326
Janulaityte 1., Januskevicius A., Kalinauskaite-Zukauske V.,
Palacionyte J., Malakauskas K. Asthmatic eosinophils promote
contractility and migration of airway smooth muscle cells and

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

pulmonary fibroblasts in vitro. Cells. 2021;10(6):1389. DOI:
10.3390/cells10061389.

Tsuda T., Maeda Y., Nishide M., Koyama S., Hayama Y.,
Nojima S. et al. Eosinophil-derived neurotoxin enhances air-
way remodeling in eosinophilic chronic rhinosinusitis and
correlates with disease severity. Int. Immunol. 2019;31:33-40.
DOI: 10.1093/intimm/dxy061.

Rosenberg H.F., Dyer K.D., Foster P.S. Eosinophils: chang-
ing perspectives in health and disease. Nat. Rev. Immunol.
2013;13:9-22. DOIL: 10.1038/nri3341.

Xu L., Huang X., Chen Z., Yang M., Deng J. Eosinophil per-
oxidase promotes bronchial epithelial cells to secrete asth-
ma-related factors and induces the early stage of airway re-
modeling. Clin. Immunol. 2024;263:110228. DOI: 10.1016/;.
clim.2024.110228.

Tony S.R., Haque N., Siddique A.E., Khatun M., Rahman M.,
Islam Z. et al. Elevated serum periostin levels among arse-
nic-exposed individuals and their associations with the features
of asthma. Chemosphere. 2022;298:134277. DOI: 10.1016/j.
chemosphere.2022.134277.

Baldo D.C., Romaldini J.G., Pizzichini M.M.M., Canga-
do J.E.D., Dellavance A., Stirbulov R. Periostin as an im-
portant biomarker of inflammatory phenotype T2 in Brazil-
ian asthma patients. J. Bras Pneumol. 2023;49(1):620220040.
DOI: 10.36416/18063756/e20220040.

Takahashi K., Meguro K., Kawashima H., Kashiwaku-
ma D., Kagami S.l., Ohta S. et al. Serum periostin lev-
els serve as a biomarker for both eosinophilic airway
inflammation and fixed airflow limitation in well-con-
trolled asthmatics. J. Asthma. 2019;56(3):236-243. DOL:
10.1080/02770903.2018.1455855.

Panettieri R.A. Jr., Sjobring U., Péterffy A., Wessman P.,
Bowen K., Piper E. et al. Tralokinumab for severe, uncon-
trolled asthma (STRATOS 1 and STRATOS 2): Two ran-
domised, double-blind, placebo-controlled, phase 3 clinical
trials. Lancet Respir. Med. 2018;6(7):511-525. DOIL: 10.1016/
S2213-2600(18)30184-X.

Ono J., Takai M., Kamei A., Ohta S., Nair P., Izuhara K. et al.
A novel assay for improved detection of sputum periostin in
patients with asthma. PloS One. 2023;18(2):€0281356. DOI:
10.1371/journal.pone.0281356.

Kumar K., Singh M., Mathew J.L., Vaidya P.C., Verma Attri
S. Serum periostin level in children with bronchial asthma. In-
dian. J. Pediatr. 2023;90(5):438-442. DOI: 10.1007/s12098-
022-04282-1.

Makarevich A.E. The Clinical Aspects of Severe Bronchial
Asthma. Lechebnoye Delo. 2023;3(86):7-23. (In Russ.).
Chulkov V.S., Minina E.E., Medvedeva L.V. Using Induced
Sputum Method in Clinical Practice in Patients with Bronchial
Asthma. Acta Biomedica Scientifica. 2022;7(5-2):42-55. (In
Russ.). DOI: 10.29413/ABS.2022-7.5-2.5.

Gonem S., Berair R., Singapuri A., Hartley R., Lauren-
cin M.F.M., Bacher G. et al. Fevipiprant, a prostaglandin
D2 receptor 2 antagonist, in patients with persistent eosino-
philic asthma: A single-centre, randomised, double-blind,
parallel-group, placebo-controlled trial. Lancet Respir. Med.
2016;4:699-707. DOI: 10.1016/S2213-2600(16)30179-5.
Nair P., O’Byrne P.M. The interleukin-13 paradox in asth-

BionneteHb cMbupckoit MeguunHbl. 2025; 24 (4): 204-212



Reviews and lectures

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

ma: Effective biology, ineffective biologicals. Eur. Respir. J.
2019;53(2):1802250. DOI: 10.1183/13993003.02250-2018.
Hanania N.A., Noonan M., Corren J., Korenblat P., Zheng Y.,
Fischer S.K. et al. Lebrikizumab in moderate-to-severe asth-
ma: Pooled data from two randomised placebo-controlled
studies. Thorax. 2015;70:748-756. DOI: 10.1136/thorax-
jnl-2014-206719.

Aldakheel F.M., Thomas P.S., Bourke J.E., Matheson M.C.,
Dharmage S.C., Lowe A.J. Relationships between adult asth-
ma and oxidative stress markers and pH in exhaled breath con-
densate: a systematic review. Allergy. 2016;71(6):741-757.
DOI: 10.1111/all.12865.

Van Veen |.H., Ten Brinke A., Sterk P.J., Sont J.K., Gauw S.A.,
Rabe K.F. et al. Exhaled nitric oxide predicts lung func-
tion decline in difficult-to-treat asthma. Eur. Respir. J.
2008;32(2):344-349. DOI: 10.1183/09031936.00135907.
VanVeen |.H., Ten Brinke A., Sterk P.J., SontJ.K., Gauw S.A.,
Rabe K.F. et al. The utility of fractional exhaled nitric oxide
suppression in the identification of nonadherence in difficult
asthma. Am. J. Respir. Crit. Care Med. 2012;186(11):1102—
1108. DOI: 10.1164/rccm.201204-05870C.

Loureiro C.C., Duarte I.F., Gomes J., Carrola J., Barros A.S.,
Gil A.M. et al. Urinary metabolomic changes as a predictive
biomarker of asthma exacerbation. J. Allergy Clin. Immunol.
2014;133(1):261-3.e1-5. DOI: 10.1016/j.jaci.2013.11.004.
Tiotiu A. Biomarkers in asthma: state of the art. Asthma Res.
Pract. 2018;4:10. DOIL: 10.1186/s40733-018-0047-4.

Cowan D.C., Taylor D.R., Peterson L.E., Cowan J.O., Pal-
may R., Williamson A. et al. Biomarker-based asthma phe-
notypes of corticosteroid response. J. Allergy Clin. Immunol.
2015;135(4):877-883.¢1. DOI: 10.1016/j.jaci.2014.10.026.
Chung K.F. Precision medicine in asthma: Linking phenotypes
to targeted treatments. Curr. Opin. Pulm. Med. 2018;24(1):4—
10. DOI: 10.1097/MCP.0000000000000434.

Papi A., Saetta M., Fabbri L. Severe asthma: phenotyping to
endotyping or vice versa? Eur. Respir. J. 2017;49(2):1700053.
DOI: 10.1183/13993003.00053-2017.

Baines K.J., Simpson J.L., Wood L.G., Scott R.J., Gibson P.G.
Transcriptional phenotypes of asthma defined by gene expres-
sion profiling of induced sputum samples. J. Allergy Clin.
Immunol. 2011;127(1):153-160, 160.e1-9. DOI: 10.1016/].
jaci.2010.10.024.

Kuruvilla M.E., Lee F.E., Lee G.B. Understanding asthma
phenotypes, endotypes, and mechanisms of disease. Clin.
Rev. Allergy Immunol. 2019;56(2):219-233. DOI: 10.1007/
$12016-018-8712-1.

Bartel D.P. MicroRNAs: Target recognition and regula-
tory functions. Cell. 2009;136:215-233. DOIL: 10.1016/j.
cell.2009.01.002.

Kyyaly M.A., Sanchez-Elsner T., He P., Sones C.L.,
Arshad S.H., Kurukulaaratchy R.J. Circulating miRNAs-A
potential tool to identify severe asthma risk? Clin. Transl. Al-
lergy. 2021;11(4):e12040. DOI: 10.1002/c1t2.12040.
Atashbasteh M., Mortaz E., Mahdaviani S.A., Jamaati H.,
Allameh A. Expression levels of plasma exosomal miR-124,

Bulletin of Siberian Medicine. 2025; 24 (4): 204-212

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

miR-125h, miR-133b, miR-130a and miR-125b-1-3p in se-
vere asthma patients and normal individuals with emphasis
on inflammatory factors. Allergy Asthma Clin. Immunol.
2021;17(1):51. DOI: 10.1186/s13223-021-00556-z.

Caflas J.A., Valverde-Monge M., Rodrigo-Mufioz J.M.,
Sastre B., Gil-Martinez M., Garcia-Latorre R. et al. Serum mi-
croRNAs as tool to predict early response to Benralizumab
in severe eosinophilic asthma. J. Pers. Med. 2021;11(2):76.
DOI: 10.3390/jpm11020076.

Gil-Martinez M., Lorente-Sorolla C., Rodrigo-Mufioz J.M.,
Lendinez M.A., Nufiez-Moreno G., de la Fuente L. et al.
Analysis of differentially expressed microRNAs in serum and
lung tissues from individuals with severe asthma treated with
oral glucocorticoids. Int. J. Mol. Sci. 2023;24(2):1611. DOI:
10.3390/ijms24021611.

Heffler E., Allegra A., Pioggia G., Picardi G., Musolino C.,
Gangemi S. MicroRNA profiling in asthma: potential bio-
markers and therapeutic targets. Am. J. Respir. Cell Mol. Biol.
2017;57(6):642—650. DOI: 10.1165/rcmb.2016-0231TR.
Lacedonia D., Palladino G.P., Foschino-Barbaro M.P., Scios-
cia G., Carpagnano G.E. Expression profiling of miRNA-145
and miRNA-338 in serum and sputum of patients with COPD,
asthma, and asthma-COPD overlap syndrome phenotype. Int.
J. Chron. Obstruct. Pulmon. Dis. 2017;12:1811-1817. DOLI:
10.2147/COPD.S130616.

McGregor M.C., Krings J.G., Nair P., Castro M. Role
of biologics in asthma. Am. J. Respir. Crit. Care Med.
2019;199(4):433-445. DOI: 10.1164/rccm.201810-1944CI.
Lampalo M., Stajduhar A., Rnjak D., Safi¢ Stani¢ H., Popo-
vi¢-Grle S. Effectiveness of biological therapy in severe
asthma: a retrospective real-world study. Croat. Med. J.
2025;66(1):3-12. DOI: 10.3325/cmj.2025.66.3.

Contreras N., Escolar-Pefia A., Delgado-Dolset M.1., Fernan-
dez P., Obeso D., Izquierdo E. et al. Multiomic integration
analysis for monitoring severe asthma treated with mepoli-
zumab or omalizumab. Allergy. 2025;80(7):1899-1911. DOIL:
10.1111/all.16434.

Djukanovi¢ R., Brinkman P., Kolmert J., Gomez C., Schof-
ield J. et al. Biomarker Predictors of Clinical Efficacy of the
Anti-IgE Biologic Omalizumab in Severe Asthma in Adults:
Results of the SOMOSA Study. Am. J. Respir. Crit. Care Med.
2024;210(3):288-297. DOI: 10.1164/rccm.202310-17300C.
Rojo-TolosaS., Sanchez-MartinezJ.A., Caballero-Vazquez A.,
Pineda-Lancheros L.E., Gonzalez-Gutiérrez M.V., Pérez-
Ramirez C. et al. Single nucleotide polymorphisms as
biomarkers of mepolizumab and benralizumab treatment
response in severe eosinophilic asthma. Int. J. Mol. Sci.
2024;25(15):8139. DOI: 10.3390/ijms25158139.

Harada S., Sasano H., Ueda S., Sandhu Y., Abe S., Tanabe Y.
et al. Skin surface lipid-RNA profile obtained from patients
with severe asthma after benralizumab treatment. J. Asthma
Allergy. 2024;17:1103-1113. DOI: 10.2147/JAA.S490832.
Hillson K., Saglani S., Bush A. The new biologic drugs: which
children with asthma should get what? Pediatr. Pulmonol.
2024;59(12):3057-3074. DOI: 10.1002/ppul.27218.

211



Yudina E.O., Melenteva A.P., Ogorodova L.M. et al. Modern methods of diagnosis and treatment of severe bronchial asthma

Author Information

Yudina Ekaterina O. — Postgraduate Student, Division of Intermediate-Level Pediatrics with a Course in Pediatric Diseases of the
General Medicine Department, Siberian State Medical University, Tomsk, yudina.eo@ssmu.ru, https://orcid.org/0009-0006-1761-553X

Melenteva Anastasya P. — Postgraduate Student, Division of Intermediate-Level Pediatrics with a Course in Pediatric Diseases of the
General Medicine Department, Siberian State Medical University, Tomsk, anastasiaymelenteva@gmail.com, https://orcid.org/0009-0009-
5600-5760

Ogorodova Ludmila M. — Dr. Sci. (Med.), Professor, Corresponding Member of RAS, Honored Scientist of the Russian Federation,
Professor of the Division of Intermediate-Level Pediatrics with a Course in Pediatric Diseases of the General Medicine Department,
Siberian State Medical University, Tomsk, edu@tomsk.gov.ru, https://orcid.org/0000-0002-2962-1076

Fedorova Olga S. — Dr. Sci. (Med.), Professor, Vice-Rector for Science and Postgraduate Training, Head of the Division of
Intermediate-Level Pediatrics with a Course in Pediatric Diseases of the General Medicine Department, Siberian State Medical University,
Tomsk, olga.sergeevna.fedorova@gmail.com, https://orcid.org/0000-0002-7130-9609

(P<) Melenteva Anastasya P., anastasiaymelenteva@gmail.com
Received on July 17, 2025;

approved after peer review on August 18, 2025;
accepted on September 09, 2025

212 BionneteHb cMbupckoit MeguunHbl. 2025; 24 (4): 204-212



YK 616.62-003.7-036:616/618-008-03
https://doi.org/10.20538/1682-0363-2025-4-213-219

Clinical Features of Urolithiasis in Patients With Comorbid Conditions
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ABSTRACT

Urolithiasis is a common disorder of the urinary system. The disease often becomes recurrent, characterized
by rapid calculus growth, a trend toward staghorn and multiple stone formation, emergency complications, and
disability — particularly in patients with metabolic disorders.

This article presents a clinical case of a patient with a long history of recurrent urolithiasis that developed against
the background of comorbid pathology associated with metabolic syndrome and complicated by chronic kidney
disease. The case analysis highlights the crucial role of metabolic disorders in the progression of nephrolithiasis and
renal dysfunction. The paper describes specific features of surgical treatment in comorbid patients, emphasizing
adherence to the “golden hour” principle and risk minimization. It underscores the necessity of a multidisciplinary
approach, early metabolic correction, and systemic metaphylactic measures to prevent stone recurrence and reduce
the risk of chronic kidney disease development in this patient category.
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Oco6eHHOCTU TeUeHnA yponuTmnasa Ha poHe KoMmopoMAaHOI NnaTonornun

Wunosckasna K.10., JleoHoBa A.U., boweHko B.C., JlosoBckunn M.C., becnanosa U.A.

Cubupckuii cocyoapcmeeHnblil meouyurckuil yrusepcumem (Cubl’MY)
Poccus, 634050, e. Tomck, Mockosckuti mpakm, 2

PE3IOME

MouekameHHast 60JIE3HB SBIAETCS PACIPOCTPAHEHHBIM 3a00JICBAHHEM MOYEBBIACIUTENBHON cucTeMbl. Hepenko
3a0osieBaHie IPHOOPETaeT PEeUINBUPYIOMNHA XapakTep ¢ OBICTPBIM POCTOM KOHKPEMEHTOB, CKIIOHHOCTBIO K 00-
Pa30BaHUIO KOPAUIOBUIHBIX M MHOXECTBEHHBIX KaMHEH, BOSHUKHOBEHHEM HEOTJIOKHBIX COCTOSHUN 1 HHBAINUAN-
3aIiK 0COOSHHO Y MAIMeHTOB Ha (JOHE METAOOIMIECKIX HApYIICHHUI.

[IpencraBieH KIMHAYECKUH CITy4yail MalMeHTa ¢ JJIUTEIbHBIM aHAMHE30M PELHINBHPYIOIIEH MOYeKaMEeHHOM 00-
JIe3HH, pa3BUBIICHCS Ha ()OHE KOMOPOMIHOI MAaTONIOTMH, ACCOLMUPOBAHHON ¢ METa0OIMYECKUM CHHIPOMOM, OC-
JI0)KHEHHBIMU XPOHUUECKOH OOJIE3HBIO MOYeK. AHAIHN3 CiIydyas MOAYEPKHUBAET KIIIOUEBYIO POJTb META00TNIECKUX
HapyLIeHUi B MporpeccupoBaHuy HehpoIMTHa3a U Mo4eYHON quchyHKkuuu. Onucadbl 0COOCHHOCTH XUpyprude-
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CKOTO JICUCHHUS] Y KOMOPOMIHOTO TAI[MEHTa C aKLEHTOM Ha COOIOACHHE PHHIIMIIA «30JI0TOr0 4acay» U MHUHHMHU-
3a1uK puckoB. [TogyepKrUBaeTCst HEOOXOAMMOCTH MEKIMCIIUIIIMHAPHOTO MTOIX0/1a, PAHHEH MeTabOIHUECKOM KOp-
PEKIMU U CHCTEMHOI MeTapHIaKTHKU [T MPEAOTBPAICHHS PSIUANBOB KaMHEOOPa30BaHUS U CHIXKCHHUS PUCKa
Pa3BUTHS XPOHUUYECKOW 0OJI€3HH MOYCK Y JJAHHOH KaTeropyuy MaueHToB.

KuiroueBble ciioBa: MouekaMeHHast 00JI€3Hb, META00INUECKUI CHHAPOM, KOMOPOUIHAS TATOJIOTHsI, XPOHUIECKAst
00J1e3Hb OYEK
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BaHMSI.
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Clinical features of urolithiasis in patients with comorbid conditions

2025;24(4):213-219. https://doi.org/10.20538/1682-0363-2025-4-213-219.

INTRODUCTION

Urolithiasis (UL) remains one of the most
prevalent diseases of the urinary system, affecting
approximately 10% of the global population [1]. In
the Russian Federation, the incidence of UL reaches
5-7%, with an annual increase of 1-2%. The high
prevalence of the disease among the working-age
population [2] positions it not only as a medical but
also as a socio-economic problem. The disease often
follows a recurrent course characterized by rapid
calculus growth, a propensity for staghorn and multiple
stone formation, the onset of emergency conditions,
and disability, particularly in patients with underlying
metabolic disorders. Furthermore, existing methods
for calculus removal do not prevent the recurrence of
UL [3].

Currently, most researchers are convinced that
UL should be considered as a condition associated
with metabolic syndrome (MetS), with proven
involvement of its components in the mechanisms of
stone formation [4].

The components of MetS (insulin resistance,
abdominal obesity, dyslipidemia, arterial hypertension
(AH), hyperuricemia, etc.) are now recognized as
determinants of the severe course of associated
pathologies. They impact the rates of disability and
mortality, contributing to a significant decline in the
quality of life of the population [5, 6].

The role of UL as an independent risk factor for
chronic kidney disease (CKD) deserves particular
attention. Recurrent stone formation, urinary tract
obstruction, and chronic inflammation lead to
renal parenchymal damage, interstitial fibrosis,
and a progressive decline in kidney function. This

progression, in combination with MetS components
and other associated pathologies (atherosclerosis,
diabetes mellitus (DM)), increases the risk of
developing CKD.

A clinical case of a patient with recurrent UL
against the background of MetS-associated conditions
demonstrates the complex interplay of comorbid
states. This interplay is characterized by mutual
exacerbation, which aggravates the adverse outcome.

CLINICAL CASE

Patient K., 69 years old, was admitted to the
urology department on 02.06.2025 for elective surgical
treatment with a diagnosis of Urolithiasis. Stones in
both kidneys. Right-sided staghorn calculus, K4.

The medical history for UL was significant.
The first episode was recorded 30 years ago with
spontaneous passage of a stone from the right kidney.
In subsequent years, the disease relapsed with episodes
of stone passage from both sides up to 2-3 times
per year. In 2017, percutaneous nephrolithotomy
(PNL) was performed on the right side, achieving
100% effectiveness according to the stone-free rate
(SFR) criterion. Stone composition analysis revealed
calcium oxalate (90%) and carbonate apatite (10%).
In 2019, a follow-up examination again detected a
stone in the right kidney. However, an attempt at its
dissolution in the outpatient setting for one month
using a preparation of potassium citrate + sodium
citrate + citric acid yielded no results. A surgical
intervention was recommended and was performed
during the current hospitalization.

From the life history, it is known that the patient
has been under long-term follow-up by a therapist for
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chronic conditions: coronary artery disease: stable
angina, FC [; post-infarction cardiosclerosis (PICS)
since 2016, state after stenting of the right coronary
artery (RCA) in 2017. Stage 3 hypertension, controlled.
Grade 2 obesity. Dyslipidemia. Hyperuricemia.
Cardiovascular risk category 4 (very high). Stage |
chronic heart failure with preserved ejection fraction
(EF 63%). Type 2 diabetes mellitus (HbAlc —9.25%).
Nephropathy of mixed genesis. Stage C4 CKD (eGFR
— 25 ml / min).

The patient has been receiving continuous
medication: dapagliflozin 10 mg, insulin detemir 12—
12 units daily, insulin glulisine 8-10-8 units, losartan
50 mg, bisoprolol 5 mg, allopurinol 300 mg.

Objective findings: inaddition to a standard physical
examination, extended anthropometric measurements
were performed to assess the degree of obesity and
the nature of fat distribution. Height — 164 cm, body
weight — 102 kg, calculated body mass index (BMI) —

37.9 kg / m?, corresponding to grade 2 obesity; waist
circumference — 115 cm, hip circumference — 100 cm,
and sagittal abdominal diameter — 28 cm, indicative of
abdominal obesity.

Results of the blood biochemistry dated
26.05.2025: creatinine — 150.5 pmol /1 (eGFR 25 ml/
min), glucose — 11.0 mmol / |, uric acid — 0.38 mmaol /
1, triglycerides — 2.6 mmol / I, low-density lipoproteins
(LDL) — 2.08 mmol / |, total calcium — 2.7 mmol / |,
magnesium — 0.56 mmol / I.

The acidity of the 24-hour urine sample (pH) dated
03.06.2025 was 5.5; microalbuminuria — 300 mg /
day. No bacterial flora was detected.

According to the results of spiral computed
tomography (CT) of the retroperitoneal organs from
14.02.2025: on the right, a staghorn calculus filling its
shape; 39 x 35 x 20 mm, 460 HU. On the left, in the
upper group of calyces, a calculus was seen measuring
5 x 7 mm, 300 HU (Fig. 1).

Fig. 1. Results of spiral computed tomography of the retroperitoneal organs dated 14.02.2025: on the right — a staghorn calculus
(39 x 35 x 20 mm, 460 HU) filling its shape; on the left, in the upper group of calyces — a calculus of 5 x 7 mm, 300 HU

According to the STONE nephrolithometry
scale, the case complexity was assessed at 11 points
(high level).

To assess the cardiometabolic status, indirect
calorimetry was performed using the COSMED
equipment (ltaly). The following parameters were
determined at rest: oxygen consumption (VO:) —
354 ml / min, carbon dioxide production (VCO:) —
266 ml / min, respiratory quotient (RQ)—0.75 (VCO:/
VO.), resting energy expenditure (REE)—2,405 kcal / day.
The obtained data demonstrate a pronounced reduction
in aerobic capacity, impaired metabolic flexibility, and

signs of a hypermetabolic state, which is characteristic
of obesity and insulin resistance and indicates
significantly reduced cardiorespiratory endurance.

The patient underwent right PNL in the prone
position. Dilation of the percutaneous tract up to 24
CH was performed (Fig. 2).

A combined method using a thulium fiber laser
FiberLase U2 and an electrohydraulic lithotripter
Urolit 105M was employed for stone fragmentation;
disintegration of the staghorn calculus into fragments
was performed, and fragments were extracted with
forceps.
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During revision of the upper calyceal group, a
residual stone fragment of up to 6 mm in diameter
was found. Complete visualization and removal
were impossible due to anatomical features of the
pelvicalyceal system, limited instrument mobility,
and a high risk of renal parenchyma injury. Given the
operation duration of over two hours, high surgical
risk (ASA I11), reduced renal function, and high risk
of infectious complications, a decision was made to

terminate the surgical procedure with the placement
of a nephrostomy drain. In the early postoperative
period, the patientwas prescribed prolonged antibiotic
prophylaxis to prevent infectious complications.
The postoperative period was uneventful. The
nephrostomy drain was removed on day 2 with
restoration of normal urine passage. The patient was
discharged in satisfactory condition on day 5 after the
surgery.

Fig. 2. Intraoperative radiograph (C-arm) during right percutaneous nephrolithotomy.

DISCUSSION

This clinical case presents a classic example of
severe comorbid pathology, where UL develops
against the background of a full-blown clinical
presentation of MetS. The patient exhibited all key
components of MetS: abdominal obesity, type 2
DM, AH, dyslipidemia, and hyperuricemia. This
combination created ideal conditions for the formation
of recurrent nephrolithiasis with the development of
CKD [3].

A key aspect of this observation is the pronounced
mutual exacerbation of comorbid conditions. The
systemic nature of the damage, manifested by
the formation of type 2 cardiorenal syndrome (a
combination of CAD, stage I CHF, and stage C4 CKD)
and metabolic disorders (type 2 DM, dyslipidemia,
and hyperuricemia), deserves special attention.

According to the Quebec Cardiovascular Study,
the risk of developing CAD in men with MetS is
20 times higher than in the general population. The
pathogenesis of cardiovascular complications is based
on macro- and microvascular damage. Macrovascular
changes are associated with atherosclerosis, which
develops under the influence of oxidized LDL,
triggering a proinflammatory reaction in the vascular

wall involving immune-competent cells and the
cytokines they synthesize. In patients with type 2
DM and dyslipidemia, the production of oxygen free
radicals increases, which reduces the synthesis of nitric
oxide and prostacyclin, promoting vasoconstriction
and the progression of atherosclerosis [7].

Furthermore, renal artery involvement in
generalized atherosclerosis in patients with type 2 DM
is more common over the age of 60. Retrospective
data from angiographic studies confirm widespread
lesions of the coronary, brachiocephalic, renal, and
peripheral arteries [8].

A common pathogenetic link between UL and the
aforementioned comorbid pathology is inflammation
and free-radical oxidation, leading to renal tubular
damage and formation of Randall’s plaques, which
serve as a foundation for subsequent crystal deposition,
initiating nephrolithiasis [9].

Chronic heart failure associated with AH, CAD,
and CKD, coupled with the activation of the renin —
angiotensin — aldosterone system, is initially
compensatory but subsequently leads to cardiac and
renal remodeling with the development of fibrosis [10].

The rapid formation of a staghorn calculus,
characteristic of patients with MetS-associated
diseases, warrants special attention [11]. This is
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due to chronic urine acidification and impaired
calcium metabolism [12]. Microalbuminuria and a
reduced GFR of 25 ml / min indicate significant renal
parenchymal damage and confirm the link between
UL and CKD [13].

According to current data, the risk of developing
UL in patients with MetS increases by 2-3 times, with
50-60% of them experiencing a recurrent course of
the disease [14]. Of particular concern is the fact that
the combination of these pathologies triples the risk
of developing CKD compared to isolated UL [13].
The pathogenesis of this interaction involves several
key aspects. Central to this interaction is insulin
resistance, leading to reduced citrate excretion and
the development of hypercalciuria due to impaired
calcium — phosphate homeostasis [12].

Hyperuricemia plays an important role in the
pathogenesis, not only promoting urate crystallization
but also activating tubulointerstitial inflammation
[15]. Elevated uric acid levels are a significant factor
in the development and progression of CKD, due
to the development of AH against the background
of endothelial dysfunction and reduced nitric oxide
production. The deposition of uric acid crystals in
ischemic areas of renal tissue against the background
of elevated blood pressure leads to renal parenchymal
damage [16]. Moreover, a high uric acid level itself
may indicate reduced renal function due to impaired
excretion [17].

Abdominal obesity as a component of MetS
independently contributes to reduced renal function
through a complex of mechanisms. Under conditions
of chronic hemodynamic and metabolic disturbances,
increased production of endothelin-1 takes place,
which causes pronounced spasm of efferent arterioles
and an increase in intrarenal pressure. Simultaneously,
possessing growth factor properties, endothelin-1
stimulates the proliferation of cellular elements of
renal tissue, leading to oligonephronia, hypertrophy of
the remaining nephrons, and ultimately contributing to
glomerulosclerosis and the progression of CKD [18].

An additional risk factor is dyslipidemia, which
alters the lithogenic properties of urine through
the development of hyperoxaluria, hypercalciuria,
and hyperphosphaturia against the background of
hypocitraturia. These changes significantly increase
the risk of stone formation and exacerbate renal tissue
damage [19]. These processes explain why in patients
with MetS and UL, the rate of GFR decline reaches
5-8 ml / min / year, which is 4-5 times higher than
in patients without metabolic disorders [20]. It is also

known that in patients with CAD complicated by CHF,
nephrolithiasis occurs 1.5 times more frequently, and
the rate of GFR decline can be 4 ml / min / year [21].
Patients with MetS form staghorn calculi 3-4 times
more often than the general population [12]. Rapid
progression of renal dysfunction is noted: the 5-year
risk of end-stage CKD is 15-20% compared to 3-5%
in patients without MetS [22]. The early appearance
of microalbuminuria, which serves as a marker of
both diabetic and urate-induced nephropathy, is also
characteristic [23]. The GUBBIO study noted that
an increase in BMI by 4 kg / m? increased albumin
excretion by 1.83 times in men [18].

A particular point of attention in this clinical case
is the lack of consistent metaphylaxis over the 30-year
history of the disease. The patient had all indications
for aggressive metaphylaxis: recurrent nephrolithiasis,
metabolic acidosis (pH 5.5), and concomitant
metabolic disorders [11, 14]. Despite the recurrent
nature of nephrolithiasis (2—3 episodes per year) and
identified metabolic disorders, the patient received
only episodic therapy (blemaren for 1 month), which
is clearly insufficient for secondary prevention. This
fact reflects systemic problems in modern urological
practice. According to the Urologists’ Attitudes on
Metabolic Evaluation (NAME, 2021) study, only 38%
of urologists regularly prescribe a metabolic evaluation
after the first episode of UL [24]. In 72% of cases,
they limit themselves to stone composition analysis
without assessing urinary lithogenic factors [24].
Metaphylaxis should become a mandatory component
of treatment for all patients with UL, especially in
the presence of metabolic disorders. Timely initiation
of preventive measures is the most effective way to
prevent severe complications, including end-stage
CKD.

The performed surgical intervention in the volume
of PNL in this patient with staghorn nephrolithiasis
and MetS-associated diseases demonstrated a
number of important clinical aspects. The patient
had severe comorbid pathology, which required
minimizing intraoperative risks [25, 26]. Limiting the
active intervention time to two hours was a justified
decision, considering the high surgical risk (ASA
IIT) and reduced renal function (GFR 25 ml / min);
the placement of a nephrostomy drain ensured
adequate urine drainage. It is important to note that
in modern urology, during PNL, it is recommended to
adhere to the golden hour rule — achieving maximum
stone fragmentation efficiency within the first hour
of surgery, which reduces the risk of complications
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and improves long-term outcomes [25]. The absence
of complications in the postoperative period, rapid
restoration of independent urine passage, and stable
renal function parameters confirmed the correctness of
the chosen strategy, combining sufficient intervention
radicality with patient safety [27]. However, the
presence of a residual fragment indicates the need for
further follow-up and possible retreatment.

CONCLUSION

Diseases associated with MetS are significant
risk factors for the recurrent course of UL and the
progression of CKD. This clinical case highlights
the importance of timely diagnosis of metabolic
disorders and their elimination for effective secondary
prevention of MetS-associated diseases, including
UL, preventing end-stage renal failure, and improving
the quality of life.

Medical management of patients with UL against
the background of comorbid pathology requires a
multidisciplinary approach involving urologists,
therapists, nephrologists, endocrinologists, and
others. Timely correction of metabolic disorders
and effective prevention of stone recurrence can
significantly slow the progression of CKD in this
category of patients.
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ABSTRACT

This lecture examines contemporary therapeutic strategies for opisthorchiasis, focusing on infections caused by the
liver fluke Opisthorchis felineus, endemic in Western Siberia. While praziquantel remains the first-line treatment,
its clinical utility is constrained by several factors, including lack of efficacy against juvenile parasite forms and
emerging drug resistance. The discussion explores alternative pharmacological approaches, encompassing novel
synthetic agents, combination therapies, and compounds targeting parasite-specific metabolic pathways. Special
attention is given to plant-derived bioactive substances with experimentally confirmed anti-opisthorchiasis activity,
including curcumin, Thunbergia laurifolia and Allium sativum extracts, and xanthohumol. These phytochemicals
demonstrate dual therapeutic potential: direct antiparasitic effects and modulation of infection-associated
pathophysiological processes, such as oxidative/nitrosative stress attenuation, inflammatory response suppression,
and hepatobiliary fibrosis progression delay. A synergistic treatment paradigm combining praziquantel’s
anthelmintic properties with the pleiotropic effects of plant-based antioxidants and anti-inflammatory compounds
shows particular promise. This strategy may improve parasite clearance rates, reduce treatment-related adverse
events, and prevent chronic complications. Further investigation is warranted to refine combination protocols,
develop targeted delivery systems, and identify next-generation anthelmintic compounds capable of addressing the
limitations of current synthetic therapies.
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PE3IOME

IIpencraBnen 0030p COBPEMEHHBIX CTpaTerwil Tepamuu ommcropxo3a. Ocoboe BHUMaHHE yHENSeTcs HWHBA3HH
MEeYEeHOYHBIM cocanbinukoM Opisthorchis felineus, sSHneMnaHBIM Ha TeppuTopun 3anagaoi Cubupu. Hecmotps Ha
JUIMTENIbHOE MPHMEHEHHE TIPa3HKBaHTeNa B KayecTBe Mperapara nepBoil IMHUH, ero HCIOIb30BaHHUE COIPSIKEHO C
PSIOM CYIIECTBEHHBIX OIpaHUYCHHMH, BKIIOUast Hea((HeKTHBHOCT MPOTHB JIMYUHOYHBIX CTaJNH M HOTCHIHAIBHYIO
PE3HCTEHTHOCTD Yy MTapa3uToB. PaccMaTpHBAIOTCs albTePHATHBHBIC TOXO/BI K JIEKapCTBEHHON TEPAITHH C HCHIOJb30-
BaHMEM CHHTETHYECKHX IPEenapaToB, COCAMHEHNI KOMOMHIPOBAHHOTO COCTaBa M areHTOB, HANPABIICHHBIX Ha CIICll-
uduueckrue MeTaboIMIecknue CHCTeMbl mapasuta. OTAeNbHO MPHBOANUTCS HCUCPIIBIBAIOIINNA 0030p OHOIOTHIECKH
AKTHBHBIX BELIECTB PACTHTEIBHOTO MPOMCXOKICHHUS, IPOJEMOHCTPHPOBABIIHX B 9KCIIEPHMEHTAX MPOTHBOOITHCTOD-
XO3HYIO aKTHBHOCTB (KYpKYMUH, 9KCTpaKkThl Thunbergia laurifolia u Allium sativum, kcanrtorymon). LleHHOCTB 3THX
COCIMHEHHIT 3aKIII0YaeTCs He TOJIBKO B UX MOTEHIMAIBHBIX POTHBOIAPA3UTAPHBIX CBOMCTBAX, HO U B CIIOCOOHOCTH
MOJIyJIMPOBATh KIFOYEBble MAaTOMHU3MOIOTHYECKHE MPOLECChl Ha (OHE WHBA3HMH: IOAABIATH OKUCIUTEIBHBII
U HUTPO3ATHBHBIA CTPECC, YMEHBIIATH BHIPAKEHHOCTh BOCMAIMTENBHBIX DPEAKUHWH W 3aMeJIsTh pa3BHTHE
¢ubpoza remarobunuapHoil cucremsl. Hanbonee 000CHOBaHHOI cTpaTernell mpeacTaBiseTcss KOMOMHHPOBaHHA
Tepanus, 00beIUHSIONIAs TPOTHBONAPa3HTAPHOE JEHCTBHE Npa3HKBaHTENa C Pa3sHOHANpPaBICHHBIMU dddexTaMu
PaCTHTENbHBIX AHTHOKCHUIAHTOB M IMPOTHBOBOCIIAIMTENBHBIX arcHTOB. TaKo# IOJXOJ IMO3BOJSET IOBBICHTh
3 (hEeKTHBHOCTD dpaIMKALIK TTapa3iTa, CHU3HTh HEXelaTelIbHbIe T0004YHbIe A3()(DEKTH aHTUTEITBMIUHTHON TepaIuu
U MHMHHMH3UPOBATh PHCK DPa3BUTHS XPOHHYECKUX OCIOXHEHMH wHHBa3uM. IloquepkuBaeTcsi HEOOXOAMMOCTb
JANbHENIINX HCCICIOBAHUN IS ONTHMHU3ALMKM KOMOWHHPOBAHHBIX CXeM, Pa3pabOTKU CHCTEM HalpaBJICHHOIT
JOCTaBKU JIEHCTBYIOIIMX BEIIECTB M IMOUCKA HOBBIX BBICOKOAKTHBHBIX COCIWHEHHU U MPEOJOJCHUS TEKYIIHX
OrpaHUYCHUH CHHTETHYECKUX aHTUI'eIIbMUHTHBIX JICKAPCTBEHHBIX CPE/ICTB.

KimroueBsie cioBa: Opisthorchis felineus, aHTUreIbBMUHTHAS Tepanusi, Pa3uKBaHTe], KOMOMHUPOBAaHHAs Tepa-
T¥sI, aHTHOKCHUIAHTHI

KOHq)J’Il/lKT HUHTEPECOB. ABTOpLI JACKIIAapUPYIOT OTCYTCTBUE SBHBIX W IMOTCHIUAJIIBHBIX KOH(i)J'II/IKTOB HUHTEPECOB,
CBA3AaHHBIX C COACPIKAHNEM HACTOSIIECH CTaThH.

Mcrounuk QuHaHcHpoBaHus. PaboTa BBHINONHEHa B paMKax BBIIOJIHEHHS TOCYIapCTBEHHOTO 3alaHMS Ha
OKa3aHWe TocyaapcTBeHHBIX yciyr oT 21.01.2025 Ne 056-03-2025-100, AOMONHUTENBHOTO COTJIAIICHHS OT
04.04.2025 Ne 056-03-2025-100/1 ¢ MunucrepctBoM 3apaBooxpaneHus Poccuiickoit @enepanmu: «Pa3paboTka
HOBOTO JIGKAPCTBEHHOT'O CPE/ICTBA HA OCHOBE IPHUPOJHOTO KOMIUIEKCa (EHOJIIIMKO3HI0B U apaOMHOTaIaKTaHOB
JUISL TEPAITUK TPEMATOJ030BY.

Ja uuruposanus: Ilepuna E.A., byiiko E.E., lBanos B.B., lIsanos A.A., Kopotuenko H.B., Yyt E.B. Co-
BPEMEHHOE COCTOSIHHE IPOOJIEMBl TepPaliy ONHCTOPX03a: MPa3HKBAHTEN M COCAWHEHHs PAaCTUTENHHOTO MPOHUC-
XOKIeHUs. broemens cubupckoii meduyunwvl. 2025;24(4):220-231. https://doi.org/10.20538/1682-0363-2025-4-
220-231.

INTRODUCTION

Liver diseases caused by parasitic trematodes,
cestodes, and nematodes continue to pose a
substantial global health threat [1]. Among
these, trematode infections represent a distinct
epidemiological challenge [2], with particular
recent emphasis on species from the families
Schistosomatidae, Opisthorchiidae, Fasciolidae,
and Paragonimidae [3-5].

Opisthorchis felineus (O. felineus) stands as a
principal causative agent of opisthorchiasis, capable
ofproducingbothasymptomaticinfectionsandsevere
hepatobiliary pathology, including cholecystitis,

cholangitis, and periductal fibrosis. Chronic O.
felineus infection is further associated with elevated
risk of cholangiocarcinoma development [6-8].
Emerging evidence suggests that chronic O. felineus
infection may modulate host immune responses,
potentially exacerbating comorbid conditions [9].
This parasite remains the dominant etiological agent
across extensive territories encompassing Russia,
Kazakhstan, and several European nations [8, 10],
with infection prevalence reaching peak levels in
Western Siberia [8].

The well-documented endemic status of
O. felineus in Western Siberia, supported by
longitudinal surveillance data, highlights the urgent
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need to strengthen epidemiological monitoring
of transmission patterns, refine diagnostic
algorithms, and optimize therapeutic protocols with
consideration for regional characteristics and patient
comorbidities.

Current research priorities demand systematic
consolidation of existing knowledge regarding
therapeutic interventions against O. felineus-induced
opisthorchiasis, withspecific focus on: the application
of bioactive compounds; their incorporation into
combination therapies with praziquantel (PZQ) —the
current therapeutic mainstay; and the development
of novel antiparasitic agents and treatment strategies
to circumvent potential PZQ resistance in adult
flukes while enhancing therapeutic efficacy [10, 11].

PRAZIQUANTEL - THE FIRST-LINE
PHARMACOTHERAPEUTIC AGENT
FOR OPISTHORCHIASIS

Pharmacotherapy remains the principal approach
for targeted reduction of opisthorchiasis prevalence,
withpraziquantel (PZQ)-anisoquinolinederivative—
standing as the sole anthelmintic of choice for
trematode infections. For opisthorchiasis treatment,
WHO recommends either: (1) a dosage regimen of
25 mg / kg PZQ administered three times daily for
two to three days, or (2) a single 40 mg / kg dose
[10]. However, clinical practice frequently employs
an alternative protocol: an initial 50 mg / kg dose
followed by 25 mg / kg on the subsequent day [10].
The therapeutic efficacy of PZQ may diminish with
prolonged infection duration and higher parasitic
load, necessitating repeat treatment courses. Given
the compound’s hepatotoxicity and other adverse
events, such retreatment poses significant clinical
concerns [11].

The anti-opisthorchiasis mechanism of PZQ
involves selective disruption of Ca* homeostasis
within the parasite. /n vitro studies demonstrate that
introducing PZQ into the culture medium containing
adult flukes (maritae) induces intracellular Ca?*
accumulation through dissociation of slow calcium
channel subunits in the liver fluke’s muscular
system, resulting in sustained muscle contraction
and paralysis [12, 13]. Nevertheless, emerging
evidence suggests that calcium channel modulation
cannot fully explain PZQ’s antiparasitic activity, as
pre-incubation of trematodes with cytochalasin D
(which lacks calcium transport effects) completely

inhibits PZQ efficacy [14]. Paradoxically, juvenile
developmental stages exhibit measurable Ca?
elevation upon incubation in PZQ-containing
medium despite their well-documented drug
resistance [14].

The tegument — a unique syncytial epithelial
layer covering parasitic flatworms — may represent
another pharmacological target. Current hypotheses
propose that PZQ’s mechanism includes direct
tegumental damage, leading to parasite antigen
exposure and subsequent host immune response
activation [15]. An additional facet of PZQ’s
antiparasitic action involves nucleoside transport
disruption (specifically adenosine and uridine) via
transporter protein inhibition. This induces ATP
depletion, reduced adenine/uridine nucleotide
pools, and consequent metabolic dysfunction with
impaired RNA/DNA synthesis [16].

It should be emphasized that commercial PZQ
preparations contain a racemic mixture of isomers,
with only the levorotatory isomer demonstrating
antiparasitic activity [17].

Despite its high efficacy against trematodes,
particularly O. felineus, PZQ administration
faces several significant limitations. Considerable
attention in specialized literature focuses on the
pronounced cytotoxicity of PZQ’s S-enantiomer
[18]. However, the most critical issue — substantiated
by multiple clinical observations in endemic
regions — involves the potential development of
PZQ resistance in trematodes [19]. In vitro studies
confirm that adult helminths under continuous
PZQ exposure develop increased pharmacological
tolerance [20]. A particularly controversial yet
crucial safety consideration involves the potential
association between repeated PZQ courses and
cholangiocarcinoma risk [19, 21]. This carcinogenic
risk hypothesis stems from well-documented
evidence of massive parasite antigen release within
24 hours post-PZQ administration, leading to antigen
accumulation, induction of systemic inflammation in
patients, and significant intensification of oxidative
and nitrosative stress [19]. Conversely, some
animal model studies described in separate sources
suggest potential reduction of cholangiocarcinoma
risk following repeated “infection—-PZQ treatment”
cycles [22].

Furthermore, PZQ  demonstrates  neither
prophylactic activity nor efficacy against juvenile
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parasite stages, representing a critical gap in
developing mass chemoprevention strategies for
high-incidence regions [23].

The cumulative evidence regarding PZQ’s
cytotoxicity, resistance development, and potential
carcinogenic risk underscores the urgent need for
novel therapeutic strategies and agents against
opisthorchiasis. Promising candidates include
synthetic benzimidazole derivatives (albendazole,
mebendazole) and tribendimidine — compounds
with fundamentally different molecular targets in
the parasite. Particular interest lies in developing
hybrid molecules that combine antiparasitic activity
with improved safety profiles. As will be discussed
below, these approaches offer a potential for
overcoming PZQ’s limitations while maintaining
therapeutic efficacy against O. felineus and related
trematodes.

ALTERNATIVE PHARMACOLOGICAL
STRATEGIES FOR OPISTHORCHIASIS
THERAPY USING SYNTHETIC COMPOUNDS

During the 1980s, in vitro and in vivo experiments,
including clinical studies, were conducted to
evaluate the specific anti-opisthorchiasis activity
of albendazole and mebendazole [24]. Previously,
these drugs were extensively used for treating soil-
transmitted nematode infections [25].

Albendazole and mebendazole belong to the same
drug class (benzimidazole derivatives) and exhibit
broad-spectrum antiparasitic activity, including
efficacy against nematodes, cestodes, and liver fluke
infections [26, 27]. These agents disrupt microtubule
function in parasitic cells by inhibiting B-tubulin
polymerization into microtubules, subsequently
leading to reduced glucose transport, glycogen
depletion in Opisthorchis, impaired tegumental
protein secretion, and neuromuscular transmission
deficits [10, 26]. It should be noted that mebendazole
acts as a direct active molecule against the parasite,
whereas albendazole requires metabolic activation
through transformation into a sulfoxide derivative
[27]. Crucially, albendazole’s pharmacologically
active metabolite demonstrates greater affinity
for parasitic B-tubulin compared to mebendazole,
penetrates helminth tissues more effectively, and
may additionally disrupt ATP synthesis. Indeed,
the therapeutic regimen involving albendazole
(10 mg / kg for 7 days) serves as an alternative to

conventional PZQ and is recommended by the US
Centers for Disease Control and Prevention for liver
fluke infections. Albendazole dosing regimens for
Clonorchis sinensis infection — 8 mg / kg twice daily
for 5 days and 10 mg / kg twice daily for 7 days —
demonstrated 100% efficacy, while 5 mg/kg twice
daily for 7 days achieved cure in 27 of 32 study
participants [10].

However, albendazole administration (400
mg twice daily for 7 days) against Opisthorchis
viverrini yielded only 33.3% efficacy (complete
cure in 9 of 27 patients), despite a 95.0% reduction
in egg output [28]. Low-dose albendazole (single
400 mg dose) and mebendazole (400 or 500 mg)
showed minimal efficacy against both C. sinensis
and O. viverrini. Another source evaluating
albendazole’s anti-opisthorchiasis activity reported
moderate therapeutic efficacy with twice-daily 400
mg dosing for 3-4 days, despite >92% reduction
in fecal egg counts [28]. Conversely, W. Sangkam
et al. investigated mechanisms of albendazole,
niclosamide, and mebendazole against O. viverrini,
assessing oxidative stress intensity, worm motility,
and tegumental morphology [29]. The authors
demonstrated significant potential of these agents
as alternative therapeutics for O. viverrini infection
[29].

Particular interest merits efforts to develop
combined pharmacological agents incorporating
synthetic drugs alongside plant-derived bioactive
compounds. Recently, a novel complex of
albendazole with arabinogalactan polysaccharide
— derived from Larix sibirica and Larix gmelinii
wood - was synthesized, and its anthelmintic
activity against O. felineus was evaluated [30]. The
synthesized albendazole-arabinogalactan complex
demonstrated high efficacy in suppressing liver fluke
infection, exhibiting anthelmintic activity at doses
tenfold lower than either constituent compound
administered separately. Moreover, significant
reductions in overall toxicity and selective
hepatotropic adverse effects were documented for
the complex compared to isolated administration
of its components. The authors concluded that the
albendazole-arabinogalactan complex represents
a safer and more effective anti-opisthorchiasis
agent than albendazole alone, thereby establishing
a promising pathway for novel anthelmintic
development [30].
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Beyond strategies for enhancing classical
anthelmintic efficacy through hybrid complex
formation, an alternative approach involves
employing original synthetic agents. The
next stage in searching for PZQ alternatives

focused on evaluating compounds  with
innovative  chemical structures. Among
these stands tribendimidine — a synthetic

amidinophenylimidazole derivative.

Tribendimidine was approved by China’s
National Medical Products Administration for
treating soil-transmitted helminthiases and has
also demonstrated high efficacy against liver fluke
infections [31]. As with PZQ, tribendimidine’s
precise pharmacological mechanism remains
incompletely understood. Current hypotheses
suggest that increased lysophospholipid levels
induced by this drug activate various helminth
protein kinases — including tyrosine kinases, protein
kinase C, and mitogen-activated protein kinases —
leading to tegumental cell damage and host immune
system recognition of parasite-specific antigens
[32]. When administered as a single 400 mg dose
to adults, tribendimidine achieved complete cure in
50% of C. sinensis-infected patients and 91.5% of
O. viverrini cases [33, 34].

Moreover, the reduction rate of egg output
in opisthorchiasis patients exceeded 99% [34].
Additional in vivo and in vitro experiments have
demonstrated tribendimidine’s potential efficacy
specifically against O. felineus [11].

While the search for fundamentally new
compounds (including tribendimidine) continues,
PZQ remains the gold standard for opisthorchiasis
pharmacotherapy. This undisputed status drives
intensive research efforts to overcome its limitations
through structural derivative development [35].
Studies by Novosibirsk researchers evaluated the
efficacy of a supramolecular PZQ complex with
disodiumglycyrrhizinateagainst O. felineus infection
in hamsters. In vitro experiments demonstrated
that the “PZQ-disodium glycyrrhizinate” complex
induced rapid parasite immobilization (1.5 times
faster than PZQ alone) and caused significant
tegumental damage [36, 37].

In vivo studies revealed the developed PZQ-
disodium  glycyrrhizinate complex surpassed
standard PZQ in efficacy against O. felineus,
attributable to both enhanced active substance (PZQ)

bioavailability and disodium glycyrrhizinate’s
pronounced anti-inflammatory effects.

However, numerous studies testing PZQ
derivatives have failed to demonstrate superior
efficacy compared to the parent molecule.
The promising in vitro activity of potential
PZQ derivatives often doesn’t correlate with
animal study results, as their pharmacokinetics
and biotransformation profiles constitute key
determinants of in vivo efficacy [38].

The aforementioned evidence underscores the
necessity for developing novel pharmacological
strategies  for  opisthorchiasis chemotherapy,
focusing on identifying molecular targets within the
parasite — particularly specific parasitic proteins or
metabolic pathway components [39]. Beyond direct
anthelmintic effects, targeting critical metabolic
processes essential for parasite survival represents
a promising direction. In this context, hemozoin —
a crystalline heme detoxification product — holds
particular interest, as its formation proves critical for
blood-feeding trematodes. Hemozoin (f-hematin)
formation constitutes a fundamental physiological
process in Opisthorchis, enabling neutralization of
toxic heme [40, 41].

Chloroquine, a classic antimalarial drug,
exerts its primary effect by inhibiting heme
biocrystallization into hemozoin. This leads to
soluble heme accumulation, which generates
reactive oxygen species, inducing oxidative stress
and parasite death [42]. As early as 1955, chloroquine
demonstrated moderate anti-opisthorchiasis activity
in O. viverrini-infected patients [42]. Recent studies
confirmed hemozoin crystal formation in O. felineus
and C. sinensis trematodes, while being absent in the
closely related O. viverrini [40, 41].

This observation likely accounts for the limited
therapeutic efficacy of chloroquine observed in
O. viverrini-infected patients. Importantly, when
targeting the hemozoin-producing O. felineus,
chloroquine exhibits significant potential for
disrupting a vital metabolic pathway essential for
parasite survival. The drug’s inhibition of hemozoin
biogenesis results in the accumulation of cytotoxic
free heme, subsequent generation of reactive oxygen
species, and ultimately parasite death —a mechanism
analogous to its well-characterized action against
both Plasmodium spp. and Schistosoma parasites.
These findings highlight the compelling rationale
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for investigating chloroquine’s therapeutic potential
against O. felineus-induced  opisthorchiasis,
particularly in endemic Siberian populations.

Inacomprehensive screen of novel benzimidazole
derivatives targeting adult S. mansoni in murine
models, several compounds  demonstrated
remarkable anthelmintic efficacy (70 P.85%)
comparable to PZQ. Notably, these compounds
exhibited broad-spectrum activity against both
mature and juvenile developmental stages. The
study identifies a promising new class of potential
antischistosomal agents, with mechanistic studies
suggesting their activity stems from selective
inhibition of hemozoin formation through specific
B-hematin binding and subsequent disruption of
crystallization processes [43].

The cytochrome P450 system of O. felineus
represents another promising target for novel
trematocidal agents. This enzyme exhibits high
activity in opisthorchid tissues and plays a crucial
role in parasite physiology [44, 45]. Published
evidence indicates that inhibitors of heme-containing
enzymes (particularly azole derivatives) suppress
parasitic cytochrome P450 activity and significantly
reduce O. felineus viability [44, 45]. Among azole
derivatives demonstrating in vitro efficacy against
O. felineus are the antifungal agents miconazole
and clotrimazole [46]. However, the synergistic
effects of PZQ-clotrimazole and PZQ-miconazole
combinations observed in vitro failed to translate to
in vivo models [47].

Thus, despite PZQ’s dominant position in
opisthorchiasis treatment, accumulated evidence
reveals critical limitations: inefficacy against
juvenile parasite stages, emerging resistance risks
in endemic areas, and observed correlations with
cholangiocarcinogenesis in certain studies. These
findings have spurred the exploration of alternative
syntheticagents. Researchconfirmsmoderateefficacy
of benzimidazoles (albendazole, mebendazole),
particularly during extended regimens, though their
effectiveness varies by trematode species and dosing
protocols. A significant breakthrough involves
hybrid compound development, exemplified
by the albendazole-arabinogalactan complex
demonstrating enhanced anthelmintic activity with
reduced hepatotoxicity compared to monotherapy.
Tribendimidine, another promising candidate, shows
high efficacy against O. viverrini with favorable

safety profiles. Parallel efforts focus on PZQ
molecular modifications, including supramolecular
complexes with disodium glycyrrhizinate to
improve bioavailability and confer complementary
anti-inflammatory  effects.  Investigations  of
parasitic enzyme inhibitors (particularly O. felineus
cytochrome P450) reveal azole derivative potential,
while chloroquine application (especially combined
with PZQ) in O. felineus-endemic regions may
theoretically provide synergistic action through dual
targeting: disrupting calcium homeostasis (PZQ)
and heme metabolism (chloroquine). The critical
remaining challenge involves translating in vitro
findings to clinical practice, hindered by complex
pharmacokinetics and insufficient metabolic
profiling of novel compounds.

These limitations of synthetic approaches —
particularly their toxicity during repeated courses
and unresolved inefficacy against juvenile forms —
underscore the growing importance of investigating
plant-derived bioactive compounds, which will be
examined in detail in the following section. Their
fundamental advantage lies in multicomponent
action that combines direct anthelmintic activity with
pathophysiologically grounded effects: oxidative
stress suppression, inflammation mitigation, and
fibrogenesis inhibition.

Moreover, as will be discussed subsequently,
combinations of plant antioxidants with PZQ
may unveil novel therapeutic prospects. Such
formulations could simultaneously neutralize the
adverse consequences of intoxication associated
with oxidative stress and parasite antigen release,
while potentially reducing risks of chronic infection
complications.

PLANT-DERIVED BIOACTIVE COMPOUNDS
AS PROMISING AGENTS FOR
OPISTHORCHIASIS THERAPY

Modern parasitology is increasingly exploring
the potential of natural biomolecules not only as
sources of novel anthelmintic compounds, but also as
modulators of invasion-related pathophysiological
consequences. Research into plant-derived bioactive
substances for opisthorchiasis treatment focuses
on their capacity to complement and potentiate
PZQ effects, mitigate its adverse reactions, and
crucially — disrupt the cascade of events leading to
chronic bile duct inflammation.
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Recent years have witnessed the identification
of several promising plant-derived bioactive
compounds for developing novel anti-opisthorchiasis
agents. It should be emphasized that the majority of
these substances exhibit pronounced antioxidant
activity. Regrettably, in contrast to schistosomiasis
research, studies evaluating the anti-opisthorchiasis
potential of antioxidant biomolecules remain
relatively limited [24]. A notable exception is
curcumin — a polyphenolic curcuminoid derived
from Curcuma longa rhizomes — which has garnered
particular research interest as a promising candidate
for new anti-opisthorchiasis agents. Experimental
evidence demonstrates that curcumin administration
in  O. viverrini-infected hamsters significantly
reduces oxidative DNA damage while suppressing
the expression of oxidative stress-associated genes
(iINOS, NF-kB, and COX2) [48]. Conversely, during
opisthorchiasis infection, curcumin upregulates
antioxidant defense genes (superoxide dismutase
types 2 and 3, and catalase). These combined
effects result in substantial improvement of hepatic
histopathology through suppression of inflammatory
infiltration and periductal fibrosis [49]. The authors
propose that curcumin mitigates DNA damage
by simultaneously suppressing inflammatory
responses and restoring systemic oxidative balance
during opisthorchiasis [48]. Recent findings
reveal that nanoencapsulated curcumin-PZQ co-
administration enhances therapeutic efficacy in
hamsters, significantly reducing periductal fibrosis
while preserving bile canaliculi morphology and
maintaining normal bile acid metabolism gene
expression — effects not observed with curcumin
monotherapy [50]. Another study investigated
both in vitro and in vivo anti-opisthorchiasis
activity of a supramolecular curcumin—disodium
glycyrrhizinate complex, demonstrating that the
developed formulation induces more pronounced
parasite immobilization and tegument damage
compared to curcumin alone. In vivo evaluation
showed the “curcumin—disodium glycyrrhizinate”
complex exhibits moderate anthelmintic activity
(50-60% parasite burden reduction), while
being less efficacious than PZQ, yet significantly
attenuates hepatic inflammation and fibrosis
progression through its superior antioxidant and
anti-inflammatory properties [19].

One of the central mechanisms in opisthorchiasis-

associated complications involves disruption of
hepatic redox homeostasis, where the glutathione
system —the primary antioxidant defense mechanism
of hepatocytes — plays a pivotal role. Studies of
chronic O. felineus infection demonstrate significant
depletion of reduced glutathione (GSH) alongside
increased oxidized forms (GSSG), promoting
excessive reactive oxygen species accumulation,
activation  of  pro-inflammatory  signaling
cascades, and stimulation of hepatic stellate cells,
collectively driving fibrogenesis progression
[51]. These findings validate pharmacological
modulation of the glutathione system as a promising
strategy for preventing opisthorchiasis-induced
fibrosis, encompassing direct SH-group donors
(N-acetylcysteine), glutathione synthesisstimulators,
or complex antioxidants capable of restoring redox
balance and interrupting the pathogenetic cascade of
long-term invasion complications [51].

Another noteworthy research subject -
the aqueous extract of blue trumpet vine
(Thunbergia laurifolia) leaves — when administered
to hamsters with experimental O. viverrini infection,
suppressed inflammatory cell aggregation in
peribiliary tissues while showing no hepatotoxicity.
However, the extract itself demonstrated no
significant direct anti-opisthorchiasis activity.
Remarkably, co-administration of 7. laurifolia
extract with PZQ not only reduced inflammatory
cell aggregation but also suppressed opisthorchiasis-
associated  cholangiocarcinoma  development
[52]. This effect may be attributed to decreased
serum ALT levels, indicating reduced hepatocyte
damage. The most significant results emerged when
researchers administered the 7. laurifolia extract
not concurrently with PZQ, but rather following
completion of standard anthelmintic therapy [53].
This sequential treatment protocol’s efficacy likely
stems from suppression of either inflammatory
reactions or host immune responses to parasite death.
Indeed, the extract’s pronounced anti-inflammatory
activity appears to modulate chronic infection-
related immune reactions, improving hepatic
histopathology and restoring organ function [53]. In
vitro studies of T. laurifolia extract’s specific anti-
opisthorchiasis activity against both juvenile and
adult O. viverrini forms revealed decreased motility
and survival rates at both stages. Scanning electron
microscopy showed minimal tegumental alterations
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compared to positive controls, despite significantly
elevated reactive oxygen species levels [54].

Finally, a study investigating the antifibrotic
properties of xanthohumol demonstrated that this
polyphenolic compound — whether administered
alone or in combination with PZQ — significantly
reduced DNA damage, intracellular iron content,
TfR-1 protein expression, and most importantly,
decreased fibrotic areas [55]. The authors’ findings
suggest potential applications of xanthohumol
combined with PZQ for preventing opisthorchiasis-
associated cholangiocarcinoma development [55].

Considerable interest also surrounds the work by
P. Pechdee et al., which conducted a comprehensive
analysis of A. sativum (garlic) extract effects on
isolated O. viverrini adult flukes [56]. The study
revealed substantial increases in reactive oxygen
species levels and structural damage to parasite
bodies in 4. sativum-treated groups. These findings
correlated with overall motility reduction and
increased mortality rates among mature flukes [56].

The combination of PZQ anthelmintic therapy
with plant-derived bioactive compounds exhibiting
anti-inflammatory, antioxidant, and hepatoprotective
properties may substantially enhance anti-
opisthorchiasis treatment efficacy. This combined
approach not only potentiates antiparasitic effects
but also mitigates pathological consequences of
infection, including bile duct fibrosis, chronic
inflammation, and oxidative stress.

Bioactive plant compounds (e.g., curcumin,
silymarin, flavonoids, and polyphenols) demonstrate
the ability to modulate immune responses,
suppress proinflammatory cytokines (TNFa, IL-
6), and reduce reactive oxygen species levels,
thereby attenuating hepatobiliary system damage
progression. Furthermore, their capacity to inhibit
cell proliferation and angiogenesis may contribute to
reducing cholangiocarcinoma risk — one of the most
severe complications of chronic opisthorchiasis.

Indeed, the available scientific literature
indicates that the redox status of both parasite and
host, along with liver fluke-induced inflammatory
responses, may represent primary biological targets
for trematode infection treatment strategies.

CONCLUSION

Opisthorchiasis caused by the liver fluke
O. felineus remains a significant public health

challenge, particularly in highly endemic regions,
such as Western Siberia. Chronic parasite persistence
in the hepatobiliary system associates with severe
pathologies, including chronic cholangitis and
progressive periductal fibrosis. PZQ, whileremaining
the therapeutic cornerstone for decades, exhibits
fundamental limitations: complete lack of efficacy
against larval developmental stages, potential
hepatotoxicity during repeated treatment courses,
growing threats of drug resistance development
in endemic foci, and a scientifically debated yet
potentially significant association between mass
helminth die-off following PZQ administration
and intensification of oxidative/nitrosative stress —
established promoters of carcinogenesis.

As this lecture demonstrates, overcoming
these limitations requires moving beyond PZQ
monotherapy toward developing integrated, multi-
targettherapeuticstrategies. Thesearchforalternative
synthetic compounds, such as tribendimidine, hybrid
complexes (e.g., albendazole—arabinogalactan), or
inhibitors of specific parasitic enzymes (O. felineus
cytochrome P450) has revealed promising avenues.
However, translating these agents into clinical
practice remains challenging due to difficulties
in converting encouraging in vitro results to in
vivo efficacy, primarily stemming from complex
pharmacokinetics and metabolic transformation
issues. Within this context, plant-derived bioactive
compounds gain particular importance. Their unique
value derives not only from demonstrated direct
anthelmintic activity (as seen with cynaropicrin), but
critically from inherent polypharmacology enabling
simultaneous targeting of key opisthorchiasis
pathogenesis pathways: effective suppression
of oxidative/nitrosative stress; modulation and
mitigation of chronic inflammation through
downregulation of proinflammatory cytokines
(TNFa, IL-6) and mediators (iNOS, COX-2);
reduced tissue infiltration thereby slowing fibrosis
progression; and pronounced hepatoprotective
effects improving hepatic histopathology and
normalizing functional parameters.

The most promising and scientifically
justified approach currently recognized involves
combination therapy integrating PZQ’s
antiparasitic activity with the multifaceted effects of
plant-derived antioxidants and anti-inflammatory
agents. This synergistic strategy simultaneously
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addresses multiple challenges: it potentiates PZQ’s
primary anthelmintic effect; neutralizes adverse
consequences of massive parasite die-off, such as
acute oxidative stress and extensive antigen release
triggering systemic inflammation; and importantly,
enhances overall treatment safety by enabling
PZQ dose reduction and consequent toxicity
mitigation.

Future research directions are clearly defined by
current challenges and opportunities. Key priorities
include: advanced development and optimization
of combination regimens incorporating PZQ with
specific phytocomplexes; precise determination
of optimal dosages; evaluation of administration
sequences (concurrent versus staggered); and
assessment of long-term outcomes. Significant
efforts focus on nanoencapsulation technologies to
overcome bioavailability limitations and compound
instability. Concurrently, screening of natural
compounds continues to identify novel agents
demonstrating direct anthelmintic activity against
O. felineus, particularly those effective against PZQ-
resistant juvenile forms.

Thus, effective opisthorchiasis control requires
an integrative therapeutic paradigm. This approach
harmoniously combines proven efficacy of classical
anthelmintics with the multidimensional therapeutic
impact of bioactive plant complexes. Addressing
current treatment challenges necessitates developing
comprehensive protocols capable of both reliably
eradicating parasites at all developmental stages and
protecting patients from the devastating long-term
consequences of chronic infection.
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ABSTRACT

This article examines the work of the prominent physician and healthcare professional Mikhail G. Kurlov in
the context of combating tuberculosis in Siberia at the turn of the 20th century. Using archival materials and
periodicals, the study highlights his role in establishing a regional network of tuberculosis treatment facilities,
introducing advanced methods of diagnosis and therapy, and developing a strategy for public health education in
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Hexkpbinos C.A., Muuyk A.A., CknapeHko H.C.
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PE3IOME

CraTbs NMOCBAILICHA AEATEIbHOCTU BBIJAIOLIETOCsS Bpada M opraHusaropa sapaBooxpaHeHus M.I'. Kypnosa B
KOHTEeKcTe OOprOBI ¢ TybGepkymnezom B Cubupu Ha pydOeke XIX—XX BB. Ha OoCHOBE apXMBHBIX MaTepHaJIOB
U IIEePUOANYECKOM IeYaTH IOKa3aHa €ro pojib B 3apOXJCHUHM DPErMOHAIBHOH CeTH INPOTUBOTYOEpKYJIEe3HBIX
YUpeXIeHUH, BHEIPCHUH IIEPEIOBHIX METOJOB IHATHOCTUKM M TEPAllMH, a TalkKe B pa3pabOTKe CTpaTeruu
CaHUTapHOT0 NPOCBenIeH:s B TOMCKOH I'yOepHUH.

Kiwuessle ciioBa: M.I'. Kypios, TyOepkyes, 3apaBooxpanenue CHOUPH, HCTOPHS METHIIAHbBI

KoHpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaNKeil HACTOSIIEH CTaThH.
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Mikhail G. Kurlov, Tomsk, 1893

Tuberculosis (TB) known as the white plague
posed a serious threat to humanity for centuries,
decimating entire settlements and causing the deaths
of a large number of people. The most severe situation
developed in remote and underdeveloped areas, where
low living standards, a lack of basic hygiene norms, and
a shortage of medical institutions facilitated the rapid
spread of the infection. In particular, within the Russian
Empire's Siberian provinces, the disease exhibited an
especially aggressive manifestation owing to harsh
weather conditions, vast distances between settlements,
and a scarcity of skilled professionals. In such a
challenging environment, the work of individual
physicians who dedicated themselves to combating
TB, including renowned scientists, such as Nikolay
Pirogov, Ivan Sechenov, and Sergey Botkin, was of
immense importance.

Among those who made a significant contribution
to addressing this problem was Mikhail G. Kurlov
(1859-1932), an ordinary professor of the Department
of Medical Diagnostics and the Therapeutic Faculty
Clinic at the Medical Faculty of the Imperial

Tomsk University — a talented therapist and active
public figure whose professional career was largely
connected to Siberia. Having arrived in Tomsk at the
end of the 19" century, he immediately recognized
the gravity of the TB crisis in the region and focused
onresearch, the development of preventive measures,
and the search for effective methods of treating this
dangerous disease.

An objective assessment of Kurlov’s activities in
organizing TBcontrol measuresrequiresapreliminary
reconstruction of the epidemiological situation
characterizing the spread of TB both globally and
within the Tomsk Governorate. Such an analysis is
a necessary precondition for understanding the scale
of the problem faced by Kurlov and his associates
and, consequently, for a balanced evaluation of the
significance of their contribution.

A retrospective analysis of medical statistics
provides compelling evidence of the dominant role
of TB in the profile of infectious mortality during
the period under review. For instance, statistical
data for the German Empire from 1894 indicate that
mortality from TB (123,904 cases) exceeded the
aggregate mortality rate from five other common
diseases: diphtheria, whooping cough, scarlet
fever, measles, and typhus (116,905 cases). This
quantitative superiority serves as direct proof of
the higher pathogenicity and contagious potential
of Mycobacterium tuberculosis compared to the
pathogens of a number of other epidemiologically
significant infections of the late 19" century.

This alarming global trend was directly reflected
in the realities of Russia, and particularly in the
Tomsk Governorate. The local epidemiological
situation regarding TB in the late 19" century was also
characterized by an exceptionally high mortality rate.
Between 1897 and 1900, mortality from tuberculosis
averaged 43% of all deaths, corresponding to
approximately 343 fatalities annually. Notably, this
rate was comparable to analogous data recorded
in the major urban centers: Moscow (42.7%) and
Vienna (42.7%). Furthermore, a comparative

Bulletin of Siberian Medicine. 2025; 24 (4): 232-239 233



Necrylov S.A., Mitsuk A.A., Sklyarenko N.S.

The Role of Professor Mikhail G. Kurlov in the Fight Against Tuberculosis in Tomsk

analysis reveals that rates in the Tomsk Governorate
substantially exceeded the level of TB mortality in
Rome (34.2%) and London (17.6%) [1].

The reasons for such a catastrophic state of
affairs in the Tomsk Governorate, however, were
rooted not in a natural-geographical factor (“the
unfavorable conditions of the Siberian climate™), but
in a completely different aspect — in local sanitary
conditions. Unsanitary conditions had become a
widespread phenomenon, as clearly demonstrated by
the urban environment. For instance, students of the
Imperial Tomsk University who lived in the districts
of Soldatskaya Slobodka and Verkhnyaya Yelan
were in one of the city’s most unfavorable sanitary
zones. Despite being relatively far from the center,
these streets were characterized by extreme levels of
dust and filth combined with high building density.
The housing here consisted almost exclusively of
wooden houses, plastered with clay or clad with
painted clapboard, which did not contribute to the
maintenance of hygienic standards [2].

The critical state of the medical infrastructure
itself exacerbated the situation. As Mikhail Kurlov
noted, even the Public Assistance Board Hospital
was an “extremely ununequipped” institution: “It
would be truly difficult to find other, more unsuitable
premises that so completely fail to meet any hygienic
conditions. It is a veritable hotbed of stench, filth,
and bedbugs; it is, in short, anything vile one can
imagine, but certainly not a medical institution...”
[3]. Moreover, as the professor emphasized, it was
precisely in these conditions that phthisic patients
were housed, since other premises were occupied by
patients with acute infectious diseases.

Recognition of the gravity of TBsituation and the
imperative need for coordinated state intervention
served as a powerful impetus for unifying efforts
within the medical community. Consequently, based
on a submission from the Board of the All-Russian
League for the Fight against Tuberculosis and Ruling
No. 64 of June 27, 1911 from the Tomsk Provincial
Office for Society Affairs, the Tomsk department
of the All-Russian League was established. The
leadership core of the new organization was formed
by prominent representatives of Tomsk scientific
and medical elite. The founding members of the
department were professors of the Imperial Tomsk
University (N. Bereznegovsky, M. Kurlov, and
V. Sapozhnikov), Emperor Nicholas Il Tomsk

Technological Institute (B. Weinberg), and
physician Z. Nesmelova. It was at this first meeting
that Mikhail Kurlov was elected chairman, and V.
Pirussky, the senior physician of the Administration
for the Reconstruction of Mountain Sections of the
Siberian Railway, was elected vice-chairman.

Endowed with significant autonomy, the Tomsk
department, under the leadership of the formed
professional medical community, immediately
embarked on an ambitious program that extended
far beyond the initially planned activities within
the city. Key areas of work included: 1) studying
the prevalence of TB; 2) public health education;
3) assisting state and public institutions in anti-TB
measures; 4) organizing commissions, research
projects, lectures, exhibitions, and congresses;
5) publishing activities; and 6) petitioning the
authorities and establishing specialized institutions
(therapeutic, charitable, and hygienic) [4].

What necessitated such a comprehensive
program? The answer is revealed by the statistics
on TB morbidity and mortality in Tomsk. In 1911,
394 people died from tuberculosis there. Given a
population of approximately 100,000, this resulted
in a mortality rate of 40 per 10,000 people [5]. For
comparison, in the capital cities, this rate was almost
two times lower (in St. Petersburg — 33 deaths per
10,000 people; in Moscow — 22 deaths per 10,000
people).

Confronted with this catastrophic statistic,
Kurlov initiated a series of specific measures aimed
at improving the situation. Firstly, he attempted to
use the Tomsk City Public Administration to push
through the idea of expanding hospital facilities
for patients with severe forms of TB. The lack of
sufficient beds had created a dire situation where
“ TB patients spent months knocking on the doors
of hospitals before securing a place. Until then,
in their own corners and apartments, they freely
scattered their sputum, for the disinfection of which
no measures were taken anywhere” [6]. Secondly,
Kurlov insisted on the necessity of disinfecting the
premises where TB patients lived, something that
had not been done previously (as the prevailing
opinion was that TB was not a contagious disease).
Thirdly, monitoring of TB patients arriving in
Tomsk (at coaching inns, furnished rooms, and
hotels) became an important activity, as these
patients were potential sources of an epidemic.
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TB Center, 24 Nechayevskaya St., Tomsk, 1920s

Suburban TB sanatorium "Gorodok™, Timiryazevskoye Village, 1930s
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In addition to organizational and sanitary
measures, a serious problem highlighted by
medical workers was the issue of diagnosis. They
emphasized the gravity of untimely TB detection
and its catastrophic consequences for public health.
In particular, the difficulty of recognizing the disease
in its early stages, when symptoms could be minor or
non-specific, was underscored. As noted in a petition
from the Tomsk department of the All-Russian
League for the Fight against Tuberculosis: “The
horror of TB and infection by it lies in the fact that this
disease is difficult to recognize at its very beginning.
A person has already got TB, the infectious agent
has already penetrated the human body, but the
person is still strong, still working, does not admit
the thought that they could have a terrible disease,
interacts with acquaintances, and caresses children
and their wife, while the infection is active, and in
the end — the family and all those around them are
infected with TB” [4]. Thus, the absence of effective
methods for early diagnosis and specific treatment
not only led to patients seeking medical care late but
also uncontrollably exacerbated the problem of the
infection’s spread, negating containment efforts.

A direct consequence of this alarming situation
was the practical initiatives of Kurlov aimed at
creating specialized medical infrastructure. Given
the prevailing circumstances, in 1913, he proposed
allocating one of the newly constructed barracks with
25 beds for the “communicable disease hospital”,
specifically for accommodating TB patients.
However, despite the urgency of the problem and the
agreement of the City Council representatives, the
question of transferring the premises for TB patients
was postponed due to the scarlet fever epidemic that
broke out in 1913.

Faced with administrative obstacles in organizing
an inpatient facility, the Tomsk department of the
League adopted a strategy of seeking compromise
solutions. Thus, as early as 1912, an attempt was
made to open a special outpatient clinic for the
reception and treatment of TB patients and providing
assistance to their families. However, this initiative
also encountered financial constraints. Due to a lack
of funds in the city administration for establishing
and maintaining a separate medical facility, a
temporary compromise was found. A decision was
made to organize the admission of TB patients at the
city treatment facility. According to this decision,

doctors “during hours free from duties” and “by
mutual agreement with the administration of the
treatment facility”” could provide care to such patients.
As a result, the staff of this unit included a specialist
doctor, two paramedics, and an attendant. This team
conducted sessions 4 times a week, primarily from
5:00 PM until midnight, intended “exclusively for
the citizens of Tomsk” [6].

While addressing practical medical tasks,
Mikhail Kurlov and his associates launched an
active educational campaign, considering public
health education to be a key element in combating
TB. As part of this strategy, popular science articles
were published in the newspaper “Sibirskaya Zhizn”
(Siberian Life), among which the work «The Latest
Views on the Spread of Consumption» [7] is of
particular interest. It contained Kurlov’s analysis of
epidemiological processes in the urban environment,
methods of infection containment, and the problem of
re-infections.The most large-scale project in this area
was the publication of a one-day newspaper, “Bely
Tsvetok” (White Flower) [8] issued on May 18, 1914
on behalf of the Tomsk department of the All-Russian
League for the Fight against Tuberculosis, edited
by Professor M. Kurlov. Although the publication
was limited to a single issue, its content was
comprehensive, combining the functions of a public
report and a tool for health education. For instance,
to demonstrate concrete results of their work, the
newspaper featured financial and organizational
reports, including a report on the activities of the
Guardianship for the Indigent Tuberculosis Patients
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of Tomsk for 1913. According to this document,
during that year, the guardianship held 16 meetings
and organized three fundraising events: a cinema
screening at the “lllusion Globus” electric theater,
a public festival, and a theatrical performance.
The proceeds were directed to provide material
assistance to 40 impoverished patients, primarily in
the form of foodstuffs (meat, milk, bread, and eggs),
as well as clothing, footwear, and, in critical cases,
monetary allowances for child support, burial of the
deceased, or repatriation of non-resident patients to
their hometowns.

The exceptional scientific quality of these
publications was ensured by authors who would
go on to become prominent experts in their
respective fields, including V. Markuzon, later the
author of one of the first monographs on childhood
tuberculosis in the USSR and head of the clinic at
the Central Institute for the Protection of Children
and Adolescents in Moscow; P. Butyagin, a
pioneer of experimental and clinical bacteriology
in Siberia; N. Bereznegovsky, an outstanding
surgeon who founded the East Siberian Prosthetic
Institute in Tomsk; and I. Altshuller, the personal
physician to Anton Chekhov who later became

head of the “Birkenwerder” TB sanatorium near
Berlin.

A unique method employed to heighten the
journalistic impact on readers involved placing
aphoristic statements between articles, rendered in
a distinctive font. For example: “The fight against
tuberculosis requires a clear mind, a responsive
heart, and a generous hand”, and “Tuberculosis is a
social evil, and the fight against it will be productive
only with the active participation of society and the
masses, and with corresponding efforts from the
government”. This rhetorical device allowed for the
concise formulation of the movement’s key ideas,
emphasizing the social nature of the disease and the
necessity of collective efforts.

These declarative appeals found direct practical
implementation in the organization of large-scale
charity events, the most important of which was
the “White Flower” campaign. The collection of
donations during this event served as the central source
of funding for anti-TB measures. Consequently, the
League’s departments actively developed interregional
cooperation to increase the reach of their collections,
striving to create a unified charitable space and
consolidate resources to combat the disease.

Celebration of the Camomile Day, the second day of the White Flower campaign, Tomsk, May 20, 1911. Students of Tomsk
Imperial University sold camomiles in public places and collected donations for anti-TB initiatives
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A vivid example of such cooperation was the
collaboration between the Tomsk department of the
League and the Irkutsk department regarding the
organization of a collection drive involving the sale of
daisies at stations of the Trans-Siberian Railway [9].

The funds accumulated through this activity
and the acute awareness of the problem’s severity
prompted the Tomsk department of the League
to transition from isolated campaigns to the
implementation of a large-scale infrastructure
project. To counter the spread of early forms of
TB in the Tomsk Governorate during 1913-1914,
plans were initiated to build a “sanatorium for the
treatment of initial forms of tubercular diseases”.
A land plot of 2,153.56 square fathoms (which is
currently equivalent to 9,803.5 m?) was chosen for
this purpose, located on the bank of the Ushaika
River near Petrovskaya Street (now Yakovleva
Street), where an institution for 15-17 patients was
intended to be built. It is important to emphasize that
the sanatorium was planned to admit patients with
the early stages of TB, while severe cases were to be
directed to the hospital, demonstrating an aspiration
to create a differentiated care system.

However,  significant  difficulties  arose
immediately during the implementation of this
project, indicating a clash between progressive
medical initiatives and the city’s environmental and
social realities. A key deterrent was concern over
the potential negative impact of the construction
on the riverine ecosystems of the Tom and Ushaika
Rivers. In particular, serious objections were raised
regarding the possible pollution of the water bodies,
given their active use by the local population for
domestic needs, including drinking water supply. An
additional argument used by the project’s opponents
was the recreational use of the Ushaika River,
where children swam and laundry was rinsed: “the
impoverished population near the river uses it not
only for domestic needs and for drinking, but also,
the Ushaika River is used for children’s bathing and
for rinsing laundry” [10].

Despite the identified environmental risks and
subsequent public discussions, the Tomsk City Duma
decided to allocate the land plot for the sanatorium’s
construction. However, the project’s implementation
was blocked by the outbreak of the First World
War (1914-1918) and, subsequently, the Civil
War (1918-1922). The worsening epidemiological

situation coupled with the impossibility of completing
the original plan prompted Kurlov to initiate the
development of an alternative solution, which was
realized in October 1924 with the establishment of a
comprehensive anti-TB infrastructure in Tomsk.

This infrastructure included a city dispensary
with a 40-bed inpatient facility, night and day
preventative clinics, a laboratory, a department for
active forms of TB at the Provincial Hospital, and
the “Gorodok” suburban sanatorium in the village
of Timiryazevskoye. The scale of the problem
is illustrated by data from the dispensary’s first
year of operation: 14,664 visits were recorded by
patients with various forms of TB (pulmonary,
bone, glandular, etc.) and non-specific respiratory
diseases. The institution’s preventive activities
included conducting sanitary inspections of 12 city
establishments and organizing 8 TB units at key
enterprises (Kozhzavod, Vodosvet, Mashinstroy,
etc.). These efforts were coordinated by the Council
of Social Assistance attached to the dispensary, which
developed plans for mass screenings and measures to
improve working conditions at industrial sites [11].

As the conducted research demonstrates, professor
Mikhail Kurlov played a pivotal role in organizing the
fight against TB in the Tomsk Governorate from the
late 19" to the first quarter of the 20" century. Under
his leadership, a comprehensive healthcare system
was established, uniting outpatient services, inpatient
treatment, and social support for patients. He actively
introduced progressive methods of diagnosis and
therapy, while simultaneously developing a systemic
strategy for public health education. As part of this
activity, he gave popular science lectures, published
articles in the newspaper “Sibirskaya Zhizn”, and
edited the specialized publication “Belyi Tsvetok”
(White Flower).

An important focus of the work was the
organization of charitable events and interregional
cooperation, including the coordination between the
Tomsk and Irkutsk departments of the All-Russian
League for the Fight against Tuberculosis to conduct
collection drives at stations of the Trans-Siberian
Railway. A significant achievement was the formation
of a regional network of specialized institutions,
which included the sanatorium project for treating
early forms of TB initiated in 1913-1914, as well
as the anti-TB dispensary infrastructure established
in 1924-1925, complete with preventative clinics,
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a laboratory, and the “Gorodok” sanatorium in the
village of Timiryazevskoye in the Tomsk district of
the Tomsk province.

The work of Kurlov contributed not only to
the creation of specialized anti-TB institutions but
also to the formation of a comprehensive model
for controlling socially sensitive diseases. The
organizational solutions he developed, based on the
principles of the emerging phthisiology, laid the
institutional foundation for the development of the
Siberian healthcare system in the subsequent Soviet
period.
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